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A B S T R A C T

The adhesion of coatings to substrates is a critical requirement in a wide range of applications, including catalysis 
and protective coatings. Ion irradiation can improve coating adhesion through ion mixing at the coat
ing–substrate interface. Herein, carbide-rich nanolayers were produced by irradiating C/Mo and C/W multilayer 
systems deposited on silicon with Xe ions (40–120 keV, 0.25–0.5 × 1016 ions/cm2). XPS depth profiling 
confirmed the formation of carbide-rich regions at the interface. Coating adhesion was evaluated by ramped-load 
scratch testing using a nanoindenter. Depending on the irradiation conditions, the critical load for delamination 
increased from 18.2 to 45.1 mN for the C/W multilayer and from 27.2 to approximately 36.9 mN for the C/Mo 
multilayer. Cross-sectional transmission electron microscopy was used to examine the structural changes along 
selected regions of the scratch tracks. Clear differences were observed between irradiated and non-irradiated 
coatings: while non-irradiated coatings exhibited interfacial delamination and substrate cracking, irradiated 
coatings showed buckling with reduced crack propagation, indicating improved coating–substrate adhesion. The 
larger adhesion improvement of the C/W multilayer is attributed to more pronounced irradiation-induced 
interfacial mixing and substrate amorphization. The results demonstrate that ion irradiation effectively mod
ifies the coating–substrate interface and enhances the adhesion of carbide-rich nanolayers.

*Corresponding author.

1. Introduction

Good adhesion between coatings and substrates is a critical 
requirement in a wide range of applications, including catalysis, energy- 
generation systems, and protective coatings. [1,2] Multilayer systems 
can offer an efficient way of controlling residual stress, improve adhe
sion and enhance toughness of coated systems. [3] To address this issue, 
several techniques have been developed to evaluate the adhesion be
tween a coating and its substrate, although each method has its own 
limitations. Basic tests, such as the Scotch tape method, provide only 
qualitative information. More advanced methods have been developed 
to quantify adhesion strength, with the scratch test being one of the most 
widely used comparative techniques. In this test, a diamond indenter is 

drawn across the coating surface under progressively increasing load 
until the coating fails in a consistent manner. The load at which this 
failure occurs is referred to as the ‘critical load’ and serves as an indi
cator of adhesion strength. Failure can be identified in several ways, 
such as the initiation of cracks around the indenter, delamination or 
spalling of the coating, or the formation of a track where the coating has 
been completely removed. [4] In the case of physical vapor deposition 
(PVD) the adhesion of the coating can be critical due to the remaining 
residual stresses in the film, while in the case of CVD the application of 
hazardous gases and elevated temperatures might be disadvantageous 
for certain applications [5,6]. E.g.: the adhesion of PVD coatings on 
stainless steel can be inadequate because of the substrate's surface 
properties. Achieving strong adhesion requires several key factors: 
ensuring an atomically clean surface through pre-deposition sputtering, 
carefully selecting the deposition temperature to promote interfacial 
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diffusion, and tailoring the coating structure to avoid tensile residual 
stresses near the interface. [7] To fully benefit from functional coatings, 
a strong bond between the coating and the substrate is essential. 
Adhesion strength is known to depend on the coating–substrate contact 
area which is influenced by the surface roughness. Numerous studies 
suggest that a rougher interface can enhance adhesion by increasing the 
area available for mechanical interlocking. However, in the case of 
certain thin coatings, such as those produced by physical vapor depo
sition, better adhesion may be achieved on smoother surfaces with very 
low roughness, as this can reduce stress concentrations and limit crack 
initiation and propagation. Therefore, the optimal surface roughness 
should be carefully selected based on the specific coating type and 
deposition process to achieve the best adhesion performance. [8]

