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Abstract: Modelling of nitrogen multi-energy ion implantation into WC-Co indexable knives for wood-based 

materials machining. The paper presents the results of the modelling of multi-energy ion implantation processes of 

nitrogen to WC-Co indexable knives for wood-based materials machining. The modelling was performed for 

implantation of N
+
+N2

+
 ions, for implanters without and with mass separation. Additionally, modelling for average 

charge state and for the extended implantation case was executed. The best results, i.e. flat and long plateau region 

and the most favourable plateau/multi ratio were obtained for N
+
 ions. 
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INTRODUCTION 

The cemented tungsten carbides – a combination of hard and brittle carbides and a relatively soft 

and ductile metallic binder, provides an exceptional combination of attractive material properties 

such as strength, hardness, fracture toughness, refractoriness, stiffness, resistance to compressive 

deformation and wear resistance at room temperature as well as at higher temperatures up to 

400°C (Milman et al. 1997, Sheikh-Ahmad and Bailey 1999, Pirso et al. 2004, Bonny et al. 2004, 

Choi et al. 2010, Olovsjö et al. 2013). Unfortunately, the durability of tools made of this material 

is still insufficient. There are several methods to improve this property. The ion implantation is a 

relatively simple, cheap and fast way of improving tribological properties of machine parts or 

cutting tools (Barlak et al. 2016, Barlak et al. 2017). Implantation modifies the near-surface area. 

The modified region is not a layer; therefore problems with adhesion and dimensional change are 

missing. Therefore, ion implantation can be applied also for the modification of the tools ready to 

use (Straede 1996; Mikkelsen et al. 2002; Rodrı́guez et al. 2002). Unfortunately, the width of the 

modified region is small. For example, the values of the ion range and the range strangling are 

about 60 nm in the case of N
+
 ions implantation with the energy of 70 keV (author’s own result). 

There are several ways to increase the range of the implanted ions, for example by the 

implantation of the elements with smaller atomic mass and/or by the introduction of the 

additional energy to the system e.g. by the heating of the implanted material (diffusion) (Fayeulle 

et al. 1986). 

The multi-implantation, also referred to as multi-energy ion implantation, multiple energy 

ion implantation, multiple implantation or multi-step implantation are known for several decades 

and used mainly for the shaping electronic or optical structures, like “low-high-low structure”, 

“box” profile or “horse head” type profile or for the creation of the plateau in the depth profile of 

the implanted elements and extension of their range (Dening and Weiyuan 1987, Magruder et al. 

2001, Magruder et al. 2002, Naumova et al. 2003, Phelps G.J. 2004, Magruder et al. 2004, 
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Posselt et al. 2005, Fu et al. 2007, Tsuji et al. 2007, Piekoszewski et al. 2009, Wang et al. 2009, 

Werner et al. 2009, Zhao et al. 2010, Magruder et al. 2011, Zhang et al. 2013, Lazar et al. 2015, 

Becerra et al. 2017, Liu et al. 2018, Teranishi et al. 2018, Chen and Lin 2019, Wang et al. 2019, 

Zhao et al. 2019). 

The multi-implantation is a sum of several typical ion implantation processes with the energy 

value decreasing in consecutive stage (David et al. 2002, Lazar et al. 2015). The decreasing 

energy value is very important from the point of view of the microstructure damage and the 

chemical changes of the implanted regions. The natural multi-implantation is the implantation of 

the ions with multiple charges, using non-mass separated implanter, but in this case, the user 

can’t affect the energy or/and fluence of individual ions. 

Dening and Weiyuan (Dening and Weiyuan 1987) proposed the “equivalent area” method, 

based on the integral calculus, for the determination of the multi-energy effect. The empirical 

way is a different approach to solve this problem. This paper presents our proposition of an 

approach to the modelling/determining a plateau in the depth profiles of nitrogen implanted to W-

C-Co material, using two main types of ion implanters, i.e. the implanters without mass 

separation (with direct ion beam) and with mass separation (without direct ion beam) in which a 

homogenous ion beam in terms of constant e/m ratio is formed (Barlak et al. 2019). The 

theoretical solution of this issue will help in preparation of the actual adjusting a multi-process of 

e.g. WC-Co tools indexable knives, used to wood-based material machining. 

 

MATERIAL AND METHODS 

The modelling of multi-implantation included two stages. In the first stage, the classical 

depth profiles of nitrogen in W-C-Co substrate were modelled for the accelerating voltage from 

10 to 70 kV (typical values for classical ion implanters) with a step of 5 kV. In the second stage, 

the modelled profiles were exported to Microsoft Excel 2010 spreadsheet and collated for the 

selection, the addition and the determination of the fluences of the individual ion implantation 

processes. 

The Stopping and Range of Ions in Matter (SRIM-2013.00), freeware type code was used for 

modelling of the depth profiles of nitrogen implanted to W-C-Co material (SRIM 2019, Zhang et 

al. 1998, Barlak et al. 2019a, Barlak et al. 2019b, Barlak et al. 2019c, Barlak et al. 2019d). The 

modelling was performed for 100 000 implanted ions of nitrogen. 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 account for the phenomenon of substrate 

sputtering by the implanted ions, substrate damages and the chemical reactions between the 

implanted nitrogen and the substrate components. 

