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A B S T R A C T   

Carbides are known for high hardness and corrosion resistance and therefore applicable as protective coatings. 
C/Si and C/W multilayers (the individual layer thicknesses were between 10 and 20 nm) have been irradiated at 
room temperature by argon and xenon ions. The energies varied between 40 and 120 keV while the fluences were 
in the range of 0.07 - 6 × 1016 ions/cm2. The SRIM simulation was applied to have the proper ion energy. The 
irradiation induced intermixing and carbide (SiC and WC) formation at the interfaces already for the lowest 
irradiation fluence. The component in-depth distribution has been determined by AES depth profiling which 
showed that it varied greatly as a function of the irradiation conditions and layer structure. In both material pair 
the thickness of the produced carbide increased with square root of fluence but the mixing mechanism were 
different: local spike for C/W and ballistic for C/Si. The mixing efficiency was lower for the C/Si than for the C/ 
W.   

1. Introduction 

Materials with superior corrosion resistance, mechanical durability 
and high heat resistance are essentially important in harsh environment 
applications. Among others carbides are often used as protective coat
ings. The production of carbides needs high temperature and high 
pressure processes, in which many substrates cannot with stand such 
conditions. However, stable material can be produced by far from 
equilibrium conditions method. It is possible to produce compounds and 
metastable phases at room temperature by applying ion irradiation [1]. 
It can be also used to form surface nano-patterns [2,3]. If we irradiate a 
layer structure at the interfaces atomic mixing, or ion beam mixing 
(IBM) happens and compound formation might occur as well. Gupta 
et al. synthesized PbTe nanocrystals using low energy ion beam mixing 
(90 keV Ar+and 140 keV Kr+ions) of a Te/Pb bilayer on a Si substrate 
[4]. Arranz et al. investigated the mixing of Ti and Al layers by 2–3 keV 
nitrogen ions [5]. Galindo et al. produced chromium-silicon mixed ox
ides by mixing of Cr/Si bilayer by 80 keV oxygen ions [6]. Thabethe 
et al. observed the formation of WSi2 and WC phases in the case of 
irradiating a W-SiC sample by Xe26+in the high energy regime (MeV) 
[7]. Bilayers are irradiated in most of the cases which strongly limits the 
thickness of the produced layer. The application of multilayers helps in 

tuning the thickness of the produced layer and the amount of compound 
present at each interfaces. Multilayers have also importance in the 
design of radiation-resistant materials for nuclear purposes. It has been 
shown that nanoscale metallic multilayers (NMMs) display higher 
hardness than their bulk crystals counterparts, also characterized by 
their high radiation-induced damage tolerance which is achieved by 
enhancing defect recovery via interfaces [8,9]. However, the potential 
use of low energy IBM on multilayer structures to produce compounds 
which are base of protective coatings is less explored. 

Silicon carbide (SiC) became a key material in the semiconductor 
industry. It is being increasingly used to replace Si in the fabrication of 
micro-electromechanical systems (MEMS) devices due to its high heat 
resistance, high hardness and extremely inertness to chemicals [10]. 
Due to these properties it is also used as protective coating. It was 
applied to stabilize Si-based anodes by inhibiting chemical reactions 
[11]. It was applied as protective layer in photovoltaic retinal prostheses 
[12]. SiC is also known as a radiation resistive material therefore it is a 
structural material candidate in the next generation fission reactors 
[13]. Tungsten carbides (WC) have also a wide range of existing and 
potential applications. The superior hardness, low friction co-efficient, 
and thermal stability of tungsten carbides are a few of the properties 
leading to its tribological application as a wear and corrosion-resistant 
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coating [14–16]. It has been also applied as a thin-film diffusion barrier 
and a Schottky contact in high temperature electronics [17]. In recent 
years it is gaining more importance as an electrocatalyst, as well 
[18–20]. 

