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Abstract: The wide range of applications of wood are due to its strength properties. The mechanical
properties of wood in various parts or directions are different. The complex structure of wood
and its hygroscopicity prevent the use of coolants and lubricants, resulting in rapid tool wear
disproportionate to the hardness of the processed material. This significantly affects machining
efficiency and the quality of the processed surface. It seems that an effective method of reducing
tool wear is its modification with a thin hard coating produced by the Physical Vapor Deposition
or Chemical Vapor Deposition methods. The article presents tool materials used for woodworking,
areas for improving the efficiency of their work, and the impact of thin hard coatings on the increase
in tool durability, including binary coatings and also doping with various elements and multilayer
coatings. Scientific centers dealing with the above-mentioned subject are also mentioned. A brief
review of the effects of surface modifications of woodworking tools in the context of their durability is
presented. It was found that the most promising coatings on tools for woodworking were multilayer
coatings, especially based on chromium. Higher wear resistance was demonstrated by coatings with
a lower coefficient of friction. This value was more important than hardness in predicting the service
life of the coated tool.

Keywords: tool modification; woodworking tool; lifetime of the tool

1. Introduction

About 29% of the Earth’s surface and over 44% of Europe is covered by forests.
European forests represent about 25% of the world’s forest resources. Forested areas have
still been increasing, for the past 20 years by about 0.8 million ha per year.

Wood is an important raw material in construction, furniture, heating, the packaging
industry, etc. The huge popularity of wood as a raw material results from its special
properties and aesthetic qualities. It is an excellent, healthy, and renewable material
with a complex structure consisting of many types of cells and substances present in
different amounts, depending on the species of wood and its parts. In order to reduce
unit manufacturing costs, woodworking plants and furniture companies strive to increase
production of manufactured goods. Investments in modern tools, but also modern systems
for processing wood and wood-based materials, devices for assessing wood quality, and
processing technologies make it possible to meet growing environmental requirements and
reduce production costs.

The key factor influencing the effectiveness of wood and wood-based product pro-
cessing is the life of tools. This is directly related to tool wear and indirectly affects
power consumption and the surface quality of the workpieces. The use of advanced high-
performance cutting tools allows reduction in operating costs, which is directly responsible
for increasing the productivity of the technology used. One of the factors is the selection of
the tool material and the condition of machines. Processing hardwood species (oak, ash,
hornbeam, ebony, pink lapacho) may require tools made of different materials than for soft
wood (spruce, pine, larch) processing. The structure and chemical composition of wood
species, including the amounts of minerals and resin, significantly affect this choice. For
example, according to Kadur company [1], stellite planer knives are suitable for working
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with hard and semi-hard wood, and HSS planer knives of alloyed tungsten (6-18%) are
suitable for semi-hard and soft woods.

In the wood industry, tungsten carbide tools are widely used for processing fiber-
boards, chipboards, and solid wood, as the successor to high-speed steel tools. However,
they also show a relatively high degree of wear in some applications. Although they prove
superior to high speed steel tools in many applications, the use of tungsten carbide tools in
some particle board and fiberboard applications is limited due to the relatively high degree
of wear. Therefore, there is an urgent need to search for new materials and technologies for
their production that would improve the wear resistance of tools.

The analysis of the literature shows that, after the initial failure to improve the ef-
fectiveness of tools by applying a protective coating, current data indicate a significant
improvement in abrasion resistance with a properly prepared substrate for the coating. One
of the most commonly used methods to increase tool life is to apply thin, hard coatings to
the cutting tool using physical vapor deposition (PVD) or chemical vapor deposition (CVD).

There are many reputable journals covering wood materials and wood-based products,
the biology and physics of wood, wood processing technologies, and the application of
these materials. These are, i.a., Bioresources, European Journal of Wood and Wood Products,
Journal of Wood Chemistry and Technology, Wood Material Science & Engineering, Wood Science
and Technology, and others. In many journals, there are special issues devoted to this subject;
for example, in Applied Sciences there is Application of Wood Composites, Advances in Wood
processing Technology [2-9].

The article presents a brief outline of the use of selected surface modifications of tools
for processing wood and wood-like materials. The aim of the article is the chronological
documentation of research conducted in this area, taking into account the type of wood
processing and the tool used for it, and not the performance of a comprehensive analysis of
the literature on wood processing. Due to the large differences in the structures of metal
and wood (cellular nature, anisotropy, and multi-scale level organization), the test results of
metalworking tools with a modified (hard thin coating) working surface cannot be directly
applied to woodworking tools.

2. Tool materials

Due to machining conditions, cutting tools should be characterized by high resistance
to mechanical loads and high temperatures. In the case of metal processing, frictional heat
can increase the temperature in the cutting zone to 700 °C [10], but during wood processing
and especially the processing of wood-like materials, the temperature exceeds 800 °C,
which results from high friction forces in the machining zone [11]. Such temperature occurs
both on the rake surface and the clearance surface, and has a significant impact on the wear
rate of the cutting tool. The main parameters which ought to be taken into account are:
chemical inertness and stable physical properties, including hardness at high temperatures,
low wear ratio for different wear mechanisms, and sufficient toughness to avoid material
fracture [12].

