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Abstract: In this paper, we analyze the possibilities of the protection of tools for wood machining 

with PVD (Physical Vapor Deposition) hard coatings. The nanolayered TiN/AlTiN coating, nano-

composite TiAlSiN coatings, and single layer TiN coating were analyzed in order to use them for 

protection of tools for wood machining. Both nanostructured coatings were deposited in an indus-

trial magnetron sputtering system on the cutting blades made of sintered carbide WC-Co, while TiN 

single layer coating was deposited by evaporation using thermionic arc. In the case of TiN/AlTiN 

nanolayer coatings the thickness of the individual TiN and AlTiN layer was in the 5–10 nm range, 

depending on the substrate vertical position. The microstructure and chemical composition of coat-

ings were studied by scanning electron microscopy (SEM) and energy-dispersive X-ray spectros-

copy (EDS) method. Additionally, in the case of the TiN/AlTiN coating, which was characterized 

by the best durability characteristics, the transmission electron microscope (TEM) and X-ray photo-

electron spectroscopy (XPS) methods were applied. The coatings adhesion to the substrate was an-

alyzed by scratch test method combined with optical microscopy. Nano-hardness and durability 

tests were performed with uncoated and coated blades using chipboard. The best results durability 

characteristics were observed for TiN/AlTiN nanolayered coating. Performance tests of knives pro-

tected with TiN and TiAlSiN hard coatings did not show significantly better results compared to 

uncoated ones. 

Keywords: PVD method; TiN/AlTiN; TiN; TiAlSiN coatings; tool durability tests; chipboard ma-

chining 

 

1. Introduction 

Cemented carbides (CC) are used as tool materials due to their excellent properties. 

Different advanced techniques of materials modifications allow for the extension of the 

lifetime of CC blades used for wood machining. The most known methods for tool wear 

protection are PVD (physical vapor deposition) and CVD (chemical vapor deposition) 

techniques [1]. Comparing both methods PVD coatings can be harder, have finer grain 

size and smoother surface morphology. They can also be crack-free and have residual 

compressive stress. Therefore, the advantageous features of PVD coatings relative to CVD 

ones are in interrupted cut applications (e.g., milling, threading) and where sharp edges 

are needed (e.g., finishing-cut operations) [2]. 

CVD coatings proved better adhesion due to deeper atomic diffusion into the sub-

strate at high deposition temperature [3,4]. Better adhesion is particularly important when 

sharp edges are required and in an interrupted cut application. However, CVD coatings 

have certain disadvantages in residual compressive stress and surface morphology [2]. 
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The most commonly used coating materials in wood industry for cutting tools are based 

on nitrides and carbides: TiN [5,6], TiAlN [7–9], AlTiN [5,10,11], TiAlSiN [12] as well as 

CrAlN [5,13,14] and CrN [15–18]. Titanium nitride (TiN) exhibit high hardness, good ad-

hesion for substrate, low friction coefficient, high wear resistance, and good oxidation re-

sistance. Aihua et al. found that in the case of TiN coating deposited on the cemented 

carbide the main wear mechanism is oxidation and abrasive wear [5]. The mechanical and 

tribological properties of TiN coatings depends on the type of substrate on which it was 

deposited. It was proved that the wear mechanism of TiN coatings irrespectively of the 

substrate was abrasive wear [6]. 

Compared to TiN, the TiAlN coatings have greater chemical stability and higher 

hardness and oxidation resistance at high temperatures which results in better machining 

performance [9]. Tools with TiAlN coatings provide better crater wear resistance, increase 

wear resistance and support higher cutting temperatures [9]. Compared to other hard 

coatings, the results of Aihua et al. showed that TiN and TiAlN coatings presented lower 

friction coefficient and lower wear rate and that high Al content AlTiN and CrAlN coat-

ings didn’t present better anti-wear properties in this test [5]. TiAlN possessed perfect 

tribological properties compared with the other coatings but the wear rate of TiN and 

TiAlN coatings had a lower value than AlTiN and CrAlN [5]. 

In the last decade, high-performance nanostructured PVD hard TiAlSiN coatings 

based on silicon addition have been proposed for the protection of cutting tools [7,12]. 

TiSiN and TiAlSiN coatings containing Si are often named “nanocomposite” because they 

consist of TiN nanocrystals embedded in an amorphous matrix of Si3N4 silicon nitride. 

Such nanocomposite coatings have high hardness, high oxidation resistance and high 

thermal stability [12]. 

Recently, the multilayers coatings such as TiN/CrN, TiAlN/CrN, TiN/TiAlN, TiN/Al-

TiN were studied due to their better properties compared to a single layer coating [18–

25]. They exhibit higher hardness and wear and oxidation resistance. A large number of 

various coatings based on TiAlN and multilayer TiAlN/TiN were tested at Koszalin Uni-

versity of Technology by Warcholinski et al. [19]. The coatings were deposited seven bi-

layers, each of the thickness 400 nm. It was proved that the TiAlN coating shows a higher 

oxidation resistance than TiN. The previous authors work also dealt with multilayer coat-

ings (TiN/TiAlN and TiAlN/a-C: N) [20]. In the article examining the effect of coating 

thickness on their properties, it was shown that the blades covered with 5 µm TiN/AlTiN 

coatings exhibited the best durability characteristic in the chipboard test. Based on these 

results, the authors made an attempt to evaluate the behavior of various coatings in the 

tests on the chipboard (TiN, TiAlSiN and TiN/TiAlN) with the extension of the tests with 

the XPS results. 

