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Abstract: The wettability of nitrogen and argon implanted WC-Co indexable knives used for wood-based
material machining. An attempt was made to examine the effect of the depth profiles of the implanted ions on
the wettability of ion implanted WC-Co tools used for wood-based material machining. The tests were carried
for two types of the tool surfaces, i.e. initial and polished, two commonly used gases, i.e. nitrogen and argon, and
for the values of the parameters, possible to control in the case of classic ion implanters. Four depth profiles were
modelled for two different values of the acceleration voltage, two for each implanted element. The modelling
parameters were selected so that the two modelled depth profiles for both implanted elements were similar. The
wettability tests were carried using a computer-supported test stand. The obtained results did not confirm the
hypothesis about the relationship between the wettability and the position and the shape of the depth profiles.
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INTRODUCTION

lon implantation is a low temperature method of the modification of near-surface
regions of different materials. This method is used in material engineering processes to
change the physical and chemical properties of the near-surface regions of the modified
materials, using a different kinds of the electrically accelerated ions. The most popular and
easiest to use are ions of the gases, mainly nitrogen. Argon is also often used. Other noble
gases, oxygen or methane, can also be used (Piekoszewski et a. 2004, Werner et al. 2007), but
they are more expensive. The ions of the different metals can also be used, but this requires
the more complicated ion sources, e.g. MEVVA (Metal Vapor Vacuum Arc) type (Brown and
Washburn 1987).

Another important issue is the problem of mass separation of the ion beam. A
separating magnets, used for mass separation of the ion beam in order to obtain a homogenous
beam in terms of constant e/m ratio, generate an additional high cost of the devices and are
often not used. Whereas, the ion beam generated by an ion implanter without mass separation
contains several kinds of ions with different degrees of ionization. Additionally, the
percentage shares of individual ion types are also different, which makes it more difficult to
properly model the parameters and significantly limits their use (Barlak et al. 2019c).

The modified region is not an additional layer, hence no adhesion problem occurs (no
delamination), and the change of dimensions and of the surface finish of the implanted
material is negligible. More information about this method can be found in our previous
publications (Barlak et al. 2016, Barlak et al. 2017 Wilkowski et al. 2019).

lon implantation used as a modification method of WC-Co tools for wood-based
material machining can produce spectacular results. The observed tool durability usually
increases by two times or more (Barlak et al. 2019a, Wilkowski et al. 2021, Wilkowski et al.
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2022). Moreover, the variability of the tools, modified in this way decreases, which is
advantageous from the viewpoint of their use in automated systems.

Wettability is a parameter, often used in description of the surface state of the
modified materials (Barlak et al. 2009, Betlej et al. 2022). Therefore, it was decided to check a
dependence of the wettability on the position of the depth profiles of the implanted elements.

MATERIALS AND METHODS

Commercially available WC-Co composite indexable KCRO8 type knives with
dimensions of 29.5x12x1.5 mm?®, produced by Ceratizit Company (Reutte, Austria),
commonly used in the furniture industry (presented in the upper right corner of Fig. 2), were
used for the investigations. The surface opposite to the rake surface was polished manually for
the half of the investigated tools, using Struers MD-Dac™ type polishing cloths (Polishing
Cloths) and Struers DiaPro Allegro/Largo 9 type water based diamond suspension with
diamond diameter of 9 um (Diapro). Prior to the investigation, they were washed in high
purity acetone under ultrasonic agitation for 15 min. at room temperature.

The roughness and other surface parameters were measured using Hommel-Tester T
2000 profilometer (Hommelwerke, Villingen-Schwenningen, Germany), for six places at the
measured surface, in section length of 1 mm each.

The ion implantation processes were preceded by the modelling, using the Stopping
and Range of lons in Matter (SRIM-2013.00), using Monte Carlo method (SRIM, Barlak et
al. 2019b, Barlak et al. 2019c, Barlak et al. 2019d).

The modelling concerned the determination of the depth profiles of the implanted
elements and the values of the projected range Rp, range straggling 4R, and peak volume
dopant concentrations Nmax, calculated from the values of the maximum of SRIM units
SRIMmax. “SRIM units” in (atoms/cm®)/(atoms/cm?) are a special units of plot ordinate used in
SRIM code results. With these units, by multiplying by the ion fluence (in atoms/cm?), the
ordinate values convert directly into a density distribution with the unit of atoms/cm®. The
maximum of SRIM units is a kind of equivalent of the peak volume dopant concentration,
used for the profiles multiplied by the fluence of the implanted ions.

