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1. Introduction, antecedents 

The claims are higher and higher to produce polymers and polymer-based tools with 
special properties (for example prosthesis, catheters, implants, biological active 
materials, intelligent polymers and monitored drug-delivery systems). 
In order to apply polymers and plastics in some special applications it is often necessary 
to modify a few nano- or micrometer thick layer of the surface, while the favourable 
array properties do not change,. The aims can be the improvement of wettability (with 
different kind of liquids),  paintability, biocompatibility and bioactivity, 
functionalization of the surfaces, production of hard and wear resistant layers, 
development of protecting or water-repellent materials, etc. 
Different kind of physical surface modification processes (for example UV- and 
gamma-ray or electron beam, glow discharge and atmospheric plasma techniques); 
physical and chemical vapour deposition and different kind of particle beam techniques 
are current beside the traditional liquid and gas phase chemical techniques applied to 
modify and improve the surface properties. There is intensive research activity to study 
the modified polymer surfaces and to explore structure – property type relationships. 
Surface modification of the polymers by particle beams (atom and ion beams) is an 
evolving, (either theoretically or practically) perspectivistic, multidisciplinar area. 
The main speciality of this treatments, that the energy, transmitted to the polymer-
matrix, can be orders of magnitude higher, compared to the traditional ionizing radiation 
(e.g. γ- vagy electron-radiation). Changes of the chemical composition and structure, 
generated in the surface layer, cause simultaneously significant changes in such polymer 
properties like mechanical, electrical and optical parameters, solubility, wettability, 
biocompatibility, etc. 
The fast atom-source can be applied under atom beam treatments and different type of 
ion implantations can be applied as ion beam techniques to modify the surfaces. The 
fast atom source was originally developed as a new ionizing technique of the mass 
spectrometry in the 1980’s. Later it was applied to deposite diamond like carbon (DLC) 
layers, nitridate stainless steel. This technique was applied in our institute (Hungarian 
Academy of Sciences, Chemical Research Center, Institute of Materials and 
Environmental Chemistry) to increase the component selectivity of organosilicon gas 
separation membranes and the wear resistance of ultra-high molecular weight 
polyethylene. 
The ion implantation techniques are often applied processes in the surface modification. 
Energy of the implanters is usually medium or high (a few hundred keV–MeV), which 
can be used to modify polymer surfaces. One of the biggest disadvantages of the 



method is that implantation of the tools can be uniform only with moving and rotating 
the irregular shape objects because of the guided beam. 
The plasma immersion ion implantation was particularly developed in the 1980’s to 
modify the surface of large irregular shape metal objects. Applicability of the technique 
to modify polymer surfaces was earlier studied. The details of the studies can be found 
in one of our publications [K5] and in the dissertation. A tipical example is decrease of 
surface electrical resistance of the polyimide, alteration of wettability of 
poly(tetrafluoro-ethylene) applied metal implantation, deposition of TiN-layer onto 
polycarbonate substrate, deposition of DLC-layer onto polyethylene surface, etc. In our 
institute the plasma immersion ion implantation of ultra-high molecular weight 
polyethylene was an important theme of a particular examination. Under these 
experiments the wear resistance of the polymer was raised substantially. The 
experimental results are applied by the Protetim Kft. in Hódmez vásárhely (Hungary) 
to produce enlarged life-time hip joint prostheses.
It is relevant circumstance that up to now the scientific researches in the theme dealed 
with studying effects of decisively high energy ions (above 50-100 keV). Furthermore it 
is important to mention that the specific parameters of the evolving surfaces 
(composition, structure, modified depth, generated physical and chemical changes) 
especially depend on the treatment conditions (like the substantial nature of the target 
and the bombarding particles, energy of particles, fluence, fluence rate, etc.) and the 
dominant energy transfer mechanism (electron stopping or nuclear stopping) due to the 
interaction. Determination of the processing parameters – structure – performance type 
relationships is inadequate. The reason why these are not adequate is putatively not only 
the fact that too many experiments are necessary because of the too many variables but 
the complex characterisation of the generated structure and performance changes claims 
numerous experiments, too. 
The polymers, served as substantial system of the examinations, are not only cheaper 
expletives in the different kind of applications of the traditional structural materials but 
these provide facilities for new technical engineering applications and wind themselves 
into the most demanding scopes. Application of these polymers extends fast, especially 
in the developed countries, particularly in the machine, vehicle, instrument, electrical 
power and electronics industry, etc. 
Development of such surface properties, which are not (or just in a small compass) 
tipical originally of the solid materials, can open up new application facilities. 



2. Aims 
At the beginning of my experimental work the aim was set to study interactions of some 
practically important tecnical engineering polymers (poly(tetrafluoro-ethylene) (PTFE), 
poly(ethylene-terephthalate) (PET), polyamide-6 (PA), bisphenol-A-polycarbonate) 
(PC)) and particle beams (atom and ion beams). 

I was looking for answers to the following questions: 

• What kind of  composition and chemical structure changes take to place in the 
surface layer of the studied polymers under treatment by different kind of  particle 
beams? 