W-C-Co of a composition: 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 was defined as a target. Its density, adopted for the simulation was 15.2 g/cm
3
. This 

value was declared by the knives supplier (KCR08 type knives, by Ceratizit, Austria). 

Four kinds of processes were considered, i.e.: N
+
+N2

+
 ion beam and the corresponding to 

him, the average charge state (ACS) case - for the ion implanters without mass separation and N
+
 

and N2
+
 ion beams - both for the implanters with mass separation. Nitrogen ion beam generated 

by an ion implanter with direct beam contains two kinds of ions, i.e. N
+
 and N2

+
, in the ratio ~1:1, 

so there are two elementary charges per three atoms. Likewise, the average charge state is at the 

level of 0.67 (Barlak et al. 2019). 
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Table 1 presents the ion energy values corresponding to the values of acceleration voltage for 

all considered cases of nitrogen beam. These values were used for modelling of the classical 

depth profiles. 

The values of the peak volume dopant concentrations Nmax for the implanted fluence of 1e17 

cm
-2

, the projected range Rp, the range straggling ΔRp, the kurtosis and the skewness were 

determined for all nitrogen profiles, i.e. N
+
+N2

+
, ACS, N

+
 and N2

+
. In the next step, the modelled 

profiles were collated in the spreadsheet and the example multi-implantation profiles were 

empirically determined for the total implanted fluence of 1e17 cm
-2

. 

 
Table 1. The ion energy values corresponding to the values of acceleration voltage for all considered cases of 

nitrogen beam 

Acceleration voltage 

(kV) 

Kind of implanted ions 

Implanter without mass separation Implanter with mass separation 

N
+
+N2

+
 

(50%+50%) 

ACS 

(100%) 

N
+
 

(100%) 

N2
+
 

(100%) 

Energy (keV) 

10 10+5 6.7 10 5 

15 15+7.5 10.05 15 7.5 

20 20+10 13.4 20 10 

25 25+12.5 16.75 25 12.5 

30 30+15 20.1 30 15 

35 35+17.5 23.45 35 17.5 

40 40+20 26.8 40 20 

45 45+22.5 30.15 45 22.5 

50 50+25 33.5 50 25 

55 55+27.5 36.85 55 27.5 

60 60+30 40.2 60 30 

65 65+32.5 43.55 65 32.5 

70 70+35 46.9 70 35 

 

Next, the plateau was determined for all multi-profiles. The minimum value for “flat” part of 

the profiles determined the boundaries of plateau (thickness of plateau). The average value of 

plateau, standard deviation and standard error for this average value were calculated as a part of 

the statistical processing of the “flat” region. Additionally, the integral for plateau and the 

integral for the whole profile were calculated. On their base, the plateau/multi ratio was 

determined, also for all cases. 

Additionally, the fifth case, named “extended N
+
” was introduced to the evaluation. In this 

case, the nitrogen implantation with the smallest ion energy value for N2
+
, i.e. 5 keV, was added 

to the set of all data for N
+
. 

 

RESULTS AND DISCUSSION 

Fig. 1 presents the modelled values of the peak volume dopant concentrations, projected 

range, range straggling, kurtosis and skewness as functions of the acceleration voltage. All data 

are marked with appropriate symbols. The symbols for the ion energy of 5 keV in the extended 

N
+
 case are marked with a dotted contour. The trend lines calculated by the spreadsheet are 

marked by solid lines for N
+
+N2

+
, ACS, N

+
 and N2

+
 and by a dotted line - for the extended N

+
. 
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It is seen that the acceleration voltage dependence of the peak volume dopant 

concentrations is close to logarithmic, while the same relations for the others - are close to a 

linear. The equations for all dependencies are shown in Table 2. Additionally, the values of the 

coefficient of determination R
2
 are presented. Its value close to 1 indicates high compliance of the 

modelled results with the adopted trend. 

 

 
 

Figure 1. The graphical presentation of the modelled results with the calculated trend lines 

 

The greatest values of the peak volume dopant concentrations appear for N2
+
 ions, because 

the energy of the implanted ions is the smallest in this case (the depth profiles are higher and 

narrower for lower energies) and the smallest - for N
+
. The smallest values of the projected range 

and the range straggling are also for N2
+
 case, for the same reason. The kurtosis and the skewness 

are the largest for the direct beam, consisting of N
+
 and N2

+
 ions. For all other cases, these 

parameters are smaller and similar to one another. 
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Fig. 2 shows the form of the multi-profiles for all considered cases with the implanted 

fluence of 1e17 cm
-2

. Additionally, all component profiles and the appropriate implanted fluences 

are shown. The determined “flat” region is marked in gray. The longer platea as well as smaller  

concentrations are visible for N
+
 and N

+
 extended cases. The shortest plateau is observed for 

N
+
+N2

+
 beam. ACS profile is not a good direct beam equivalent. 