Ion beam irradiation represents a versatile approach in the modifi
cation and formation of coatings. Being a non-equilibrium process, ion 
irradiation can induce significant changes in materials, including defect 
generation, atomic intermixing across the interface, compound forma
tion, and even the emergence of metastable phases. While some of these 
effects may be detrimental under certain conditions, they can also be 
harnessed in a controlled manner to produce beneficial modifications, 
especially at the coating–substrate interface. In the context of adhesion, 
ion beam techniques offer a unique advantage by enabling tailored 
interface engineering without the need for high-temperature processing. 
The induced intermixing at the interface can effectively increase the 
bonding between the coating and the substrate, while defect formation 
may enhance mechanical interlocking on a microscopic scale. Addi
tionally, ion irradiation can influence residual stress states and micro
structural features, both of which play a role in adhesion performance. 
Experimental studies support these effects. E.g. sputtered TiN coatings 
on stainless steel were irradiated with MeV Ag ions and the coatings 
were studied before and after irradiation. Automatic scratch tester 
(Revetest) equipped with acoustic emission (AE) was applied, the 
microstructural changes were investigated by scanning electron micro
scope. It was shown a shift from spallation to buckling failure modes in 
scratch tests, indicating stronger interfacial bonding and increased 
compressive stress. [9] The adhesion properties of DLC coating on 
stainless steel substrate have been improved by carbon and carbon/sil
icon implantation respectively. The adhesion properties were investi
gated by tensile pull-off tests while the microstructural changes due to 
ion irradiation were evaluated by STEM. [10] Ion irradiation-based 
methods have been also used for improving the adhesion of polymers 
to metal. E.g.: Poly(ethylene naphthalate) (PEN) films were irradiated 
with 150 keV Xe+ ions at fluences varying from 1 × 1014 to 1 × 1016 

ions/cm2, the adhesion was tested by ramped load scratch test in a 
nanoindenter. [11] It is important to note that in none of the above 
studies were extensive cross-sectional electron microscopy (XTEM) in
vestigations carried out along the different stages of the scratch tracks. 
To the best of our knowledge, systematic XTEM investigations per
formed along different regions of scratch tracks remain scarce, despite 
their importance for understanding coating failure mechanisms.

Transition-metal carbides have several advantageous properties, 
such as high hardness, wear resistance, corrosion resistance [12] and 
some of them - molybdenum and tungsten carbide - show catalytic ac
tivity, as well. [2,13,14] We have shown recently that it is possible to 
produce tungsten carbide rich nano-layers by irradiating C/W multi
layer systems (individual layer thicknesses 10–20 nm) on a Si substrate 
with noble gases, the coatings exhibited excellent corrosion and scratch 
resistance. [15,16] However, the adhesion properties of these 
irradiation-modified layers have not yet been investigated. Following 
these studies, the present work extends the investigation to C/Mo 
multilayer systems as an additional carbide-forming model material. We 
have also previously shown that the extent of irradiation-induced mix
ing can be estimated using TRIDYN simulations. [17] In the present 
study xenon irradiations are investigated as this noble gas ion with 
higher mass enables efficient mixing within the near-surface region at 
moderate ion energies while limiting the modification depth. The 

average atomic number of C/Mo and C/W systems is vastly different – 
24 and 40 resp. - which may influence irradiation-induced mixing 
behaviour and structural evolution. The main aim of the study is to 
investigate how ion irradiation conditions influence the adhesion 
properties of carbide-based multilayer systems and to correlate the 
observed adhesion behaviour with irradiation-induced microstructural 
changes. Single-crystal Si was employed as a model substrate owing to 
its well-defined microstructure, smooth surface and suitability for cross- 
sectional TEM investigations, allowing irradiation-induced structural 
changes at the coating–substrate interface to be analysed with high 
spatial resolution.

Herein, we investigate the adhesion of Mo- and W-carbide-rich 
nanolayers formed by xenon irradiation of C/Mo and C/W multilayers 
deposited on single-crystal Si. The ramped load scratch test performed in 
nanoindenter has shown differences in the critical load of coating 
delamination for the differently irradiated samples. Extensive trans
mission electron microscopy measurements have been performed for 
investigating the different structural changes during the different 
scratching phases. The observed deformation and failure behaviour was 
interpreted based on XTEM observations together with XPS depth 
profiling and SRIM simulations. The combined results provide insight 
into the roles of irradiation-induced interfacial mixing and substrate 
amorphization in the adhesion improvement. It was shown that ion 
irradiation produces a thin amorphous Si layer beneath the coating, 
while scratching induces further amorphization at low loads followed by 
recrystallization at higher loads. In the irradiated samples, no substrate 
cracking was observed during scratching and the coating buckled 
instead of undergoing abrupt delamination, whereas substrate cracks 
were found in the non-irradiated samples, indicating an enhancement of 
the mechanical integrity of the coating–substrate system.

2. Experimental section

2.1. Production of carbide-rich nanolayer by means of ion beam mixing 
(IBM)

The carbide-rich nano-layers were produced by means of ion mixing 
of different C/W and C/Mo multilayer structures.