• What kind of changes occur under treatment by different kind of  particle beams in 
such properties of the studied polymers like wettability and surface free energy? 

• How does the surface electrical resistance change under treatment by particle 
beams? 

• What kind of mechanical (hardness, Young modulus) and tribological (wear 
resistance) changes take to place in the surface layer of the studied polymers under 
treatment by different kind of  particle beams? 

• How do the composition, the structural, mechanical, tribological, energetical and 
elecrical properties of the polymer surface depend on the particle energy, fluence
and  fluence rate? 

• Is it possible to find ’processing parameter – structure – performance’ type 
relationships? 



3. Experimental part 

3.1. Materials, sample preparation 
The substantial systems of the examinations were the following commercial virgin 
grade polymers: poly(tetrafluoro-ethylene), poly(ethylene-terephthalate), polyamide-6 
and bisphenol-A-polycarbonate. The samples were treated after polishing, cleaning with 
ethanol in ultrasonic bath and drying in pure nitrogen gas flow. 

3.2. Applied surface modification techniques 
The treatments of polymers have been done by low energy (1 keV) fast atom-source 
(fast atom bombardment, FAB), and low and medium energy (maximum 40 keV) 
plasma immersion ion implantation (PIII). 
The polymer surfaces were treated at the beginning by FAB 114 type saddle field cold 
cathode fast atom-source in pure hydrogen, helium and nitrogen gas. These treatments 
particularly intented to get to know the effects of the treatment gases on the polymer 
surfaces. The particles were accelerated by 1 kV accelerating voltage. On the grounds of 
the treatment time, reckoning with current of the secunder electrons, the numbers of the 
particles, falling into the surface layer, (fluence) was 1x1017 cm-2. 
On the grounds of the FAB-treatments further samples were treated in plasma 
immersion ion implanter in nitrogen plasma. The acceleration voltage changed in the 
range of 15 – 30 kV, the fluence rate changed between 3x1013 – 7x1013 cm-2s-1 and the 
fluence varied in the interval of 1x1017 – 3x1017 cm-2 after systematic experimental plan. 

3.3. Applied surface investigation methods 

X-ray photoelectron spectroscopy (XPS) was applied to determine the chemical 
composition and chemical structure of the untreated and treated polymer surfaces. The 
XPS spectra were referenced to the C 1s line (binding energy, BE = 285.0 eV) of the 
hydrocarbon type carbon. 
Raman microspectroscopy was applied to determine the real thickness of the polymers 
treated by FAB-technic. 
Static sessile drop method was applied to study the wettability of the polymer surfaces. 
Distilled water and diiodomethane were the test liquid during the measurements. 
Captures were recorded about the drops sitting on the polymer surfaces by a digital 
camera. Geometrical data of the drops were determined by studying the captures. 
Contact angles were determined on the grounds of the geometrical data. 



Surface free energy and polar and dispersive component of the surface free energy were 
determined by Owens-Wendt calculation from contact angle data. 
Comparative surface electrical resistance measurements have been done between the 
untreated and treated samples. 
Indentations were applied on the samples. Characteristic hardness (H) and Young 
modulus (E) of the polymers were calculated on the grounds of the Oliver-Pharr theory. 
Abrasive wear resistance was studied by multipass wear tests. Volume loss (V) values 
were calculated in view of the geometrical parameters of the applied indenter and the 
degree of the irrevocable deformations. 
Adhesive tribological properties were determined by pin-on-disc method. Tests were 
done under dry and water-lubricated conditions at very low and high Pv (load – rotation 
velocity) factors. 



4. New scientific results (thesis) 

4.1. Thesis of surface treatment experiments by fast atom-source 

1. The chemical and physical properties of the PTFE surface changed significantly 
under FAB-treatment applied H2, He- and N2 gases [K2]: 
a) formation of fluorinated amorphous carbon like surface layer can be observed, 
thickness of the layers exceeded the penetration depth (calculated by SRIM-program) 
of particles; 
b) average surface roughness increased; the smallest nuclear mass of the bombarding 
particle, the higher degree rise of the average surface roughness can be determined 
under FAB-treatment applied H2, He és N2 gases; 
c) the reactive hydrogen and nitrogen FAB treatments increased the wear resistance 
of the surface layer; 
d) water contact angles decreased on the FAB-treated surfaces, increased  
hydrophilic nature of the polymers remained durable. 

4.2. Thesis of surface treatment experiments by plasma immersion ion 
implantation 

2. Significant changes can be observed in the chemical composition and chemical 
structure of the surface layers after N-PIII treatments of PTFE, PET, PA and PC 
[K1, K4, K5]: 
a) N-incorporation can be observed into the surface layer in the case of every 
polymer; 
b) F-content decreased, C- and O-content increased, in agreement with these data the 
fluorinated degree of the C-atoms decreased in the case of the PTFE; 
c) O/C ratio of the PET surfaces decreased, the ester groups degraded and partially 
changed into urethane groups; 
d) C-content of the PA and PC decreased significantly, original amide and carbonate 
groups degraded and new groups appeared, so in the case of PA formation of imine, 
protonated amine and urethane groups, while in the case of PC formation of imine, 
tertiary amine and amide groups can be determined. 