The modelling was performed for 100 000 implanted ions in each case. The angle of
the ion incidence was set as 0° (perpendicular to the implanted surface). The simulations were
performed for room temperature implantation.

The modelling did not account for the phenomenon of substrate sputtering by the
implanted ions, substrate damages and the chemical reactions between the implanted ions and
the substrate components, therefore the theoretical values of the sputtering yield Y, defined as
an average number of atoms sputtered (ejected) from the implanted substrate per an incident
ion, were calculated with the use the quick ion implantation calculator SUSPRE, from the
energy deposited in the surface region of the material using the Sigmund formula (SUSPRE).

W-C-Co material (modelling codes treat the sample as a set of atoms that do not form
chemical compounds) including in at.%: 47.4% W, 47.4% C and 5.2% Co, i.e. in wt.%:
90.86% W, 5.94% C and 3.2% Co, with the density of 15.2 g/cm® was adopted as the
substrate material for the modelling. The density was declared by the supplier of the
investigated knives (Ceratizit, Reutte, Austria).

The depth profile shape, the peak volume dopant concentration, the projected range
and the range straggling are basic parameters, that may affect the wettability. Therefore, it
was decided to check a possibility of generation of the similar or identical depth profiles for
two popular gases, used in laboratories and in industry, i.e. chemically active nitrogen and
inert argon. Due to the almost 3-fold difference in the atomic weight of these elements, which
is: 14.0067 u for nitrogen and 39.948 u for argon, the technological tests had to be supported
by modelling.
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In the case of direct implantation, i.e. without mass separation, nitrogen is delivered as
two kinds of ions, i.e. N2*+N™, in ~1:1 ratio, so there are two elementary charges per three
atoms. In the case of N2"molecule implanted e.g. with the acceleration voltage of 65 kV, each
atom carries the energy of 32.5 keV, according to the law of energy conservation (Barlak et
al. 2019a). Therefore, the depth profile of nitrogen will be the sum of two profiles for both
types of nitrogen implanted ions. For the same situation for a heavier argon, it is necessary to
apply the sum of two profiles, obtained for two different values of the acceleration voltage,
i.e. for some value of the acceleration voltage and for a half of this value. This procedure was
described in detail in our previous paper (Barlak et al. 2023). For simplicity, it is assumed that
the argon beam contains one type of ion, i.e. Ar* (multiple ionisation is ignored).

Due to single ionisation of the modelled ions, the values of the ion Kinetic energy are
numerically identical with the values of the accelerating voltage, i.e. 25 kV and 25 keV. The
modelling was performed for the following energies of the implanted ions: 12.5, 25, 32.5 and
65 keV for both implanted elements. Finally, the depth profiles and the main peak parameter
values were determined for the following ion energies: 12.5 keV, 25 keV, 25 + 12.5 keV
(total), 32.5 keV, 65 keV and 65 + 32.5 keV (total), for both implanted elements. Such
conditions permit to obtain similar depth profiles for two different types of the implanted
elements. All the above selected accelerating voltage values are possible to achieve, using
typical implanters. The total fluence adopted in the modelling was 3e17 cm for nitrogen and
2.72 cm™ for argon. The sputtering values were skipped for simplicity, at this stage of
modelling.

The ion implantation processes were performed using, semi-industrial implanter of
gaseous ions, with non-mass separated ion beam, operated by the National Centre for Nuclear
Research Swierk (Otwock, Poland), described in detail elsewhere (Betlej et al. 2022).

Four sets of the WC-Co indexable knives, each including two initial and two polished
knives, were implanted in the modelled conditions, at the room temperature.

The base pressure in the vacuum chamber was at a level of about 8e-4 Pa (8e-6 mbar).
Nitrogen and argon of 5N purity were used as the source of the implanted gaseous ions. The
implanted fluence was at a level of 3e17 cm™. The acceleration voltages are presented in
Table 1. At double implantation, the higher values of the acceleration voltage were used first
in order to minimize physical-chemical changes in the surface layers of the modified material
at the first stage of ion implantation. The beam current was at a level of 150 and 300 pA (Table
1) for the cross-sectional area of the ion beam of about 30 cm?2. The beam current density was at a
level of about 5 and 10 pA/cm?.

