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Abstract: Corrosion and friction coefficient tests were performed on solid oak wood machined with
hard-metal woodworking tools coated with PVD coatings (AlCrN, AlTiN, TiAlN, TiCN and CrN).
The tannic acid attacks the carbide more intensively than the PVD coatings. During cutting, corrosion
spreads on the cutting edge of the cutter due to mechanical action, which dissolves the cobalt binder
of the hard-metal and causes the carbide grains to flake off. After 80 min of contact with the wood,
the cobalt content decreases from 3.53 to 1.74%. Depending on the PVD coating material, cracks
of 4 to 40 µm in width appear after 120 min (9000 m cutting path). After 120 min of machining,
wear, corrosion effects and the influence of corrosion on the coefficients of friction were evaluated
for tools with and without PVD coatings. TiCN is the most sensitive to corrosion, while AlCrN
and CrN coatings are the least sensitive, with the AlTiN coating being the most affected under real
cutting conditions (with mechanical + thermal + corrosion effects) and the tools with CrN and AlCrN
coatings being the least affected. Corrosion affects the hard-metal and PVD coatings and reduces
the coefficient of friction. The angle between the directions of sliding and sharpening of the cutting
edge sharpening significantly influences this parameter. The coefficient of friction of hard-metal
WC-Co and PVD coatings is higher in the parallel machining direction than in the perpendicular
machining direction and ranges from 16.03% (WC-Co) to 44.8% (AlTiN). The coefficient of friction of
hard-metal WC-Co decreases by 5.13% before and after exposure to tannic acid, while the corrosion
of PVD coatings reduces it by 4.13% (CrN) to 26.7% (TiAlN).

Keywords: PVD coatings; oak wood; wood cutting; hard metal; corrosion; tannins

1. Introduction

Trees are important for people’s lives and activities: they protect the soil and stabilize
the climate, they offer social benefits and provide raw materials for the construction and
furniture industries. Wood is an important renewable natural resource that stores carbon
by absorbing CO2 from the atmosphere. The anatomy of wood influences its physical and
mechanical properties [1–8]. Wood is an inhomogeneous, anisotropic, fibrous plant material.
It consists of a rigid, coherent framework of densely packed hollow cells whose cavities are
filled with air or water. About 99% of the total dry weight of wood consists of organic and
the rest of inorganic substances. The amount and proportion of these substances depends
on the type of wood, its age and the growing conditions. The organic substance of wood in
its completely dry state contains 49%–50% C, 43%–44% O2, about 6% H2 and 0.1%–0.3% N,
regardless of the type of wood. Carbon, hydrogen and oxygen form the complex organic
substances cellulose, lignin, hemicellulose and extractives. The density of wood is in the
range of 0.15–1.09 g/cm3 [9–12]. The structure of wood is shown in Figure 1.
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Figure 1. Structural composition and structure of wood: (a) structure of cellulose, lignin and 

hemicellulose molecules; (b) structure of the cell wall; (c) longitudinal section of oak wood 
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cutting tools [17,18]. 

Wood species with a lower pH value have a higher corrosive activity [15], but a tannic 

acid solution in water is the most aggressive [19,20]. Therefore, the wetter the wood is 

during machining, the more active abrasive and corrosive wear will be [21]. 

Corrosion also affects unused tools if they are coated with residues of extraction 

agents. The corrosion of cutting tools is influenced by: the type of wood, the humidity of 

the wood and the air, the operating temperature of the tool, the age of the wood and the 

duration of exposure to the active substances [19,20]. 

Studies in the pulp industry show that tannins inhibit corrosion. Wood tannins are 

used as metal primers or corrosion inhibitors. Under the action of tannins, the polyphenol 

complex interacts with metal ions and forms insoluble surface metal tannates (a dark 

blue/purple mass). During cutting, the iron tannates are removed from the tool surface by 

the friction and/or temperature of the chip. This exposes new surfaces to corrosion, but if 

they are already present on the surface, they protect the metal. At certain pH values, the 

tannins inhibit the corrosion caused by wood extracts [15]. 

In general, the effect of tannins on the corrosion of tool materials in contact with solid 

wood has not been studied in detail. Solid wood and its composites are intensively 

machined and the tools are subject to heavy wear, which affects the cost of machining. 

Figure 1. Structural composition and structure of wood: (a) structure of cellulose, lignin and
hemicellulose molecules; (b) structure of the cell wall; (c) longitudinal section of oak wood [11,13,14].

Wood contains more than 700 different extractive substances, some of which affect
the corrosion of metals in contact with wood or pulp solutions. These include organic
acids (acetic acid and formic acid), tannins (polyphenols) and phenols with two or three
neighboring hydroxyl groups (catechol and pyrogallol). The concentration of extractives in
wood varies between 1.4 and 13.8% [15,16].

Wood extracts have been shown to act as lubricants and effectively reduce the coeffi-
cient of friction during cutting. However, many studies have also shown that wood extracts
(gums, fats, resins, sugars, starch, alkaloids and tannins) have a negative effect on cutting
tools [17,18].

