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Abstract

:

The paper presents the effect of nitrogen ion implantation on tool wear and tool life during the sawing of wood-based materials in the industrial production of door frames. The circular saw blades used in machining had WC-Co carbide teeth. Saw teeth were modified by ion implantation. The total implanted dose of nitrogen ions was 5 × 1017 cm−2 (2 × 2.5 × 1017 cm−2) and ions were implanted at 50 kV acceleration voltage. Tool wear testing was carried out under industrial production conditions for the door frames made of wood-based materials. The wear of circular saw teeth was evaluated under an optical microscope. Based on the tool’s wear and machining distance, a mathematical linear model of the non-treated and ion-implanted tools’ life was developed using the linear least squares method. The study showed less wear of the implanted circular saw blades and a significant increase in the estimated lifetime of modified tools compared to non-treated (control) tools. At the same time, activation of the surface of the implanted circular saw teeth was observed, manifested by an increase in adhesion and the appearance of the secondary structures on the WC-Co surface.
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1. Introduction


The wear and lifetime of cutting tools is an important technological and cost problem in various industries, including the broadly understood wood industry, in the production of furniture and construction joinery. Tool wear is a continuous process that begins with the first operation performed by the new tool, lasting throughout the tool’s life, and ends when the tool is considered dull, i.e., not suitable for further work, after reaching the blunting criterion. The blunting criterion can be based on a direct tool wear indicator, measured using an optical microscope, and reaching its specific limit value is the moment when the tool ends (end of tool’s life) and when it is replaced with a new tool [1].



The direct wear indicator is most often used in scientific research because it provides reliable information about the condition of the tool. Unfortunately, in industrial production conditions, the measurement of the direct wear indicator is difficult, and often even impossible; therefore, in such conditions, indirect indicators of tool wear related to the quality of machining are used. The criterion of blunting becomes, for example, insufficient edge quality or low dimensional accuracy, or the condition of the surface with too high roughness. It is the machining quality associated with the workpiece that determines the moment when the tool is dull and its replacement with a new tool. The problem with the blunting criterion adopted in this way is the non-obvious nature of the relationship between tool wear and the quality of machining. The obtained correlations between direct wear indicators and machining quality indicators are often at an average level, thus also showing the influence of factors other than tool wear [2]. Therefore, when determining the tool’s life on the basis of qualitative indicators, this aspect should be taken into account.



Most commonly, in the machining of widely understood wood materials, tools with WC-Co sintered tungsten carbide blades are used, which are an economically viable alternative to more expensive polycrystalline diamond tools, as well as to non-durable steel tools [3,4]. The tool’s life with polycrystalline diamond blades is higher than that of other tool materials; however, certain functional features made it so that tungsten carbide began to dominate in the machining of wood-based materials. It was tungsten carbide that showed lower wear from brittle fracture when sawing a three-layer particleboard at high speeds. This wood-based construction material is considered to be extremely difficult to machine due to the significant content of mineral substances (in the form of sand). Polycrystalline diamond, as an extremely hard tool material and therefore resistant to friction, is characterized by insufficient resistance to brittle fracture, especially under high speed conditions, which occurs during cutting with circular saws [5,6,7].



The indicated technological advantage in this one aspect of machining with the use of WC-Co tungsten carbide is an impulse for its widespread use in the machining of wood materials. However, there is still a significant difference in the tribological durability (resistance to friction) between WC-Co and a polycrystalline diamond. Therefore, attempts have been made to improve the abrasion resistance when cutting wood materials by modifying the surface layer of WC-Co tools in the ion implantation process, nitriding and the use of anti-abrasive coatings [1,8,9,10,11].



Ion implantation is a non-equilibrium method [12,13,14,15] of material doping in which the ionized atoms are accelerated in the electric field to speeds from hundreds to thousands of kilometres per second, formed into a beam and implanted into the surface of the modified material. Moreover, modified materials are free from the delamination of a layer characteristic for the modification of the surface with anti-abrasive coatings [4]. Ion implantation can be used for the modification of the properties of the different materials, such as, for example, metals and their alloys [16], ceramics [17], glasses [18], polymers [19] or composites [20].



The increase in tool life after ion implantation is associated with many complex phenomena occurring on the surface of the tool during cutting and is the surface’s response to wear mechanisms occurring during friction [21].



The aim of industrial research was to evaluate the effect of the nitrogen ion implantation of circular saw blades with WC-Co teeth on the wear and tool life during CNC sawing of door frames in industrial production conditions. These researches deal only with the technological aspect and not with the economical one.