The history of the development of tool materials used for wood (wood-like materials)
and metal processing is similar. Tool steels were applied as the first materials; they were
relatively soon replaced by high-speed steels. The increased interest in wood-based material
processing and related problems resulted in the introduction of composite tools based on
hard, fine WC particles sintered with cobalt. Co is responsible for the elastic bounding
of hard WC particles. By selecting the size of hard particles and the amount of bonding
phase, the mechanical properties of sintered tools can be changed. Another group of
tool materials is stellites, characterized by high hardness depending on the chemical
composition (36-52 HRC), and high resistance to abrasion and high temperatures (up to
950 °C).

In the early 1980s, one of the most modern tools was sintered carbide. After the dra-
matic question “Is there life after tungsten carbide?” [13], the answer was almost immediate,
with “PCD replacing carbide in woodworking applications” [14]. At this time, there was an
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abrupt increase in interest in modified woodworking tools. The polycrystalline diamond
(PCD) displaced traditional steel and cemented carbide tools in woodworking [15-18]. The
significantly better strength and tribological properties of PCD, such as hardness (about
40-50 GPa, compared to 10-22 GPa for carbides) and low coefficient of friction, meant it
could enable an increase in durability and minimize the machine downtime of tools. This
meant that PCD tools offered considerable potential for cost savings in the machining of
wood and wood-like materials. Boyle indicated [15] that the life ratio of PCD tools com-
pared to carbide cutters was about 17:1. Only its price forced the search for new solutions.
These were the thin hard coatings deposited on tools” working surfaces.

The application of tools with modified hard coatings for metalworking resulted in
an abrupt increase in production capabilities and product quality. Knowledge of the
research and exploitation of the coatings for metalworking tools cannot be fully adopted
in woodworking. This is related to the differences in their structures and properties,
including mechanical properties, coefficients of thermal conductivity, roughness, and
absorption of various substances. This results in the need to design new coatings that meet
market expectations.

Due to the hygroscopicity of wood and wood-like materials, an application of cooling
and lubricating agents is excluded. It seems that the best perspective to adopt is the
improvement of tool durability by surface modification. Klamecki [19], in one of the first
literature reviews of wood cutting tool wear, indicated the problems with the measurement
of edge dulling. He stated that tool wear deals primarily with the tool material, with the
work material, and with tool-work interactions, and the chemical nature of wood may
play a large part in cutting tool wear. Thibault et al. [20] summarized wood machining
over the last 50 years in France. They found that tool wear depends on the cutting process
parameters, and kind and quality of timber. Coating technologies may improve tool life.
Based on the literature, they indicated steel tool nitriding [21-23], and thin coating with a
hard material (CrxNy type) using physical vapor deposition gave promising results [24].

3. The Areas for Improving the Efficiency of Work Tools

The current requirements of users are mainly related to higher durability and reliability
of tools and productivity. They expect an increase in the speed of machining, the ability of
tools to work in automatic machining centers, and the processing of new, often difficult
to process materials. Therefore, investigations are needed to design, manufacture, test
on a laboratory scale, and implement such tools with the above requirements. These
expectations can be met through three groups of activities:

e Introduction of new materials for their production or modification of the properties
of the materials used, and selection of the geometry of the working parts of the
tools [13,20,25-37];

Application of appropriate cooling and lubricating agents;
Selection of the proper surface-coating system, and shaping of the surface properties
in terms of increasing the durability of the tools [14,24,38—41].

In recent years, there has been a growing interest in the subject of woodworking tools.
Figure 1 shows the number of publications on woodworking and woodworking tools as
well as tools with working surfaces modified by thin hard coatings.

In the last few years, a systematic increase in the number of publications has been
noticeable. The number of articles on uncoated tools is approximately four times that of
articles on coated tools. These articles discuss the results of new coatings formed on a wide
range of tools, and the processing of various materials under carefully selected conditions.
The aim of many works is to correlate the type of coating with the processed material and
processing conditions.

The analysis was made on the basis of the SCOPUS database, a scientific database
maintained by the Elsevier publishing house, containing information about published
scientific papers. The data presented in the Figure present the database resources, taking
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into account the terms “woodworking”, “woodworking tool” and “woodworking tool +
coating “ searched within all fields in the database.
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Figure 1. The subject of woodworking and woodworking tools in scientific articles, 1980-2022.

4. Surface Technologies

The development of tool materials looks to combine high hardness with high tough-
ness, to improve their mechanical, tribological and thermophysical properties, leading to
an improvement in the durability of cutting tools. One of the most important properties
of the coating is good adhesion to the substrate and between the substrate layers. Other
important properties are chemical stability and high wear resistance in working conditions.
One can specify two groups of technologies that improve the wear resistance of tools.

The first one includes methods for improving the mechanical properties of the material
tools (such as heat or thermo-chemical treatment). Heat treatment is to give them the
desired mechanical properties by changing their structure, while the thermo-chemical
treatment is to enrich the surface layer of the alloy in a certain element, such as C, N, Al,
Cr, Si, or group of elements, e.g., C and N, N and S, N and O. The aim of these treatments
is to give the surface layer specific physical properties—mainly resistance to abrasion, or
chemicals—usually by resistance to oxidation at high temperatures. The quality of the tool
is improved by applying heat treatment that allows it to obtain the desired hardness of the
blade, and the appropriate fine-grained structure of steel and toughness.