Wood species with a lower pH value have a higher corrosive activity [15], but a tannic
acid solution in water is the most aggressive [19,20]. Therefore, the wetter the wood is
during machining, the more active abrasive and corrosive wear will be [21].

Corrosion also affects unused tools if they are coated with residues of extraction agents.
The corrosion of cutting tools is influenced by: the type of wood, the humidity of the wood
and the air, the operating temperature of the tool, the age of the wood and the duration of
exposure to the active substances [19,20].

Studies in the pulp industry show that tannins inhibit corrosion. Wood tannins are
used as metal primers or corrosion inhibitors. Under the action of tannins, the polyphenol
complex interacts with metal ions and forms insoluble surface metal tannates (a dark
blue/purple mass). During cutting, the iron tannates are removed from the tool surface by
the friction and/or temperature of the chip. This exposes new surfaces to corrosion, but if
they are already present on the surface, they protect the metal. At certain pH values, the
tannins inhibit the corrosion caused by wood extracts [15].

In general, the effect of tannins on the corrosion of tool materials in contact with
solid wood has not been studied in detail. Solid wood and its composites are intensively
machined and the tools are subject to heavy wear, which affects the cost of machining.
Understanding the corrosion and wear behavior of wood cutting tools helps in the selection
of cutting materials for machining wood and wood composites.
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Wood cutting is a tribological process accompanied by high contact pressure on the
tool surface, sliding speeds of up to 40 ms−1, temperatures of up to 900 ◦C, the moisture
content of the wood and chemical attack. It is known that tool corrosion reduces the friction
between the tool and the chip to be cut, i.e., making the cutting process easier [11,15,22].

The increase in the use of hard-coated tools in woodworking is illustrated by the
increase in the number of articles in the Science Direct database between 2000 and 2023, as
shown in Figure 2. Search terms woodworking, tool, hard coatings.
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Figure 2. Dynamics of the number of publications on PVD-coated woodworking tools from 2000 to
2023 (Science Direct database).

Hard PVD coatings are widely used in various industrial sectors, including to re-
duce tool wear [23–29], but the effect of tannic acids on these coatings has not yet been
investigated.

Aim: Application of anticorrosive and mechanical/abrasive wear properties of PVD
coatings in the treatment of oak wood exposed to intense tannic acid corrosion. Find
coatings with higher durability, which would facilitate the cutting process by reducing
tool expenses, minimizing equipment downtime when changing tools, and streamlining
their adjustment.

Objective:

1. Wear tests on milling cutters without and with PVD coatings for milling solid oak wood;
2. Investigation of the effect of dressing the cutters on the variation of element concen-

trations on the cutter rake face;
3. Corrosion studies of PVD coatings in aqueous tannic acid solution at different temper-

atures;
4. Measurement of static and dynamic friction coefficients for new and corroded WC-Co

tools without and with PVD coatings.

2. Materials and Methods

The object of the research is the WC-Co (Co 6%) hard-metal (Co 6%) 30 × 12 × 1.5 mm
double-edge cutters for woodworking (Figure 3a). Manufacturer: TIGRA GmbH, material:
T06MG (Table 1). The cutters were coated with micrometre-thick PVD coatings (AlCrN,
AlTiN, TiAlN, TiCN and CrN) by Oerlikon Balzers Coating AG (Balzers, Liechtenstein)
and CemeCon Scandinavia A/S (Hinnerup, Denmark). The coatings AlCrN, AlTiN, TiAlN
and CrN are single-layer coatings and TiCN is multi-layer. The TiCN coating structure is
described in sources [30,31].
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Figure 3. Milling tool and milling scheme: (a) milling tool; 1—fixed tool; 2—cutter; 3—HSK 63F
gripper; (b) milling scheme: 1—milling tool; 2—cutter; 4—oak wood; 5—wood fiber direction;
H—thickness of the layer to be milled; ez—feed per one cutter; e—feed direction; n—direction
of rotation of the cutter; l—length of the contact arc (chip length); ezav—average chip thickness;
(c) α—clearance angle; β—blade angle; γ—rake angle; Wd—rake surface wear; Bs—shortening of
the blade; ρ—rounding radius of the cutting edge.

Coatings based on Ti and Cr are chosen for their tribological properties and wide
industrial usage [27,29,32,33].

The physical/mechanical properties of WC-Co hard-metal cutters are given in
Table 1 [34].

Table 1. Type (composition), physical/mechanical properties of WC-Co hard-metal [34].

Type of
Hardmetal Binder Co, % WC Grain

Size, µm
Hardness,

HV 10

Bending
Strength,
N/mm2

Tensile
Strength,
K1C/MPa

m–1/2

Max. Operating
Temperature, ◦C

Coefficient of
Friction

T06MG 6 0.7–1.0 1800 2700 8.4 800–1000 0.4–0.6

Average microhardness of PVD Coatings, GPa: AlCrN—27.6 ± 3 GPa, AlTiN—29.8 ± 3,
TiAlN—30.8 ± 4, TiCN—31.3 ± 3, CrN—19.4 ± 2 [35].