During the irradiation of bilayers and multilayers structures, ions 
locally deposit large amounts of energy and induce strong atomic rear
rangement interface mixing and chemical reactions might take place. 
Ion beam mixing is influenced by various parameters such as deposited 
energy density, ion fluence, atomic mass, atomic number of the target 
material and incident ions. There are several models available for 
explaining the ion beam mixing mechanism. It has been suggested that, 
for energies in the range of few keV per nucleon and targets with an 
average atomic number Zav<20, the elastic collisions with the target 
atoms are the dominant energy loss mechanism of ions (nuclear energy 
loss regime), the mixing is governed by ballistic transport processes 
[21]. For higher average atomic numbers generally higher mixing rates 
have been observed. The thermal spike model was created for explaining 
this observation which considers a spike as “a limited volume inside a 
solid with the majority of atoms temporarily in motion”. Here the 
thermochemical driving forces (heat of mixing and cohesive energy) 
play an important role. The thermal spike can be local or global, which 
depends on the damage energy density deposited at the interface [22]. 
These models exist at low ambient temperature while at "high" ambient 
temperatures, radiation-enhanced diffusion can play a dominant role 
[23]. 

Previously we have shown that SiC and WC-rich layers can be pro
duced by irradiating C/metal multilayer structures; the produced layers 
exhibited excellent corrosion resistive properties [24–26]. The detailed 
study and the comparison of the layer production and the investigation 
of the possible mixing mechanisms are missing. The main aim of this 
work is to assess the potential use of IBM to produce carbide rich films 
and to investigate the different mixing mechanisms. We present the 
results of noble gas (energy range 40–120 keV) ions induced ion beam 
mixing of C/W and C/Si multilayer structures. It will be shown that WC 
and SiC layers of desired thickness will be produced in this way by 
changing the ion energy, fluence and initial layer thicknesses. The initial 
structure and the irradiated samples were studied by transmission 
electron microscopy while the distribution of the elements was analyzed 
by Auger Electron Spectroscopy (AES) depth profiling. A detailed recipe 
will be given for producing the carbide-rich layers applicable as pro
tective coatings. We provide a comparative study on the possible mixing 
mechanism. 

2. Experimental section 

2.1. Production of SiC and WC-rich layers 

Several C/Si and C/W multilayer structures were produced by 
sputter deposition of W, Si, and C. In both cases Si single crystal was the 
substrate. The samples differed in the number and the thickness of the 
layers. The sputtering was performed in a Balzers Sputron sputtering 
chamber. A plasma beam (typically 40 V/40 A) is produced between the 
hot filament and the auxiliary anode around the target. The pyrolitic 
graphite and the silicon/tungsten (99.99%) targets with a diameter of 
60 mm are interchangeable in situ. The sputtering voltage was held 
constant at 1700 V with 0.6 A of target current. The substrates were 

positioned far from the plasma therefore it was possible to keep the 
substrate temperature during deposition process below 100 ◦C. The 
thickness of the sputtered layer was controlled by quartz-crystal 
microbalance. 

The initial structure of the specimens was determined by cross- 
sectional transmission electron microscope (XTEM). The XTEM mea
surements were performed in a FEI-Themis Cs-corrected (scanning) 
transmission electron microscope, in both HREM (High Resolution 
Electron Microscope) and STEM (Scanning Transmission Electron Mi
croscope) mode (point resolution is around 0.09 nm in HRTEM mode 
and 0.16 nm in STEM mode) operated at 200 kV. The sample prepara
tion for XTEM was made by FIB ion milling. The actual thicknesses for 
the different layer systems were found to be C 10.4 nm / W 24.5 nm / C 
9.2 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; C 20 nm / Si 20 nm / C 19 nm / Si 23 nm / C 
17.5 nm // Si substrate and C 11 nm / Si 22 nm / C 11 nm / Si 22 nm / C 
11 nm // Si substrate. For easier reference we call these samples as 
102010-W; 2020-W; 1020-Si; 2020-Si, respectively. 