Thermo-chemical treatment, especially nitriding, has a beneficial effect on the perfor-
mance characteristics of tools. Many scientists indicate an increase in the wear resistance of
nitrided tools for woodworking. Dependent on the type of technology used, this increase
is as high as 100% [14,23,39].

The second group of technologies includes working surface modification techniques
for tools by applying coatings with special properties. Among these, CVD (chemical vapor
deposition) [42] and PVD (physical vapor deposition) [43] methods and surfacing using a
submerged arc welding (SAW) technique and a mixture of alloying elements spread on the
surface under industrial flux [44] can be listed.

The properties of the coatings can be modified by the type and roughness of the
substrate, the deposition temperature, the composition and pressure of the gaseous at-
mosphere in the vacuum chamber, substrate bias voltage, and arc current or magnetron
power, dependent on the deposition method. The above parameters influence the chemical
and phase composition of the coatings, crystallite size, density of the coating, and surface
quality (roughness). As an effect of properties such as hardness, elastic modulus, and also
adhesion, toughness and wear resistance can be improved. The findings of Valleti et al. [45]
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indicate that increase in substrate hardness results in higher adhesion of the coatings, but
increase in substrate roughness results in lower adhesion of the coating investigated.

5. Coatings Used for Woodworking Tools
5.1. Binary Coatings

The first coatings applied were two-element systems. There are three main elements
to synthesize protective coatings deposited on tools for woodworking: titanium [29,46—49],
chromium [14,24,39,50-54] and carbon [39,49,53,55-57]. The transition metal nitrides were
the most promising solution and they did not disappoint. One of the first tests in wood ma-
chining by TiN coating was sawing the following materials: hardboard, polyvinylchloride
coated particleboard, waste paper-based paperboard, plywood, and spruce. The coatings
were deposited by reactive triode ion plating on tungsten carbide with the thickness varied
from 0.7 to 1.0 um. The results indicated various effects on tool wear. On the one hand,
when sawing hardboard and spruce, the coating reduced the wear on the rake face about
50% and 20%, respectively, compared with the uncoated tools. On the other hand, during
sawing of particleboard, paperboard, and plywood, there was no increase in the durability
of tools with a TiN coating [46]. This was one of the first signals that there is no universal
coating. A proper coating should be selected for each treatment and type of workpiece.
Additionally, other studies indicate that tool coatings can significantly improve wear resis-
tance, especially when proper substrate preparation and proper tool geometry and cutting
conditions are selected [29].

The advantages associated with the application of coatings to cutting tools are mainly
high surface hardness, improved abrasion resistance, chemical inertness, and a relatively
low coefficient of friction. After TiN coatings improving the durability of tools and machine
parts, but also limiting applications and environment, attention was paid to chromium
nitride coatings. These coatings, compared to coatings of other transition metal nitrides,
are characterized by high resistance to corrosion and oxidation. Other features include
high hardness and wear resistance, good adhesion of the coating to the steel substrate,
high operating temperature, and a relatively low coefficient of friction [58-62]. A thin
coating with a thickness of 2-3 pm may constitute a thermal barrier limiting heat transfer
to the substrate. The results of investigations conducted by Kusiak et al. [50] indicated a
significant reduction in the heat flux passing through the CrN coating, compared to the TiN
coating. This was due to the nearly three times higher thermal conductivity of titanium
nitride compared to chromium nitride. Single-layer CrN coatings are widely described in
the literature both in the field of basic research and in applications, including woodworking.
The higher resistance of the coatings to oxidation, and higher operating temperature are
characterized by multi-component coatings in which one of the components is aluminum,
e.g., TiAIN, forming thermally stable oxide coatings. In the cutting area, as a result of
the forces acting on the blade, the oxide coating is removed and immediately, under the
influence of high temperature, it is rebuilt.

It would seem that the thicker the coating on the tool, the longer it will last. Un-
fortunately, this is not true. Research carried out by Wiklund et al. [63] on a group of
coating-substrate systems used in mechanical applications showed that thinner coatings
are less susceptible to damage due to residual stresses as a result of adapting the geometric
conditions at the interface. They also found that there is a critical coating thickness at which
the stresses generated in it can cause the coatings to delaminate.

Durability tests of WC-Co inserts with CrN and Cr,N coatings (thickness up to about
6 um) synthesized by magnetron sputtering have shown that knives with coatings 1-2 pm
thick have the best anti-wear properties. The service life of such tools was about four times
higher than that of uncoated tools [24]. The thicker coatings showed signs of wear much
earlier, probably due to the higher stresses in the coatings, confirmed by investigations
conducted by Djouadi et al. [26].

The investigations conducted by Beer et al. [53] showed that CrN coatings on the
60SMDS steel substrate are characterized by a smaller (about 52%) reduction of the knife
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edge compared to steel knives. W-C:H (DLC with WC precipitations) coatings show worse
anti-wear properties. During the test, they showed delamination, and until the test was
stopped, they showed only about 40% improvement in knife edge reduction. It should
also be noted that the results varied significantly depending on the conditions of coating
deposition and the preparation of the tool for the test. Also, during the test, decreasing
power consumption and vibrations were observed for tools with CrN coatings, and the
cutting process was stable [53]. Similar results are presented in [26]. Such good results for
CrN coatings may have resulted from better adhesion of the coatings and a lower coefficient
of friction, which also reduced the cutting forces and made the cutting process more stable
in terms of vibration and veneer thickness [26].