The initial multilayer structures were made on Si single crystal by 
sputter deposition of pure C and W/Mo layers; the detailed description 
of the procedure is given in Ref. [18]. Its essence is the following. The 
sputtering was made in a Balzers Sputron sputtering chamber. To avoid 
mixing due to plasma, the sample was far from the plasma, thus during 
the layer growth the temperature was always below 100 ◦C. The thick
ness of the sputtered layer was controlled by quartz-crystal microbal
ance. The following structures have been made for this study: C (9 nm) / 
W (23 nm) / C (9 nm) // Si substrate and C (12 nm) /Mo (18 nm) /C (12 
nm) /Si substrate; for easier reference these samples will be called as 
102010-W and 102010-Mo. For the ion mixing we applied xenon ions 
(40–120 keV, fluence 2.5–5 × 1015 Xe+/cm2) at room temperature 
(Model B8385 implanter). SRIM simulation [19] was applied to choose 
the ion irradiation parameters. This Monte Carlo-based simulation 
approach was employed to estimate the ion penetration depth (projected 
range), energy deposition profile and defect production during irradia
tion. The main aim was to select irradiation conditions where the ions 
reached all relevant interfaces within the multilayer structure. 80 keV 
Xe ions were applied for the C/Mo system and 120 keV Xe ions for the C/ 
W system. In addition, a 40 keV Xe irradiation was performed on the C/ 
W system as a reference condition. At this energy, the projected range 
(~13 nm) remained within the coating and did not reach the coat
ing–substrate interface, allowing the role of coating–substrate interface 
modification in adhesion improvement to be distinguished from the 
effects of irradiation confined to the coating.
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2.2. XPS studies

The composition of the non-irradiated and irradiated samples has 
been investigated by X-ray photoelectron spectroscopy (XPS) depth 
profiling with 500 eV monoatomic argon sputtering (50◦ respect to the 
surface normal). The investigations were performed in a Thermo Fisher 
Scientific Escalab Xi+ instrument (anode Al K-alpha). The size of the X- 
ray spot was 650 μm, no charge neutralizer was used. Tungsten (4f), 
molybdenum silicon (2p), carbon (1 s) and oxygen (1 s) high-resolution 
spectra were measured within the spectral range of interest (ca. 20 eV 
around the core level emission peaks) at 20 eV pass energies with 0.1 eV 
steps and 50 ms dwell time per data point. All spectra were collected at 
normal emission angle. The amount of material producing the measured 
XPS spectrum is generally determined from the area of the XPS peak 
[20]. CasaXPS software [21] was applied to determine this area from the 
high resolution spectra by applying background subtraction. The carbon 
spectra were decomposed to components by various line shapes, Lor
entzian Asymmetric Lineshape (LA) [22] was used for the graphitic 
components while Gaussian-Lorentzian functions (mixing parameter of 
30) were used for the carbide and C–O components. Peak positions and 
peak widths (FWHM) of the components were carefully constrained to 
construct a reliable peak model which was valid throughout the depth 
profile. Due to the strong overlap, the Mo 3d and W 4f peaks cannot be 
resolved into individual components such as metallic molybdenum and 
molybdenum carbide. For the elemental composition calculations, the 
commonly used infinitely thick homogeneous sample model was 
applied. This model assumes a uniform elemental distribution within the 
XPS information depth. Since the thickness of the individual layers is 
comparable to the information depth of the emitted photoelectrons, this 
approximation does not fully describe the actual multilayer structure. 
Therefore, the calculated compositions should be considered as 
approximate values, providing a comparative estimation of the 
irradiation-induced compositional changes rather than absolute con
centrations. Linear or Shirley-type baseline was used to define the peak 
areas. In case of C 1 s quantification, the overlapping Mo 3d loss peak 
was also considered when the C concentration was low, and Mo con
centration was high. The ratio of the elements was calculated from the 
integral intensities of the XPS lines, using sensitivity factors given by the 
manufacturer. The carbide formation could be well followed by the 
shape change of the carbon peak. As an example, the decomposed C (1 s) 
XP spectra of the 102010-Mo 80 keV, 5 × 1015 Xe+ irradiated sample is 
provided in Fig. 1. The spectrum from a transition region where 
graphitic and carbide components are present together is shown in 
Fig. 1a while the main carbide region is depicted in Fig. 1b.