 

Table 2. The trend line equations and the coefficient of determination values for all considered cases 

Parameter Trend line equation Coefficient of determination 

N
+
+N2

+
 

Nmax   231ln222 exey   9575.02 R  

Rp 9088.35498.0  xy  999.02 R  

ΔRp 9407.56303.0  xy  997.02 R  

Kurtosis 2053.40179.0  xy  9547.02 R  

Skewness 0315.10054.0  xy  9723.02 R  

ACS 

Nmax   231ln222 exey   9606.02 R  

Rp 9429.35537.0  xy  9991.02 R  

ΔRp 6945.55257.0  xy  997.02 R  

Kurtosis 8887.20101.0  xy  9454.02 R  

Skewness 5516.00078.0  xy  9818.02 R  

N
+
 

Nmax   228ln222 exey   9477.02 R  

Rp 1659.57799.0  xy  9989.02 R  

ΔRp 7429.77053.0  xy  9953.02 R  

Kurtosis 7864.20063.0  xy  901.02 R  

Skewness 5016.0006.0  xy  9751.02 R  

N
+
 extended 

Nmax   231ln222 exey   914.02 R  

Rp 6044.47911.0  xy  9984.02 R  

ΔRp 7516.67251.0  xy  9935.02 R  

Kurtosis 8497.20076.0  xy  853.02 R  

Skewness 5263.00065.0  xy  961.02 R  

N2
+
 

Nmax   231ln223 exey   9608.02 R  

Rp 2945.34303.0  xy  9992.02 R  

ΔRp 5407.44226.0  xy  9968.02 R  

Kurtosis 9603.20139.0  xy  9289.02 R  

Skewness 5776.00093.0  xy  9817.02 R  
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Figure 2. The multi-profiles and the component profiles with the implanted fluences 
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The bar charts, shoving the values and trends for the thickness of plateau, the average value 

of this thickness (average concentration for flat region), the standard deviation and the standard 

error of the concentration are presented in Fig. 3. 

 

 
 

Figure. 3. The thickness of plateau, the average value of the plateau, the standard deviation and standard error values 

and the trends for all considered cases 
 

It is seen that the plateau thickness is the greatest for extended N
+
 case. This value is more 

than twice as large as the plateau thickness for N
+
+N2

+
 beam. The average value of the plateau is 

the smallest for extended N
+
 case and the greatest - for N2

+
 ions. The similar trends are for the 
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standard deviation, however in this case, the deviation between different results is much smaller. 

The standard error is the smallest for nitrogen direct beam and the greatest - for N
+
 extended 

case. The difference is more than two fold. All values for ACS are different in comparison to the 

values determined for N
+
+N2

+
 beam, especially for the thickness of the plateau and the standard 

error. 

Fig. 4 shows the values and the trend of the integral for the plateau, the integral for the multi 

and the plateau/multi ratio. The greatest plateau share in multi-profile is for N
+
 extended case and 

it is about 35% and the smallest - for N
+
+N2

+
 beam (about 17%). Also ACS values are different 

in comparison to N
+
+N2

+
 case. The difference is the greatest for the plateau/multi ratio. 

 

 
 

Figure 4. The integral for the plateau, the integral for the multi and the plateau/multi ratio values and the trends 

for all considered cases 

CONCLUSION 

On the basis of the results on the modelling/determining of the multi-energy ion implantation we 

can conclude as follows: 

1. The ion beam without mass separation is less effective in comparison to the beams with 

mass separation. The plateau thickness for N
+
+N2

+
 ions was about two times smaller than 

for N
+
. 
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2. The effectiveness of the mass separated beams depends on the type of the used ions. For 

example, the plateau thickness for N
+
 ions was about 14% thicker than for N2

+
 ions. 

3. The effectiveness can be increased by applying the extended process. For example, one 

additional process, extended multi-implantation of N
+
 can increase the plateau thickness 

by approximately 20%. 

4. ACS profiles deviate from reality and are not a good equivalent for multi-implantation 

using the ion beams without mass separation. 

5. The average value of the plateau, i.e. average concentration of the flat region depends on 

the type of used ions. This relationship should be taken into account when designing the 

concentration level of the implanted element. 

6. The best results are obtained for extended N
+
 multi-implantation case. The thickness of 

the plateau is the largest and the plateau/multi ratio is the most favourable. Unfortunately, 

the standard error value is also the largest. 
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Streszczenie: Modelowanie multiimplantacji jonów azotu do wymiennych noży WC-Co, 

stosowanych w obróbce materiałów drzewnych. W artykule przedstawiono wyniki modelowania 

procesów multiimplantacji jonów azotu do wymiennych noży WC-Co, stosowanych w obróbce 

materiałów drzewnych. Modelowanie przeprowadzono dla implantacji jonów N
+
+N2

+
 (dla 

implantatorów z separacją masową) oraz N
+
 i N2

+
 (dla implantatorów bez separacji masowej). 

Dodatkowo, zostały przedstawione wyniki modelowania dla średniej krotności jonizacji oraz dla 

przypadku rozszerzonej implantacji. Najlepsze wyniki, tj. najdłuższy obszar plateau oraz 

najkorzystniejszy stosunek plateau do całości głębokościowego profilu uzyskano dla jonów N
+
. 
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