5.2. Binary Coatings Doped with Various Elements

New requirements for tools, related to the increase in machining parameters or type
of machining and the processing of new materials, led to the design and manufacture of
new coatings. Two directions of change in coatings for woodworking tools were observed:
formation of three- and more-component coatings, and forming of multilayer coatings.
The influence of such elements as C, Si, Al, B, W, and Zr on the properties of coatings
based on titanium [26,29,41,64,65] and chromium [38,41,66,67] was investigated. The next
group, multilayer coatings, was also intensively studied [39,41,68-73]. Investigations of
multilayered structures with chromium nitride as one of the layers indicated that it was
possible to further improve hardness and toughness [14,74,75]. Some information about
the applied coatings, the effects of their use, and the materials machined are summarized in
Tables A1-A3. The coatings deposited on the tools are manufactured generally using PVD
and CVD methods. Here, the results of PVD coatings are analyzed and summarized in
Table A1 (magnetron sputtering) and Table A2 (cathodic arc evaporation). In Table A3, are
gathered coatings formed and described by authors as Physical Vapor Deposition (PVD).

It should be noted that the first works including the assessment of the durability of
the coating-modified tools did not reveal positive test results [76,77]. Titanium nitride
(TiN), titanium carbide (TiC), and titanium aluminum oxynitride (TiAION) were formed by
plasma-assisted chemical vapor deposition on tungsten carbide tools applied to milling
laminated particleboard. It was found that the tools with TiC provided only a slight
improvement, and the tools with TiN and TiAION did not provide any improvement in
wear resistance compared to the uncoated carbide tools [77]. The analysis of the results
of tests of TiN, TiAIN and TiN/TiCN coatings deposited by the PVD method on K grade
tungsten carbide tools used for continuous milling of particleboards showed that wear
resistance depends on the quality of the substrate, with the grain size and binder (cobalt)
content being the decisive factors in the tool. For tools with a low cobalt content and
small grains, there was a slight improvement in wear resistance, while coatings deposited
on tools with a higher cobalt content and larger grains reduced the wear resistance. The
authors observed the chipping of the coatings on the tool rake face, which was related
with poor adhesion of the coating to the substrate (tool), and indicated this as the primary
cause of poor wear resistance. [78]. Also, Darmawan et al. [68] indicated the poor adhesion
of the coatings as the reason for its low wear resistance. For all tested systems: tool TiN,
CrN, CrC, TiCN, and TiAIN, coating at both low and high cutting speeds of the wood-chip
cement board, delamination occurred, as well as oxidation of the coating accelerated by the
increase in cutting temperature. The above studies show the importance of adhesion to
their wear resistance.

The research indicates that the most important factors determining the improvement
of the performance of woodworking tools, but also of other types of processing, are good
adhesion of the coating to the substrate (tool), low friction coefficient, and good abrasion
resistance [26]. Many research centers have been involved in the optimization of these
factors, and the results of their work can be found in many reputable journals. The final
results of these works, with reference to specific applications for woodworking tools, are
also included in this study. Benlatreche et al. [38] investigated CrN-based coatings with
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the addition of Al or Si, because such three-component coatings have modified structural,
mechanical and tribological properties, including higher resistance to oxidation, higher
hardness, and lower friction coefficient. Medium density fiberboard was subjected to
routing tests. It has been found that the CrN coating improves the life of the cemented
carbide tool by about 25 to 40%, depending on the coating deposition parameters and the
deposition system used. The CrAIN coating had larger nose widths than the CrN coating,
but with the increase in aluminum concentration in the coating, the difference in nose width
between the coated and uncoated tool decreased. Depending on the type of MDF material
being processed, the reduction in nose width was from about 25% (MDF fireproof) to
about 40% (MDF standard). CrSiN coatings are characterized by slightly longer durability
than CrN coatings. The nose width is reduced by approximately 35% compared to the
uncoated tool and approximately 25% for the CrN coating. As for the aluminum coating,
an increase in silicon concentration causes a decrease in its wear resistance. Above results
are comparable with Ref. [69].

An important problem already at the early stage of tool testing was the monitoring
and evaluation of the machining efficiency of woodworking tools [3,79,80].

5.3. Multilayer Coatings

Multilayer coatings generally have better wear resistance compared to single-layer
coatings. This takes into account many factors such as: total thickness of the coating and
individual layers, type of layer, functions performed in the coating (adhesive, abrasive,
sliding, etc.). Greater wear resistance is connected with reduction in crack propagation
at grain boundaries and layers. The coated carbide tools provide better wear resistance,
surface roughness, and lower noise level compared to uncoated tungsten carbide tools in
the cutting of asbestos, WPC, LVL, and OSB. Among the coated carbide tools, the multilayer
TiAIN/TiBON coated carbide tool is the highest in wear resistance and is proposed for
cutting wood composites. The abrasives contained in the wood composite are important
in the wearing of the tungsten carbide tools. The structures of the wood composites
are important in determining the roughness of the machined surfaces. The noise level
and roughness increase due to an increase in wear and should be a good indication for
determining the wear of the coated and uncoated tungsten carbide tools [81]. This is
probably related to the high hardness of the coating, low coefficient of friction, and the
reported lubrication effect at high temperatures in cutting.

