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Introduction, aim of the work 

The science and industry related research of carbon structures is a very diverse area. 

The evident reason for this that differently ordered carbons, hydrogenated carbons, carbon-

based nanocomposites are able to show a variety of properties, and as a source-material, 

carbon is cheap and easily accessible. By addition of other elements, properties defined by 

carbon, can be further modified, certain features can be highlighted or tuned. Their suitability 

(often to extreme conditions) has already been proven by using them to solve several 

technical problems while research and developments associated to them still continue.  

The diversity we find in elemental state of carbon results in a great variety of structure, 

appearance and properties of differently deposited carbon films. Deposition techniques as 

well as the products of these methods are manifold. In most cases, targeted features are good 

mechanical properties (such as high hardness, strenght or elasticity), chemical inertness, good 

tribologic properties or biocompatibility. 

The method of transmission electron microscopy is an important tool in the 

investigation of carbon structures. An interesting peculiarity of these examinations is the 

structural transformation under the influence of high-energy electron irradiation, as it is 

already shown in the literature. 

In this work, the phenomena occuring during high-energy electron irradiation of arc-

evaporated carbon thin films has been studied. My objective was to find the possible 

explanation for the mechanism of structural changes in such a situation. 

A different subgroup among carbon related materials is the family of carbon-metal 

systems. The affinity that metal shows to carbon determines the differences in structure and 

properties. Thus we distungish carbide-forming metals (chemically bonded to carbon) (e.g. 

Ti, Ni, W, Fe) and non-carbide forming metals (as Ag and Cu). According to experiences in 

this field, increasing chemical affinity associates with better mechanical properties. As a 

subject of my Ph.D work, primarily plasma-assisted chemical vapor deposited (PE CVD 

combined with PVD) C-Ag nanocomposite systems with different composition were studied. 

My primary goal was to investigate the structure of these materials. For this purpose 

transmission electron microscopy (TEM, HREM) served as a tool. Within the frame of an 

international cooperation C-W systems – obtained by pulsed reactive sputtering – were 

studied to find the relationship within structural and mechanical propertes. Electron 

microscopy of these carbon-tungsten layers confirmed the hypothesis, that structure and 

substructure, as well as metal content influences the mechanical and tribologic behavior. 



Doctoral theses 3 
 

Experimental 

Transmission electron microscopy experiments were performed to investigate structure. 

For determining the concentration of C-Ag films, electronbeam microanalysis was performed. 

Indentation measurements helped us to evaluate C-Ag and C-W hardness and Young’s 

modulus. Friction was studied by the method of tribology.  

 

 

Deposition of carbon thin films and their changes in the electron microscope 

As a subject of my research, I prepared deposits by the method of electric arc 

evaporation at different background pressures in the range of 1·10-3–3 mbar. Deposition 

conditions resulted in three different types of layers depending on pressure range, together 

with randomly generated mixed structures. Structure changed from homogeneous thin films 

(10-2–10-3 mbar) through inhomogeneous films (10-1–10-2 mbar) to morphology built up from 

amorphous nanoparticles (0,5–3 mbar). I examined these characteristic structures by the 

method of electron microscopy and diffraction. Microscopy investigations were performed by 

a Philips CM20 transmission electron microscope (acceleration voltage of 200 kV) and by a 

JEOL 3010 high resolution electron microscope (acceleration voltage of 300 kV). 

An interesting phenomenon – which occured during the investigation of amorphous 

nanoparticles prepared at 0,5–3 mbar pressure − inspired our further studies. During 

microscopy investigations of amorphous nanoparticles, the formation of multiwall carbon 

nanoonions was observable, which indicated an organising effect of the electron-beam 

irradiation and subsequent growth. By the transformation of few nanometer nanoparticles 

induced by the high energy electron-beam and by the contribution of the carbon 

contamination as a carbon-source caused by the microscope, multiwall nanoonions have been 

formed. Ordering was observable after some ten seconds, though for significant growth ten-

minutes−some ten minutes were necessary. In the case of further studies the electron-induced 

ordering was followed by electron-induced decay steps. My goal was to find the plausible 

interpretation of these processes and create a model capable of explaining ordering, growth 

and decomposition.  

