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ABSTRACT

Ion beam induced mixing (IBM) can be used for making protecting coating layers at room 

temperature. We have studied the production of tungsten-carbide, having high strength and low 

friction, by IBM since this material is also a candidate for protective coatings. WC rich layers have 

been produced by irradiating C/W multilayer of various structures (with individual layer 

thicknesses from 10 to 20 nm) by noble gases using medium energy projectiles. The resulting 

alterations of the samples have been measured by Auger electron spectroscopy (AES) depth-

profiling. TRIDYN simulations, with some parametrization, were applied to determine the 

elemental in-depth distribution after IBM; the compound formation was calculated by a simple 

model. The calculated and measured depth profiles were compared and excellent agreement has 

been found for a rich dataset differing in layer structures, projectiles, ion fluences and energies. 

The good agreement in a wide parameter range validates our procedure and allows  the design of 

the WC-rich layers and also enables the significant decrease of the experimental work. 

KEYWORDS: tungsten-carbide, WC, coating, simulation, ion irradiation, TRIDYN

1. INTRODUCTION 

There is always a need for layer production methods which operate at not too high 

temperature. Ion beam mixing (IBM) is a layer production method which meets that requirement 

since it is a highly non-equilibrium process, which enables the reduction of the generally used 
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layer production temperature. E.g. Gupta et al. synthetized PbTe nanocrystals using low energy 

IBM of a Te/Pb bilayer on a Si substrate [1]. Arranz et al. investigated the mixing of Ti and Al 

layers [2]. Galindo et al. produced chromium-silicon mixed oxides by mixing of Cr/Si bilayer by 

oxygen atoms [3]. 

During IBM energetic ions hit the surface of materials they collide with atoms knocking some 

of them out from their position. The knocked-out atoms initiate further collisional processes, thus 

a collisional cascade develops, causing the mixing of the atoms in the effected region. Since during 

the cascade process the initial momentum of the projectile is lost in a short time the particles move, 

more or less isotopically, similar to that of usual diffusion. Thus, the equations of diffusion can be 

applied for the description of the IBM. The simplest and frequently occurring process is the 

ballistic intermixing when the atoms are ejected from their equilibrium position from the crystal 

lattice and transported to some nearby place forming a defect complex named Frenkel pair. The 

ensuing events can be described by binary interactions and  the mixing can be described by the 

Fick equation consisting an apparent diffusion constant, resulting in the equation of 4Dt∼φ; where 

D is the effective diffusion coefficient t is the time and φ is the dose of the bombarding particle 

[4]. If the cascade does not cool down very fast, thermodynamical parameters also affect the 

diffusional movement; this process is called as thermal spike, which generally results in stronger 

mixing. In fact, the whole phenomenon, thermal spike mixing, was discovered in this way; it turned 

out that materials with high negative mixing enthalpy exhibit much stronger mixing efficiency 

than that predicted by the binary model [5]. This process can be described by applying the same 

equations, the only difference is the value of the effective diffusion constant. In case of thermal 

spike mixing the effective diffusion constant depends on the enthalpy of mixing (Darken) and is 

generally much higher than that in the ballistic process. In this case, depending on whether the 

individual cascades are overlapping or non-overlapping, the dependence on φ can be squared and 

linear, respectively. The simple rule of thumb is that in systems with low average atomic number 

(less than 20) and if the deposited energy is not too high, ballistic mixing occurs, while for systems 

with an average atomic number higher than 20 and higher deposited energy is applied, the thermal 

spike model operates [6]. The above is true in cases which result in an equilibrium or non-

equilibrium mixture and/or alloy. However, IBM is strongly affected if compound formation 

occurs – and this adds to the complexity of the process. In this case new equations and distributions 

appear because of the changed diffusion and depending on the deposited energy both squared and 
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linear dependence of the mixing rate on the dose can be found [7,8]. It may also happen that instead 

of the diffusional mixing (obeying Fick’s law) a sharp interface between the mixed region moves 

[7,9] and layer formation occurs.

In cases when the aim is to produce a layer of desired thickness by IBM  the use of multilayer 

structures is suggested [10,11]. The application of multilayers helps in tuning the thickness of the 

produced layer. The analytical equations of IBM do not work straightforwardly in these cases, thus 

for the prediction of the layer structure some other method is to be used.