Ti-W-N/Ti-W and Cr-W-N/Cr-W multilayer coatings with different periods, as well
as comparison of single-layer coatings Ti-W-N and Cr-W-N with a thickness from 0.5
to 2.0 pm, deposited on WC-Co substrates, were the subject of research conducted by
Pinheiro et al. [41]. The results showed that both 1 pm thick single-layer coatings, tested
when cutting OSB, increased wear resistance approximately 2.5 times compared to uncoated
cutting tools. Using the same cutting parameters (as those used in industry), they showed
that the best result was achieved by applying the Cr—-W-N/Cr-W multilayer coatings
(three layers). This coating increases the cutting ability of wood-based products by 500%
compared to the uncoated cemented carbide tool.

Kong et al. [54] conducted a comparative study of the wear resistance of HSS and
cemented carbide knives with a single-layer CrN and CrN/CrCN multi-layer coatings
during rounding of wood. They showed that the service life of CrN/CrCN-coated tools
increased by 170% (HSS) and 110% (cemented carbide) compared to uncoated tools and by
approximately 33% and 7%, respectively, compared to CrN-coated tools. Two important
conclusions can be drawn from this work: a harder substrate contributes to an increase
in durability more than a lower hardness substrate when covered with the same coating,
and a multi-layer coating gives a greater increase in durability compared to a single-layer
coating. A similar result was obtained for the same multilayer coating on HSS knives [71].

Figure 2 shows the parts of two planer knives, without a coating (top) and with a
CrN/CrN coating (bottom) [82]. The left side shows the knife wear after a distance of 77 km
of machining pinewood at feed speed—90 m/min, cutting speed—36 m/s and cutting
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depth 2 mm. The right side shows a fragment of the knife after sharpening, without wood
machining. The tests were performed using Weinig Hydromat 22A.
Lworking”

part of the tool after sharpening

Figure 2. Fragments of uncoated HS6-5-2 steel knives (top) and CrN/CrCN (bottom). The left part
after processing pine wood; the right part, after sharpening, did not process the wood [82].

Plastic deformation caused by high temperatures during cutting is visible on the edge
of the uncoated tool. The blade was heavily worn after the machining test. On the edge
of the CrN/CrCN-coated tool, slight wear is observed compared to the uncoated tool. In
the middle part of Figure 2 is an enlargement of the edges of both knives. In the case of
a tool with a CrN/CrCN coating, wear and delamination of the coating on the edge are
hardly visible.

The test conditions favored an increase in temperature on the cutting edge and on the
rake face. This leads to accelerated wear of the tools, resulting in, e.g., an increase in power
consumption by the milling machine, and on the other hand, a deterioration in the quality
of the processed material. Dependent on the type of processed wood, the wear rate and its
symptoms may vary.

Tool wear is observed in the rounding of the edge of the blade and the abrasion of the
rake face of the knife. Figure 3 shows a 3D view of the knife blade without a coating ready
to work (Figure 3a), as well as the knife blade without coating (Figure 3b) and the knife
blade with a CrN/CrCN multilayer coating (Figure 3c) after planing dry beech wood. The
cutting path in this case was 6000 m. After sharpening, the uncoated knives had a blade
radius of about 7 um, while the coated knives had a slightly larger blade radius of about
10 um. After cutting beech wood along a path of 6000 m, the radius of the knife blade
without the coating increased more than three times and amounted to 24 pm. Under the
same cutting conditions, the tip radius of the coated knife was approximately two times
greater, at 20 pm.
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rake face

Figure 3. 3D image of cutting edge of planer knife without the coating after sharpening (a), the
cutting edge of planer knife without the coating (b), and with CrCN/CrN multilayer coating (c) after
6000 m of dry beech wood cutting [83].

The rake face (Figure 3a) shows a different surface morphology in the blade working
zone, caused by the temperature increased by machining, higher than the tempering
temperature of the H56-5-2 steel, i.e., above 550 °C (see Figure 2). This is represented by an
image of the rake face profile perpendicular to the edge of the blade. There is visible wear
of the knife rake face without the coating as a result of abrasion of the knife material. The
coated knife does not show this type of wear (Figure 4). This indicates the good anti-wear
properties of the coatings. The coatings also restrict the heat flow to the tool [50], which
can reduce or eliminate the tempering effect of the tool material. High temperature causes
plastic deformation of the material in the area of the blade edge, which promotes edge
rounding and accelerates tool wear, and also deteriorates the quality of the machined wood
surface. When sharpening the tool, restoring its original cutting properties, the material
with mechanical properties changed by temperature should be removed. In the case of the
tested knives made of H56-5-2 steel, it is even 0.3 mm. This requires both an increase in
the tool regeneration time and a reduction in the number of such processes, resulting in an
increase in machining costs. In the case of knives with coatings, no negative influence of
temperature and no reduction in the hardness of the tool material was observed.