In order to see the effect of longer (>10 min) electron-irradiation we monitored the 

changes in shape and size of nanoparticles. The first observed change was the alteration in 

shape which started by the rounding of the corners. Following the initial changes the process 

had two main stages: ordering and growing. After some minutes of irradiation, graphene 

fragments of about 1 nm in size appeared at the surface and inside the particles. The aligment 
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of fragments did not correlate with each other, their orientation was rather random. The effect 

of ~ 10 min irradiation resulted in partial correlation between them. This correlation 

manifested itself in paralell-ordered graphene fragments, especially near to the particle 

surface. They developed into parallel shells and the transformed into onion-like nanoparticles. 

Some growth of the particles could be detected already at this stage. With the beginning of 

growth, ordering and further growth took place simultaneously. 

The appearance of a new graphene layer on the surface starts with the formation of 

two-dimensional concave graphene islands resulting in an apparently rough surface.  The 

islands grew and coalesced into convex fragments of a new graphene layer. Finally they 

formed a smooth surface layer, resulting in the growth of the particle by one, not necessarily 

complete layer, with dangling and backfolding edges. We assume, that the changes between a 

smooth and a wavy surface is characteristic to the growth mode. This mechanism strongly 

resembles the Frank-van der Merwe growth mechanism of crystals, when two-dimensional 

islands form, grow and build up a layer, and the repeated layer-formation finally leads to 

growth of a crystal.  

In some cases electron irradiation caused decay of nanoparticles instead of their 

growh, but The decay of particles started by the formation of voids. The typical void size is 

around 1 nm and in some aspects the morphology resembles a fullerene-like cage. Voids on 

the surface, resulted in the formation of dents on larger particles (diameter of 20 nm) provides 

a decay mechanism for them. Simultaneously with void formation another decay mechanism 

could be seen in detaching the outer layers from the onion-like particles. The spacing between 

the outer graphene shells from the inner ones noticeably increased (from 0.34 to 0.55 nm) and 

their shape often became wavy. This step was followed by the breaking of these outer shells 

into dangling or backfolding graphene fragments. Finally, these outer fragments detached 

from the particle. Smaller nanoparticles could completely disappear by peeling off the outer 

shells.  

 

The structure and mechanical properties of C-Ag thin films 

For depositing C-Ag thin films microwave plasma assisted chemical vapor deposition 

(MW/PECVD combined with CVD) was used. The source of silver atoms was a high purity 

(99,999%) silver target, the carbon atoms originated from a methane-argon mixture. Two 

series of samples were deposited to study the effects influencing the structure, the effect of 

gas-mixture composition and target bias. One series of samples was deposited by varying the 

composition of the methane-argon mixture at constant target bias (UT=-165 V). In the other 



Doctoral theses 5 
 

cases, target bias was changed at constant composition of the gas-mixture (50% methane – 50 

% argon). Pressure was kept at 0.1 Pa in all of the experiments.  

 We investigated the structure of these films by the method of transmission electron 

microscopy and diffraction. We found that by these deposition conditions nanocomposite 

structure was formed in almost all the composition-range, where silver nanoparticles (with 

diameter of a few nanometers) were dispersed in the carbon matrix. The dispersion of 

particles was homogeneous, their size increase with increasing metal-concentration. The 

sample, containing few percent silver, showed the sturcture of an amorphous solution, the 

segregation of compounds was not completed. Particles are easily distinguishable and well 

separated at 60 w% Ag-content. At this concentration, the size of the particles reached ~2−4 

nm in diameter. The particle size increased with increasing metallic content, and at 90 w% 

metal-content, it reached 15 nm. The metallic-particles are well separated by the matrix 

material until the silver-content reaches ~70 w%. At this percolation threshold metallic 

particles formed a 3D network in the matrix-material.  

To characterize the mechanical properties of C/Ag films, nanoindentation, tribologic 

and wear studies and nanoscratch tests were performed. Three samples were choosen for these 

measurements in the concentration interval around the threshold of percolation, namely with 

60, 80, and 90 w% silver-content. Reaching the percolation threshold, the nature of the 

nanocomposite system changes: below this, the matrix-material is carbon and the dispersed 

phase is silver, above this concentration silver is the matrix-material while the minor phase is 

carbon. Our assumption is that, percolation should manifest itself not only in the structure, but 

also in other characteristics, e.g. in the investigated mechanical properties. We found that in 

the samples with concentration below and above the critical concentration. H and E decreases 

through a minimum, and that is characteristic of the percolation threshold. The values of the 

friction coefficient didn’t show this dependence on the composition. In the 60−90 w% 

concentration range the friction coefficient was measured 0,15−0,2.  