Structural composition of the hard-metal cutters and their coatings measured by XRD
on a Bruker D8 spectrometer with Cu Kα X-ray tube [35].

Cutting tool wear and corrosion of wood were assessed by milling polyvinyl acetate
dispersion adhesive glued solid oak (Quercus Robur) wood panels (1000 × 1000 × 20 mm).
The wood has an average moisture content of ω = 8%, an average annual rings density
of 4.6 cm−1, and a density of ρ = 738 kg/m3. The milling tool and the milling scheme
are illustrated in Figure 3a–c. The cutter tests were carried out with a milling cutter with
a single interchangeable cutter. Machining conditions: ambient temperature 19 ± 2 ◦C,
relative humidity 60% ± 5%. Milling until the cutting path reaches 9000 m (2.15 million
cycles with a chip length of 4.2 mm per cycle—lchip).

The cutting test was carried out at cutting path intervals of 1000, 2000, 3000, 6000 and
9000 m. The values of working time corresponding to these values are 13.3, 26.7, 40, 80 and
120 min, respectively.

The characteristics of the milling tool are given in Table 2 and the milling modes in
Table 3. The milling machine used was a CNC machining center ProMaster 7123 (Holz-Her
GmbH, Nürtingen, Germany).
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Table 2. Milling tool characteristics.

Cutter Diameter
D, mm

Length of Tool
Fitted, l2, mm Rake Angle γ, ◦ Sharpening Angle

β, ◦
Clearance Angle

α, ◦ Cutting Angle λ, ◦

Ø18 55 27 53 10 87

Table 3. Milling mode.

Cutter Rotation
Frequency n,

103 min–1

Cutting Speed
v, ms–1

Thickness of
the Layer to Be

cut H, mm

Cutter Feed uz,
mm

Contact Arc
Length l, mm

Average Chip
Thickness ezav,

mm

Width of Cut
Layer, mm

18 17 1.0 0.1 4.2 0.024 6.0

A 50 mL solution of 5% by weight of tannic acid C76H52O46 in water (Carl Roth
GmbH + Co., Karlsruhe, Germany) was used for the corrosion test. C76H52O46 composition:
purity ≥95%, moisture ≤7%, impurities: dextrin, rubber, salts, disaccharide, sulphate
minerals ≤ 0.1%.

The corrosion of the cutters was carried out in a SYSTEC VE-40 autoclave (Systec
GmbH & Co. KG, Osnabrück, Germany) at 20, 80 and 140 ◦C. At 140 ◦C, the test was
carried out at an autoclave pressure of 0.4 MPa (Figure 4) [19]. The visual corrosion effects
on the surface of the cutters were recorded four times at 4-h intervals (up to 16 h) using an
Eclipse MA-100 metallographic microscope (Nikon Instruments Inc., Melville, NY, USA).
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Figure 4. Principle diagram of a corrosion study [19].

Corrosion testing was selected after analyzing the real working conditions of the
cutters (environment and temperature) and considering the corrosion testing standards
such as ASTM D1141-98, G 1, G 15, G28-22, G 46, G 107, G 48-00, and others. As a result, the
evaluation of corrosion damage was performed using the method of assessing the damaged
surface area according to standard ISO 4628-3.

After the corrosion test, the blades were washed in Sonorex Super RK ultrasonic
washer (Bandelin electronix GmbH & Co., Berlin, Germany) with distilled water for 30 min
to remove any residual acid residue left after draining. After washing, the blades were
dried with a dry compressed air jet at 10 bar pressure.

The pH of the tannin-water solution used for corrosion testing was measured with a
Hana Combo Hi-98130 (Dynamic Aqua-Supply, Surrey, BC, Canada).

The change in the chemical composition of PVD coating surfaces under the influence
of tannic acid was determined by EDS analysis using a Hitachi S-3400N-II SEM (Hitachi,
Tokyo, Japan) and an EDS XFlash 5040 QUAD X-ray energy dispersive spectroscope
(Bruker nano GmbH, Berlin, Germany). The SEM Hitachi S-3400N-II was also used for
the determination of the thickness of the hard coatings and for the assessment of the tool
wear level.

The static coefficient of friction was determined using an inclined plane with WC-Co
hard-metal cutters (without and with PVD coatings) embedded in the supports. The blades
are fitted with 120 × 75 × 40 mm solid oak wood blocks with different direction of annual
rings (cross section, radial section, tangent section). A screw mechanism at a speed of
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5 degrees per minute (degree min−1) is used to force the plane until the cutter starts to slide
on the surface of wood grain. The angle of inclination of the plane is measured by electronic
digital inclinometer angle meter tester LM320B with magnetic surfaces (UNI-T, China).

A Rockwell indenter was used to determine the friction coefficient between the in-
denter and new and corroded WC-Co and PVD coatings using the CETR/Bruker UMT-2
(Bruker, Billerica, MA, USA). The test was carried out in two directions, perpendicular
and parallel to the machining (grinding) direction of the tool. The length of the scratching
section is 7 mm, speed 2.33 mm/min. The load used was 4.905 N, which is mechanically
non-damaging to the hard-metal and PVD coatings.