The WC-rich layer was produced by irradiating the multilayer 
structures by Ar+ or Xe+ions at room temperature. The irradiation was 
performed at Helmholtz Zentrum Rossendorf Dresden in a High Voltage 
Engineering Europa B.V., Model B8385 implanter. The samples were 
fixed to the sample holder with a carbon tape. The applied energy for 
argon was 40–110 keV, the fluences were 0.1 - 6 × 1016 Ar+/cm2. In the 
case of xenon, the energy varied between 40 and 160 keV, while the 
fluences were 0.07 - 3 × 1016 Xe+/cm2. The SiC-rich layers have been 
produced in the Wigner Heavy ion cascade implanters. The applied 
energy for argon was 40 keV, the fluences were 0.5 - 6 × 1016 Ar+/cm2; 
while for xenon 120 keV ion energy and 0.25 - 3 × 1016 Xe+/cm2 flu
ences have been applied. 

For having a fair understanding of the mixing we have performed 
many experiments varying the layer structures, projectiles, energies, and 
fluences. Based on the Monte-Carlo simulation using the SRIM code 
[27], the energy of the ions in most cases was chosen in such a way that 
the irradiating ions reach all interfaces. The calculated ion ranges are 
summarized in Table 1 for all layer structures and irradiations. 

Fig. 1 depicts simulation examples for the C/W and C/Si layer 
structures for different argon energies. Fig. 1a and b shows the pene
tration depths calculated by the SRIM [31] simulation for C/W 2020 
layer structure for argon ion energies 40 and 110 keV, respectively. It 
can be seen that the ion ranges are strongly different. In the case of 
irradiation 40 keV the last carbon layer is not reached by the ions. At the 
same time in the case of 110 keV irradiation due to the higher projected 
range the ions penetrate deeper into the sample, the last carbon layer 
and also the Si substrate is reached. It is interesting to plot the results of 
SRIM simulation again for 40 keV argon energy (Fig. 3c) but for the C/Si 
2020 system. In the case of the “lighter” target the same applied energy 
penetrates deeper to the sample than in the case of the C/W sample. 

2.2. AES depth profiling 

After ion irradiation the samples were measured by AES depth 
profiling to obtain the composition of the samples along the depth. The 
Auger spectra were recorded by a STAIB DESA 150 pre-retarded Cylin
drical Mirror Analyzer (CMA) in direct current mode. For the depth 
profiling 1 keV Ar+ ions were used. The ion current was kept constant 
during sputtering. The samples were rotated (6 rev/min) during ion 
bombardment. For the case of C/Si system the angle of incidence for Ar+

ions was 80◦ with respect to the surface normal. These parameters are 
our generally applied conditions which are chosen for minimizing the 
ion bombardment-induced surface and interface morphology changes 
[32]. However, for the C/W system, due to the large difference between 
the sputtering yields of C and W, 60◦ angle of incidence has been 
applied. 

The shapes and energies of the C (KLL) Auger peak in carbide and 
graphite phases are different, thus based on these differences the 

Table 1 
Summary of the projected ranges (nm) with longitudinal straggling for different 
C/Si and C/W layer structures, projectiles and energies.   

40 keV Xe+ 120 keV Xe+ 40 keV Ar+ 110 keV Ar+

102010-W 14 ± 3 25 ± 10 20 ± 11 – 
2020-W – – 29 ± 10 52 ± 25 
1020-Si – 57 ± 12 42 ± 15 – 
2020-Si – 54 ± 11 40 ± 13 –  
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measured C Auger peak could be decomposed into graphitic and carbide 
components, as shown in Fig. 2. The experimentally measured Auger 
peak decomposition has been performed by applying the CasaXPS 

program [33]. Hence the AES analysis provided the depth distributions 
of C, W, WC, Si and the bombarding projectile. The relative sensitivity 
factor method [34] was used for the calculation of the atomic concen
trations. The sputtering time was transformed to the removed thickness 
by applying our previously elaborated method [35]. 