 

The structure and mechanical properties of C-W thin films 

 

The carbon-tungsten coatings we investigated, were reactively deposited with the 

combination of magnetron sputtering and plasma assisted CVD. My primary aim was to 

investigate the structure, and to understand relationship between the structure and properties. 

Electron microscopy studies of the C-W deposits confirmed the assumption, that structure as 

well as metal-content influences the mechanical and tribologic behavior. The structure is built 



Doctoral theses 6 
 

up of tungsten-poor and tungsten-rich sublayers made of amorphous matrices with 1−2 nm 

size WCx-nanoparticles embedded in them. Increasing the tungsten-content the size of the 

particles increases, while their distance decreases, preserving the average size of the particles. 

The microstructure of WCx-nanoparticles changes from amorphous to nanocrystalline. This 

structure is the consequence of the deposition method. The layer structure has no effect on the 

trend of the values of H and E, because the periodicity of the layer structure is larger than the 

typical size of the particles. This is in accordance with the Hall-Petsch equation. Though this 1⁄  correlation can be applied to multilayer structures, it is primarily the size of 

the precipitations (1−2 nm) and the thickness of the matrices that determines the H and E 

values, as their dimensions are much smaller related the periodicity of the layers (5−50 nm). 

 

 

Summary and theses 

 

Deposition of carbon thin films and their changes in the electron microscope 

 

We can conclude as the result of electron-irradiation experiments of amorphous nanoparticles 

that in some cases irradiating the amorphous nanoparticles causes ordering and growth of 

particles, and in other cases irradiation-induced ordering is followed by decay of particles. 

 

These1: The growth mechanism induced by the high energy electron irradiation is very 

similar to the Frank-van der Merwe growth mechanism of crystals, when two-dimensional 

islands form, grow and build up a layer, and the repeated layer-formation finally leads to 

growth of a crystal. It is assumed, that the material required for the growth was transported by 

surface diffusion from the irradiated parts of the sample tothe observed places. The other 

feasible source is from organic matter of the ambient atmosphere cracked by the beam 

 

These2: Two decay-mechanisms were identified. According to the first mechanism, decay 

starts with void formation and followed by their opening to the surface. The other mechanism 

can be interpreted as decomposition through the layer-by-layer detaching of the outher shells. 

Layer-by-layer detachment took place by defect formation induced local curvature of the 

outmost layers resulting in the increase of the spacings between shells and breaking up of 

these layers. The two decay mechanisms often occurred simultaneously. 
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Related publications, oral and poster presentations: [1], [OP1], [OP2], [P1].  

 

 

The structure and mechanical properties of C-Ag thin films  

 

We can summarize the results of structure and mechanical property investigations of C-Ag 

deposits in the following way: 

 

These3: The structure of carbon-silver alloy systems changes from amorphous solution (at 

~5w%) Ag-content through amorphous nanocomposites systems with silver nanoparticles 

dispersed in the carbon matrix, to nanocomposite systems of silver matrix with carbon 

insclusions. The percolation of silver nanoparticles became dominant at 70±5 w% silver-

content. The size of silver particles increases with increasing metal concentration, their size 

changes from some nm to ~15 nm. The globular morphology of silver particle is preserved in 

the 60−90 w% composition-range.  

These4: Among the mechanical properties, H and E decreases through a minimum around the 

percolation threshold of 80 w% related to those values we measured at the samples with 60 

w%, 90 w% silver-concentration. The values of friction coefficient don’t show this 

dependence on the constitution. In the 60−90 w% concentration range the friction coefficient 

was measured 0,15−0,2.  

 

Related publications, oral and poster presentations: [OP3], [OP4], [OP5], [OP6]. 

 

 

The structure and mechanical properties of C-W thin films 

I examined and interpreted the structure of C-W multilayers and its effect on the mechanical 

properties. 

 

These5: The increase of hardness and Young’s modulus with increasing tungsten-content is 

related to the number of carbide-bondings. I found, that by partial separation the WC-alloy 

layers, a CWx ( ≪ 1) amorphous matrix and WC nanoparticle nanocomposite structure is 

formed. This structure determines the mechanical properties of the films (E, H, wear 

resistance).  
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These6: As the consequence of the applied deposition technique the layered-structure 

modulates the C-W systems in composition and in morphology. The sublayer-structure has no 

efffect 8ctobe H and E value trends, because of the periodicity of the layer structure (5−50 

nm) is larger than the range of particle size (1−2 nm).  

 

Related publications, oral and poster presentations: [2], [OP7], [P2]. 