3. Results

The XRD results of the cutters (without and with PVD hard coatings) are shown in
Figure 5. The XRD spectra of the samples without and with PVD coatings are dominated
by the cutter material (WC-Co), with five angular peaks at 2Θ (31.53◦, 35.62◦, 48.37◦, 64.08◦

and 65.89◦).
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Figure 5. XRD spectra of a solidified sample (WC-Co) and PVD samples coated with AlCrN, AlTiN,
TiAlN, TiCN and CrN coatings [34].

Registration of hard-metal WC-Co peaks in XRD spectra in the presence of PVD
coatings confirms the micrometric thickness of the coatings. Characteristic peaks in the
spectra of PVD-coated cutters at 2Θ angles: CrN (37.73◦ and 44.23◦); AlCrN: (AlN—37.95◦,
43.95◦, 63.9◦ and CrN—44.16◦); AlTiN (37.22◦, 43.23◦, 62.75◦); TiAlN (37.40◦, 43.41◦; 62.95◦);
TiCN (36.71◦, 42.76◦, 61.82◦) [35].

XRD measurements of the surface composition of the cutters after the corrosion tests
did not show any change in the XRD spectra, i.e., the spectra are identical to those shown in
Figure 5. The reason for this is the extremely thin layer of corrosion products not detectable
by XRD.
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SEM analysis of the fractures of the cutters showed the average thicknesses of the PVD
coatings tested to be 1.4 µm for the AlCrN and AlTiN coatings and 2.0 µm for the other
coatings (TiAlN, TiCN and CrN) [25].

3.1. Study on Mechanical-Corrosive Effects of Cutting (Cutting Study)

In a study where the wood was cut at a cutter feed rate of 0.1 mm/rev, the PVD
coatings did not show any signs of wear on the rake surface wider than 55–60 µm and the
full width of the coating wear to the hard-metal substrate did not exceed 40 µm (AlTiN).

SEM analysis of all WC-Co blades with a cutting length of 9000 m (or 120 min running
time) when cutting oak wood showed that many of the tungsten carbide grains on the
rake surface of the cutter did not have the cobalt (matrix) that binds the grains together
(Figure 6a). The surface layers of the WC grains are frayed. This is the result of corrosion
by wood extracts, especially tannins [15], which are activated by the operating temperature
of the cutting tool.

In PVD-coated cutters with 9000 m of cutting path, all PVD coatings on the cutting
edge were damaged (complete delamination). The size of the damage in the cutting edge
zone varied from 4 to 40 µm. This was influenced by the mechanical (abrasive) and
corrosive resistance of the coating as well as the thickness.
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Figure 6. Corroded rake surfaces of uncoated WC-Co (a) and PVD-coated (b–e) cutters after 120 min.
cutting time: (a) WC-Co; (b) AlCrN; (c) AlTiN; (d) TiAlN; (e) TiCN; (f) CrN (main clearance face).
Cutting edge of the cutters at the top of the illustrations. In order to show the full worn width of the
cutting edge, different magnifications (×2000 and ×7000) are shown.

The uncoated milling cutters (Figure 6a) exhibited the highest corrosion damage (grain
degradation), as the hard-metal WC-Co was exposed to mechanical, thermal and corrosive
loads for the longest time (120 min). In a study where the wood was cut at a feed rate of
0.1 mm/rev, the PVD coatings showed no signs of wear on the rake surface wider than
55–60 µm, and the total width of wear of the coating on the hard-metal substrate did not
exceed 40 µm (AlTiN).

Mechanical/abrasive and corrosive wear caused by the heating of the tool is most
active on the cutting edge and rake face of the cutter, where the coating wears fastest. Since
the duration of the wood cutting test is the same (120 min), the hard-metal WC-Co tool
without PVD coating is most affected (Figure 6a):

- Figure 6a. The abundant hard-metal WC-Co grains (WC) in the surface layers are
removed by the Co-corrosion (white oval). Maximum observed corrosion damage
(cutting edge of a cutter exposed to corrosion and mechanical stress for 120 min),
×7000;

- Figure 6b: The different wear widths of the coating (6–10 µm) indicate the presence
of different coating thicknesses influenced by the roughness of the substrate (AlCrN)
during the coating process, ×2000;

- Figure 6c. Wear of the 26–40 µm AlTiN PVD coating, ×2000. This is the highest wear
observed in the study.

- Figure 6d: The TiAlN coating on the rake face of the tool is worn away by 5–7 µm
(intergranular voids/corrosion in the white oval), ×7000;

- Figure 6e. TiCN coating. Width of the coating wear at the cutting edge approx. 8 µm.
Intergranular corrosion of the hard-metal WC-Co on the tool base caused by wear of
the coating, shown in the white oval, ×7000;

- Figure 6f. Penetration of a 4–5 µm wide strip of the CrN coating along the cutting
edge. Significant intercrystalline cobalt corrosion (cracks between the grains of the
solid WC, white oval), ×7000.

