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Abstract: Raman spectroscopy for examination of WC-Co tools in wood-base machining. An attempt is
undertaken to apply Raman Spectroscopy for examination of WC-Co tools for wood-base machining. The virgin
tools were compared with those implanted with nitrogen, modified by electron beam and plasma beam pulses. The
preliminary results suggest a possibility of applying this method for fast, non-destructive analysis of phase
composition and phase changes in the microstructure of the investigated tools
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INTRODUCTION

Ceramic materials, such as: oxides, nitrides, borides, silicides, fluorides, carbides and
carbon itself (Barlak et al. 2005, Olesinska et al. 2006, Chmielewski et al. 2017, Chmielewski
et al. 2018), are often called leading materials or materials of the future. They find wide
application in modern machinery and devices requiring featuring high performance and
reliability. The ceramic tools replace the classic steel tools due to their greater durability.
Unfortunately, their durability is still insufficient,and for this reason there are many
investigations to improve this state (Kotodziejczak et al. 2017, Wilkowski et al. 2018, Barlak
et al. 2019, Wilkowski et al. 2020, Barlak et al. 2020a, Barlak et al. 2020b, Morozow et al.
2021, Wilkowski et al. 2021). Apart from the development of modifications, the methods of the
quick evaluation of the obtained results are sought. Raman Spectroscopy (Wilczopolska et al.
2021) seems to be a potential method, which can be used for this purpose. Raman Spectroscopy
is widely used for the qualitative and quantitative analysis of solids, liquids and gases. It is a
fast, non-destructive research method, exhibiting results accuracy and a large number of
received information obtained at relatively low costs. Unfortunately, usually, this method is
used in the investigation together with other methods for the phase composition evaluation i.e.
X-Ray Diffraction Analysis (XRD) and/or X-ray Photoelectron Spectroscopy (XPS) or in the
simplest case - together with Energy Dispersive X-ray Spectroscopy (EDS) - a method
revealing elemental composition of the investigated material.

This paper shortly describes this method and presents examples of own research results,
which were obtained on the virgin and the modified WC-Co indexable knives for wood-based
materials machining.
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METHODS AND MATERIALS

The commercially available, WC-Co indexable knives, produced by Ceratizit company
(KCRO08), with dimensions 29.5x12x1.5 mm3 and presented in Fig. 1, were used in the
investigations.

Clearance surface
Figure 1. WC-Co indexable knive for wood-based material machining

The clearance surfaces of the investigated tools were treated using three methods:

1. ion implantation of nitrogen,
2. pulse electron treatment,
3. high-intensity plasma pulse treatment.

The ion implantation processes were described in Refs (Wilkowski et al. 2019, Barlak
et al. 2019). The samples (knives) were implanted with nitrogen ions using a non-mass
separated beam, generated by a semi-industrial implanter. Nitrogen of 99.999% purity was used
as the source of the implanted ions. The implanted nitrogen was delivered as two kinds of ions,
i.e. N*+N2* in the ratio ~1:1. The implanted dose was 2e17 cm™. lons were implanted at 60 kV
acceleration voltage. The implanted samples (knives) were clamped onto a stainless steel plate
to avoid overheating effects and the ion current densities were kept below 50 pA/cm?, so the
estimated value of temperature of the implanted samples did not exceeded 200°C. The working
pressure in the vacuum chamber was at a level from 2 to 5e-3 Pa.

The use of pulse electron treatment method was presented e.g. in Refs (Werner et al.
2016, Werner et al. 2020). The samples were treated with electron-beam pulses generated by
electron pulse gun. A single electron pulse was applied. The electron-beam pulse length was
around 2 ps and the energy density was at a level of 6 J/em?. This value was homogeneous
within 20% over a 50 mm diameter circle. The electron energy density was determined by a
copper calorimeter with a thermistor temperature measurement, attached to the sample holder
close to the sample. The acceleration voltage was 30 kV. Argon of 99.999% purity was used as
a working gas. The working pressure in the vacuum chamber was at a level of 8e-2 Pa.