There are many articles comparing the structure and properties of different types of 

coatings [5,20,22,23,26]. However, the available sources lack the durability results of cut-

ting tools on a material that is extremely difficult to machine, which is chipboard. Chip-

board is much harder material to machine compared to wood (pine, beech, oak) and Me-

dium-density fibreboard (MDF). It is non-uniform, could contain inclusion, resigns, 

empty spaces or tree bark, all of which cause additional dynamic blade wear. In our stud-

ies we compared three different hard coatings (TiN/AlTiN, TiAlSiN and TiN) in order to 

study, the influence of their structure and composition on their properties, especially in 

term of durability characteristic on extremely hard to machining chipboard.  

2. Experimental Details 

2.1. Coatings Preparation 

The studies described in this paper included TiN single layer coating, TiAlSiN nano-

composite and nanolayer coating and nanolayer—TiN/AlTiN (also named in this article 

AlTiN). The coatings were deposited on WC-Co cemented blades with 4.5 wt.% cobalt 

content. The dimensions of the cutting blades were 30 mm × 12 mm × 1.5 mm. 
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2.1.1. Deposition of TiAlSiN Nanolayer and Nanocomposite Hard Coating [27]  

TiAlSiN coating is composed from TiAlN bottom layer, TiSiN layer in the middle 

and TiAlSiN layer on the top (see optical image of ball crater (callote)—Figure 1 and the 

cross-sectional TEM image—Figure 2) [27]. 

All coatings were produced by DC magnetron sputtering in an industrial unit 

CC800/9 (Cemecon, Würselen, Germany). The deposition system is equipped with four 

unbalanced planar magnetron sources arranged in the corners of a chamber (Figure 3a). 

For the preparation of the single layer TiAlN and TiSiN coatings two TiAl and two TiSi 

targets were active, respectively. The nanostructured TiAlSiN coating was deposited from 

one pair of TiAl and one pair of TiSi segmental targets (dimensions 88 × 500 mm). The 

TiAl target was made of titanium with 48 cylindrical aluminum plugs within the race 

track, while the TiSi target was made of titanium with 17 cylindrical silicon plugs inserted 

only in one side of titanium target race track. By using double rotation of substrates 

mounted on the planetary substrate holder system, it is possible to produce nanolayered 

coatings with uniform thickness of constituting layers. Prior to deposition the substrates 

were cleaned in detergents and ultrasound, rinsed in deionized water and dried in hot air. 

Mid-frequency ion etching with bias on turntable of 650 V was conducted for 45 min in 

mixed argon (flow rate 180 mL/min) and krypton (flow rate 50 mL/min) atmosphere, un-

der the pressure of 0.35 Pa. Additionally, etching was so-called “booster” etching, where 

the working gas is injected through upper and lower “booster” etch nozzles, where inten-

sive ionization of the working gas occurs. Prior to coating, the deposition chamber was 

heated to 450 °C. The argon and krypton gas flows were kept constant while the nitrogen 

gas flow was adjusted during the deposition processes to maintain a constant total oper-

ating pressure of 660 mPa. A DC bias of −90 V was applied to the substrates. For deposi-

tion of the nanolayered TiAlSiN coating rotation speed of the substrate holder was set to 

3 rpm. The detailed procedure of coatings deposition has been presented in the author 

previous paper [27,28]. TiAlN and TiSiN layers were alternatively deposited to produce a 

nanolayered and nanocomposite TiAlSiN coating. Thickness of the TiAlN and TiSiN lay-

ers was around 5 nm and 2 nm, respectively. 

 

Figure 1. Optical image of ball crater (calotte) through entire »TiAlSiN« hard coating [27]. 
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Figure 2. Cross-sectional TEM image of nanocomposite TiSiN and nanolayer TiAlSiN layers in 

»TiAlSiN« hard coating [27]. 

 

Figure 3. Configurations of the targets for the deposition of the nanolayer: (a) TiAlSiN and (b) 

TiN/AlTiN hard coatings. 

2.1.2. Deposition of TiAlN/TiN Nanolayer Coating 

The TiAlN/TiN nanolayer hard coating was also deposited in an industrial unit 

CC800/9. TiAlN/TiN nanolayer hard coating was deposited from three segmental Ti–Al 

targets and one Ti target (Figure 3b). Ion etching and deposition parameters were identical 

to those for preparation of TiAlSiN nanolayer and nanocomposite hard coating. The thick-

ness of individual TiN and TiAlN layers are about few nm and 20 nm, respectively (Figure 

4). 
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Figure 4. Cross-sectional TEM image of TiAlN/TiN coating. 