2.3. Scratch test

Although the total coating thicknesses were approximately 40 nm, 
the scratch test was employed as a comparative method to evaluate 
coating adhesion. Since all coatings had comparable thicknesses and 
were deposited on the same Si substrate, differences in the measured 
critical loads are primarily associated with ion-irradiation-induced 
modifications of the coating–substrate interface. Similar nanoscratch 
approaches have previously been successfully applied to ultrathin 
coatings. For example, Beake et al. investigated tetrahedral amorphous 
carbon films with thicknesses of 5, 20 and 80 nm deposited on Si(100) 
using nanoscratch, nanoindentation and fretting experiments to eval
uate their tribological and mechanical performance. Despite the differ
ences in contact pressure and failure mechanisms, a clear correlation 
between the fretting and nanoscratch tests was found. [23] In the pre
sent study the scratch tests were performed in a KLA Nano Indenter® 
G200 with a spheroconical diamond tip of 3 ± 0.1 μm end radius 
(Synton-MDP AG, Switzerland). The test consisted of the following steps. 
I. Pre-scratch topographic scan II. Performing the ramped load scratch 
with an increase to 100 mN normal load, 2 μm/s velocity, scratch length 
150 μm. III. Post-scratch scan. The pre and post scratch topographic 
scans were performed at low loads 0.02 mN. Each test was repeated at 
least five times for data statistics. The scratch grooves were investigated 
by Zeiss optical microscope in interference contrast. Typical scratch 
morphologies were investigated by SEM (Thermo Scientific Scios 2). 
Furthermore, the scratch results were interpreted together with cross- 
sectional XTEM observations of the corresponding deformation and 
failure mechanisms.

2.4. XTEM studies

The structure of the pristine and irradiated specimens was deter
mined by cross-sectional transmission electron microscope (XTEM). The 
XTEM measurements were performed in a FEI-Themis Cs-corrected 
(scanning) transmission electron microscope ((S)TEM), in both HREM 
(High Resolution Electron Microscope) and STEM (Scanning Trans
mission Electron Microscope) mode (point resolution is around 0.09 nm 
in HRTEM mode and 0.16 nm in STEM mode) operated at 200 kV. 
During TEM imaging, the beam current was typically in the range of 
30–220 pA in TEM and HRTEM mode and 20–40 pA in STEM mode, 
adjusted to minimize beam-induced damage. The energy dispersive X- 
ray (EDX) mapping was done with a Super-X detector counting four 
detectors around the TEM sample, the effective collection angle of the 
system is approximately 0.7 sr (corresponding to ~0–35◦). Sample 

Fig. 1. The decomposed C (1 s) XP spectra of the 102010-Mo 120 keV, 5 × 1015 Xe+ irradiated sample a. transition region b. carbide region.
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preparation for XTEM was made by focused ion beam (FIB) milling. TEM 
lamellae were prepared with a Thermo Fisher Scientific Scios 2 Dual 
Beam microscope (Eindhoven, The Netherlands) with an EasyLift™ 
nanomanipulator. First, a Pt layer was deposited onto the lamella to 
protect the layer during ion milling in two steps: electron-beam-assisted 
Pt deposition at 2 keV and 3.2 nA, followed by ion-beam-assisted Pt 
deposition at 30 keV and 300 pA. Thinning of the lamellae (after digging 
trenches on both sides) was carried out in three steps using Ga ions: (1) 
down to a lamella thickness of 150 nm – at 2.5◦ on both sides with 16 
keV per 50 pA; (2) for polishing at 5◦ on both sides with 5 keV per 48 pA; 
and (3) for the final polishing at 7◦ on both sides with 2 keV per 27 pA. 
Final low-kV cleaning ensured removal of amorphized surface layers and 
reduction of curtaining.

3. Results

3.1. Structure and composition of nanolayers

The structure of the different starting samples can be seen in the 
HRTEM images in Fig. 2a and b. The images clearly show that 3 layers 
are placed on the crystalline Si substrate. It can be seen that all interfaces 
are sharp. This means that the intensity variations visible at the C/Mo 
(W) interfaces in the HRTEM images do not exceed the intrinsic 
roughness of the Si substrate. Furthermore, EDS analysis did not reveal 
any measurable interdiffusion between the deposited layers beyond the 
slight apparent blurring attributable to substrate roughness and pro
jection effects. The darker regions correspond to elements with higher 
atomic numbers, tungsten and molybdenum, respectively. The HAADF 

images and EDS maps are provided in SI Fig. S1.
Figure c and d shows the HRTEM images of the irradiated samples 

