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1. Introduction 

    Metal corrosion is an important expense in all countries budget 

every year. Its efficient control needs a lot of academic and 

industrial research; especially because of the most effective 

inhibitor used – chromate – was banned since the last decade. 

Among the enormous number of chemicals used as corrosion 

inhibitors in case of different metals, the phosphonic acids both 

in dissolved form as well as in molecular layers can very 

effectively inhibit the metal corrosion.  

    SAM layers are monolayers of organic molecules in ordered 

molecular assemblies on a metal that would modify the solid 

surfaces by spontaneous adsorption of the head groups. This 

methodology is a versatile route for surface modification. The 

change in the tail group of the molecules in the SAM nanolayers 

results in different surface properties. 

          The first part of my work focused on the research of 

preparation of well-ordered self-assembled molecular (SAM) 

layers formed by two special phosphonic acids, 

fluorophosphonic acid and undecenyl phosphonic acid. Both are 

amphiphiles that consist of a -P(O)(OH)2 head group (the 

geometry of the hydrophilic head group is nearly tetrahedral, and 

can act both as a hydrogen-bond donor via the two P-OH groups  



and a hydrogen-bond acceptor through the P=O oxygen), which 

can bind only to an oxide layer of the metal surface, and a 

hydrophobic side chain. They bond via different forces 

(hydrogen bond, van der Waals force, etc). The difference in 

these amphiphilic molecules are in the hydrophobic molecular 

part. Undecenyl nanolayer has an alkenyl side chain with a 

double bond at the end position which could disturb the 

formation of a compact SAM layer. fluorophosphonic acid with a 

semi-fluorinated alkyl phosphonic acid with several fluorine 

atoms along the carbon chain. It is well-known that the fluorine 

increases the hydrophobicity of a molecule.  

       The SAM nanolayers were deposited on carbon steel, 

stainless steel (304 and 316), and aluminum alloy surfaces. The 

effects of different parameters such as the layer formation time, 

amphiphile concentration, surface roughness, stability of SAM in 

the electrolyte, pH change of the electrolyte, and post-treatment 

of the undecenyl nanolayer via UV light and γ-irradiation on the 

quality of the SAM layers were studied by specific techniques. 

The used techniques were: contact angle measurements (static 

and dynamic), atomic force microscopy (AFM), and 

electrochemical techniques (potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS)).  



2. Aim of work 

     The goal of my research was to produce modified metal 

surfaces that can control different types of metal corrosion. The 

complex investigation of self-assembled molecular layers, 

formed by the two amphiphiles makes up the main line of the 

dissertation. Some other amphiphilic molecules were also 

investigated for comparison.  

 

3. Applications 

      The study of these SAM layers formed from both phosphonic 

acids could be contributed in future to be used in different fields 

(e.g in electronic industry) as they can control the corrosion in 

molecular layer thickness (which eventuate the diminution of 

materials applied against corrosion) in the presence of water in a 

liquid or vapor form. 

 

4. Methods of study 

 

4.1. Contact angle  

          In surface science the understanding of the wetting 

phenomena is a critical subject (79). Studies of the wettability 

include the contact angle values as basic data. Its definition is the  



angle formed at the interface of the solid-liquid and the vapor-

liquid (2). If the contact angle (ɵ) value in water is < 90
o
, then 

the surface is hydrophilic, while at values of ɵ > 90
o
 the 

wettability in water becomes very low and the surface is 

hydrophobic (3). There were two types of contact angle 

measurements applied in this study.  First the Static contact 

angle: a camera takes the drop profile photograph as the sessile 

drop relaxes and the measurements are achieved by measuring 

the angle between the tangent of the liquid/solid interface at the 

three phase contact line and the baseline of the droplet of a 

defined liquid on the solid surface. This is known as the 

macroscopic contact angle (2). Second the dynamic contact 

angle values measured by Wilhelmy balance: The surface 

tension of a liquid by a Wilhelmy plate apparatus is represented 

by the force of the liquid pulling down on a plate and measures 

the contact angle between the plate and the liquid force change 

detected on the balance is the buoyancy and the wetting force 

where the force of gravity remains the same (2, 3). When a 

vertically suspended plate touches a liquid surface, then a 

force (F) acts on this plate, that  correlates with the surface 

tension  and with the contact angle (θ) according to the following  

 



equation: σ = F/L .
 cos θ, where σ is the liquid surface tension, L 

is the perimeter of the probe. 