2.1.3. Deposition of TiN [28] 

Low-voltage electron beam evaporation (or thermionic arc evaporation) system BAI 

730 (BAI, Balzers, Vaduz, Liechtenstein was used for deposition of TiN single layer coat-

ings. This system consists of a thermo-emissive cathode (filament), a crucible (evaporation 

source) connected to a low-voltage supply, and an auxiliary anode (around the target). 

The plasma (thermionic arc discharge), created between the ionization chamber and aux-

iliary anode, is used for the heating, etching and evaporation steps. Prior to deposition, 

the substrates are heated by applying a positive voltage to the substrate table, attracting 

electrons from the plasma and heating the substrates up to 450 °C. Next, the surface of the 

substrates is cleaned by ion etching for 15 min. Argon ions are drawn out from the arc 

discharge and accelerated towards the substrates using a voltage of −200 V. After the etch-

ing step, the crucible is made the anode of the arc discharge. The evaporation material 

held in the water-cooled copper anodic crucible is heated by electrons impinging on the 

crucible from the thermionic arc. During deposition, the bias voltage on the substrates is 

−125 V. In order to improve the coating uniformity, the rotating cylindrical substrate hold-

ers are placed concentrically around the crucible. Additionally, the crucible moves verti-

cally during deposition to further improve the coating uniformity. The deposition rate of 

TiN hard coating is about 50 nm/min (for 2-fold rotation of the substrate). 

2.2. Coatings Characterization 

Studies of the coatings surface topography and chemical composition were carried 

out using scanning electron microscope (SEM) Hitachi SU-70 equipped with a Noran EDS 

(energy-dispersive X-ray spectroscopy) microanalysis system. The thickness of coatings 

was estimated from the metallographic cross-sectional SEM images. Scanning transmis-

sion electron microscope (STEM) Hitachi HD-2700 and transmission electron microscope 
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(TEM) JEOL JEM 1200 were applied for microstructural characterization of the TiN/AlTiN 

coating. The cross-section samples for TEM observations were prepared using Hitachi 

NB5000 focused ion beam microscope (FIB). The TEM microstructure observations were 

supported by the selected area diffraction (SAED) analysis. 

The chemical homogeneity of the produced as received coatings were exanimated by 

X-ray photoelectron spectroscopy (XPS) method on the PHI 5700/660 Physical Electronics 

spectrometer. For this purpose, a depth profile procedure was used to the tested coatings 

by using an PHI ion gun installed in the measuring chamber. For TiN/AlTiN coating, ar-

gon ion treatment with an energy of 2 keV was used, while Ar+ ion energy of 1 keV was 

used for TiN and AlTiSiN coatings. An ion energy with value 2 keV proved sufficient to 

form a crater along the entire Ti/AlTiN coating to the tungsten carbide substrate, while an 

energy of 1 keV has proved to be insufficient to etch a crater to the WC substrate for the 

other coatings. The measurements were carried out with the use to of monochromatic Al 

Kα anode as the X-ray source (hν = 1486.6 eV). During the depth profile procedure, the 

core lines of O1s, C1s, Al2p, Ti2p, N1s and Si2p were measured. The chemical state of 

particular elements in coatings was obtained by applying core-line shape profiling 

method. The averaged calculations of the atomic concentrations were obtained from the 

analysis of the field under the shape of the core lines by using the MULTIPAK (version 

9.8.0.19, 2017, Ulvac-phi Inc., Chigasaki, Japan) software algorithm. 

The substrate and coatings’ nano-hardness were determined using the NanoTest 

Vantage (Micromaterials Ltd., Wrexham, UK) with a diamond Berkovich indenter. The 

mean hardness was obtained from a minimum of 6 indentations. The loading and unload-

ing time was 20 s. The indentation load of cemented carbide substrate was 1000 mN and 

20 mN in the case of coatings. The higher indentation load of the substrate was due to the 

presence of tungsten carbide grains (typical size of 1–2 µm). It ensured the coverage of a 

larger area, including many crystal grains with the Co binder interfaces. On the other 

hand, the lower indentation load is due to layer structure on the top of nanolayer is 80 nm 

of TiN and 50 nm of AlTiN. In the case of 20 mN indentation load the indentation depth 

is less than 0.2 µm. Therefore, the indentation response is determined by TiN layer. 

The adhesion of the coatings to the substrate was studied using a CSM Instruments 

RST scratch tester. The indenter load changed from 1 to 100 N over a 5 mm section. The 

adhesion of the coatings was determined using acoustic emission charts as well as the 

scratch images. The critical loads (Lc3 defined as the onset of complete coating detach-

ment) were determined. The surface roughness was measured using a Wyko NT9300 light 

interference optical microscope. 

2.3. Durability Tests 

The durability tests were carried out on standard working center Busellato JET 130. 