The less abrasion-resistant a coating is, the faster it wears off. In this case, the following
applies for a fixed test duration: the less wear resistant the PVD coating is, the longer the
WC-Co substrate is exposed to corrosion. The mechanical-corrosive effect of the uncoated
WC-Co tool lasts for a longer period of time (9000 m of cutting path or ~9 min. of cutting
or 120 min. of running time), which leads to the highest cutting edge wear for these tools,
Figure 6a. The effect of the PVD coated tools on the substrate of the WC-Co tool only starts
after the coating has worn off and the corrosive effects are proportionally lower.
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For this reason, the “thinning” of the hard-metal grain spaces is most intense at the
cutting edge of the uncoated WC-Co tool. WC is more resistant to corrosion and the
binder/matrix cobalt is more susceptible [15,36]. This is clearly shown in Figure 6a. Due to
the high wear resistance of the CrN coating [25,31], the coating will only degrade between
4 and 4.5 µm at the cutting edge during the evaluated tool life (Figure 6f). However, if
the lower thickness of the AlCrN coating of 1.4 µm and the proportionally higher wear
(6–10 µm) are taken into account, it is clear that the mechanical wear resistance of these
coatings is equivalent.

According to optical microscopy, the coated tools had the following working distances
before the PVD coating wore off: for CrN and AlCrN 6000 m; for TiCN and TiAlN 3000 m;
for AlTiN 2000 m.

Since the CrN coating exhibited the least wear, and the wear started later than the
other coatings, the corrosive effect of the wood extracts on the solidification was also the
lowest. However, even in this case, WC-Co grains can be seen at the location of the worn
coating, where the cobalt is not bonded to the adjacent grains, but empty spaces can be
seen (Figure 6f).

The cobalt and other elements on the surface of the uncoated hard-metal were analyzed
every 3000 m of the cutting path using EDS analysis. The results are presented in Table 4
and Figure 7.

Table 4. Effect of WC-Co cutter output on the elemental content (mass %) of the tool solid.

Cutting Distance,
m/Working Time,
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0/0 13.48 78.4 3.53 2.96 0.64 0.98

3000/40 13.29 79.4 2.99 3.1 0.41 0.81

6000/80 11.77 77.7 1.74 7.64 0.39 0.74

9000/120 6.53 87.7 3.23 1.28 0.42 0.82
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The low variation in the concentration of elements (C, W, Co, O2, Cr) at 3000 m cutting
distance indicates that no major changes have taken place at the surface, but cobalt and
aluminum show active (percentage) decreasing trends (Table 4). It is likely that the tool is
sharp and not heated and therefore no corrosion processes are active. The changes in the
concentrations of the other elements between 3000 and 6000 m working distance can be
described as insignificant, with the exception of a significant decrease in cobalt from 2.99
to 1.74% (active corrosion) and an increase in oxygen from 3.1 to 7.64% (active oxidation,
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indicating the corrosive effect of corrosion on the tool). This indicates an increasing
heating of the tool. The gradual decrease in cobalt concentration with increasing tool life
indicates the increasing corrosive effect of intergranular crevice corrosion on this metal,
which deteriorates the mechanical properties of the surface. The recovery of tungsten and
cobalt concentrations between 6000 and 9000 m working distance indicates a change in
the tungsten carbide grains on the surface. This is confirmed by the observed increase in
surface roughness of the cutting edges as the weakly cobalt-bound tungsten carbide grains
break away [35]. The significant decrease in oxygen content (1.28%) in this operating range
indicates that the deep layers of the carbide were ‘opened’ by abrasion but not oxidized [35].
9000 m is the limit of the quality performance of the tool: the surface layers of the WC
grains have changed, the accuracy of the cutting edge deteriorates, the roughness of the
tool increases, leading to an increase in the roughness of the surface to be machined, the
energy required for machining increases and the tool heat increases.

3.2. Investigation of the Effect of Corrosion on WC-Co and Hard Coatings

The effect of the tannin solution on the optical image of the coatings at 20, 80 and
140 ◦C (exposure time 16h) is shown in Table 5.

Table 5. Effect of 16 h of tannin solution on the optical images of hard-metal WC-Co and PVD coatings
at 20, 80 and 140 °C (×100).

Material Unproduced
Corroded at t, ◦C
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Tannic acid C76H52O46 solution at a concentration of 50 g/L in water at 20 and 80 ◦C
caused pitting corrosion of the coatings, while the solution at 140 ◦C caused continuous
corrosion damage in places (Table 5). The optically estimated pitting corrosion density is
shown in Table 6. At a tannin solution temperature of 140 ◦C, about 30% of the CrN coating
is affected by corrosion, while more than 50%–65% of the area is affected by the hard-metal
WC-Co and other PVD coatings. The images presented in Table 5 show that the corrosion
dynamics increase significantly at temperatures above 80 ◦C.

Table 6. Density of pitting corrosion on the surface of cutters at tannin solution temperatures of 20
and 80 ◦C.