In the third case, the knives were treated using high-intensity plasma pulses generated
by Rod Plasma Injector (RPI) type generator - IBIS. This method of the high-intensity plasma
pulses was described in details in Ref. (Barlak 2010). 20 plasma pulses were applied. The pulse
duration was about 1 ps. The energy density of each pulse was at a level of 6 J/cm?. The base
pressure in the vacuum chamber was at a level of 2.7e-3 Pa. Plasma injector worked in PID
(Pulse Implantation Doping) mode.

The selected, modified samples showed the greatest durability for the given
modification type.

In the next step, virgin (non-modified, non-treated) and the treated knives were analysed
using Raman Spectroscopy. Few words about this method is presented below, because, this
method is relatively new, especially in wood industry.

Figure 2 shows the idea of Raman Spectroscopy method.
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Figure 2. The idea of Raman Spectroscopy

The Raman Spectroscopy is based upon the effect of scattering caused by the interaction
of electromagnetic radiation (originating from is a laser) with an oscillating molecule.
Monochromatic and coherent radiation impinging the molecule, excites the molecule of the
analyzed substance to a virtual energy level, from which they return to the ground vibrational
state emitting photons of scattered radiation in all directions. Most of the scattered radiation is
due to elastic scattering and is referred to as Rayleigh scattering. The small part of the scattered
radiation that is related to a change in the energy of the photon (inelastic scattering) is referred
to as Raman scattering. Scattering results in a dispersion of emission bands. The Rayleigh band
is obtained when the scattered photons do not change frequency in relation to the incident
photons. They do not match the energy levels of the molecule and cannot be absorbed, they are
dispersed, and the molecule remains at the same energy level. The Stokes band is formed when
the molecule after interaction with the radiation excitation, moves from the first excitation level
to a lower oscillatory level and the scattered photon has the energy lower by the energy
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difference of the vibrational energy levels hv. The Rayleigh band is separated from the Raman
band by the oscillation frequency hv. The anti-Stokes band occurs if the molecule was at the
excited oscillatory level before the action of the excitation radiation, then it goes to the excited
virtual level and returns to the basic oscillatory level. The scattered photon will have energy
greater by the energy difference of the vibrational energy levels 4v. In the spectrum, we will
then get a Raman band that is distant from the Rayleigh band by the oscillation frequency v,
but in the opposite direction than the Stokes band. In Raman spectroscopy, the measurement
most often concerns the Stokes bands due to the fact that they are much stronger than the anti-
Stokes bands, because at room temperature, most of the molecules, at which we record the
spectra, are at the zero oscillation level.

The results of Raman spectroscopy studies were obtained using a confocal Raman
microscope (WITec Alpha 300R, WITec, Germany) equipped with a laser Nd: YAG 532 nm
and a spectrometer WITEC UHTS VIS-NIR with thermoelectrically cooled camera CCD.
Raman Stokes signals were recorded with a lens with a magnification of 100x (Zeiss LD EC
Epiplan-Neofluar Dic 100x/0.75) in the Raman shift range of 0 to 3500 cm™, with the laser
power of 5 mW.

Detailed knowledge of the properties of different components of the sample was
possible by Raman mapping technique. A multi-channel detector allowed to obtain information
about both the spectra and the location of the measurement points. A Raman spectrum over the
entire wavelength is recorded at each measured point. Further analysis consists in selecting an
appropriate marker band and measuring its integral intensity, which leads to the construction of
a Raman map showing the distribution of a specific compound in the tested sample. Mapping
of knives has been done on the surface 100x100 pm?, collecting information about spectra in
40 lines, with 40 points in each analyzed line. Map enabled to distinguish individual
components of the sample.

RESULTS AND DISCUSSION

Figure 3 presents Raman spectra for the virgin WC-Co material, nitrogen ion implanted,
electron pulse treated and plasma treated samples. The numbers from 1 to 14 indicate the
identified peaks. The detail description of these peaks is presented in Table 1. The peak number
is in the first column, the approximate position of the each peak - in the second column, the
probable phase and the literature reference to the nearest peaks - in the third and fourth columns,
respectively. The values of “Raman shift” preceded by a tilde character (~) are not a values
precisely defined by the authors, but values read from the graphs.