3. Results and discussion 

3.1. XTEM results 

XTEM imaging was used to characterize the initial and final (irra
diated) structures of the samples. EDS helps to identify the different 
regions in the sample. Fig. 3a shows the HAADF (high-angle annular 
dark field) XTEM image of the 102010-W pristine sample. We can see 
layers of different thicknesses deposited on a crystalline substrate. The 
contrast is influenced by the atomic number, so that the darker regions 
belong to carbon, while the brighter region corresponds to W which has 
higher atomic number. The thickness of the two carbon layers is 
approximately the same, the tungsten layer is placed between these two 
layers, all interfaces are sharp. Fig. 3b shows the corresponding EDS map 
which strengthens these findings. Additionally, we can see the platinum 
protective layer from the FIB lamella preparation. 

Fig. 4a shows the XTEM image in HAADF mode of the pristine C/Si 

Fig. 1. Ion ranges simulated by SRIM for samples a. 2020-W Ar+ ion 40 keV b. 2020-W Ar+ ion 110 keV c. 2020-Si Ar+ ion 40 keV.  

Fig. 2. Auger non-differentiated spectra for the graphitic and car
bide components. 

Fig. 3. a. HAADF XTEM image with the corresponding b. EDS map of the C/W specimen 102010-W pristine sample.  
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specimen; 1020-Si. We can see that 5 layers are placed on a substrate. 
Here also the darker region corresponds to carbon while the brighter to 
silicon, of the higher atomic number. We can see again that the in
terfaces are sharp also for this layer system. The EDS map (Fig. 4b) 
correlates with these findings. 

Fig. 5 shows a HAADF XTEM image (Fig. 5a) with the corresponding 
EDS map (Fig. 5b) of a 120 keV 5 × 1015 Xe+/cm2 irradiated 102010 C/ 
W sample. Both images show a strong change in the sample structure. At 
the interfaces we can see the effects of intermixing. The first carbon layer 
has been affected the most by the irradiation. It’s thickness strongly 
decreased due to the ion irradiation induced material transport. We can 
see that the thickness of the last carbon layer was not strongly affected 
by the irradiation this is due to penetration depth of the ions which is for 
this layer structure 25 ± 10 nm calculated by SRIM. Still, the interfaces 
are stripes parallel to the surface, that is, the planar architecture of the 
sample has been preserved despite the strong material transport. We can 
observe that the crystalline Si substrate amorphized due to the pene
trated Xe+ ions. The amorphization was determined based on the 

HRTEM image and its fast-Fourier-transform (FFT) which can be found 
in Fig. S1 in the Supplementary Information (SI). The HRTEM image also 
shows bright spots in the W layer, the bright contrast indicates a ma
terial with higher scattering cross section and/or density compared to 
the surrounding W. These spots can be attributed to radiation induced 
defects [36] like xenon bubbles. 

Fig. 6 shows the XTEM image of a 120 keV 5 × 1015 Xe+/cm2 irra
diated 1020 C/Si sample with the corresponding EDS map. It can be seen 
again that the Si substrate is amorphized, HRTEM image and FFT see in 
Fig. S2 SI. At the interfaces we cannot see a change in the contrast 
proving slight intermixing, however, the fluence and energy were the 
same as for the C/W sample (Fig. 5). This suggests that the mixing effect 
was lower for the C/Si sample than for the C/W. However, we can see 
that the thickness of the carbon layer is reduced meaning that some 
intermixing still happened, the penetration depth of 120 keV Xe+was 57 
± 12 nm calculated by SRIM. Concerning the radiation induced defects, 
we have observed xenon bubbles in the case of higher fluence irradiation 
(120 keV, 1 × 1016 Xe+/cm2). A HRTEM image for this effect is shown in 

Fig. 4. a. HAADF XTEM image with the corresponding b. EDS map of the C/Si specimen 1020-Si pristine sample.  

Fig. 5. a. HAADF XTEM image with the corresponding b. EDS map of the C/W 102010 sample irradiated by 120 keV 5 × 1015 Xe+/cm2.  
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Fig. S3 SI, here the bubbles are present like dark spots due to the low 
atomic number of the surrounding Si atoms [37,38]. 