The rotation spindle speed and feed speed amounted 18,000 rpm and 2.7 m/min, respec-

tively, what gives feed per tooth fz = 0.15 mm, and depth of milling 6 mm. The diameter 

of head produced by FABA company and equipped with one exchangeable blade 

amounted 40 mm. The dimensions of knives were 29.5 mm × 12 mm × 1.5 mm 

(N0000814U). Tools are provided from the same producer (FABA). A three-layer standard 

chipboard with a nominal thickness of 18 mm was used in the blunting procedure. The 

procedure of detailed durability has been presented in the authors’ previous paper [20]. 

After each cutting distance of 0.7 m, the milling process was interrupted, and the tool wear 

was measured on workshop microscope. The tool wear indicator (VB max) was set on 0.2 

mm. Information about teet feed and maximum value of wear were estimated on the base 

of firm Leitz [29]. Figure 5 shows the methodology of measuring wear using the VB max 

indicator used in this study. This indicator includes both the retraction of the edge and 

the width of the flank wear. 

In the case of a two-edged head, the value of the feed rate given in the Leitz catalog, 

assuming that the milling depth is about 7 mm, is about 6 m/min. Due to the fact that a 

single-cutter head was used, this value had to be reduced in the tests to about 3 m/min. 
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This value is in the lower range of the acceptable range due to the very high cutting re-

sistance at the end of the melting period. Due to the vacuum clamping system, the mate-

rial may shift during processing. 

 

Figure 5. Schematic illustration VBmax. 

3. Results and Discussion 

3.1. Microstructure, Chemical Composition and Roughness of Coatings 

Figure 6 show surface morphology of TiN, TiN/AlTiN and TiAlSiN coatings. Char-

acteristic globules and groove traces originally appearing on the substrate are observed 

on the surface of all coatings. The largest number and the largest dimensions of globules 

occur on the TiN coating. On the surface of the TiAlSiN coating, a few defects such as 

cavities and nodules as well as numerous globules are visible. Table 1 summarizes the 

surface coating composition data obtained by EDS analysis. The TiN/AlTiN coating con-

tains the largest amounts of aluminum compared to other coatings, which corresponds to 

the assumed production parameters (Table 1). In the case of the TiAlSiN coating some 

amount of silicon was introduce (6.2%). The high carbon concentration is due to contam-

ination. 

 

Figure 6. Surface morphology of TiN, AlTiN and TiAlSiN coatings. 

Table 1. Chemical composition of TiN, TiN/AlTiN and TiAlSiN coatings by mean of an EDS analy-

sis. 

Material 
Atomic Concentration % of the Particular Elements of the Studies Coatings 

W Co Ti Al N O C Si 

Substrate 54.1 2.7 — — — 6 37.2 — 

TiN — — 61.3 — 38.7 — — — 

TiN/AlTiN — — 25.3 26.1 34.2 2.3 12.2 — 

TiAlSiN  — — 41.1 5.1 35.4 — 12.2 6.2 
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The surface roughness of the TiN/AlTiN and TiAlSiN coatings were similar to each 

other and to the substrate roughness (Ra = 253–295 nm), while the TiN coating had the 

highest degree of roughness (Table 2) which had a huge impact on the resistance of the 

blades. The main reason for the significant roughness increase of TiN coating (Figure 7) 

may be the presence of large nodular structures on the surface as well as the substrate 

mapping. A sandwich-like coating, in contrast to a uniform coating, does not result in a 

clear mapping of the substrate, on which the grooves resulting from its surface prepara-

tion are clearly visible. 

 

Figure 7. Three-dimensional surface topographies of bare cemented carbide substrate and the same 

substrate after deposition of TiN, TiN/AlTiN and TiAlSiN coatings. 

Table 2. Surface roughness parameters of substrate, TiN, TiN/AlTiN and TiAlSiN coatings. 

Material Ra [nm] Rq [nm] 

Substrate 253 317 

TiN 414 532 

TiN/AlTiN 295 377 

TiAlSiN 279 373 

Based on the microstructure images of the metallographic cross-section one can con-

clude that the TiN and TiN/AlTiN coatings have good adhesion to the substrate (Figure 

8). The TiAlSiN coating, due to its high hardness and brittleness, cracked in some places 

during grinding and polishing processes, which is shown in Figure 8. In the case of TiN 

coating the Ti/N content ratio is relatively constant on the analyzed surface, while for the 

TiN/AlTiN coating an abrupt change in the content is observed, which confirms its sand-

wich structure. The chemical composition on the metallographic cross-section of the 

TiAlSiN coating is also variable, however, it results from the cracks occurring across the 

tested track. 



Materials 2022, 15, 7159 9 of 15 
 

 

 

Figure 8. Cross-sectional SEM images of TiN, TiN/AlTiN and TiAlSiN coatings. 

Figure 9 shows a cross-section image of a TiN/AlTiN coating. The thickness of 

TiN/AlTiN coating is approximately 4.5 µm. It has a columnar microstructure. The indi-

vidual column with typical diameter around 200 nm, is composed from of several grains 

that are elongated in the growth direction. The microstructure of the coating near the sub-

strate consists of finer grains. Their growth is repeatedly interrupted by a re-nucleation 

process. The SAED (selected area electron diffraction) pattern proves that it has a fcc crys-

tal structure (see Figure 9). The layer 50 nm thick semi-transparent AlTiN and the bottom 

80 nm thick reflective TiN layer were added on the top of nanolayer structure in order to 

provide a blue color of the coating. 