The probable phases, cited by more than one author are shown in bold. These values
were considered as the most likely in our cases. These are: CoWO4 for the peak position of 2,
5 and 6, Coz04 for 3, 7 and 9, WOs for 4 and W=0 for 10. The probable phase for the peak
position of 8 is debatable, because two different phases, i.e. WOz and WC are cited equally. No
phase could be identified for the peak position of 11. Similarly, no “nitrogen” peaks were
observed in the spectra obtained for nitrogen implanted sample.

Peak 1 (WO3) is clearly observed for virgin and electron treated samples. The height
increase of peaks 2 (CoWQ4) and 3 (C0304) are especially visible for ion implantation and even
more - for plasma treatment. Peak 4 (WOs3) is observed for all considered cases. Peak 5
(CoWOg4) occurs in addition to the virgin material also in electron and plasma treated materials.
Peak 6 (also CoWOy) is present for all treated samples, while peak 7 (Co30a) is clear only for
the virgin and the electron treated knives. Additionally, this peak is narrower for the case of
electron modification compared to the virgin sample, which may indicate greater crystallinity
(lower amorphisation) of this phase. Disorder and symmetry breaking in Raman spectroscopy
is highly dependent on crystal symmetry. Peaks 8 (WOs3 or debatable WC) and 9 (CoWOQg) are
low in all presented cases. Peak 10, attributed to the stretching vibration mode of the W=0 bond
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(Granados-Fitch et al. 2019) is relatively high only for the virgin material. Additionally, it is
most likely left shifted in the case of the plasma modification. Shift of the peak position is
related to the formation of stress in the sample. The increase in the shift of the peak towards
higher values is attributed to atomic dislocations and/or structural disturbances that cause
compressive stresses, while the decrease in the shift of the peak is attributed to tensile stresses.
In this case plasma modification causes compressive stresses in sample.

In conclusion, it can be said that the peaks from 1 to 10 indicate the presence of the
various oxide phases in the investigated materials, usually independently of their treatment. The
signal of the pure WC phase is debatable.
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Figure 3. Raman spectra for virgin, ion implanted, electron and plasma pulse treated WC-Co materials

Table 1. The detail description of the peaks indicated from Raman spectra

Peak Raman_ls hift Probable phase Reference
number (cm™)

1 ~70 WO; Myalska et al. 2019
~120 WC Kamdi and Voisey 2015

5 ~140 W-0 Granados-Fitch et al. 2019
~150 CoWOQO, Geng et al. 2015
~150 CoWO, Myalska et al. 2019

190-330 W-O-W Strunk et al. 2017

3 :288 %’;\g“ Geng et al. 2015
~200 C0304 Myalska et al. 2019
~260 WO, Torgerson et al. 2018
~270 CoWO, Geng et al. 2015
~270 WOs;

4 ~270 WOs; Kamdi and Voisey 2015
~270 WO; Katiyar and Randhawa 2019
~270 WOs; Myalska et al. 2019
~270 W-0O Granados-Fitch et al. 2019
~410 CoWO, Geng et al. 2015

5 ~410 W-0 Granados-Fitch et al. 2019
420 WO; Debus et al. 2016
~420 CoWOq, Myalska et al. 2019
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Table 1. The detail description of the peaks indicated from Raman spectra - continued

Peak Raman_f hift Probable phase Reference
number (cm™)
~530 C0304
. 540 CoWO, Myalska et al. 2019
~540 CoWOq Geng et al. 2015
540 WOs3 Debus et al. 2016
~620 Co Kamdi and Voisey 2015
7 ~620 C0304 Geng et al. 2015
~620 C0304 Myalska et al. 2019
~800 WC . .
2800 WOJWC Kamdi and Voisey 2015
8 802-804 WOs; Strunk et al. 2017
805 wcC Mrabet et al. 2009
~810 W-0O .
2810 WO, Granados-Fitch et al. 2019
~880 CoWOq4 Geng et al. 2015
~880 CoWO, Myalska et al. 2019
9 ~880 WQO; Katiyar and Randhawa 2019
~880 W=0 Granados-Fitch et al.2019
879.5 5. .
8812 WO, Liu et al. 2017
~940-985 WO4(aq)+W12039(aq)
961
967-973 W=0 Strunk et al. 2017
960-990
10 948.2 W=0 Liu etal. 2017
960 W=0 Mrabet et al. 2009
:ggg WO32H,0 Myalska et al. 2019
970 W=0 Debus et al. 2016
~980 W=0 Granados-Fitch et al. 2019
11 ~1080 ? -
1298
1335 G band Cheong et al. 2017
~1350 Amorphous C Myalska et al. 2019
1350 . .
1351 Disordered C Liu et al. 2017
12 1351 D band Veerakumar et al. 2017
1353.2 .
1354.1 D ba”dzaffgoglraph'“c Wei et al. 2010
1356.4
1359 Graphite Abbas and Musa 2019
1360 D band Debus et al. 2016
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Table 1. The detail description of the peaks indicated from Raman spectra - continued