The samples in the sample holders were clamped onto a stainless steel plate to reduce the
intensity of heat generation. The holder temperature was measured continuously during the ion
implantation processes. The maximum values of the measured temperature for all cases are
presented in Table 1.

Table 1. The values of the beam current and the maximum measured temperature

Implanted ion Acceleration voltage Beam current Maximum measured
P (kV) (nA) temperature (°C)
25 139
" 65 300 240
Ar 25+12.5 150" 53
65+32.5 300 178

Note: “high load of the power supply was observed for the beam current of 300 pA

The static contact angle measurements, using sessile drop method, were provided for
six spots on each un-implanted and implanted (initial, i.e. as supplied by the manufacturer and
polished) knife, at room temperature, using a tester, supported by Surfaceware 9 code
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(SURFACEWARE). This program automatically determines the base of the drop, its outline
and two tangents and generates an analysis report, which includes among others the values of:
average contact angle, left and right contact angle values, drop volume, wetting energy, work
of adhesion.

The example code screenshot is presented in Fig. 1. A drop of the deionized water is
shown in the lower part of photo and a fragment of the tube of the dispenser is visible in the
upper part.

Figure 1. The example screenshot of Surfaceware 9 code

RESULTS AND DISCUSSION

Fig. 2 shows the average values of the roughness of the initial and the polished
surface, opposite to the rake surface of WC-Co knives, presented in the upper right corner.
The standard deviation bars were added. It is seen, that the value of Ra parameter was more
than 10-fold smaller for the polished surfaces. Additionally, the standard deviation values
decreases from about 0.006 um to practically zero.

Roughness, R, (pm)

Initial Polished

Surface type
Figure 2. The values of the roughness and the standard deviation of initial and polished WC-Co knives
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Fig. 3 presents the modelling results of the depth profiles of nitrogen and argon ions
implanted to W-C-Co material, for all modelled cases.
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Figure 3. The modelled depth profiles of the implanted ions of nitrogen and argon for the selected values of the
acceleration voltage

The upper graphs show nitrogen profiles for the fluence of 3el7 cm? and the
acceleration voltage of 25 kV (left) and 65 kV (right). The thin lines mark profiles that are
components of the thick lines marked “total” profiles, and they result from the previously
mentioned non-homogeneity of the nitrogen ion beam.

The middle graphs present the profiles obtained for argon ions, implanted with two
values of the acceleration voltage (25 + 12.5 kV left and 65 + 32.5 kV right). They assume
single ionisation of this element. The adopted fluence of the implanted argon ions is smaller
about 10% than for nitrogen, to obtain similar values of the peak volume dopant concentration
Nmax-

The lower graphs show a comparison of the total profiles obtained for both elements
and both conditions of the acceleration voltage.

It should be noted, that in the both cases of implanted ion, the adopted scale on the
abscissa axis and the scale on the ordinate axis differ by a factor of two for the acceleration
voltage of 65 kV with respect to that of 25 kV.

Fig. 4 presents the set of all total depth profiles in the same scales, for a better
visualization. It is seen, that the profiles for 25 kV nitrogen and 65 + 32.5 kV argon are
similar.
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Figure 4. The total depth profiles for all modelled case.
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Table 2 shows the peak parameters and the sputtering yield values for all profiles
presented in Fig. 4. Additionally, the percent difference between the parameters of the similar
profiles are shown in bold.

It can be seen, that the difference is less than 1% for the significant parameters, like
the peak volume dopant concentration, the projected range and the range straggling.

Table 2. The modelled values of the peak volume dopant concentration, projected range, range straggling,
kurtosis, skewness and sputtering yield and the values of the percent difference in their values for both similar
profiles of the implanted elements

Pe?jk volume Projected Range Sputtering

opant 4 . -

Parameter . range, Rp | straggling, | Kurtosis | Skewness yield, Y
concentration, (nm) ARp (nm) (atoms/ion)

Nmax (cm) P

Argon

(25+125 1.99e23 8.5 10.6 41701 0.9934 1.59

kV)

Nitrogen

(25 kV) 9.93e22 17.8 22 3.8995 0.9376 0.47

Argon

(65 + 32.5 9.99e22 17.9 22.2 4.0518 0.9778 1.83

kV)