2. Materials and Methods


2.1. WC-Co Saw Blades


The commercially available circular saw blades of the Globus brand and HM Finish Cut VH LongLife Line series, symbol PS362-0250-0001 (Figure 1 left), with the special teeth geometry GSML (group toothing, flat top teeth, alternate top bevel teeth and top bevel teeth—Figure 1 right), dedicated to hard dry wood cutting, along with exotic and fruitwood and for wood-derived materials, especially for ripping of high-density boards covered with natural veneers, produced by Fabryka Pił i Narzędzi “WAPIENICA” (Bielsko-Biała, Poland), were used for the investigations. The teeth of the circular saw are made of WC-Co cemented carbide with a grain size below 0.2 µm (nanograin sintered carbide according to the manufacturer’s declaration and based on the classification presented by Wilkowski et al. 2021) with a hardness of 2250 HV30 (according to the manufacturer’s data). The circular saw blades have the following geometry: clearance angle α = 15°, wedge angle β = 70°, rake angle γ = 5° and cutting angle σ = 85°.



The used circular saw blades characterized the following main technical parameters: diameter of 250 mm, teeth number of 80, blade thickness of 2.2 mm, teeth width of 3.2 mm and maximum rotational speed of 7500 rpm.




2.2. Nitrogen Ion Implantation


The circular saw blades described above were implanted using the semi-industrial gaseous ion implanter, with a non-mass-separated ion beam, exploited in National Centre for Nuclear Research Świerk (Otwock, Poland), described in detail elsewhere [22]. Before the processing, the saw blades were washed in high purity acetone. Next, three saw blades described above were put together in a package and placed in the implanter chamber (Figure 2).



Nitrogen of 5N purity was used as the source of the implanted ions. The total implanted dose of nitrogen ions was 5 × 1017 cm−2 (2 × 2.5 × 1017 cm−2) and ions were implanted at 50 kV acceleration voltage. The current of the continuous ion beam was about 300 µA, which gives the ion current densities from about 15 µA/cm2 for the assumed value of the implantation area of 20 cm2 (ion beam diameter is about 50 mm, without a significant decrease in current density). The maximum estimated temperature value of the implanted tools did not exceed 200 °C. The time of the ion implantation was 11 h 40 min. (700 min) per stage. Such values of the main parameters of the implantation correlate with previous investigations, e.g., [1,4].



The ion implantation was provided in two stages. The details of these are presented in Figure 3. In the first stage, the ion beam axis was moved about 50 mm with respect to the axis of the saw blades. In the second stage, the ion beam axis was moved to near the tangent of the saw blades. In both cases, the saw blades rotated with the rotation speed of 0.3 s−1, i.e., 18 rpm.



The ion implantation processes were supported by Monte Carlo simulations of the main parameters of the depth profiles of the implanted elements (such as peak volume dopant concentration Nmax, projected range Rp, range straggling ΔRp, kurtosis and skewness) [23], using freeware-type code SRIM-2013.00—The Stopping and Range of Ions in Matter [24]. The simulation was performed for 100,000 implanted ions of nitrogen to three kinds of the implanted surface, i.e., W-C-Co material (substitute of WC-Co), and for the comparison, to two main components of WC-Co carbide, i.e., W-C (substitute of WC) material and Co. W-C-Co and W-C materials were used because the modelling codes treat the sample as a set of atoms that do not form chemical compounds.



The tool manufacturer does not provide the exact original composition of the cemented carbide used. Therefore, the material parameters of the popular in industry KCR08 carbide have been applied to the modelling. The composition of the W-C-Co material was: 90.86% of tungsten, 5.94% of carbon and 3.2% of cobalt in weight percentages, i.e., 47.4% of tungsten, 47.4% of carbon and 5.2% of cobalt in atomic percentages. Its density adopted for the simulation was 15.2 g/cm3. WC density of 15.63 g/cm3 and Co density of 8.9 g/cm3 were adopted in the other cases.



The implanted nitrogen was delivered as two kinds of ions, i.e., N2+ + N+, in the ratio ~1:1, so there were two elementary charges per three atoms. For example, in the case of the N2 molecule implanted with the acceleration voltage of 50 kV (see Table 1), each atom carries the energy of 25 keV, according to the law of energy conservation. It means that, for example, for a total fluence of 2.5 × 1017 cm−2, the fluence of 0.83 × 1017 cm−2 is implanted with the energy of 50 keV and the fluence of 1.67 × 1017 cm−2 is implanted with the energy of 25 keV. The Average Charge State (ACS), a more popular parameter for the calculation/modelling, which is an equivalent of the sum of profiles for the individual ion kinds, was at the level of 0.67 [23].