 Previously we have produced corrosion and wear resistant nano-layers by medium energy 

IBM of multilayer systems consisting pure Si and C layers [12–16]. This system, containing low 

atomic number elements is predicted to intermix by the ballistic process. It also turned out that in 

this system the mixing and compound formation process can be decoupled and thus TRYDIN 

simulation based on ballistic mixing processes could be successfully applied to describe the mixing 

and the subsequent compound formation could be described by a simple model [13,17]. Thus, the 

growth of the nano layer could be predicted by applying the above methods for a wide range of 

structural and ion bombardment conditions. 

 Tungsten carbide based nano layers have also several applications due to their superior 

hardness, low friction coefficient, and thermal stability [18,19]. Other interesting applications for 

WC rich thin and nano layers are found in microelectronics where tungsten carbides have been 

employed as a thin-film diffusion barrier and as Schottky contact for SiC-based high temperature 

electronics. Tungsten carbides have applications in heterogeneous catalysis, as well [20]. Since 

some of the applications need thin & nano layers to be produced at medium temperature it is of 

great interest, whether these structures can be produced by IBM of W/C multilayer systems. 

Similarly to the Si/C system, it would also be very useful to have some means of predicting the 

layer growth process for various layer structures and ion bombardment conditions. In this case, 

however, the average atomic number, 40, is far above 20, thus, the ion mixing is expected to be 

governed by thermal spike, and consequently describing the IBM by means of TRIDYN simulation 

is questionable. An additional possibility might be the use of molecular dynamics (MD) simulation 

but its application for such systems due to the high computation time is far from straightforward. 

Not having any other means, we still tried to apply the same approach as in the case of the Si/C 

system - based on that consideration that, in principle, the main difference between the ballistic 
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and thermal spike model is the strongly different effective diffusional constant. Our hope was that 

by simply increasing the value of the diffusional constant, the mixing could be estimated 

reasonable well by applying the TRIDYN simulation. 

The aim of the article is twofold. First we show that it is possible to produce tungsten-carbide 

rich coating of various thicknesses by means of ion beam mixing of W/C mulilayers. Secondly we 

also demonstrate that the proposed simulation method works properly and thus it is possible to 

design custom made tungsten carbides based on the simulation. This work is also a first example 

for showing that the fast TRIDYN simulation can be applied for description thermal spike mixing 

at least for some material pairs. This might open new horizons for predicting the alteration of 

material due to IBM. 

       

2. EXPERIMENTAL SECTION

2.1. Sample production and AES depth profiling

Several C/W multilayer structures were produced by sputtering on Si single crystal 

substrate in a Balzers Sputron sputtering chamber. The actual layer thicknesses of the specimens, 

determined by cross sectional electron microscopy (XTEM), were the following: C 10.4 nm / W 

24.5 nm / C 9.1 nm / Si substrate; C 8 nm / W 18 nm / C 8.7 nm / W 18.6 nm / C 7.1 nm/ Si 

substrate; C 15.8 nm / W 22.7 nm / C 17.2 nm / W 24.3 nm / C 21.1 nm / Si substrate. 

The WC-rich layers were produced by irradiating the multilayer structures by Ar+ or Xe+ 

ions at room temperature.  The irradiation took place in Helmholtz-Zentrum Dresden-Rossendorf 

in a High Voltage Engineering Europa B.V., Model B8385 implanter. The applied energy for 

argon was 40-110 keV, the fluences were 0.1 - 6x1016 Ar+/cm2. In the case of xenon the energy 

varied between 40-160 keV, while the fluences were 0.07 - 3x1016 Xe+/cm2. 

After ion irradiation, the sample was measured by AES depth profiling to obtain the composition 

distributions along the depth. The Auger spectra were recorded by a STAIB DESA 150 pre-

retarded Cylindrical Mirror Analyzer (CMA) in direct current mode. For the depth profiling 1 keV 

Ar+ ions were used with an angle of incidence of 65° with respect to the surface normal, for 

avoiding large sputtering yield differences [21]. The ion current was kept constant during 
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sputtering. The sample was rotated (6 rev/min) during ion bombardment. These parameters were 

chosen for minimizing the ion bombardment-induced surface and interface morphology changes 

[22]. The schematic view of the experimental layout is shown in Fig. 1. The samples produced by 

ion beam mixing are irradiated by the electron beam. The emitted Auger electrons are detected by 

the CMA. For having the component in-depth distribution the sample is sputtered by argon ions.