3.2. Carbide production 

For determining the component in-depth distribution before and 
after the irradiation AES depth profiling was performed. In the following 
some typical examples will be shown for the different material pairs, i.e. 
the C/W and C/Si, respectively. 

The ion mixing and the concomitant carbide formation starts at the 

interfaces and growth towards the originally pure layers resulting in 
various distributions. The shapes of distributions strongly depend on the 
ion bombardment conditions and layer structure. 

Fig. 7a shows the AES depth profile of a 2020-Si pristine, non- 
irradiated sample while a depth profile of an irradiated sample is 
depicted in Fig. 7b. In the pristine sample we can see that carbon and 
silicon layers of equal thicknesses are alternating. Fig. 7b shows the 
depth profile of the 2020-Si sample irradiated by 40 keV, 6 × 1016 Ar+/ 
cm2. We can see that due to the strong material transport the thickness of 
Si and C layers is strongly reduced. The carbide formation at the first two 

Fig. 6. HAADF XTEM image with the corresponding b. EDS map of the C/Si 1020 sample irradiated by 120 keV 5 × 1015 Xe+/cm2.  

Fig. 7. AES depth profiles of the a. 2020-Si pristine b. 40 keV, 6 × 1016 Ar+/cm2 2020-Si irradiated c. 110 keV 6 × 1016 Ar+/cm2 2020-W irradiated samples.  

Fig. 8. AES depth profiles of the 102010-W 120 keV irradiated samples with fluencies a. 2.5 × 1015 Xe+/cm2 b. 5 × 1015 Xe+/cm2.  
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interfaces is more pronounced than for the 3–4 interfaces. This is due to 
the penetration depth of 40 keV argon ions being 40 ± 13 nm [31]. As a 
comparison, 2020-W sample fluence (6 × 1016 Ar+/cm2) after irradia
tion as seen in Fig. 8c is the same as 2020-Si sample. For reaching all 
interfaces the ions energy was increased to 110 keV. We can see a 
complete overlap of the produced carbide layers produced at the in
terfaces. The first carbon layer is almost completely consumed for car
bide production, almost all tungsten is used up, these findings are due to 
the penetration depth of 110 keV argon ions being 52 ± 25 nm [31]. 

The irradiation fluence has a strong influence on the carbide pro
duction. Fig. 8 shows depth profiles for sample 102010-W 120 keV 2.5 
× 1015 Xe+/cm2 and 5 × 1015 Xe+/cm2 irradiations. It can be seen that 
the two interfaces begin to overlap after irradiation at lower fluence and 
at higher fluence a complete continuous carbide is formed. 

The above shown results suggest that the mixing efficiency for the C/ 
W system is very high compared to the C/Si system. The same fluence 
causes much more intense carbide production than for the C/Si system 
see Fig. 7b and c. This assumption will be further investigated. Fig. 9 
shows the produced carbide amount calculated from the AES depth 
profiles for different ions at the first interface as a function of low flu
ences for the C/Si 1020 and C/W 102010 systems. Only those irradia
tions are plotted where the carbide produced at the different interfaces 
can be still well separated, eg. distributions like in Fig. 8b are not 
plotted. The carbide areal densities are shown as a function of the square 
root of fluence. The graphs clearly depict linear dependences for the 
different material pairs. In the case of WC areal densities (Fig. 9a) we can 
see that the heavy xenon ions produce more carbide than the lighter 
argon ion. This can be also concluded for the C/Si system (Fig. 9b). The 
slopes for the C/Si system are smaller than for the C/W system sug
gesting again the higher mixing efficiency. This will be later investigated 
by the SRIM simulation which provide a quantity, called deposited en
ergy (Fd) from which the mixing efficiency can be calculated. 

The linear dependences observed for both material pairs would as
sume that the mixing mechanism is similar. This result seems to be 
surprising as one would except that the big difference in the average 
atomic number would mean a different mixing mechanism. In the 
following the mixing mechanism by semi-empirical models will be 
examined. 