 

4.2. Atomic force microscope (AFM )  

    This technique allows the surface visualization in 2D and 3D, 

as well as the section analysis gives numerical information about 

the surface irregularity and by the roughness parameters the 

solid surface could also be characterized. it is applicable in a 

wide range of sciences (materials science, chemistry, physics, 

and biology) (4). In the case of AFM the force between a very 

sharp tip and the solid surface under investigation is recorded. 

The important parts of the AFM are as follows: a spring 

(cantilever) equipped with a tip, a piezo tube, a laser beam that 

illuminates the cantilever from where the laser light will be 

reflected (through a mirror) into a position sensitive 

photodetector. The heart of the AFM is the cantilever-tip 

assembly that interacts with the sample in a raster scanning 

mode either in a non-contact mode (attractive force range), a 

contact mode (repulsive force range), or in a tapping mode when 

the tip constantly changes its position between the two modes. 

 

 



4.3. Electrochemical Methods 

     Corrosion phenomena in aqueous environments being of an 

electrochemical nature and controlled by the corrosion potential 

 of the metal, which makes the electrochemical methods have an 

important impact on corrosion testing and research (6).  Several 

techniques have been developed throughout the years in the 

determination of corrosion, such as potentiodynamic polarization 

and electrochemical impedance spectroscopy (EIS).  

 

4.3.1. Potentiodynamic technique 

    In this technique, the electrode is submitted to a potential, and 

the outcome current is measured. At the measurement setup, the 

scan rate has to be carefully chosen in order to obtain full 

information taking place on the electrode surface; thus relatively 

slow potential of e.g. 0.1mV/sec is preferable where at high 

potential less information can be obtained on the rate establishing 

step of the working electrode process and information on the fast 

reaction step. The plotting of the potential (V) vs. the current 

density (A/cm
2
) results in the Tafel plots. The current density 

values are plotted in logarithmic scale.  



    It presents a significant amount of information such as 

corrosion kinetics (corrosion potential (Ecorr) and the current 

density (icorr)),     corrosion  rate, pitting, passivity, type  of     the  

electrochemical reaction (cathodic (reduction) or an anodic 

(oxidation) reaction). It has also been used for the evaluation   of  

self-assembled monolayers (SAM) formed e.g. by hydroxamic 

acids on carbon steel (6). 

 

4.3.2. Electrochemical impedance spectroscopy (EIS)     

     It is a non-destructive method (advantages over the DC 

methods) since it uses very small excitation potential amplitudes 

and has a minimal perturbation to the working system.  

    EIS measurements on organic coatings apply alternating 

voltage over a counter electrode and the coated metal substrate, 

and the response of the system is registered. Impedance (Z) is a 

measure of a circuit’s tendency to resist (impede) the flow of an 

alternating electrical current and is the AC equivalent of 

electrical resistance (R) in DC applications. The results are 

shown in forms of: 1. Nyquist plot: where the real vs. imaginary 

amplitudes of the polarization resistance are shown; this is the 

representation of transfer functions which are particularly useful 

for stability analysis in a system; 2. Bode graphs: with the same 



 data the logarithm of the modulus of the impedance where log 

|Z| vs. log ω is the Bode module plot and the phase angle (ϴ) vs. 

log ω is the Bode phase plot. The analysis of the impedance 

spectrum results are in the form of an equivalent circuit models 

 

5. Results and discussion 

 

5.1. Influence of concentration on SAM layers      

    In case of the undecenyl phosphonic acid layers the increase in 

the amphiphile concentration from 5 x10
-3

M to 5 x10
-2

M
 
resulted 

in a better surface coverage, i.e. high advancing and receding 

contact angle (CA) values were measured for the SAM deposited 

at 24h and the difference between these values (advancing and 

receding) decreased. As the flourophosphonic acid formed the 

SAM layer, almost no change in the CA values was noticed at 

higher amphiphilic molecule concentration, i.e. 5x10
-3

M and it 

was already an optimum concentration giving a value of 125
o
 

(Figure 1). Neither the advancing nor the receding CA values 

were influenced by the higher amphiphile concentration. 



 
Figure 1: Influence of concentration on the wettability of carbon steel 

with undecenyl phosphonic and fluorophosphonic acid  

layers formed at 24h. 