(120 keV 5 × 1015 Xe+/cm2 102010-W and 80 keV 102010-Mo). It can 
be seen that the interfaces became blurred and the Si substrate was 
strongly amorphized. Interfacial mixing is also confirmed by the EDS 
line profiles (Supporting Information, Fig. S2). Furthermore, we can see 
that the thickness of the amorphized Si layer strongly depends on the 
layer structure. To investigate the origin of this effect, SRIM simulations 
were performed. Fig. 3a and b show the binary collision events obtained 
by Monte Carlo simulations together with the corresponding Xe depth 
distributions (Fig. 3c and d) for the 120 keV 102010-W and 80 keV 
102010-Mo irradiations, respectively. Owing to the higher atomic mass 
of tungsten, the higher irradiation energy results in a Xe projected range 
(23.1 and 23.6 nm, respectively) comparable to that obtained for the 80 
keV 102010-Mo system. However, the longitudinal straggling is 
considerably larger for the 102010-W system (12.8 nm versus 7.2 nm), 
leading to a greater fraction of Xe ions penetrating into the Si substrate. 
Fig. 3e shows the calculated vacancy distribution in the Si substrate, 
demonstrating a substantially higher vacancy concentration extending 
to greater depths in the 102010-W system. This finding is in good 
agreement with the thicker amorphized Si region observed in the XTEM 
image (Fig. 2c) of this sample.

The XPS depth profiles for the 5 × 1015 Xe+/cm2 irradiated and non- 
irradiated samples are provided in Fig. 4. In the non-irradiated (a and b) 
samples we can see the alternating C and metal layers. Interestingly even 
in the non-irradiated sample thin carbide layers are shown at the in
terfaces, this is due to the artifact production of argon sputtering used in 
XPS depth profiling [24,25]. However, the irradiated samples (c and d) 

Fig. 2. HRTEM images of the initial layer structures of the 102010-W (a), 102010-Mo (b) samples and after irradiation (c and d 120 and 80 keV Xe+/cm2, resp.).
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show extensive carbide production which is more pronounced for the C/ 
W system. This is due to the higher average atomic number (40 for C/W 
and 24 for C/Mo) resulting in higher thermal spike mixing. SI Fig.S3 
shows that the applied energy not only influences the substrate 
amorphization but also the carbide production. XPS depth profiles of a 
2.5 × 1015 Xe+/cm2 102010-W irradiations are shown, the energy varies 
strongly, Fig.S3a belongs to 40 keV while b to 120 keV irradiations. We 
can see that in the case of 40 keV only the first interface is affected which 
is due to the low penetration depth of xenon ions being 13.1 ± 3.4 nm 
[19]. The Xe distribution obtained from SRIM simulations and the cor
responding XTEM image is shown in Fig. S4. The XTEM investigation 
confirms that no irradiation-induced amorphous layer is formed in the Si 
substrate under these conditions.

3.2. Morphology and critical loads

The critical loads for coating delamination were determined from the 
load-displacement curves and microscopic images. Fig. 5 shows scratch 
distance displacement curves together with the optical images for 
samples 102010-W and 120 keV 5 × 1015 Xe+ ion irradiation. Generally, 
from the scratch test different critical loads can be extracted. Lc1 is 
considered when first arc tensile cracks appear which is associated with 
cohesive failure of the coating. Lc2 is identified when first chipping or 
spallation occurs and the substrate is exposed, meaning total film fail
ure. This quantity is related to the adhesive strength of the coating. For 
our case as the coating thickness was only 40 nm, it was not possible to 
determine the Lc1 parameters of the coatings due to the noise of the 
displacement curves. It is important to note that it was shown previously 
that Lc1 is not largely affected by the ion implantation of the substrate. 
However, differences were observed in the Lc2 values which is also valid 
for our case. [26] It can be clearly observed that ion-implanted samples 

show better adhesive strength, while the reference coating presents a 
large area of spallation and the defect appears at lower loads. For the 
reference, coating spallation with substrate exposure starts at 30 μm, 
while for implanted samples it appears around 70 μm. Analysing the 
spallation area with optical microscopy images for both reference and 
implanted sample, more substrate exposure is observed, which corre
sponds to whiter areas, while in the implanted samples less coating area 
is lifted exposing the substrate, indicating a better adhesive strength. It 
can be also seen that the total film removal at Lc2 is accompanied by 
extensive deformation of the silicon substrate and (slightly) wavy 
scratch tracks that are diagnostic of failure in front of the probe. Plastic 
deformation of the silicon substrate occurs before total film removal, as 
shown by residual depths greater than the film thickness prior to Lc2. 
After complete coating removal, the scratch response is dominated by 
deformation of the exposed silicon substrate.