Hard-
Metal/PVD

Coatings

Density of Pitting Corrosion
Damage pcs/mm2

Level of
Corrosive

Damage [37]

Corrosion
Dynamics

t = 20 ◦C t = 80 ◦C

WC-Co 23 37 Medium Slightly
increasing

AlCrN 12 44 Medium Growing

AlTiN 5 5 Low Not increasing

TiAlN 39 40 Medium Not increasing

TiCN 4 121 High Very fast

CrN 4 11 Low Growing

The pitting corrosion densities and corrosion dynamics of the hard-metal WC-Co
(without and with PVD coatings) at tannin solution temperatures of 20 and 80 ◦C are
shown in Table 6.

At 20 ◦C, corrosion is most damaging to the TiAlN coating.
At temperatures of 20 and 80 ◦C, corrosion affected the AlTiN and CrN coatings the

least (Table 6). The TiCN coating was most affected by corrosion. As the temperature of
the corrosive medium increases, pitting corrosion tends to spread and become continuous
over time.

At 140 ◦C, corrosion is particularly active—corrosion products “cover” the machin-
ing marks of the tool. According to Winkelmann [19], the corrosion dynamics change
fundamentally at 60 ◦C.

It was found that (in the absence of a corrodible object in the medium, i.e., the cutting
tool) at a temperature of 20 ◦C, the pH of the tannic acid solution is pH(20 ◦C) = 3.74;
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pH(80 ◦C)=3.14; pH(140 ◦C) = 2.87, i.e., the acidity of the medium increases with increasing
temperature. This is confirmed by the source [15]. The corrosive activity of the medium
increases as the pH value decreases.

After the milling cutters had been in the tannic acid solution for 16 h, the chemi-
cal composition of the WC-Co and PVD coating surfaces was determined after cleaning
(Table 7).

Table 7. EDS analysis of the surface composition of the samples before and after corrosion testing
(mass %).

Hardmetal/PVD
Coatings

C
ar

bo
n

(C
)

Tu
ng

st
en

(W
)

C
ob

al
t(

C
o)

O
xy

ge
n

(O
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A
lu
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in

iu
m

(A
l)

N
it

ro
ge

n
(N

) 2

C
hr

om
iu

m
(C

r)

Ti
ta

ni
um

(T
i)

WC-Co 5.01 88.1 4.3 2.1 - - - -

WC-Co corroded 14.7 76.6 1.3 7.3 - - - -

AlCrN 0.62 - - 1.02 30.4 28.2 39.7 -

AlCrN corroded 8.6 - - 6.1 32.2 20 33.2 -

AlTiN 0.29 - - 6.01 24.7 29.6 - 39.4

AlTiN corroded 10.1 - - 22.7 23.4 13.8 - 29.9

CrN 1.16 - - 2.9 - 20.0 75.7 -

CrN corroded 2.4 - - 3.4 - 17.7 70.2 -

TiAlN 0.38 - - 1.24 19.8 31.3 - 47.3

TiAlN corroded 6.1 - - 9.7 18.9 18.9 - 46.4

TiCN 6.45 - - 0.62 - 13.5 - 79.4

TiCN corroded 7.6 - - 17.0 - 1.0 - 74.3

Bold—high compositional change, not bold—low compositional change.

The corrosion change was evaluated by the increase in oxygen content on the surface of
the analysis. The smallest changes were observed for CrN (2.9→3.4%), WC-Co (2.1→7.3%),
AlTiN (6.01→22.7%), medium for AlCrN (1.02→6.1%), large for TiAlN (1.24→9.7%) and
very high for TiCN (0.62→17.0%).

Coatings containing aluminum, chromium and titanium showed no significant changes
in the corrosion behavior of these metals.

Tannic acid is known to activate the corrosion processes in the solid state [15,19].
This is confirmed by the 3.3-fold decrease in Co content on the WC-Co surface (Table 7).
The absence of W and Co contents detected by EDS on the investigated surfaces of the
PVD-coated blades can be explained by the high-quality homogeneous PVD coating with a
thickness of 1.4–2 µm, the absence of mechanical attack and the shallow corrosion depths
of tens/hundreds of nanometers.

The corrosion increased the carbon content of the hard-metal surface (WC-Co) (by
a factor of 2.9) and the PVD coatings (up to a factor of 24.8). As with the hard coatings,
this is most likely due to the reaction of the WC-Co and PVD coatings with the impurities
in the tannic acid: Dextrin (C6H10O5), Rubber (C5H8) and Disaccharide (C12H22O11), and
possibly to the tannic acid itself between the grains of WC-Co.

The surface composition results (Table 7) show that the oxygen content of the samples
increases from 1.2 (CrN) to 27.4 (TiCN) times. This is most likely due to the reaction of
the WC-Co and PVD coatings with impurities in the tannic acid: dextrin (C6H10O5), di-
saccharide (C12H22O11) and the sulfate class minerals alunite KAl3(SO4)2(OH)6, melanterite
FeSO47H2O, jarosite KFe3(SO4)2(OH)6 and calcium chromate Ca(CrO4) [38–40].
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The aluminum content of TiAlN and AlTiN coatings decreases from 4.5 to 25.5%
when the surfaces corrode. In contrast, the aluminum content of the AlCrN coating
increased by 5.9%. This is probably due to the mineral alunite in the tannic acid solution
KAl3(SO4)2(OH)6 [38].