 

Figure 9. The cross-sectional BF-STEM image at lower (a) and at higher magnification (b). STEM 

image in Z-contrast mode (c) and the corresponding electron diffraction (d) of TiN/AlTiN coating. 

3.2. Chemical Composition of the Tested Coatings 

In Figure 10 the depth profile results collected for all study coatings have been 

shown. The result recorded for TiN/AlTiN coating consists of three clearly separated 

zones (Figure 10a). The carbon and oxygen surface contaminations of studied coating 

were totally removed after about 10 min of ion treatment. In the first zone in the range of 

10–50 min of ionic etching, the content of Al is over 30%, the Ti content varies at 15% and 

the N content is about 50%. Therefore, the zone can be marked with the symbol AlTiN to 

show that the content of Al is greater than the Ti content. The atomic concentration seems 

stable on the same level for all components. In the so-called transition zone located in 

range of 50–100 min a sharp decrease of Al content and parallel sharp increase of Ti can 

be observed. The amount of nitrogen remains unchanged due to the lack of aluminum 

target sputtering in the initial phase of coating growth. The average content of Ti and N 

in the range of 100–120 x-axis scale is about 45% for both components. It is worth noting 

the very low oxygen and carbon contents of both coatings at 3%–4% level. The average 
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atomic concentration calculated for zones 1 and 2 were shown in the Table 3. After about 

130 min of argon treatment, the third transition zone begins in which the Ti and N content 

sharp decreases while W and C components related to the WC substrate rapidly increases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The depth profile analysis of the TiN/AlTiN (a), TiN (b) and TiAlSiN (c) coatings. The 

enlarged region of the depth profile of TiAlSiN was shown in figure (d). The arrows indicate points 

in the depth profile where the core lines were chosen to analysis. Areas of the ion treatment marked 

with Roman numerals are described in the manuscript. 

Table 3. Chemical composition of the tested coatings obtained from collection analysis of the XPS 

spectra. The averaged results of atomic concentrations calculations given in the table are related to 

the bolded part of the coatings description. 

Type of Coating 
Atomic Concentration % of the Particular Elements of the Studies Coatings 

C1s N1s O1s Al2p Ti2p Si2p 

AlTiN/TiN 1 47 3 33 16 - 

AlTiN/TiN 4 45 4 - 47 - 

TiN 1 51 1  47  

TiAlSiN/TiSiN 3 50 1 8 35 3 

TiAlSiN/TiSiN 2 51 - - 42 5 

Figure 10b shows the depth profile obtained for components of the TiN coating. The 

first zone consists small amounts of carbon and oxygen contamination on the about 5% 

level, however second zone indicates on the stable concentration of the main components 

of TiN coating with concentration of 51% for nitrogen and 47% for titanium in the cross-

section of the layer. The contamination level of about 1%. The results of the averaged 

atomic concentration the entire shell section for zone two were presented in the Table 3. 

The depth profile results obtained for last studied coating AlTiSiN was presented in 

Figure 10c,d. In the first zone, up to about of 120 min of argon etching, a decrease of carbon 

and oxygen contaminations were observed with a simultaneous increase of the compo-

nents of the analyzed coating. In the second zone, the concentration of Al, Ti, Si and N is 
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8%, 35%, 3% and 50%, respectively. We concluded that in this part of the analyzed coating 

the AlTiSiN layer existed. The third zone is a transition area, for which a gentle increase 

of titanium and silicon contents and a decrease of aluminum and carbon concentrations 

were observed. A fourth zone containing 51% nitrogen, 42% titanium and 5% silicon con-

stitutes the nanocomposite structure of the TiSiN layer. It is worthwhile to mention the 

very low level of oxygen and carbon contamination of actual coating at 2–3%, as was in-

dicated in the Table 3. 

Figure 11 shows the XPS spectra of the main components of the analyzed coatings. 

The N1s core lines consists of two components for all of the tested samples. The main 

component with higher intensity can be ascribed to nitride while the second to shake-up 

photoemission. In case of the AlTiN outer part of coating (see Figure 11a) the position of 

the main component is shifted towers to lower binding energy by 0.2 eV. The position of 

the shake-up peaks is slightly different for all the tested coating. Basically, the Ti2p dou-

blet contains three components that can be attributed to the presence of TiO2, TiON, and 

AlTiN or TiN in the tested coatings [28]. The position of the Al2p line is the same for AlTiN 

and AlTiSiN coating. In the case of the AlTiN coating, the Al2p line shape includes a com-

ponent derived from Al2O3 oxide [28]. The presence of this oxide cannot be ruled out in 

the AlTiSiN coating because it is indicated by the small amount of oxygen of about 1% 

given in Table 3. Nevertheless, its amount may be marginal. The shape of the Si2p line 

was the same for presented in Figure 10 both zone II of the AlTiSiN coating and zone IV 

corresponding to the part of the TiSiN. The line shape structure contains two components 

that can be attributed to the presence of Si atoms in stoichiometric Si3N4 and non-stoichi-

ometric SiNxSi nanoshells [30]. In our opinion an atomic concentration at zero for oxygen 

component in the Table 3 excludes the presence of TiO2 nanocomposites in the TiSiN coat-

ing structure. 