1566.7
1567.3 G band for spsites | Wei et al. 2010
1552.7
1580 G band Debus et al. 2016
1580 Graphite Abbas and Musa 2019
13 ~1580 Amorphous C Myalska et al. 2019
ﬁgg D band Cheong et al. 2017
iggj G line Mrabet et al. 2009
1598 G band Veerakumar et al. 2017
14 2902 D+G band Veerakumar et al. 2017
~2700 C-H Kosinska et al. 2020

Peaks 12 (D), 13 (G) and 14 (D+G) are assigned to different forms of carbon. D- and
G-modes related to the graphite is an indication of graphitization (Debus et al. 2016, Zkria et
al. 2019). G label applies to graphite and D band is observed in the presence of defects, hence
the name is D for defect or disorder. However, it is worth noting that there are no homogeneity
of attributing these peaks in the literature (see Table 1).

Peaks 12 and 13 are enhanced for ion implantation case and distinctly - for plasma
treatment case. These peaks were missing for the electron treated material, but in this case we
can see new peak, marked as “14”, which is absent in all other spectra. There is a discrepancy
in the identification of these peak. P. Veerakumar in Ref. (Veerakumar et al. 2017) suggest
D+G band, while A. Kosinska in Ref. (Kosinska et al. 2020) shows it as a stretching vibrations,
typical for carbon materials.

In our previous paper (Wilkowski et al. 2021) we presented a key role of carbon, which
is known as the lubricating element, in improving the durability of the modified knives. There
is some regularity between the presence and the height of the peaks and the durability of the
tools. Peaks 12 and 13 are the highest for plasma treatment case - the durability increase for this
case was more than threefold (the average value of Relative index of tool life was 3.01). The
same peaks for nitrogen ion implanted can be related to the knives durability improvement at
the level of 100% (Barlak et al. 2019). In the case of the electron treated samples, Relative index
of tool life was about 1.73. Probably, it has to do with appearance of carbon peak 14.

The mentioned above carbon peaks and their relative intensity, can be used in the next
step, to a more precise knowledge of the microstructure of the investigated materials, which is
reported in Refs (Shen et al. 2016, Harmas et al. 2021).

CONCLUSIONS

The obtained Raman Spectroscopy results indicate that this method can be used for a
quick, tentative investigation of WC-Co tools for wood-based materials machining. This
method is suitable for the preliminary estimation/evaluation of the occurring phase changes,
especially the graphitization process, which influencing an increase of the lubrication effect -
one of the several main mechanisms of increasing durability of the tools. For a more detailed
analysis, it is necessary to use additional methods to assess the phase and/or elemental
composition, which is common practice in the scientific research.
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Streszczenie: Spektroskopia Ramana w badaniach narzedzi WC-Co wykorzystywanych w obrébce materiatéow
drzewnych. W pracy podjeto probe zastosowania Spektroskopii Ramana w badaniach wymiennych nozy WC-Co,
stosowanych do obrobki materiatbw drewnopochodnych. Przeanalizowano narzedzia niezmodyfikowane,
implantowane jonami azotu, poddane dziataniu impulsow elektronowych i plazmowych. Wstepne wyniki sugeruja
mozliwo$§¢ zastosowania tej metody do szybkiej i nieniszczacej analizy sktadu fazowego i zmian fazowych w
mikrostrukturze badanych narzgdzi.
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