Fig. 6 summarizes the measured critical loads for all irradiation 
conditions. Ion irradiation improved the adhesion of both multilayer 
systems; however, the enhancement is considerably more pronounced 
for the C/W coating. It is also evident that the adhesion improvement 
strongly depends on the modification of the coating/Si interface. For the 
40 keV irradiation of the 102010-W sample (2.5 × 1015 Xe+/cm2), the 
projected range (13.1 ± 3.4 nm according to SRIM [19]) is insufficient 
to reach the coating/substrate interface. Consequently, the interface 
remains essentially unaffected (see Fig.S4) and the critical load remains 
comparable to that of the non-irradiated sample. In contrast, 120 keV 
irradiation reaches the coating/Si interface, resulting in significant 
interfacial mixing and extensive amorphization of the Si substrate, as 
demonstrated by the XTEM observations (Fig. 2c) and supported by the 
SRIM simulations (Fig. 3). Increasing the Xe fluence from 2.5 × 1015 to 5 
× 1015 Xe+/cm2 further increases the critical load from approximately 
38 mN to 45 mN. This behaviour is consistent with the XPS depth 

Fig. 3. SRIM simulation results for the projected ranges of a.c 120 keV 102010-W and b.d 80 keV Xe+ 102010-Mo samples together with the e. simulated vacancies in 
Si substrate.
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profiles, which reveal more pronounced interfacial mixing at the higher 
fluence (Fig. 4c and Fig. S3b). The adhesion improvement of the C/Mo 
multilayer is less pronounced than that of the C/W system. This corre
lates with the thinner amorphized Si region observed by XTEM (Fig. 2d), 
the lower vacancy production predicted by SRIM (Fig. 3e), and the 
weaker interfacial mixing revealed by the XPS depth profiles (Fig. 4d). 
The more extensive mixing observed in the C/W system is consistent 
with the higher average atomic number of the multilayer, which is ex
pected to enhance irradiation-induced thermal spike mixing. Therefore, 
the combined effects of deeper substrate amorphization and stronger 
interface mixing are believed to be responsible for the superior adhesion 
improvement of the C/W coating.

4. Discussions

The structural changes observed during scratching are discussed 
based on XTEM analysis. Only a limited number of studies have applied 
XTEM to investigate deformation and failure mechanisms along scratch 
tracks in thin film systems. In most cases, analyses are restricted to SEM 
or FIB-based cross-sections, while TEM investigations typically focus on 
isolated regions rather than providing a spatially resolved picture along 
the scratch path. In this context, the present work addresses this gap by 
performing XTEM analysis at three to four representative locations along 
the scratch track: at the beginning, in the middle section, and at the end 
of the scratch.

To examine the subsurface damage induced by nanoscratching, 

scratch grooves were cross-sectioned perpendicular to the scratch di
rection. TEM lamellae were primarily prepared perpendicular to both 
the scratch direction and the sample surface. For each sample, three to 
four representative locations were selected along the scratch track, as 
shown in Fig. 7a. Typically, one or two lamellae were prepared from the 
initial region where plastic deformation begins, one from the region 
where the substrate deformation becomes evident, and one from the end 
of the scratch track. Since the normal load increased continuously dur
ing scratching, the load corresponding to each selected position was 
determined from its position along the scratch track. In addition, for 
selected samples, the microstructure was also examined using TEM 
lamellae prepared parallel to the scratch direction (Fig. 7b).

4.1. Effects of scratching on single crystal Si

Bright field XTEM images of the sublayer beneath a scratch made by 
the conical tip on the 102010-W and 102010-Mo samples are shown in 
Fig. 8 and in Fig. 9.

From the viewpoint of Si crystal deformation, the samples coated 
with Mo and W layers exhibited similar behaviour. At applied loads of 8 
mN and 12 mN, no deformation could be observed in the Si single crystal 
(Figs. 8a and 9a). At loads of 19, 22, 24, and 27 mN, the XTEM images of 
the scratches revealed that the Si single crystal became amorphized in a 
cone-shaped region to a maximum depth of 200–300 nm (Figs. 8b, e, 9b, 
and e). The amorphization in silicon due to mechanical loading is a well- 
known phenomenon in the literature. [27] In the 27–55 mN load range 