The angle of the ion incidence was defined as 0° (perpendicular to the implanted target). The simulations were performed for room temperature implantation. The modelling did not take into account the phenomenon of substrate sputtering by the implanted ions. The theoretical values of the sputtering yield Y were additionally calculated, using the commonly known freeware-type quick ion implantation calculator SUSPRE [25], from the energy deposited in the surface region of the material using the Sigmund formula.




2.3. Industrial Tool Life Tests


In the next step, the circular saw blades were tested in industrial conditions in Porta KMI Poland factory (Ełk, Poland) for wear and tool life during formatting door frames. The tool life tests of circular saws were carried out with the use of two of the same CNC machine tools for formatting elements of wooden door frames. These were double-aggregate Euro TF Robot Center machines (Marzani Progetti S.R.L., Sant’Angelo Lomellina, Italy). A circular saw was attached to each of the machine aggregates, therefore two tools (set) worked simultaneously on one machine—non-treated (control) and ion-implanted circular saw blade. The tools simultaneously cut the same element of the door frame on both sides, therefore, in total, they performed the same cutting length (Figure 4).



During the machining, constant cutting parameters (the feed speed of 5 m/min, the spindle speed of 7500 rpm and the feed per tooth of 0.008 mm) were maintained. These were the standard cutting parameters used when sawing on this machine tool in the current operation of an industrial factory.



At the same time, during machining, the quality edge of wooden door frames was visually monitored by the operator and when the edge quality decreased below the level specified in the factory standard, it was decided to stop cutting and replace two circular saw blades working on the same machine tool. In tool life tests, three non-treated (control) and three ion-implanted circular saw blades were used.




2.4. Workpiece


The different door frame components were machined during the tool life industrial tests. The door frames were made of various wood-based materials (chipboard, medium-density fibreboard MDF, high-density fibreboard HDF, plywood and glued softwood, knotless, high-quality). The schemes of the cross-section frame’s components are presented in Figure 5a–c and, additionally, an example of a door frame obliquely sawed (Figure 5d). The total cutting length of tool (total feed length) was calculated based on the unit length of cutting of a frame type and the number of frames machined by particular pair of circular saw blades.




2.5. Tool Wear Measurement and Tool Life Estimation


The measurement of circular saw blades’ wear was carried out after industrial tool life tests, using a workshop (optical) microscope Mitutoyo TM-510 (Mitutoyo Corporation, Kawasaki, Japan). The oblique teeth of circular saws were selected for the wear tests, because of the set of four geometries (straight tooth, oblique to the left, oblique to the right and trapezoidal tooth), the oblique teeth were worn the most. From a metrological point of view, what is greater should be measured, because it is easier and with a smaller relative error to assess the wear. There were 40 oblique teeth on each of the circular saws. Figure 6 shows what direct tool wear indicator was measured. Retraction of the cutting edge was measured on the bisector of blade angle (Figure 6). The teeth of new (non-cutting) circular saws were used to determine the base value of the direct wear indicator. The value of actual wear was calculated as follows


    Z i  =  W  z i   −   W ¯   z 0       mm     



(1)




where:




	
    Z i    —actual wear of a given tooth in (mm),



	
    W  z i     —measured wear of a given tooth in (mm),



	
     W ¯   z 0     —average value of the measured base indicator of new saw teeth in (mm).








The wear of one circular saw blade was obtained by averaging 40 values of actual wear of teeth for that saw (      Z i   ¯     indicator). Such calculations were made for all six tools.



The average wear of circular saw teeth is not this tool’s life. In order to determine the tool’s life, it is necessary to estimate the total cutting length (total feed length) until the value of blunting criterion (tool life criterion), that is the value of the direct wear indicator, from which tool is blunted and not suitable for further machining.



In continuous operation of the industrial plant and during the experiment, circular saw blades were replaced based on the assessment of the quality of machining edges by an operator of the machine tool. In tool life tests it is such an unreliable indicator (it depends not only on tool wear, but also on the condition of the machine tool, operator’s subjective assessment, material quality, etc.) that it was necessary to calculate the tool’s life based on measured tool wear and total cutting length performed.



Tool life was therefore determined using the point estimation and linear least squares method as the most widely used analytical method of straight line fitting. Name of the method results from the fact that we are looking for a line with such parameters that the sum of the squared differences of experimental values     y i     calculated from the equation of the line    a  x i  + b    is as small as possible (Equation (2)).