The corrosive effect of PVD coatings led to a 1.1 (CrN) to 13.5-fold (TiCN) reduction
in the nitrogen content. In the case of chromium-containing coatings, corrosion reduced
the chromium content by 7.27% in the CrN coating and 16.37% in the AlCrN coating.
The corrosion reduced the titanium content in AlTiN, TiAlN and TiCN coatings by 29.5%
(AlTiN), 24.11% (TiAlN) and 6.42% (TiCN).

3.3. Investigation of The effect of Tannin Acid on the Coefficient of Friction of Hard-Metal WC-Co
and Hard Coatings
3.3.1. Static Coefficient of Friction

Since wood is a fibrous structural material, its hardness and other mechanical proper-
ties are different with respect to the fibers, and it is likely that the average static coefficient
of friction (static CoF) is different in the different sections [41].

The roughness of the hard-metal and PVD coatings (new and after 9000 m of cutting)
and the average static coefficients of friction (Static CoF) in the different wood sections
(cross section, radial section, tangential section) are shown in Figure 8.
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Figure 8. Roughness of hard-metal and hard coatings (a) [35] and the average static coefficients of
friction (b) for different (cross cut, radial cut, tangent cut) wood sections.
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The average static friction coefficients presented in Figure 8 show that the direction of
the wood section does not significantly influence the static friction coefficient in the case of
WC-Co and AlCrN, TiAlN, TiCN hard coatings. The direction of the cut has a statistically
significant influence on the static friction coefficient only in the case of CrN, while in the
case of the AlTiN coating the static friction coefficient is lower only in the tangential cut.

The fact that the coefficient of static friction of PVD-coated cutting tools is higher than
the coefficient of friction of the substrate hard-metal WC-Co is also due to the fact that the
roughness of the coated surface is higher in all cases [35].

3.3.2. Dynamic Coefficient of Friction

The average dynamic coefficients of friction determined perpendicular and parallel to
the machining (grinding) direction of the cutters on the surfaces of not affected by corrosion
hard-metal and PVD hard coatings are shown in Figure 9.
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Figure 9. Coefficients of friction of WC-Co and PVD hard coatings parallel and perpendicular to the
direction of grinding of the rake face of non-corroded cutters.

In all cases, the average coefficient of friction of non-corroded WC-Co and PVD
hard coatings parallel to the machining direction is higher compared to the displacement
perpendicular to the machining direction, ranging from 16.03% (WC-Co) to 44.8% (AlTiN
coatings), Figure 9. It is evident that for the same indenter load and on surfaces with a
sufficiently high surface smoothness (Ra ≈ 0.04 µm), differences in the direction of the
micro- relief lead to different contacts and surface stress fields (elastic deformation) in the
indenter contact zone, which generate different resistance to movement forces.

It was found that the change in the composition of PVD coatings caused by the tannic
acid significantly and systematically reduces the mechanical frictional forces between
the indenter and the PVD coating surface: Figure 10 for the movement parallel to the
machining direction, Figure 11 for the movement perpendicular to the machining direction.
However, the extent to which the actual cutting process can be simulated (due to the
dynamic processes of film formation and the degradation of corrosion products) can only
be answered by direct precision measurement of the cutting forces.

The coefficient of friction between the indenter and the WC-Co treated with tannic
acid decreases by 2.88%, while that of the PVD coatings decreases from 3.18% (for CrN) to
15.8% (for TiCN), Figure 10, indicating that the effect of the tannin solution changes the
composition of the surface of the hard-metal and the coatings. It is quite logical that the CrN
coating, which is the most corrosion resistant, had the least influence on the reduction of
mechanical forces. The effect of the tannic acid solution on the surface of the tool materials
(WC-Co and coatings) forms surface layers in the nanometer range, which probably have
limited (lower mechanical) adhesion to the WC-Co or the hard coating material, so that
the indenter slides more easily on the less mechanically resistant compounds. Therefore,
the sliding resistance (coefficient of friction) test shows a lower coefficient of friction for
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corroded surfaces, not in all cases with a statistically reliable difference, but with a clear
downward trend.

It is likely that the highest decrease in friction coefficient (15.8% for TiCN) represents
the most active corrosion susceptibility. This 2 µm thick coating showed the most severe
wear in the cutting test.
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Figure 10. Average coefficient of friction between the indenter and the hard-metal WC-Co and PVD
coatings on new and corroded samples parallel to the machining direction of the cutter.
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Figure 11. Average dynamic coefficient of friction between new and corroded hard-metal WC-Co
and PVD coatings perpendicular to the machining direction of the cutter.

The dynamic coefficient of friction between WC-Co and WC-Co treated with tannic
acid perpendicular to the machining direction is less than 5.13%. The displacement of the
indenter in corroded PVD coatings is favored by a decrease in the coefficient of friction
from 4.13% (for CrN) to 26.7% (for TiAlN).