Fig. 1. Schematic layout of the AES depth profiling setup

The detailed evaluation procedure of the AES depth profiles can be found in [21], its 

summary is as follows. The shapes and energies of the C (KLL) Auger peak in carbide and graphite 

phases are different, thus based on these differences the measured C Auger peak could be 

decomposed into graphitic and carbide components. The experimentally measured Auger peak 

decomposition has been performed by applying the CasaXPS program [23]. Hence the AES 

analysis provided the depth distributions of C, W, WC, and Si. The relative sensitivity factor 

method [24] was used for the calculation of the atomic concentrations. The relative sensitivity 

factors for C and W were determined from the intensities measured on pure C or W layers. The 

relative sensitivity factors for C emitted from WC were determined in a sample after irradiation 

where all C content was in carbide state. The same relative sensitivity factors were applied for each 
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evaluation of all measured AES spectra. As the tungsten has a strong backscattering factor, the 

intensity of carbon peak in the second C layer was lower than of the first one (counted from the 

surface). Similarly, the peak-to-peak intensity within the W layer slightly decreased along the 

depth. This dependence can be calculated [25] but in the present case we will use a simple 

approximation by linearly varying the backscattering factor resulting in a varying relative 

sensitivity factor. The sputtering time was transformed to the removed thickness by applying our 

previously elaborated method [26]. Its summary is as follows. The relative sputtering yields of 

pure C and W could be determined from the sputtering times required to remove the known layer 

thicknesses of the as-deposited W and C layers. In the regions that contain mixed C and W 

components (independently from their chemical state) we suppose that the total sputtering yield Y 

can be estimated as Y = ΣXi*Yi where Yi and Xi are the sputtering yield and concentration of 

component i (in our case ’C’ or ’W’). All presented in-depth distributions were calculated by this 

procedure.

2.2. Simulation of the tungsten carbide in-depth distribution

According to the experiments, medium energy ion bombardment of our sample (made of 

pure C and W layers) results in tungsten carbide production. Our aim was to simulate the WC in 

depth distribution as a function of irradiation (projectile, energy, fluence) and sample structure. 

Our assumption is that the production of WC can be divided into two processes as a./ ion mixing 

and b./ subsequent compound formation. 

The result of simulation is to be compared with the experimental results which are provided 

by AES depth profiling. AES depth profiling of the W/C/WC…multilayer, however, produces 

serious artefacts [21]. Thus, for the comparison of the simulated and measured depth profiles an 

additional simulation is to be applied; we should simulate the AES depth profile of the IBM 

modified sample. 

2.2.1. Simulation of ion beam mixing of multilayer structure made of C and W layers

Based on the experimental results, we can conclude that a thick carbide layer forms if 40 

keV Ar+ ion bombardment with fluence of 3x1016 ions/cm2 is applied to sample with structure of 

C 10 nm/ W 24.5 nm / C 9.1 nm /Si substrate, which means that the layers are fully intermixed. 
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Thus, to start with we will simulate the IBM for these ion bombardment parameters for the same 

layer structure. 

The strength of mixing in the TRIDYN simulation mainly depends on the value of the relocation 

threshold energy which can be varied by the user. The relocation threshold energy theoretically 

equals to the formation energy of Frenkel pair which are 38 eV, 25 eV and 13 eV for W, C and Si, 

respectively. Based on many comprehensive studies, the simulation provides much better 

agreement with the experiments  if 8 eV is chosen for relocation threshold energy for all elements 

[27]. Fig. 2 shows distributions of C and W provided by the TRIDYN simulation after applying 

ion bombardment of 40 keV Ar+, 3x1016 ions/cm2 to sample with structure of C 10nm/W 24.5 nm 

/ C 9.1 nm/ Si substrate, using the various relocation threshold energies mentioned before. It is 

clear, that neither choice of the relocation threshold energies (Frenkel pair energies, default values 

of TRIDYN) results in full intermixing. On the other hand, if we choose 2 eV for relocation energy 

for all elements full intermixing, similarly to the experiment, happens as it is shown in Fig. 2 

(legend pres. stands for present). 

Fig. 2. The distributions of C and W provided by TRIDYN simulation of an irradiated sample 

using various relocation threshold energies. Sample: C 10nm/W 24.5 nm / C 9.1 nm / Si 

substrate, ion irradiation: 40 keV Ar+, 3 x1016 ions/cm2. The legends stand for: C Frenkel 25 eV, 

W Frenkel 38 eV, C default 8 eV, W default 8 eV, C pres. 2 eV, W pres. 2 eV.
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 2.2.2. Calculation  of compound formation

The amount of compound has been calculated by assuming that all minority components 

(C in W and W in C) form carbide. This assumption worked properly in the case when SiC 

nanolayer had been produced by IBM [17]. In that case it was observed that pure SiC layer had 

never been formed rather with increasing fluence the concentration saturated at about 80% SiC. 