3.3. Mixing mechanism – semi-empirical models 

The formation of WC and SiC by low energy ion beam induced 
mixing of C/W and C/Si multilayers is discussed in light of various 
models such as ballistic mixing, thermal spike and radiation enhanced 
diffusion (RED). These models are well explained in literature for 

different systems but not employed earlier on the C/Si and C/W systems. 
The contribution of radiation enhanced diffusion (RED) in mixing 

can be understood on the basis of critical temperature. The critical 
temperature is the temperature above which the defect mediated long 
range diffusion occurs that results in enhancement of mixing. The crit
ical temperature Tc for the system, having cohesive energy (ΔHcoh) can 
be estimated as [4]: 

TC = 95.2ΔHcoh[eV / atom] (1) 

The calculated Tc values for the C/Si and C/W systems are 571 and 
775 K, respectively. The irradiations are performed at room temperature 
therefore this mechanism is unlikely. 

The ballistic mixing means the cascade kinetics where only binary 
collisions take place. Only purely ballistic aspects of atomic collisions 
like atomic density and mass are taken into account. The model is 
usually valid for materials pairs with low average atomic number Z<20, 
suggesting that for the C/Si system (Zav=10) ballistic mixing will 
happen. 

The ballistic mixing rate (σ2/ϕ) can be calculated as follows: 

(
σ2/ϕ

)

ball =
0.608⋅Fd⋅μ1/2⋅R2

3⋅ρ⋅Ed
(2)  

where Fd is the energy deposited to recoils per ion and per unit depth at 
the interfaces, unit [eV/nm]; μ depends on the masses of the projectile 
M1 and the target M2, it can be calculated as 4M1M2/ (M1+M2)2; R 
means the minimum separation distance for the stable Frenkel pair, its 
value is 1 nm; ρ is the average atomic density of the material pair [at/ 
nm3]; Ed is the displacement energy average of the Frenkel pair for
mation [eV]. 

Thermal spike can be described as the limited volume of cascade in 
which all atoms are in motion. According to the fractal geometry 
approach of collision cascade, thermal spike begins to form neither by 
ion itself nor by early recoil, however, it forms by the later recoil gen
eration. This models takes into account the thermodynamic effects like 
heat of mixing and cohesive energy. It is likely to occur for high Z ma
terials, for the C/W system the Zav is 40 which suggest the possibility of 
mixing due to thermal spike formation. Two type of thermal spike exist 
local and global depending differently on Fd. 

Mixing rate during local thermal spike (LS) and global thermal spike 
(GS) formation can be calculated theoretically from the formulae given 
below [22]: 

(
σ2/ϕ

)

LS = 0.5
(

K1
Z1.77Fd

ρ2/3ΔH2
coh

)(

1+K2
ΔHmix

ΔHcoh

)

(3)  

Fig. 9. a. WC areal density as a function of low fluences for sample 102010-W argon 40 keV and xenon 120 keV irradiations b. SiC areal density as a function of low 
fluences for sample 1020-Si argon 40 keV irradiation and xenon 120 keV irradiations. 
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where Z is the average atomic number of the mixed elements, ΔHcoh is 
the cohesive energy and ΔHmix is the mixing enthalpy in unit [eV/atom]. 
The empirical parameters K1 and K2 are 2.7 × 10− 7 nm3 keV and 50, 
respectively [22]. 

(
σ2/ϕ

)

GS = 0.5
(

K ′

1
F2

d

ρ5/3ΔH2
coh

)(

1+K ′

2
ΔHmix

ΔHcoh

)

(4)  

where K1’and K2’are the empirical parameters 0.0035 nm and 27.4 
respectively [22]. 