 

 

 

 

 

 

 

 

 

 

Figure 11. The N1s, Ti2p, Al2p and Si2p core lines recorded from the tested coatings—(a) “Al-

TiN”/TiN, (b) AlTiN/”TiN”, (c) TiN and (d) AlTiSiN/TiSiN. The presented spectra were chosen from 

the inner region of the tested coatings marked by an arrow in Figure 10. The blue color indicates the 

type of shell for which the core lines are presented 
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3.3. Mechanical Properties and Durability Tests 

The hardness of a blade is as important as its wear resistance. The results of nano-

hardness of the sintered WC/Co substrate as well as the nano-hardness of TiN, TiN/AlTiN 

and TiAlSiN coatings are presented on the Figure 12. It could be observed that the nano-

hardness of the single layer TiN coating demonstrated the highest nano-hardness (29.34 

GPa) among all investigated materials, whereas the substrate had the lowest nano-hard-

ness (24.41 GPa). However, it should be emphasized that very high values of the standard 

statistical error mean that the values, despite the differences, are similar and may indicate 

a certain heterogeneity of the material. These findings indicated that all of the coatings 

could enhance the substrate nano-hardness. Analysis of the obtained results showed that 

the TiN/AlTiN coating with a high aluminum content is characterized by the lowest nano-

hardness among the analyzed coatings, comparable to the substrate and with the smallest 

statistical standard error. Compared to the results of nano-hardness available in the liter-

ature, the slightly discrepancies are observed. For example, TiN hardness on WC-Co is 

~18.5 GPa [6], and our TiN deposited also on WC-Co is 29.4 GPa. This divergence may be 

due to the applied indentation load. In our case, we deliberately applied different types 

of indentation load (different for coatings, different for the substrate) to test the effect of 

individual layers on hardness. 

 

Figure 12. Nano-hardness of substrate and TiN, TiN/AlTiN and TiAlSiN coatings. 

The nanoindentation results of TiN/AlTiN coating are not in agreement with dura-

bility tests (Table 4) where this coating had the best characteristics. This can be due to the 

multilayered structure of this coating which differ the mechanism of wear in this kind of 

material. Analysis of durability test results shows significant differences in performance 

test of the coatings. This is reflected in cutting distance that was 7083 m for TiN/AlTiN 

coating. This value is much higher than in case of reference uncoated blade (4909 m). In-

versely, in the case of TiN and TiAlSiN coatings, despite a little higher nano-hardness of 

TiAlSiN, the TiN layer is characterized by better wear properties (5825 m) in comparison 

with TiAlSiN layer (5694 m). This phenomenon confirms common opinion that in case of 

materials used in wood industry the increase of nano-hardness does not mean increase of 

tool durability. The crucial factor that has got dominant role is fracture toughness. The 
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reason of this relationships is specific mechanism of chipboards cutting. Especially, min-

eral contaminations cause very high dynamic loading of edge what in consequence lead 

to chipping and damages of cutting edge. Taking into account the fact that spread of re-

sults in case of TiN/AlTiN is only slightly higher than for substrate, this kind of coating 

can be regarded as very promising. 

Table 4. Durability test results of substrate, TiN/AlTiN, TiN and TiAlSiN coatings. 

Material Cutting Distance [m] SD 

Substrate 4909 537 

TiN 5825 673 

TiN/AlTiN 7083 927 

TiAlSiN 5694 754 

The critical loads (Lc3 defined as the onset of complete coating detachment) are col-

lected in the Table 5. The TiAlSiN coating is characterized by high critical load Lc3 of 32.8, 

respectively, indicating their applicability in the tool industry. In contrast, in the case of 

TiN coating the complete coating separation from the substrate is recorded at low loads 

Lc3 = 13.4 N which indicates poor layer adhesion to the substrate and could be cause of 

the insufficient characteristics of these coating in durability tests (Table 5). Coating adhe-

sion tested at the diamond indenter -coating interface does not properly reflect the behav-

ior of the blade in contact with the chipboard. The destruction mechanism during scratch-

test is different than when working with chipboard. 

Table 5. Critical load values for TiN, AlTiN and TiAlSiN coatings. 

Material Lc3 [N] 

TiN 13.4 

TiN/AlTiN 14.1 

TiAlSiN 32.8 

4. Conclusions 

The multilayer TiN/AlTiN coating have shown the best durability characteristics 

tested on extremely difficult to process chipboard (the highest cutting distance: 7083 m in 

comparison with TiN: 5825 m and TiAlSiN: 5694 m). 

This is strongly related with their microstructure, surface roughness and chemical 

composition. The specific structure of the coating, namely the presence of sublayers 

TiN/AlTiN turned out effective in obtainment of the high durability and simultaneously 

maintaining of not very high spread of cutting distance. 