Fig. 4. XPS depth profiles of a. 102010-W b. 102010-Mo and irradiated c. 120 keV 102010-W and d. 80 keV 102010-Mo 5 × 1015 Xe+/cm2 samples.
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significant change occurs in the Si substrate, the amorphous cone- 
shaped region recrystallization happens and planar defects are appear
ing under the recrystallized region in parallel with (111) plane. These 
defects can be attributed to stacking faults found in Si, the contribution 
of twin lamellas is only minimal, similar to the observations of others. 
[28–30]

It can be also seen that the TEM samples taken out over 90 mN in the 
non-irradiated sample cracks are present in the substrate, while these 
cracks cannot be observed in case of irradiated samples (see Fig. 8d, h, 
Fig. 9d, h, and Fig. 10 from parallel direction). The displacement curves 
presented in Fig. 5 for the non-irradiated sample have shown an oscil
lation in the measured depth at higher penetrations which could be signs 
of cracks. The absence of cracks in the irradiated samples might be due 
to the amorphous Si layer due to irradiation. This layer may cause the 

reduction of the internal stress and act as a lubricant. Sun et al. [31] has 
shown in ion irradiated Si wafer (110 keV, 1 × 1015 to 1 × 1017 Ar+/ 
cm2,) that the polycrystalline Si layer contributes to the significant in
crease of critical load of Si because the grains can move against each 
other under a shearing force and the grain boundaries of the poly
crystalline Si grains can stop the propagation of cracks. Tanaka et al. 
[32] have shown on ductile-cut and brittle-cut surfaces of a-SiC, that 
microcrack propagation was obstructed at the interface between the 
amorphous layer and the crystalline base material even under brittle- 
mode machining and no subsurface damage extended into c-SiC. The 
results suggested that the damage-free machining of c-SiC is possible by 
surface modification to an amorphous structure. This advantageous ef
fect of the amorphous layer has been strengthened by molecular dy
namics simulation, as well. Chen et al. [33] has shown that the 

Fig. 5. Scratch distance-displacement curves together with optical microscopy for samples 102010-W and 120 keV 5 × 1015 Xe+/cm2 irradiation.
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amorphous layer could hinder the crack propagation. The major 
mechanism is that the strain energy near the crack tip can be fully 
released through the plastic deformation of amorphous structure, and 
higher stress is required for the nucleation of secondary crack. This 
prevents the cleavage fracture in crystalline lattice. The fracture resis
tance augments with the increase in the amorphous layer thickness. It 
can be also improved by a double-layer configuration as the separation 
between the amorphous layers is small enough. In addition, in the crack 
areas, in the non-irradiated samples, it was observed that the Si orien
tation could change by a few degrees within 1–2 μm. This change in 
orientation is visible in Fig. 10a. In the BF TEM image of Fig. 10a, re
gions corresponding to diffraction are marked with circular rings. The 
combined diffraction pattern of the electron diffractions delineated by 
the coloured rings on the BF TEM image is shown on the right side of 
Fig. 10a, where reflections of different colours form elongated re
flections along an arc. The lower SAED image in Fig. 10a was taken from 
the area bounded by the large white ring (9) in the BF TEM image, where 
the same arc-shaped elongated reflections can be observed. This in
dicates an orientation change or grain fragmentation caused by the 
formation of cracks. Although a contribution from slight lamella 
bending caused by stress relaxation during FIB specimen preparation 
cannot be completely excluded, this explanation appears less likely, 
since arc-shaped reflections were consistently observed only in lamellae 
containing cracks, whereas crack-free regions exhibited diffraction 
patterns characteristic of a single crystal. Furthermore, the orientation 
spread was only detected in a certain depth, supporting its correlation 
with crack formation rather than with a specimen preparation artifact.

4.2. Effects of scratching on coating layer based on TEM

A significant difference between the irradiated and non-irradiated 
samples was already observable in the SEM and optical microscopy 
images. In the non-irradiated samples, the coating detached from the Si 
surface within the scratches at much lower loads, and the load at which 
detachment occurred varied from scratch to scratch. In contrast, the 
irradiated coatings were more stable, and the scratching load at which 
the coating delaminated from the sample could be defined much more 
clearly.