This saturation could easily be built in the simple model by terminating the SiC formation at 80%.  

In the present case we have observed WC concentration close to 100%, thus in this case no limit 

in the formation of the tungsten carbide will be forced. It is clear, that in those rare cases, when 

there are unreacted W and C together, this model fails and overestimates the amount of tungsten 

carbide. Fig. 3 shows the comparison of the tungsten carbide distributions calculated from the C 

and W distributions shown in Fig. 2 with that of the measured AES depth profile.    

Fig. 3. The WC distribution calculated from the C and W distributions shown in Fig. 2 and the 

one given by the experiment (AES depth profiling). The legends stand for calculated WC 

distribution by applying various relocation threshold energies as: WC Frenkel C 25 eV, W 

Frenkel 38 eV, WC default for all elements 8 eV, WC pres. for all elements 2 eV, WC exp. 

experimentally determined distribution.

 

Using 2 eV relocation threshold energy for all elements produced a surprisingly good 

agreement between the simulation and experiment. Evidently this good agreement for a single case 
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alone does not justify our procedure. Therefore, in the following we will apply the same procedure 

for a series of measurements to check the validity of the method.

2.2.3. Comparison of the measured and calculated WC distributions

Both the measurement and simulation provide atomic fraction vs. depth curves. In 

comparing the curves one must be aware, however, that, as we have reported, the AES depth 

profiling introduces artefact [21]. Artefact production is most severe at the beginning of the 

intermixing process and with the formation of thicker WC layers it becomes milder. Thus, in those 

cases when only slight intermixing occurs, for the comparison with the experimental curve the 

simulated one will be “AES depth profiled”. For this procedure the simulated elemental 

distributions are the input for a TRIDYN simulation applying exactly same ion bombardment 

conditions, which are used in the depth profiling.  In this TRYDIN simulation since the deposited 

energy is low (1keV Ar+ ions with grazing angle of incidence is used for depth profiling) the default 

parameters are used except the surface binding energy which is chosen to fit the experimentally 

determined relative sputtering yield. 

As it will be shown, we can fairly well predict the experimental results concerning the WC 

formation. All the studied samples are grown on Si substrate and the last layer is always made of 

C. The intermixing of C/Si system, however, occurs by ballistic mixing and can be well described 

by TRIDYN simulation, using parameters of ballistic mixing, which are vastly different from those 

used in this calculation [13]. Consequently, our simulation cannot describe the C/Si interface 

region, which is shown in Fig 4. Thus, this region, which in fact is unimportant from the point of 

view of WC formation, will be ignored in the following. 
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Fig. 4. The comparison of the measured and simulated depth profiles at the multilayer /sample 

interface region. Sample:  C 10nm/W 24.5 nm / C 9.1 nm, ion irradiation: 40 keV Ar+, 3 x1016 

ions/cm2. The legends: exp and sim stand for experimental and simulation, resp. 

Summarizing the process of the calculation of the WC in-depth distributions for better 

understanding Fig. 5 shows a scheme of the simulation and calculation process.

Fig. 5. Scheme of the evaluation procedure
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3. RESULTS AND DISCUSSION
WC formation was studied over a wide range of parameters; the projectile, projectile energy, 

fluence and sample structure have been varied. We will compare the experimentally measured WC 

distributions with the calculated ones for checking the validity of our procedure. It should be 

emphasized that in the calculations we have always used the same parameters and no fitting has 

been applied. The calculation provides two curves: the one given by the TRIDYN simulation (the 

real concentration distribution) and the one which was produced by “AES depth profiling” of the 

simulated distribution. This step is important for comparison of the simulated depth profile with 

the experimentally measured one. In the following we will report on four experiments together 

with the corresponding simulations to show how can one look for proper irradiation conditions 

and sample structure to produce a desired tungsten-carbide layer.

3.1 Ar+ irradiation of “thick” layers

40 keV Ar+ irradiation was applied on sample with structure of C 15.8 nm /W 22.7 nm/C 17.2 

nm/ W 24.3 nm/C 21.1 nm/ Si substrate. The fluence was 6 x 1015 ion/cm2. Here, because of the 

thick layers, we expect weak intermixing and thus the simulated and experimental distributions 

might strongly deviate; the results are shown in Fig. 6.