   M   a , b   =   ∑   i = 1  n     [  y i  −   a  x i  + b   ]  2  = min   



(2)







The differences     r i  =  y i  −   a  x i  + b      are called residuals. The essence of the linear least squares method is to minimize the sum of squares of residuals.



The adopted linear model is true for the second wear phase (steady-state wear region) on the classic wear curve (Lorenz wear curve—Figure 7). To determine the linear wear functions of non-treated and ion-implanted circular saw blades, the measured values of direct wear indicators and the total cutting length in industrial tool life tests were used. In calculations of tool life, the limit value of the direct wear indicator was assumed to be 0.5 mm as the blunting criterion (tool life criterion). Thus, the measure of tool life was the estimated total cutting length up to 0.5 mm criterion. Moreover, the relative index of tool life was calculated for the ion-implanted tools in relation to the untreated tools according to the following equation


   R I =  L  I − I   /  L  N − T     



(3)




where:




	
   R I   —relative index of tool life,



	
    L  I − I     —estimated total cutting length of ion-implanted tools in (m),



	
    L  N − T     —estimated total cutting length of non-treated tools in (m).









2.6. EDS Tests of the Tooth Surface after Machining


After tool life tests, the surface of the teeth of circular saw blades was examined with the use of Zeiss EVO® MA10 scanning electron microscopy (SEM) (Carl Zeiss, Oberkochen, Germany) with EDX Bruker XFlash Detector 5010 energy dispersive spectroscopy system (EDS) + dedicated Quantax 200, Esprit 1.9 code (Bruker Corporation, Billerica, MA, USA). The observations were performed for the magnification for the range from 50× to 1000× and for the acceleration voltage of 20 kV, using SE (secondary electron) detector.



EDS analysis was performed on the side surface of non-treated and ion-implanted circular saw teeth on six rectangular (269 × 202 µm2) fields (Figure 8), for SEM magnification of 1000× and the acceleration voltage of 20 kV. The projected range of 20 keV electrons in WC-Co (sintered tungsten carbide) was calculated by Quantax code.





3. Results and Discussion


3.1. Results of Modeling Nitrogen Ion Implantation


Figure 9 presents the depth profiles for the cases of N+ + N2+ and ACS in W-C-Co substrate material, for the acceleration voltage of 50 kV and the fluence of 2.5 × 1017 cm−2. All detailed data, i.e., the values of peak volume dopant concentrations, projected range, range straggling, kurtosis and skewness, characterizing the modelled depth profiles of the implanted nitrogen, have been presented in Table 2.



It is evident that N+ + N2+ profiles for W-C-Co and W-C substrates are very similar. The same situation is observed for their ACS. It is also indicated by the very similar values of the parameters shown in Table 2, for both described cases (the data for ACS cases are in the round brackets). This means that in practice, a simpler substrate model for modelling can be adopted, without significantly affecting the results. A greater difference is observed for the Co substrate, both compared to the W-C-Co and W-C substrates, and also to the ACS for Co. However, because this difference is about 7 nm, both for the projected range and range straggling, and cobalt content is only a few percent, this difference can be neglected. The values of the skewness and the kurtosis are higher for the N+ + N2+ case due to the two types of implanted ions. The shift of the peak maximum towards the surface is observed. The ACS profiles are closer to the normal distribution.



The calculated values of sputtering yield are relatively low and again very similar for W-C-Co and W-C substrates. The value of this parameter is about two-fold higher for cobalt. This means that the sputtering of this element will be easier.




3.2. Wear and Tool Life Analysis


The average value of the measured base indicator of a new saw      W ¯   z 0      was 0.09 mm. This indicator was used to calculate the actual wear of a given tooth     Z i     according to Equation (1). The average wear values of 40 teeth of individual circular saw blades (     Z ¯  i     indicator) are presented in Table 3. The same table also shows the total cutting length realized by the circular saw blade. We can see that, in pairs (non-treated and ion-implanted tools), they overcame the same total cutting length. It was consistent with the methodology of industrial research, where two circular saw blades were operated simultaneously on one machine, and their replacement took place on the same total cutting length, based on the poor quality of the machining edges observed by the machine operator, regardless of whether it was for a non-treated tool or for an ion-implanted tool.