Table 2 summarizes the parameters applied in the equations for the 
different materials pairs. We can see that the average atomic densities 
are very similar for both material pairs. For producing a Frenkel pair in 
the C/W system much higher energy is needed than for the C/Si system. 
We can see that the cohesive energy is higher for the C/W system, than 
for the C/Si meaning a lower number of atomic displacement for the C/ 
W. A big difference can be seen in the mixing enthalpy, the mixing is 
more favorable for high negative values suggesting that the C and W 
atoms mix more than the C and Si atoms. The calculated critical tem
peratures are also shown in the last row. 

Table 3 summarizes the calculated mixing rates from the different 
models. The experimental mixing rate can be calculated from the 
measured C and Si or W AES depth profiles. We deduced the increase of 
the variance σ2 of the intermixed region compared to the pristine sample 
as a function of the ion fluence (ϕ). 

Δσ2(ϕ) = σ2(ϕ) − σ2(0) (5)  

where σ2 (ϕ) and σ2 (0) are the variances before and after irradiation at a 
fluence ϕ [40]. 

In the case of the C/W system we can see that the experimental 
values of the mixing rates are close to that calculated by the local 
thermal spike which suggests that the local spike mechanism is domi
nant. In the case of C/Si mixing the ballistic mixing provides the closest 
value to the experimental mixing rates. The mixing efficiencies was 
calculated by dividing the experimental mixing rates using Fd that 
provides the direct comparison of the results for the same deposited 
energy. Now this calculation clearly proves that the mixing efficiency for 
argon irradiation is higher than for xenon and that the mixing is more 
intense for the C/W system than for the C/Si. 

We have shown that the SiC and WC amount produced [24,41] due 
to ion mixing can be calculated from TRIDYN simulation which is based 
on ballistic processes. This is found despite of the fact that the mixing of 
the two material pair is different. This may presume that any type of 
carbide can be simulated regardless of the mixing process. 

4. Conclusions 

C/W and C/Si multilayer structures of various thicknesses have been 
irradiated by xenon and argon ions. Due to irradiation intermixing WC 
and SiC were formed at the interfaces. The thickness of the formed WC 
and SiC depended strongly on the irradiation conditions (energy, flu
ence) and layer structure. SRIM simulation was applicable to determine 
the proper energy of the irradiation. The thermal spike mechanism – 
local spike - and more efficient mixing is shown for the C/W system, 
while ballistic mixing for the C/Si system. A detailed recipe is provided 
for producing carbide-rich layers which are known as protective 
coatings. 
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Table 3 
Summary of the theoretical and experimental mixing rates and mixing efficiencies for different irradiation conditions of the C/Si and C/W system.  

Layer 
system 

Ion 
species 

Energy 
(keV) 

FD (keV/nm) 
[31,39] 

Ballistic (nm4) 
(2) 

Local spike 
(nm4) (3) 

Global spike 
(nm4) (4) 

Experimental 
(nm4) 

Mixing efficiency 
(nm5/keV) 

102010-W Xe+ 120 1.3 0.091 0.44 0.080 3.7 2.8  
Ar+ 40 0.59 0.032 0.20 0.016 0.80 1.4 

2020-W Ar+ 40 0.32 0.013 0.11 0.0048 0.79 2.5  
Ar+ 110 0.24 0.0098 0.082 0.0027 0.89 3.7 

1020-Si Xe+ 120 0.75 0.039 0.0099 0.0064 0.47 0.63  
Ar+ 40 0.33 0.095 0.024 0.038 0.069 0.21 

2020-Si Xe+ 120 1.0 0.13 0.030 0.059 1.0 1.0  
Ar+ 40 0.44 0.052 0.013 0.011 0.083 0.19  

Table 2 
Parameters applied in the calculation of ballistic, local and global thermal spike mixing rates for material pairs C/Si and C/W.   

ρ [at/nm3] Ed [eV][28] ΔHcoh 

[eV/atom] [29] 
ΔHmix 

[eV/atom][30] 
Tc[K] 
(1) 

C/Si 81.3 19.0 6.0 − 0.19 571 
C/W 87.9 31.5 8.1 − 0.62 775  
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