In the BF XTEM image of the non-irradiated W sample scratched at a 
load of 27 mN (Fig. 8c), it can be observed that the coating layer sepa
rated from the Si single crystal at a distance of 100–200 nm adjacent to 
the scratch. This stress-induced delamination also indicates the weak 
adhesion of the non-irradiated coating. This is further confirmed by the 
fact that, in the XTEM images of the non-irradiated layers, the edges of 
the coating are sharply visible in the regions where delamination 
occurred (Figs. 8c and 9c). In contrast, the irradiated samples exhibited a 
different failure mode. Rather than abrupt delamination the coating 
underwent buckling and the buckled coating remained locally con
nected to the irradiation-modified interface (Figs. 8g and 9g). This 
change in the failure behaviour is most likely associated with 
irradiation-induced modification of the coating–substrate interface, 
including intermixing between carbon and silicon and the formation of a 
SiC-containing transition region. In addition, irradiation promoted car
bide formation within the metallic layers, which may have further 
strengthened the cohesion between the C and Mo (or W) layers. 
Together, these structural and chemical modifications account for the 

Fig. 6. Critical loads for samples 102010-W and Mo, resp.

Fig. 7. SEM images showing the scratch tracks and the TEM lamella preparation orientations: a. perpendicular and b. parallel to the scratch direction.
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improved adhesion of the irradiated coatings.
Based on the combined XTEM, XPS and SRIM results, the enhanced 

adhesion of the irradiated coatings appears to originate from two com
plementary mechanisms. First, irradiation-induced interfacial mixing 
strengthens the coating/substrate interface allowing the coating to 
buckle without abrupt delamination. Second, the formation of an 
amorphous Si layer beneath the coating hinders crack propagation by 
reducing the brittle response of the crystalline substrate. Both effects are 
more pronounced for the C/W multilayer, where the XPS depth profiles 
indicate stronger interfacial mixing and the XTEM observations together 
with the SRIM simulations reveal a thicker amorphized Si region. These 
findings consistently explain the larger increase in critical load observed 
for the C/W system. The importance of modifying the coating–substrate 
region is further supported by the 40 keV Xe-irradiated 102010-W 
reference condition. According to SRIM calculations, the projected 

range at this energy remains within the coating and does not reach the 
coating–substrate interface. Therefore, this condition provides a com
parison where irradiation-induced changes are mainly confined to the 
coating, suggesting that modification of the coating–substrate region is 
required for the pronounced adhesion improvement observed after 
higher-energy irradiation.

Besides interfacial mixing and substrate amorphization, ion irradia
tion is also known to modify the residual stress state of thin-film systems, 
which may contribute to the adhesion improvement. For example, an 
increase in compressive residual stress accompanied by enhanced 
scratch adhesion after heavy-ion irradiation, which resulted in 
micrometre-scale modification depths, has been reported for TiN coat
ings. [9] However, because of the nanoscale thickness of the modified 
region (approximately 40 nm coating thickness with only a 20–43 nm 
irradiation-affected Si region) in the present work, direct residual stress 

Fig. 8. BF XTEM images of different scratching positions for samples 102010- 
Mo (a, b, c, d) and 80 keV, 5 × 1015 Xe+/cm2 irradiation (e, f, g, h).

Fig. 9. BF XTEM images of different scratching positions for samples 102010-W 
(a, b, c, d) and 120 keV, 5 × 1015 Xe+/cm2 irradiation (e, f, g, h).
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determination by conventional techniques such as XRD or substrate- 
curvature measurements is not straightforward. Therefore, although a 
contribution of irradiation-induced residual stress cannot be excluded, 
the present results indicate that interfacial mixing and substrate 
amorphization are the dominant mechanisms contributing to the 
observed adhesion improvement.

5. Conclusions

C/W and C/Mo multilayer structures were ion irradiated by xenon 
ions with various energies and fluences causing carbide formation at the 
interfaces. The adhesion of the coatings was tested by ramped load 
scratch test. The critical loads varied for the differently irradiated 
samples, and it is shown that the ion irradiation improves the adhesion 
of the coatings. XPS depth profiling has shown that intermixing 
happened at the interfaces contributing to the improvement of adhesion. 
Extensive XTEM investigations revealed significant structural changes. 
Due to ion irradiation a thin amorphous Si layer (20–43 nm) was formed 
beneath the coating. During scratching, the Si substrate underwent 
further amorphization at low loads. While at higher loads the amorph
ized areas of the Si substrate recrystallized. Planar defects and disloca
tions created by scratching were also observed below the amorphized or 
recrystallized area. In contrast to the non-irradiated coatings, no sub
strate cracking was observed in the irradiated samples and the coating 
buckled instead of abrupt delamination, indicating the enhancement of 
the mechanical integrity of the coating–substrate system. The combined 

XPS, XTEM and SRIM results indicate that irradiation-induced interfa
cial mixing together with the formation of a thin amorphous Si layer 
suppress crack propagation, strengthen the coating–substrate interface 
and account for the improved adhesion observed after irradiation.
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