10

Blade edge

§10: g?:i?gtr?:dNt%ZLting, thickness 2.9 um
[ | coated tool

Distance from the cutting edge [mm]

Figure 4. The cutting edge profile of planer knife with CrN/CrCN multilayer coating after 6000 m of
dry beech wood cutting [83].

The greater efficiency of tools with a CrN/CrCN multilayer coating is manifested
in the lower surface area of the blade wear in relation to the uncoated knife. For such
selected tool-machined material systems and cutting process parameters, the surface area
of the blade wear for the coated knife is approximately 25% lower, which translates into
approximately three times longer cutting distance.
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The analysis of the data presented in Tables A1-A3 shows that they are very diverse.
The substrate, coatings, material treatments, and the material itself are different, as well as
the presentation and evaluation of the results.

The records in the above Tables are arranged according to the sequential year of
publication. It is not possible to unambiguously observe an increase in durability due to the
variety of coatings, types of material being processed, and probably different machining
parameters. One can also notice the important role of the deposition method and the
tool material used as a substrate for the coating. The above data confirm that there is no
universal coating that will be equally effective in the machining of various materials. The
coating design process should take into account the type of material being processed, the
machining parameters, and the type of tool to be used.

Nevertheless, based on the results presented in Tables A1-A3, it can be noted that:

e A comparison of various coatings operating in the same conditions shows the advan-
tage of CrN both in the treatment of beech wood [53] and OSB [24,71];

e  Worse performance properties of CryN coatings compared to CrN [24,84] were con-
firmed, which may be caused by their greater brittleness and worse adhesion to
the substrate;

e A comparison of the wear resistance of single-layer coatings was presented by Ka-
zlauskas et al. [85]. Binary CrN and ternary AICrN and TiCN coatings deposited on
WC-Co tools (substrates) during the milling of oak wood showed improved wear
resistance of cutters by factors of 3.0, 1.9, and 1.7, respectively. They also found that
CrN was characterized by the best adhesion among the tested coatings and a low and
stable coefficient of friction. They stated that low-friction coatings exhibited better
wear resistance;

e  Ti-based coatings have inferior wear resistance compared to Cr-based coatings. This
applies to both magnetron- and arc-formed coatings. The Ti-W-N/Ti-W coating is
characterized by twice the tool wear area compared to the Cr-W-N/Cr-W coating in
the milling of OSB and particle board [41]. The wear of the tool covered by TiCN and
CrN coating is smaller by 1.6 and 2.0, respectively [57,65]. The above conclusions are
confirmed by Kazlauskas et al. [85];

e  Multilayer coatings have better properties compared to single-layer coatings. CrN and
CrN/CrCN coatings were deposited on a substrate made of M2 steel and cemented
carbide and the timber boles were rounded [54]. Two significant effects were observed:

(@) The multilayer coating was characterized by a greater wear resistance of about
170%, while in the case of CrN coatings the increase was about 100%. These
results relate to the tests carried out on the M2 steel tool coating system. Ce-
mented carbide tools with coatings were characterized by a slightly lower
durability of approx. 110% (CrN/CrCN) and 100% (CrN). It should be noted,
however, that uncoated tools made of M2 steel rounded 15 boles, and cemented
carbide tools 188 boles;

(b)  The comparison of these coatings shows that in M2 steel tools with CrN/CrCN
coatings the service time is about 33% higher compared to the CrN coating,
and in the case of a cemented carbide tool the increase is about 7% [54]. This
confirms the reports of many authors about the importance of the substrate;

e A comparison of the edge recession of tungsten carbide tools with TIAIN monolayer
coating and TiAIN/TiSiN and TiAIN/TiBON multilayer coatings in milling different
wood composites indicates a greater edge recession of the TIAIN and TiAIN/TiSiN
coatings [81]. Among the tested coatings, the smallest edge recession was demon-
strated by the TIAIN/TiBON multilayer coating, despite the fact that its hardness
was the lowest among the tested coatings, 2700 HV. The TiAIN/TiSiN coating, with a
hardness of 3600 HV and the highest coefficient of friction (0.9), showed greater edge
recession than the TiAIN single-layer coating. The results of these tests confirm that a
lower coefficient of friction is more important than hardness.
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5.4. Substrates Used for Testing the Properties of the Coatings

There are basically two types of substrates in Table A1, 60SMDS alloy steel with a
hardness of 57-59 HRC [26,53], commonly used for cutting tools for peeling lathes, and
90MCVS8 steel, hardness of 63—65 HRC, suitable for cutting and punching tools, etc., and
cemented carbide with a hardness of about 17 GPa.

The substrate has a major influence on the performance of the coating. Chekour et al.
considered the effect of the nitriding conditions of the 32CrMoV13 steel substrate as a tool
for the peeling of beech [23]. It was found that in most cases the nitrided layer is about
200 nm thick and the surface hardness is about 1000 HV, twice that of unnitrided steel. Tool
tests during peeling of the beech showed that the nitrided tool in a mixture with a small
concentration of nitrogen performs like an unnitrided tool. Duplex-treated tools (nitriding
and CrN coating) performed better than nitrided tools and allowed almost twice as much
processing as untreated tools. Duplex processing (nitriding and CrN coating) of low-alloy
steel, commonly used in the production of knives for the wood industry, allowed over 70%
reduction of knives’ edges [37].