3. Changing processing parameters affect contact angles  and so hydrophobic and 
hydrophilic properties of the surfaces, formed under treatment, which are new from 
the point of view of chemical composition and structure. [K1, K4, K5]: 
a) water contact angle, under modification of PTFE surface, increased by increasing 
average roughness but the contact angles and hydrophobic nature decreased with 



increasing acceleration voltage and fluence rate, which can be explained by high 
degree N-incorporation and post-oxidation, which compensate over the effect caused 
by roughness; 
b) water contact angles, measured on the PA and PC surfaces, decreased, hydrophilic 
nature and surface free energy became stronger, which can be expailed by N-
incorporation and post-oxidation; the higher acceleration voltage and fluence, the 
stronger hydrophilic nature. 

4. Surface electrical resistance decreased more orders of magnitude under and after N-
PIII treatment. The higher acceleration voltage and fluence rate, the higher degree of 
decrease of surface electrical resistance. [K1, K4, K5] 

5. Wear resistance against abrasion change under N-PIII treatment of polymers 
[K1, K4, K5]: 
a) wear resistance of PTFE decreased parallel with increasing O/C ratio and average 
surface roughness; 
b) wear resistance of PET can either decrease or increase in the studied range but 
operating parameter settings can be found (high acceleration voltage and high 
fluence), which increase substantially the wear resistance; 
c) wear resistance of PA and PC increase clearly, volume loss of PA may as well 
decrease to 10%, and this value can decrease to 60% in the case of PC. The higher 
acceleration voltage and fluence, the less volume loss. 

6. It was determined, that H/E ratio of N-PIII treated PET, PA and PC are relevant to
wear resistance against abrasion [K1, K5]: 
a) volume loss decreased with increase of H/E ratio of the PET sample; 
b) PC polymer has a characteristic V – H/E relationship with minimum. In the case of 
PA increse of H/E ratio can involve improving wear resistance in the interval under 
H/E ≈ 0.11, while above this value volume loss increases with increase of H/E ratio. 

7. In the case of the N-PIII treated PET it was determined, that adhesive component of 
the friction, combining low load with low rotation velocity, can decrease, while the 
value of the component increases with combining high load and high rotation 
velocity because of appearing sliding friction between the pin and the disc. [K3] 

8. Substantial relationships were determined among the different kind of parameters
under N-PIII treatment (based on a three-level fractional factorial design) of PTFE, 
PET, PA and PC, and after complex (surface chemical, electrical, energetical, 
nanomechanical and tribological,) examination of the samples [K1, K4, K5]: 



a) composition – performance type relationship was determined in the case of PA, 
as the N-incorporation in little quantities decreases strongly the resistant of the 
surface against abrasive wear but this effect failing rapidly by incorporation of 
nitrogen in big quantities; 
b) chemical structure – peformance type relationship was determined in the case of 
the PC, as incorporation of the nitrogen in big quantities into tertiary amine type 
groups, evidently because of cross-linking, gradually improve resistance of the 
surface against abrasive wear. 
It is not appropriate to increase extremly the N-content neither in the case of the PC. 
Because it leads to increase of N-concentration in the imine groups, which is 
disadvantageous from the point of view of the wear resistance; 
c) process parameter – structure – performance type relationship was determined in 
the case of the PC, as N-concentration, which correlates with abrasive wear 
resistance, increases in the tertiary amine groups by increasing fluence and fluence 
rate. 

5. Application of the results 

On the evidence of experiments, performed with the colleagues, and the results involved 
in the publications and in the dissertation a patent was submitted to improve mechanical 
and tribological properties of oxygen and/or halogen heteroatom-containing 
thermoplastic technical engineering polymers. [SZ1]
The exposed information and relationships can have more common importance, as the 
generated chemical changes of the surface cause substantial changes in the 
topographical, mechanical, tribological, energetical and electrical properties. Some 
possible applications are mentioned below: 
Increasing surface free energy of PTFE and the new information, concerning relaxation 
processes after treatment, can be useful to produce vessel prosthesis. 
Strenghtening hydrophobic nature can be utilized to develop self-cleaning surfaces. 
The results concerning to decrease microabrasive wear, determined under treatment of 
PET by particle beams, can be applied in machine industry. 
Informations, concerning to decrease of microabrasive wear, can be useful indirect to 
increase gas barrier capacity of PET bottles, as increase of the wear resistance can be 
explained by cross-linking and the gas barrier capacity of PET bottles can be assigned 
by cross-linking, too. Increase gas barrier capacity of the PET bottles is important in the 
point of view of foodpackaging. 
The results, which are connected with extensive increase of microabrasive wear 
resistance of the PA, can be applied by so kind of area of the engineering industry, 



where stresses are not too strong, but it is necessary to keep the array properties besides 
improvement of tribological properties of the tools. 
Wear resistance of the PC, increased by particle beams, can be important to produce 
special optical lenses and glasses with high wear resistance. 
Extensive increase of polymer surface electrical conductivity generated by particle 
beams can give point of reference to develop such polymer-based electronical tools like 
diodes, field-effect electronical instruments and tools, etc. 
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