The dynamic friction coefficients for samples exposed to corrosion perpendicular and
parallel to the machining direction are shown in Figure 12.

At 140 ◦C and 5% concentration of the tannic acid solution, the friction coefficients of
the surfaces of the samples concerned (parallel to the machining direction) are in all cases
higher than the friction coefficient of the displacement perpendicular to the machining
direction (Figure 12). The friction coefficient of the WC-Co hard-metal is 17.88% lower for
the displacement perpendicular to the machining direction, while the friction coefficients
of the PVD-coated samples are lower, ranging from 18.0% (CrN) to 46.1% (AlTiN).
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Figure 12. Dynamic coefficient of friction for displacement on corroded surfaces of WC-Co and PVD
coatings in parallel and perpendicular to the machining directions of the cutter.

4. Discussion

Until now, tools for machining solid wood have been selected on the basis of their
performance in machining metals. This approach ignored the combination of “wear-
promoting” factors such as mechanical stress, temperature, friction and corrosion. In other
words, the influence of these factors was not evaluated according to their importance. It
is well known that there are significant differences between the mechanical properties of
wood and metals and the temperatures generated at the tool cutting edges.

When using solid oak wood, which contains dominant extractive substances (tannic
acid), it has been shown that corrosion during wood processing is a very important factor.
In tools without PVD coating, corrosion of the cobalt binder of hard-metal WC-Co begins
within the first few minutes of tool use. The tannic acid has the most intensive effect on the
most sensitive part of the hard-metal—the cobalt, which binds the tungsten carbide grains.
When most of the cobalt binder is removed from the WC grains (matrix), the majority
of the cobalt grains become detached, resulting in changes to the cutting edge geometry,
a loss of machining quality and increased energy consumption. However, the higher
the cobalt content, i.e., the larger the intergranular layers of the cobalt matrix, the more
active the corrosion. SEM analysis of the tools used shows that larger intergranular cobalt
gaps on the surface lead to faster cobalt loss than smaller gaps. Therefore, hard-metals
with lower binder concentrations have an advantage when machining solid wood. In
addition, the dynamic effect on the tool are lower when machining solid wood compared
to metal machining.

The aim of coating woodworking tools with PVD coatings is therefore to protect the
hard-metal from corrosion for as long as possible. This should be achieved by looking
for PVD coatings with potentially more resistant mechanical/abrasive wear properties
for the respective wood species. For solid oak wood, these are chrome-containing PVD
coatings—CrN and AlCrN. In a 120-min machining cycle from the cutting of the tool, these
coatings with a thickness of 1.4–2.0 µm wear down to just 5 µm, minimizing the effects of
corrosion on the hard-metal and machining quality.

PVD coatings protect the carbide of the tools from corrosive wear for as long as they
are mechanically processed (abrasive wear) until they wear out.

A study of the dynamic coefficient of friction shows that in order to reduce machining
costs for energy and tools, it is necessary to ensure that the sliding direction of the wood
chips in the cutting tools and the finishing of the rake face of the cutter are perpendicular
to each other.

5. Conclusions

Laboratory and production studies on the corrosion and tribological performance of
hard-metal WC-Co cutters without and with PVD coatings led to the following conclusions:
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1. The PVD coatings were worn away by mechanical (abrasive) wear and corrosion, and
the tools had the following lifetimes: 6000 m for CrN and AlCrN; 3000 m for TiCN
and TiAlN, and 2000 m for AlTiN.

2. Tannic acid solution in water (50 ml) at 20, 80 ◦C causes pitting corrosion of hard-metal
and solid PVD coatings; at a solution temperature of 140 ◦C, about 30% of the surface
of CrN coating is corroded in 16 h, and 50%–65% of the surface of WC-Co and other
PVD coatings are affected.

3. Machining solid oak wood leads to intercrystalline corrosion of the WC-Co binder
(cobalt) of the cutter, while corrosion of the PVD-coated tool base begins if the coating
does not remain under the influence of abrasive wear. The less resistant the PVD
coating is to mechanical (abrasive) wear, the earlier the corrosive effect on the cutter’s
hard-metal matrix (cobalt) begins. The corrosion causes the surface grains (WC) of
the hard-metal alloy to break away after the loss of mechanical strength;

4. The direction of the wood cut has no real influence on the static coefficient of friction
for WC-Co hard-metal and PVD hard coatings on tools.

Dynamic coefficient of friction:

- The increase with movement in parallel machining direction compared to perpendicu-
lar movement is between 16.03% (WC-Co) and 44.8% (AlTiN coating);

- Decrease in tannic acid treatment of WC-Co (2.88%) and PVD coating on the surface
from 3.18 (CrN) to 15.8% (TiCN).

5. Finishing operations on cutting tools perpendicular to the sliding direction of the
chip reduce the coefficient of friction (ranging from 16.03%, WC-Co to 44.8%, AlTiN
coatings), between the tool and the chip, which reduces the energy required for
machining.
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