5.5. Scientific Centers

One can indicate the scientific centers dealing with the production, implementation
and testing of tools modified with coatings for processing of wood. Based on SCOPUS
and Web of Science databases, one can indicate the dominant position of France [14,20-
24,26,41,48,50-53,66—68,84,80] in this challenge but Germany [49,76], Japan [40,48,68,87],
USA [71,87,88], UAE [28,29,71,87] and Poland [21,53,55-57,69-74,89-92] also deal with this
subject extensively. Also, scientists from such countries as: Belarus [93-96], China [54,75],
Finland [46], Indonesia [40,48,68,81], Italy [39], Lithuania [44,65,85,97-99], Portugal [41-100],
Slovakia [94], and Switzerland [33] have significant achievements in research and dissemi-
nation of knowledge about modified protective coatings for woodworking tools.

6. Conclusions

The history of thin hard coatings goes back to the 1970s. The possibilities of new
tool modification techniques were verified in laboratories and in industry, initially for
metalworking, and somewhat later also for woodworking. Wood is a specific material; it is
characterized by strong fluctuating local anisotropy, porosity, and a hygroscopic nature.
Hence, the demands placed on woodworking tools are particularly high. Thanks to the
progress in surface treatment, it is possible to obtain tools that meet the requirements of
customers to a greater extent than before. Knowledge about the applied modifications
of tools is becoming more and more available, as evidenced by the growing number of
scientific publications, as well as the multinational composition of research teams. The
main difficulty in analyzing the results is:

e  Many articles are related to the processing of fiberboard or very dense homogeneous
wood, the most homogeneous and isotropic materials. The processing of other ma-
terials, softwood and wood-based materials, does not give unequivocal results in
the durability of the tools. It seems that the most important factors in modifying a
wood knife are low friction value, good abrasion resistance, good coating adhesion,
and thermal resistance. Most of the tested coatings belong to the simplest, two- or
three-element systems. Only in some cases have more complex coatings, such as
quaternary systems or multi-layer coatings with different structures, been investigated.
The test results indicate that the latter have better wear resistance, but standardized
tests should be performed to confirm this.

The analysis of the test results for the properties of coatings and the durability
of woodworking tools covered with these coatings allows for the presentation of sev-
eral conclusions:

e A comparison of various coatings operating in the same conditions shows the advan-
tage of CrN both in the treatment of beech wood and OSB. This is probably due to the
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lower brittleness of the CrIN coatings, relatively low coefficient of friction, and very
good adhesion to the substrate;
Chromium-based coatings have better wear resistance compared to titanium-based coatings;
Multilayer coatings are characterized by better wear resistance compared to single-
layer coatings. This may be related to the reduction of crack propagation at the phase
and grain boundaries. As in the case of a single-layer coating, higher wear resistance is
found in coatings that exhibit a lower friction coefficient and are less brittle. The results
of the tests confirm that a lower coefficient of friction is more important than hardness;
e  The type of tool material used, and its possible thermochemical treatment, have a great
influence on tool life. Increasing the hardness of the tool increases its productivity,
although not always its durability.

Future Directions

The field of wood-cutting tools still requires further research. It seems that future
research should focus on selecting one method of coating formation on a clearly defined
substrate (tool). The choice of the tested multilayer coating (coatings) showing the best
anti-wear properties is much more complex. It should be characterized by high hardness,
good adhesion to the substrate, stability at elevated temperatures, relatively low coefficient
of friction, and chemical inertness. Processing tests of the selected type of wood (wood-
based) material should be limited to one specific species and the same series of processing
parameters. It is also important to present the research results so that they can be compared
with the references.
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Appendix A

Table A1l. Magnetron sputtering. Protective coatings applied to woodworking tools, synthetic
information on the coatings used, the materials processed, the type of substrate and the effect of
its modification.

Coating/ Type of Machining
Structure Substrate Machining Material Results Year Reference
W-C:H (DLC with WC reduction of the
. . knives’ edges by
PC)IE\C]lpltathHS) 60SMDS8 peeling beech wood 38% (W-C:H) and 1999 [53]
52% (CrN)
cutting edge
CrN . reduction up to:
W-C:H(DLC) 60SMD8 peeling beech wood DLC—60%, 1999 [26]
CrN—130%.
reduction of the
CrN . . knives’ edges
Cr,N Carbide cutting OSB 52% (CrN) and 2000 [84]
40% (CroN)
service life four
CrN times higher
CrN Carbide cutting OSB (CrN), about 2001 [24]
2 1.8 times higher
(Crz2N)
30CMoV13 increase the
CrN Nitrided peeling beech wood service of the tool 2003 [23]
by a factor of 1.3
. . decrease in nose
CrN Carbide routing OSB width about 64% 2003 [51]
reduction in the
CrN 90MCV8 peeling MDF wear of the edge 2005 [14]
by about 50%
different s dependent on
CrN carbidess milling OSB type of substrates 2005 [52]

increase up to 2.5
CrAIN Carbide routing MDF times more than 2007 [66]
unmodified ones

reduction in the
CrAIN 90CrMoV8 peeling beech wood wear of the edge 2009 [37]
by about 50%