The coatings nano-hardness is not the crucial factor for tools durability. The domi-

nant role is fracture toughness which is related with the internal structure of the TiN/Al-

TiN coating. 

The opposite results were observed in the case of nano-hardness of TiN and TiAlSiN 

layers. The higher nano-hardness of TiAlSiN have not caused higher durability.  

Scratch tests in case of TiN layer turned out completely unsuccessful. This may be 

due to the different. Coating adhesion tested at the diamond indenter-coating interface 

does not properly reflect the behavior of the blade in contact with the chipboard. The de-

struction mechanism during scratch-test is different than when working with chipboard. 

The disadvantageous test results in the case of TiN layer can be cause by the highest 

surface roughness that could have had the influence on durability and scratch tests. 

The most important parameter of coatings from the point of view of their applicabil-

ity is durability. Among the three analyzed coatings, the TiN/AlTiN coating was charac-

terized by the best durability. All three coatings had better durability than the substrate. 
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Another direction of research is to modify the substrate by blasting before and after 

coating. 

Author Contributions: Conceptualization, P.C.; methodology, B.K., P.C.; formal analysis, B.K., P.C., 

J.R.S.; investigation, B.K., J.K., P.C., K.K., P.P., K.R., A.K., K.S.; writing—original draft preparation, 

P.C.; writing—review and editing, B.K., P.P., J.K.; supervision, J.R.S. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research received no external funding 

Institutional Review Board Statement: The study did not require ethical approval 

Informed Consent Statement: Not applicable 

Data Availability Statement: Not applicable 

Conflicts of Interest: The authors report no conflict of interest. The authors alone are responsible 

for the content and writing of this article. 

Reference 

1. Labidi, C.; Collet, R.; Nouveau, C.; Beer, P.; Nicosia, S.; Djouadi, M. Surface treatments of tools used in industrial wood 

machining. Surf. Coat. Technol. 2005, 200, 118–122. 

2. Bobzin, K. High-performance coatings for cutting tools. CIRP J. Manuf. Sci. Technol. 2017, 18, 1–9. 

3. Faga, M.; Settineri, L. Innovative anti-wear coatings on cutting tools for wood machining. Surf. Coat. Technol. 2006, 201, 3002–

3007. 

4. Beer, P.; Rudnicki, J.; Ciupinski, L.; Djouadi, M.A.; Nouveau, C. Modification by composite coatings of knives made of low alloy 

steel for wood machining purposes. Surf. Coat. Technol. 2003, 174–175, 434–439. 

5. Aihua, L.; Jianxin, D.; Haibing, C.; Yangyang, C.; Jun, Z. Friction and wear properties of TiN, TiAlN, AlTiN and CrAlteN PVD 

nitride coatings. Int. J. Refract. Met. Hard Mater. 2012, 31, 82–88. 

6. Xian, G.; Xiong, J.; Fan, H.; Jiang, F.; Guo, Z.; Zhao, H.; Xian, L.; Jing, Z.; Liao, J.; Liu, Y. Investigations on microstructure, 

mechanical and tribological properties of TiN coatings deposited on three different tool materials. Int. J. Refract. Met. Hard Mater. 

2022, 102, 105700. 

7. Panjan, M.; Gunde, M.K.; Panjan, P.; Čekada, M. Designing the color of AlTiN hard coating through interference effect. Surf. 

Coat. Technol. 2014, 254, 65–72. 

8. Bobzin, K.; Lugscheider, E.; Maes, M.; Immich, P.; Bolz, S. Grain size evaluation of pulsed TiAlN nanocomposite coatings for 

cutting tools. Thin Solid Films 2007, 515, 3681–3684. 

9. Prengel, H.G.; Santhanam, A.T.; Penich, R.M.; Jindal, P.C.; Wendt, K.H. Advanced PVD-TiAlN coatings on carbide and cermet 

cutting tools. Surf. Coat. Technol. 1997, 94–95, 597–602. 

10. Tanaka, S.; Shirochi, T.; Nishizawa, H.; Metoki, K.; Miura, H.; Hara, H.; Takahashi, T. Micro-blasting effect on fracture resistance 

of PVD-AlTiN coated cemented carbide cutting tools. Surf. Coat. Technol. 2016, 308, 337–340. 

11. Jacob, A.; Gangopadhyay, S.; Satapathy, A.; Mantry, S.; Jha, B.B. Influences of micro-blasting as surface treatment technique on 

properties and performance of AlTiN coated tools. J. Manuf. Processes 2017, 29, 407–418. 

12. Miletić, A.; Panjan, P.; Škorić, B.; Dražič, Č.M.G.; Kovač, J. Microstructure and mechanical properties of nanostructured Ti–Al–

Si–N coatings deposited by magnetron sputtering. Surf. Coat. Technol. 2014, 241, 105–111. 

13. Benlatreche, Y.; Nouveau, C.; Marchal, R.; Martins, J.P.F. Applications of CrAlN ternary system in wood machining of medium 

density fibreboard (MDF). Wear 2009, 267, 1056–1061. 