Table 3 shows that in two cases, the wear of the ion-implanted circular saw blades is lower than that of the non-treated circular saw blades on the same total cutting length, while in one case the tools were worn evenly. Be aware that tool wear is not yet tool life. To obtain the tool’s life, it was necessary to use the linear function of the estimated linear least squares method (Equation (2)) and calculate the tool life for the adopted blunting criterion (tool life criterion) equal to 0.5 mm. The estimated total cutting length obtained in this way, corresponding to the tool life, is shown in Figure 10.



Figure 10 also shows the value of the relative tool life index calculated according to Equation (3). More than a three times greater estimated lifetime of nitrogen-implanted tools was achieved in relation to non-treated tools. It may be surprising that such a large difference between the estimated tool life is not visible in the measured wear of individual groups of tools. It should be remembered that the increase in wear in the second wear phase (steady-state wear region) on the classic wear curve (Lorenz wear curve—Figure 7) is very slight (slight slope of the linear function), hence even a small difference in the tool wear may result in large disproportions in tool life, and so it was in this case. The above considerations are valid only for comparable cutting regimes because no information about the results obtained in more “aggressive” cutting regimes have been achieved at this moment.



It remains to be decided what causes the lower wear and the increased life of nitrogen ion-implanted tools. Earlier studies indicated a large role of carbon in the shaping of tool life. It was shown that for the W/C ratio below the value of 0.9, the highest cutting length of tools was obtained after nitrogen ion implantation with the energy of 50 keV [1], more than twice as long as the non-treated tools.



Other anti-wear mechanisms that occurred after nitrogen ion implantation were also indicated. Another one is the deformation of the crystal lattice of the implanted material. Foreign nitrogen atoms in the WC-Co material create point defects that inhibit the movement of linear defects called dislocations. Therefore, an atmosphere of dopant atoms (in this case nitrogen), referred to as the Cottrell atmosphere, will be formed along the dislocation line [26]. The Cottrell atmosphere inhibits the dislocation movement, which results in strengthening carbide grains. Generally, it can be said that any disturbance of the crystal lattice increases the strength of the material and decreases its plasticity because both properties depend on the free movement of defects in the material [1].



Tungsten nitrides WN were detected at higher fluences of implanted nitrogen ions 5 × 1017 cm−2 at interstitial phases. It is well known that the hardness of nitrides is lower than the hardness of carbides of the same metals (including tungsten), but at the same time the plasticity of nitrides is higher [27]. Such a change in properties can be beneficial for cutting tools’ exploitation. Under impact conditions (during machining), tools that are less hard but preserve brittleness have a longer lifetime [1].



In EDS analysis of the tool’s surface after machining, another mechanism was indicated that could contribute to reducing the tool’s wear and increasing the tool’s life.




3.3. EDS Analysis


After the tool life tests it was observed with the naked eye that the surface of the ion-implanted teeth of circular saw blades was contaminated with the remains of wood fibers, dust, etc. The teeth of the non-treated circular saw blades were much less dirty. After manual cleaning of the tested tools, a change in colour and a different shade of the ion-implanted tooth surface were visible (Figure 11). After these observations, a decision was made to test the surface of the teeth using a scanning electron microscope (SEM) and EDS measurements.



At the same time, activation of the surface of the implanted saw tooth was observed, manifested by an increase in adhesion and appearance of the secondary structures on the WC-Co surface. During friction, the secondary structures are in different stages of existence and decay. In order for the wear to be stabilized and of minimum intensity, the friction should lead to the creation of a dynamic equilibrium between the removal process and the formation of these structures on the friction surface. The wear will then be mechanochemical. The secondary structures distribute pressure and friction forces, significantly extending the durability of materials in tribological contact. The secondary structures can be related to the self-organization of the friction surface and contribute to the reduction in wear and increase in tool life during cutting [28].



Figure 12 shows the EDS analysis of elements’ concentration on the surface of non-treated and ion-implanted tools after tool life tests, and the elements’ concentration increase between these two groups of tools. The analysis was limited to elements having the largest share in WC-Co material, i.e., tungsten W and carbon C, while the presence of other elements with small shares was taken into account in the total under the name “Others”. The variability ranges (±standard deviation) are also marked in the top bar chart.



The EDS analysis clearly shows an over 17% increase in the share of carbon in ion-implanted tools, mainly at the expense of the share of tungsten. Changes in the share of other elements were not statistically significant. Thus, the secondary structure formed during the machining on the ion-implanted tools was mainly composed of carbon.



Carbon produces a specific friction surface that reduces the coefficient of friction. The phenomenon transforms the dry friction mechanism into the boundary friction. The boundary friction occurs when a thin layer of lubricant separates the surfaces moving relative to each other; there is no liquid friction in the friction pair, yet the value of the friction coefficient and intensity of wear are reduced by 2–3 orders [29].