max decrease in
MDE (M) nose width about

AICrN WC-2% Co routing standard, and  25%—MDF(M), 2009 [83]
(E) fireproof 40% MDEF(E) and
44% MDF

max decrease in
CrSiN WC-2% Co routing MDF nose width about 2009 [38]
33%
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Table A1. Cont.
Coating/ Type of Machining
Structure Substrate Machining Material Results Year Reference
reduction in
AT . average wear
F(Fllr—‘yV—ll\lT//jér‘—/g\f WC+4%Co milling OSB area: Ti based 2009 [41]
coatings—to 54%,
Cr—to 100%,
reduction in
average wear
Ti-W-N/Ti-W o - . area: Ti based
Cr-W-N/Cr-W WC+4%Co milling particle board coatings—to 2009 [41]
215%, Cr—to
460%
) max. increase by
%ﬁﬁ:{ /aCN Carbide cutting chipboard 23% 2020 [89]
(TiAIN/aCN)
TiN/AITiN Different . . max. increase by
TAIN/a-C:N carbides cutting chipboard 5o " riNyTiAIN) 202! [50]
Table A2. Cathodic arc evaporation. Protective coatings applied to woodworking tools, synthetic
information on the coatings used, the materials processed, the type of substrate and the effect of
its modification.
Coating/ Type of Machining
Structure Substrate Machining Material Results Year Reference
. cutting edge reduction
TiN 60SMD8 . . .
' peeling beech wood up to: Ti based coatings 1999 [26]
(Ti,Zr)N 90WDCV 17%,
. . reduction in average
CrN/CrCN HS6-5-2 planing pine wood wear area to 170% 2011 [71]
. . reduction in average
Cr,N/CrN HS6-5-2 cutting pine wood wear area of 60% 2011 [69]
wood panel wear compared to
TiCN oaken sczI:n Hings the uncoated cutters.
CrN K01-K20 milling lued b & TiCN—smaller by 1.6 x 2015 [65]
DLC ol %in ) ac}:s tate DLC—smaller by 1.9 x
polyviny CrN—smaller twice
7:N reduction in volume
MoN WC + Co milling particle board wear to 150% (MoN) and 2016 [93]
110% (ZrN)
edge recession reduction
mersawa wood by factor: 0.27
TIAIN K10 cutting eﬁszrb‘; T 060 2016 [40]
particleboard, 0.33
GRC 0.38
edge recession reduction
THIAIN/TiSiN K10 cuttin mersawa wood B};éador: h
J fiberboard 043 2016 [40]
particleboard 0' 54

GRC
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Table A2. Cont.

Coating/ Type of Machining
Structure Substrate Machining Material Results Year Reference
edge recession reduction
mersawa wood by factor: 0.62
TiAIN/TiBON K10 cutting . 1.13 2016 [40]
fiberboard
. 0.83
particleboard 110
GRC ’
improvement in the tool
CrN . . durability of 170%
CrN/CrCN M2 steel cutting timber (CrN/CrCN), 100% 2018 [54]
(CrN)
improvement in the tool
CrN cemented . . durability of 110%
CrN/CrCN carbide rounding timber (CrN/CrCN), 100% 2018 [54]
(CrN)
edge recession reduction
by factor: 2.12
. K10 tungsten . asbestos
TiAIN carbide tool milling WPC 1.09 2019 [81]
1.5
LVL 154
OSB ’
edge recession reduction
by factor: 1.08
. . K10 tungsten a1 asbestos
TiAIN/TiSiN carbide tool milling WPC 0.84 2019 [81]
1.35
LVL 133
OSB ’
edge recession reduction
by factor: 2.33
. . K10 tungsten . asbestos
TiAIN/TiBON carbide tool milling WPC 3.18 2019 [81]
4.0
LVL 367
OSB ’
= . . improvement in the tool
CrN/CrCN HS6-5-2 planing pine wood durability of 142% 2020 [91]
= . . improvement in the life
AICrBN HS6-5-2 planing pine wood service by 205% 2021 [92]
Table A3. Physical vapor deposition (PVD). Protective coatings applied to woodworking tools,
synthetic information on the coatings used, the materials processed, the type of substrate and the
effect of its modification.
Coating/ Type of Machining
Structure Substrate Machining Material Results Year Reference
cemented melamine
ta-C tungsten milling laminated 2.5-fold lifetime increase 1999 [49]
carbide particle board
tool wear
. . oil palm 10% decrease
TiN SKH 51 sawing afina 5% increase 2006 [47]

sugi

64% increase
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Table A3. Cont.

gt(; ?xtcl::ﬁ/e Substrate Ml;};i)lien(;f\g Ml\?[i:gl;;g Results Year Reference
TiN P30 cutting hardboard, ;¢ i e increase 30-45% 2008 [48]
cement board
multilayer-coated tools
experienced a smaller
TiAIN/TiBN, amount of delamination
TiAIN/TiSiN, 11 . wear than the
TiAIN/CrAIN Kio milling particle board monolayer-coated tool. 2010 [68]
TiAIN The best multilayer
coating was
TiAIN/CrAIN
CiN, AITN, resistance by factors of:
z;ﬁllg;;lCNl WC-Co milling oak wood 3.0 (CrN), 1.9 (AICIN), 2022 [85]
1.7 (TiCN)
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