14. Nouveau, C.; Labidi, C.; Martin, J.F.; Collet, R.; Djouadi, A. Application of CrAlN coatings on carbide substrates in routing of 

MDF. Wear 2007, 263, 1291–1299. 

15. Djouadi, M.A.; Nouveau, C.; Beer, P.; Lambertin, I.M. CrN hard coatings deposited with PVD method on tools for wood ma-

chining. Surf. Coat. Technol. 2000, 133–134, 478–483. 

16. Warcholinski, B.; Gilewicz, A.; Ratajski, J. Cr2N/CrN multilayer coatings for wood machining tools. Tribol. Int. 2011, 44, 1076–

1082. 

17. Gilewicz, A.; Warcholinski, B.; Myslinski, P.; Szymanski, W. Anti-wear multilayer coatings based on chromium nitride for wood 

machining tools. Wear 2010, 270, 32–38. 

18. Kot, M.; Rakowski, W.; Major, Ł.; Major, R.; Morgiel, J. Effect of bilayer period on properties of Cr/CrN multilayer coatings 

produced by laser ablation. Surf. Coat. Technol. 2008, 202, 3501–3506. 

19. Warcholinski, B.; Gilewicz, A. Multilayer coatings on tools for woodworking. Wear 2011, 271, 2812–2820. 

20. Kucharska, B.; Sobiecki, J.R.; Czarniak, P.; Szymanowski, K.; Cymerman, K.; Moszczyńska, D.; Panjan, P. Influence of Different 

Types of Cemented Carbide Blades and Coating Thickness on Structure and Properties of TiN/AlTiN and TiAlN/a-C:N Coatings 

Deposited by PVD Techniques for Machining of Wood-Based Materials. Materials 2021, 14, 2740. 

21. Gaković, B.; Petrović, S.; Albu, C.; Zamfirescu, M.; Panjan, P.; Milovanović, D.; Popescu-Pelin, G.; Mihailescu, I.N. Precise femto-

second laser crater fabrication in hard nanolayered AlTiN/TiN coating on steel substrate. Opt. Laser Technol. 2017, 89, 200–207. 



Materials 2022, 15, 7159 15 of 15 
 

 

22. Barshilia, H.C.; Rajam, K.S.; Jain, A.; Gopinadhan, K.; Chaudhary, S. A comparative study on the structure and properties of 

nanolayered TiN/NbN and TiAlN/TiN multilayer coatings prepared by reactive direct current magnetron sputtering. Thin Solid 

Films 2006, 503, 158–166. 

23. Wang, T.; Zhang, J.; Li, Y.; Gao, F.; Zhang, G. Self-lubricating TiN/MoN and TiAlN/MoN nano-multilayer coatings for drilling 

of austenitic stainless steel. Ceram. Int. 2019, 45, 24248–24253. 

24. Wei, Y.; Zong, X.; Wu, Z.; Tian, X.; Gong, C.; Yang, S.; Jiang, Z.; Chen, L. Effects of modulation ratio on microstructure and 

properties of TiN/TiAlN multilayer coatings. Surf. Coat. Technol. 2013, 229, 191–196. 

25. Çalışkan, H.; Kurbanoğlu, C.; Panjan, P.; Čekada, M.; Kramar, D. Wear behavior and cutting performance of nanostructured 

hard coatings on cemented carbide cutting tools in hard milling. Tribol. Int. 2013, 62, 215–222. 

26. Liew, W.Y.; Jie, J.L.; Yan, L.Y.; Dayou, J.; Sipaut, C.S.; Madlan, M.F. Frictional and Wear Behaviour of AlCrN, TiN, TiAlN Single-

layer Coatings, and TiAlN/AlCrN, AlN/TiN Nano-multilayer Coatings in Dry Sliding. Procedia Eng. 2013, 68, 512–517. 

27. Panjan, P.; Drnovšek, A.; Mahne, N.; Čekada, M.; Panjan, M. Surface Topography of PVD Hard Coatings. Coatings 2011, 11, 

1387. 

28. Czarniak, P.; Szymanowski, K.; Kucharska, B.; Krawczyńska, A.; Sobiecki, J.R.; Kubacki, J.; Panjan, P. Modification of tools for 

wood based materials machining with TiAlN/a-CN coating. Mater. Sci. Eng. B 2020, 257, 114540. 

29. Available online: User Encyclopedia, https://www.leitz.org/fileadmin/Downloads/Lexicon/EN/Leitz_Lexicon_Edition_7_-

_11_User_encyclopedia.pdf (accessed on 09 June 2022). 

30. Moritz, Y.; Saringer, C.; Tkadletz, M.; Stark, A.; Schell, N.; Letofsky-Papst, I.; Czettl, C.; Pohler, M.; Schalk, N. Oxidation behavior 

of arc evaporated TiSiN coatings investigated by in-situ synchrotron X-ray diffraction and HR-STEM. Surf. Coat. Technol. 2020, 

404, 126632. 