The unresolved issue is the origin of the carbon from the friction pair of materials: the WC-Co tool or the wood-based workpiece. The first option would indicate the phenomenon of the segregation of atoms on the friction surface caused by thermodiffusion, activated by surface heating due to friction [30]. The second option may indicate the phenomenon of the selective transfer of atoms from the second material of the friction pair as described by Garunkov and Kragelskii (1968) [31]. Undoubtedly, these issues will be the subject of further research by the authors.





4. Conclusions


Based on the results of the research, the following conclusions can be drawn:




	
The teeth of circular saw blades made of WC-Co and nitrogen ion-implanted were less worn than the non-treated teeth of circular saw blades in the industrial production of wooden door frames.



	
The estimated lifetime, using the linear least squares method, of ion-implanted tools was over three times higher than the lifetime of non-treated tools.



	
After tool life tests, secondary structures made of carbon were observed on the surface of ion-implanted tools.
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Figure 1. Circular saw blade used for investigations (left) and its GSML teeth geometry (right). 
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Figure 2. Main view of the ion implanter (left) and view of the circular saw blade’s package inside the implanter vacuum chamber (right). 
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Figure 3. Scheme of the ion implantation of circular saw blades used for investigations. 
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Figure 4. The pair (non-treated and ion-implanted) circular saw blades during simultaneous work. 
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Figure 5. Schemes of cross-section door frame’s components: (a) PS-type door frame, (b) component, (a,c) component E160 type, (d) oblique cut of the door frame. 
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Figure 6. Measurement of the direct wear indicator. 
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Figure 7. Classic wear curve showing the evolution of wear during machining. 
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Figure 8. EDS tests on the tooth surface. 






Figure 8. EDS tests on the tooth surface.



[image: Applsci 12 10211 g008]







[image: Applsci 12 10211 g009 550] 





Figure 9. Modelled nitrogen depth profiles in WC-Co. 
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Figure 10. Estimated total cutting length and the relative tool life index for non-treated and ion-implanted circular saw blades. 
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Figure 11. Tooth surfaces of circular saw blades: (a) non-treated tool with visible directional grinding after tool sharpening, (b) ion-implanted tool with poorly visible grinding obscured by a darker secondary structure. 
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Figure 12. The concentration of elements on the surface of non-treated and ion-implanted tools after tool life tests and percentage increase in elements’ concentration. 
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Table 1. Values of acceleration voltage and energy of the nitrogen-implanted ions.
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Acceleration Voltage (kV)

	
Percentage Charge State Distribution (%)




	
N2+

	
N+




	
67

	
33




	
Energy (keV)




	
50

	
25

	
50
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Table 2. Values of the parameters of nitrogen peak and the sputtering yield.
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Implanted Surface

	
Peak Volume Dopant Concentration

Nmax

(cm−3)

	
Projected Range

Rp

(nm)

	
Range Straggling

ΔRp

(nm)

	
Skewness

	
Kurtosis

	
Sputtering Yield

Y

(Atoms/Ion)






	
W-C-Co

	
5.17 × 1022

	
31.6

	
37.8

	
0.8574

	
3.6237

	
0.49




	
(4.89 × 1022)

	
(31.8)

	
(32.4)

	
(0.2732)

	
(2.5179)

	
(0.48)




	
W-C

	
4.98 × 1022

	
31.3

	
37.4

	
0.8597

	
3.6271

	
0.48




	
(4.93 × 1022)

	
(31.4)

	
(32)

	
(0.2936)

	
(2.5403)

	
(0.47)




	
Co

	
4.75 × 1022

	
38.1

	
44.8

	
0.826

	
3.4617

	
0.92




	
(4.63 × 1022)

	
(38.4)

	
(36.8)

	
(0.1878)

	
(2.5197)

	
(0.87)








The data for ACS cases are in the round brackets.
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Table 3. Total cutting length and wear of circular saw blades.
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	Circular Saw Blade
	Total Cutting Length

(m)
	Tool Wear       Z ¯  i     

(mm)





	Non-treated 1
	131.62
	0.67



	Non-treated 2
	104.19
	0.45



	Non-treated 3
	161.32
	0.48



	average
	132.38
	0.53



	Ion-implanted 1
	131.62
	0.56



	Ion-implanted 2
	104.19
	0.45



	Ion-implanted 3
	161.32
	0.47



	average
	132.38
	0.49
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