Fig. 6. The WC distribution obtained on sample with a structure 

of C 15.8 nm /W 22.7 nm/C 17.2 nm/ W 24.3 nm/C 21.1 nm/ Si 

substrate after ion irradiation, 40 keV Ar+ 6 x 1015.  
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The simulation shows that the WC production strongly decreases with the depth, which agrees 

with the expectations. At the first C/W and W/C interfaces there are slight degree of WC 

production, but on the following two interfaces WC can only be found in traces. On the other hand, 

the experiment shows substantial WC production on all interfaces (though continuous layer is not 

produced), the amount of the WC weakly depends on the depth; this strange behavior is due to the 

artefact production of the AES depth profiling. If we simulate the AES depth profile based on the 

distributions provided by the TRIDYN simulation, (Fig. 6, blue curve) excellent agreement with 

the measured curve has been found, except for the weaker fusion of the first and second WC 

distributions in the experiment than in the simulation. The small 2-4 nm shifts of the maximum is 

due to small error in the sputtering yield values (which determines the amount of the removed 

layer, that is, the depth) of the experiment and simulation.

3.2. Thinner layers higher fluence

Fig. 7 shows the comparison of measurements and calculation for sample made of thinner 

layer that that the previous, which are C 10nm /W 24.5 nm / C 9.1 nm, after irradiation with 40 

keV Ar+ with various fluences. 

a.  1E15 b.  3E15 c.  1E16 d.  3E16

Fig. 7. Comparison of measured WC distribution with that of calculated for sample of C10nm 

/W 24.5 nm / C 9.1 nm, irradiated by 40 keV Ar+ applying various fluences.

The experimental results agree well with the expectations. The projected range of the 40 

keV Ar+ in this sample is 21 ± 10 nm, which means that the deposited energy at the first interface 

is higher than that at the second one. Compound formation starts along interfaces and with 

increasing fluence the WC grows into the W layer, and at fluence of 3 x 1016 ion/cm2, a compact 

WC layer appears. At the beginning of the ion irradiation, at a fluence of 1 x 1015 ion/cm2, though 
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the deposited energy at the W/C is much less than that at the first C/W interface (see the projected 

range) the width of the WC layer seems to be wider than that of the first C/W interface. The 

calculated WC distributions, however, follow the expectation; the amount of WC is less in the 

second interface than in the first interface. On the other hand, simulating the depth profile, shown 

by the blue curve, surprisingly good agreement with the experiments is found, showing that at this 

slight intermixing the artefact due to the AES depth profiling really seriously corrupts the results. 

At higher fluences artefact production is weaker and calculated and simulated profiles do not differ 

too much, and there is a good agreement with the measured profiles. It should be emphasized that 

the simulated AES depth profiles agree excellently with the measured AES depth profiles in a 

rather large, 1 x 1015 – 3 x 1013 ion/cm2, (factor if 30) fluence range. There are systematic 

differences as well. The onset of the experimentally measured first WC distribution at about 8 nm 

depth, especially at low fluences, is much steeper than that provided by the calculation. Similarly, 

the calculation predicts a somewhat faster fusion of the layers at low fluences (Fig. 7 b and c) than 

that observed in the experiments. Just contrary, in case of higher fluence, resulting in ″compact″ 

layer formation (Fig. 7 d), the calculation predicts slower fusion of the WC layers than that shown 

by the experiment. Nevertheless, these deviations do not affect the main picture; the total amount 

(integral) of the calculated and measured WC do not deviate more than 15 %. Anyhow with this 

choice a relatively good quality WC layer with a thickness of about 35 nm could be produced.  

3.3. Energy and projectile dependence

The same sample has been irradiated by applying a vastly different projectile, Xe+, and 

vastly different energy, 120 keV. Because of the higher atomic number projectile and energy, 

stronger intermixing and compound formation is expected. In this case WC distributions provided 

by the TRIDYN simulation will be compared with the experimentally determined ones since at the 

stronger intermixing the artefact due to the AES depth profiling becomes insignificant [21]. We 

emphasize again that for the TRIDYN simulation the same parameters have been used as 

previously, so no fitting has been applied. Fig. 8 shows the results.
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a.  1 E15 b.     2.5E15 c. 5E15 d. 1E16

Fig. 8. Comparison of measured WC distribution with that of calculated for sample of C10nm 

/W 24.5 nm / C 9.1 nm, irradiated by 120 keV Xe+ applying various fluences.