 

 

Conclusions 

300 keV electron-beam irradiation cause at first ordering of amorphous particles 

which can be followed by either growth or decay. Growth occurs by process similar to Frank-

van der Merwe growth of crystals through formind and coalescence of two-dimensional island 

into graphene layers. Two mechanisms of decay were identified: void formation and opening 

to the surface, and a layer-by-layer detaching of graphene shells. Growth and decay are 

competing processes and the exact conditions for their stimulation or suppression could not be 

estabilished so far. 

 We deposited C-Ag thin films by the method of PECVD combined with CVD. The 

structure of carbon-silver alloy systems changes from amorphous solution (at ~5w%) Ag-

content through amorphous nanocomposites systems with silver nanoparticles dispersed in the 

carbon matrix, to nanocomposite systems of silver matrix with carbon insclusions. The 

percolation of the globular silver nanoparticles became dominant at 70±5 w% silver-content. 

The alterations in mechanical properties are characteristic of the percolation threshold. 

 We found, that by partial separation the WC-alloy layers, a CWx ( ≪ 1) amorphous 

matrix and WC nanoparticle nanocomposite structure is formed. This structure determines the 

mechanical properties of the films (E, H, wear resistance). The increase of hardess and 

Young’s modulus with increasing tungsten-content is related to the number of carbide-

bondings.  

  



Doctoral theses 9 
 

Related scientific papers: 

 

[1] M. Szerencsi, G. Radnóczi: The mechanism of growth and decay of carbon nano-onions 

formed by ordering of amorphous particles, Vacuum 84 (2010) 197−201 

 

[2] A. Czyzniewski, W. Gulbinski, G. Radnóczi, M. Szerencsi, M. Pancielejko: 

Microstructure and mechanical properies of W-C:H coatings deposited by pulsed reactive 

magnetron sputtering, Surface and Coatings Technology 205 (2011) 4471−4479 

 

 

Related oral presentations and posters: 

 

Oral presentations 
 
[OP1] Szerencsi M., Radnóczi Gy. 

Szén nanoszemcsék átalakulása az elektronsugár hatására 

Conference of Hungarian Microscopy Society (MMT), Balatonalmádi, 2007. may 
 

[OP2] M. Szerencsi, G. Radnóczi 

The transformation of amorphous carbon nanoparticles under electron beam 

Autumn School on Advanced Materials, Berlin, 2007. october 
 

[OP3] Szerencsi M., Balázsi K., Grasin R., S. Kukielka, A. Sylvestre, Radnóczi Gy. 

Szén-fém (Ag, Ti) nanokompozit vékonyrétegek szerkezete és mechanikai tulajdonságai 

Conference of Hungarian Microscopy Society (MMT), Balatonalmádi, 2008. may 
 

[OP4] M. Szerencsi, K. Balázsi, A. Sylvestre, Y. Pauleau, W. Gulbinski, G. Radnóczi 

Structure of carbon-metal nanocomposite thin films 

E-MRS Conference, Strasbourg, 2008. may 
 

[OP5] Szerencsi M., S. Kukielka, A. Sylvestre, Radnóczi Gy. Z., Radnóczi Gy. 

Szén-fém nanokompozitok szerkezete és mechanikai tulajdonságai 

Conference of Hungarian Microscopy Society (MMT), Siófok, 2009. may 
 



Doctoral theses 10 
 

[OP6] M. Szerencsi, A. Sylvestre, G. Radnóczi, W. Gulbinski, S. Kukielka, Y. Pauleau 

Morphology, mechanical and tribological properties of metal-amorphous carbon films 

E-MRS Conference, Strasbourg, 2009. may 
 

[OP7] M. Szerencsi, A. Czyzniewsky, W. Gulbinski, G. Radnóczi, M. Pancielejko 

HREM characterization of the nanostructure of W-C:H coatings, 

Conference of Hungarian Microscopy Society (MMT), Siófok, 2010. may 

 

Posters 

 

[P1] M. Szerencsi, G. Radnóczi 

The transformation of amorphous carbon nanoparticles under electron beam 

JVC 12 – EVC 10 – AMDVG 7 Conference, Balatonalmádi, 2008. september 
 

[P2] M. Szerencsi, A. Czyzniewsky, W. Gulbinski, G. Radnóczi, M. Pancielejko 

Characterization of the nanostructure of W/a-C:H coatings by high resolution electron 

microscopy, JVC 13 Conference, Strbske Pleso, 2010. june 

 

 