Nitrogen

(65 KV) 4.94e22 394 46.4 3.4495 0.7953 0.44

Difference

N/AT (%) -0.57 -0.56 -0.91 -3.91 -4.29 -289.36

Difference

Ar/N (%) 0.57 0.56 0.90 3.76 411 74.32

The average measurements results of the contact angle, the calculated results of the
relative index (the contact angle values obtained for implanted surfaces compared to the
values for un-implanted surfaces) and the coefficients of variation (the indicator, combining
average wettability and variability in the wettability) are presented in Fig. 5. The bars for the
similar depth profiles, i.e. for the cases of 25 kV nitrogen and 65 + 32.5 kV argon, are
outlined in the all graphs, for better visualization.

It is seen, that the average contact angle values are in the range from 42.98° to 50.61°
for the initial surface and in the range from 45.65° to 58.74° for the polished one.

All values of the contact angle are smaller for the implanted surfaces (for the same
surface preparation), both for initial and polished indexable knives. The difference in the
comparison to the un-implanted surface is from 1.55° to 7.63° for the initial surface and from
to 6.1° to 13.09° for the polished. These changes are statistically insignificant, due to the
absolute value of standard deviation range of 0.33-4.39° for the initial surface and 2.56-5.45°
for the polished.

All contact angle values after polishing are higher than the initial ones, except for one
case (Ar 25 + 12.5 kV). The contact angles are very similar for the similar depth profiles of
nitrogen and argon.

The values of the relative index are in the range 0.85-0.97 for the initial surface and
0.78-0.9 for polished ones. The results obtained for the depth similar profiles are similar.
Higher difference is observed for the extreme cases/profiles, i.e. for 25 + 12.5 kV argon and
65 KV nitrogen.
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The coefficient of variation is at a similar level of 0.14-15 for six out of ten cases. This
parameter is practically the same for the extreme cases/profiles and very different (the
difference at the level of 40% or more) for the similar depth profiles.

70
60
50
40
30

@ Initial B Polished

Contact angle (°)

Coefficient of variation, CV Contact ange relative index, R/

Un-implanted  Ar N Ar N
25+125kV  25kV  65+325kV  65kV

Modification type
Figure 5. The values of the contact angle, the relative index and the coefficient of variation for un-implanted
WC-Co knives and for the knives implanted with nitrogen and argon

CONCLUSIONS

Based on the presented results, it can be concluded, that the ion implantation causes a
decrease in the contact angle, regardless of the surface roughness. The differences between
the average values of the contact angle are not statistically significant due to the variability,
but the decrease in the average values is obvious.

To get more definite conclusions, we suggest that the energy range of the implanted
ions should be increased and/or further investigations should be carried out with a different
set of elements.

In the next step, the calculated sputtering yield values should be also taken into
account and the fluences of the implanted ions should be increased, up to reasonable values.

However, it is unlikely that a possible presence and amount of new chemical
compounds formed as a result of nitrogen implantation into the WC-Co substrate may have a
significant effect on the obtained results.
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Streszczenie: Zwilzalnosé¢ implantowanych azotem i argonem narzedzi WC-Co, wykorzystywanych w obrobce
materiatow drewnopochodnych. Podjeto probe sprawdzenia wplywu profili glebokosci implantowanych jonow
na zwilzalno$¢ implantowanych jonowo narzedzi WC-Co, stosowanych do obrobki materiatow drzewnych.
Badania przeprowadzono dla dwoch rodzajow powierzchni narzedzi, tj. wyjsciowej i polerowanej, dwoch
powszechnie stosowanych gazow, tj. azotu i argonu oraz dla wartosci parametrow mozliwych do uzyskania w
przypadku klasycznych implantatoréw jondw. Zamodelowano cztery glebokosciowe profile dla dwoch réznych
wartosci napigcia przyspieszajacego, po dwa dla kazdego implantowanego pierwiastka. Parametry modelowania
dobrano tak, aby dwa modelowane profile glgbokosci dla obu implantowanych pierwiastkoéw byly podobne.
Badania zwilzalnosci byty prowadzone na wspomaganym komputerowo stanowisku testowym. Uzyskane wyniki
nie potwierdzaja hipotezy o zalezno$ci migdzy zwilzalno$cig a potozeniem i ksztattem glebokosciowych profili
implantowanych pierwiastkow.
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