The experimental results agree with the expectations; stronger WC formation occurs using 

the same fluence and higher WC concentration at the deeper W/C interface than when using 40 

keV Ar+. The agreement between WC distributions provided by the experiments and by TRIDYN 

simulations is very good again. The differences are exactly the same as in the case of Ar+ 40 keV 

irradiation, that is, the simulation fails at the beginning of the build-up of the WC distribution, and 

predicts a somewhat slower fusion (8.c) of the two (starting from the C/W and W/C interfaces) 

WC distributions.  The tungsten-carbide produced is slightly better than the one made by Ar+, but 

the thickness is the same (it cannot be more since the whole amount of W has been transformed to 

carbide).

3.4. Making thicker carbide layer

If there is a need for thicker tungsten-carbide, then based on the above a different layer 

structure is to be chosen, like C 8 nm / W 18 nm / C 8.7 nm / W 18.6 nm / C 7.1 nm/ Si substrate. 

This sample was subjected to Ar+ irradiation of 80 keV with fluences of 3E15 and 3E16, resp. The 

results are shown in Fig. 9.
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a. 3E15 b. 3E16

Fig. 9. Comparison of measured WC distribution with that of calculated for sample of C 8 nm / 

W 18 nm / C 8.7 nm / W 18.6 nm / C 7.1 nm/ Si substrate, irradiated by 80 keV Ar+ applying 

various fluences.

The thickness of the tungsten carbide produced, using the C 8 nm / W 18 nm / C 8.7 nm / W 

18.6 nm / C 7.1 nm/ Si substrate sample and applying 80 keV Ar+ ion bombardment with fluence 

of 3E16 ion/cm2 is larger than before; it is around 55 nm. The agreement between the simulations 

and experiments is reasonable good. Considering the tungsten-carbide formation at lower fluence 

we observe again  serious artefact production; the profile provided by the AES depth profiling is 

strongly different from that provided the simulation. On the other hand, if we “AES depth profile” 

the simulated distribution reasonable good agreement with the experimentally measured curve is 

found. This result emphasizes a./ our method describes well the artefact production b./ in AES 

depth profiling if this or similar material at lower mixing is applied one should always check the 

possible presence of the artefact. 

      Considering that the TRIDYN simulation, using the unusual 2 eV relocation threshold energies 

for all elements, describes the WC production surprisingly well over a wide range of ion energies, 

type of projectile and various initial sample structures, we can be sure that the physics of the 

intermixing is well represented by the TRIDYN simulation. It seems that the increased diffusivity 

(due to the decreased relocation threshold energy) is sufficient for producing higher intermixing - 
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which is expected based on the thermal spike model. The systematic deviations showed that the 

actual mixing process is a much richer phenomenon, but these additional processes could be more 

or less neglected from the point of view of layer formation.  

4. CONCLUSIONS
Various C/W multilayer systems have been irradiated by Ar+ and Xe+ ions; the range of energies 

and fluences varied between 40-110 keV, and 0.07 - 6x1016 ions/cm2, respectively. The component 

in-depth distributions have been determined by AES depth profiling. All irradiation experiments 

have been simulated by TRIDYN code choosing 2eV relocation threshold energy and a simple 

rule for WC compound formation. Since the AES depth profiling might (depending on the 

distribution of components) produce artefact the simulated elemental distributions has been “AES 

depth profiled” for the comparison with experimentally found distributions. The simulated and 

measured depth distributions of WC agreed surprisingly well over a wide range of ion 

bombardment conditions and sample structures. This work also provides an example that the 

TRIDYN simulation can describe the ion mixing process even in systems in which the mixing is 

governed by thermal spike. These findings enable the design of WC-rich coatings which are known 

as protective layers.
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HIGHLIGHTS

- Tungsten carbide-rich coating layers have been produced by irradiating various C/W 

multilayers by noble gases.

- Doing some parametrization the TRIDYN simulation was able to predict the in-depth 

distribution of the elements after ion irradiation.

- The produced amount of carbide has been calculated by applying a simple rule.

- The agreement between the experimental and simulated curves has been checked in 

variously irradiated (different layer structures, projectiles, energies, fluences) samples.

- TRIDYN simulation might be applied for estimation of concentration distribution due to 

thermal spike mixing. 
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