 

5.2. Influence of layer formation time: 

         The longer the layer formation time the more hydrophobic the 

coated surface became. Although from the head group’s point of 

view, they are the same in both amphiphiles. With the increase in 

the layer formation time, more phosphonic groups attach to the 

solid, thus less free spaces on the surface for the hydrophobic 

molecular parts that enables an increased interaction among the 

hydrophobic chains. This observation was recorded by CA 

values for both amphiphiles. The hydrophobicity of the metal 

surface coated by fluorophosphonic acid at shorter time is higher  



than in the case of the undecenyl phospohonic acid nanolayer 

formed at the same time. The interactions between the alkenyl 

chains and the fluoroalkyl chains are very different as the double 

bond in the undecenyl part does not allow a strong interaction 

unlike in case of the fluorophosphonic alkyl chains. This results 

in adhesion of more phosphonic groups of fluoro compound. The 

most hydrophobic layers were those formed at 24h in both cases. 

This observation was recorded by contact angle, EIS (Figure 2) 

results and potentiodynamic polarization results (Figure 3).  
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                                                  (a)          (b)      

Figure 2: Nyquist plots for SAM layer formation time dependent; 

a: fluorophosphonic acid and b: undecenyl phosphonic acid. 
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(a) 

 

(b) 

Figure 3: Effect of SAM layer formation time on the corrosion 

reactions in the case of; a: fluorophosphonic acid; b:  undecenyl 

phosphonic acid. 
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    A Langmuir-type correlation was found between the layer 

formation time and the surface coverage (Ɵ) calculated from the 

efficiencies; in this case not the concentration but the layer 

formation time correlated with the time/coverage    (h/ Ɵ) values.  

With this application, a straight line resulted (Figure 4) and not 

only in the early period of the adsorption but at the longer layer 

formation time as well. 

    The efficiency values calculated for both amphiphiles showed 

that to form a compact layer by fluorophosphonic acid needed a 

shorter time than the undecenyl amphiphile. The behavior is 

similar to those results achieved with the potentiodynamic 

method (Figure 5). 
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Figure 4: Correlation between the SAM layer formation time (h) of 

fluorophosphonic acid and undecenyl phosphonic acid and the h/Ɵ 

values.  
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Figure 5: Correlation between the polarization resistance and the layer 

formation time measured on fluorophosphonic acid and undecenyl 

phosphonic acid SAM coated carbon steel. 

 

5.3. Influence of metals type on the SAM layers      

    SAM layers of both amphiphiles applied on carbon steel, 

stainless steel 304, stainless steel 316, and aluminum surfaces 

formed very hydrophobic films (Figure 6). It is important to 

underline that very compact nanolayer was formed on the 

stainless steel 304 by the fluoro amphiphile, which is reflected 

not only in the high advancing but also in the receding CA values 

as illustrated in Figure 6. The most hydrophobic so-called 

superhydrophobic nanolayers were formed on aluminum by 

flourophosphonic acid (CA: 162
o
).  
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(a) 

 
(b) 

Figure 6: Wettabilities measured on different metal surfaces covered 

by amphiphiles; a: fluorophosphonic acid-SAM layer; b: undecenyl 

phosphonic acid-SAM layer (5x10
-3

 M, at 24h). 

 

5.4. Influence of surface roughness  

    As the roughness increases the surface area increases, more 

amphiphilic molecules can be bound to the surface through 

adhesion of head groups but a rougher surface can inhibit the 

formation of a more ordered structure. This is reflected in the 

results presented by experiments on SAM formation by the two 

amphiphiles on aluminum surface (Figure 7) In case of the bare 

metal showed that at rougher surface the wettability in water 

decreases as the surface irregularity favors the involvement of air 

bubbles between the solid surface and the water. It is interesting 

that the influence of the fluorophosphonic amphiphile (which 

generally produces more hydrophobic surface than the 

undecenyl) on the hydrophobicity showed only on smoother 
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surface which differed from the undecenyl phosphonic acid.  
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Figure 7: Influence of  aluminum surface finishing on the contact angle 

values with and without SAM layers of fluorophosphonic and 

undecenyl phosphonic acids (5x10
-3

 M; 24 h; gr: grain size) 

 

5.5. Anticorrosion activity of the SAM nanolayers  

    Two types of corrosion were tested: general and pitting 

corrosion. 

 

       i. SAM nanolayers against pitting corrosion  

     The carbon steel surface coated with fluorophosphonic acid 

SAM layer after one hour immersion into NaCl solution showed 

no sign of pitting corrosion where the SAM layer performed as a  
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good and a dense barrier between the metal and the solution. 

SAM layer of fluorophosphonic acid on aluminum surface 

behaved similarly. The undecenyl phosphonic acid SAM layer on 

carbon steel surface could not protect the metal

surface from pitting corrosion (Figure 8). This is due to the 

nanolayer structure, which is negatively influenced by the double 

bond in the molecules which allowed the penetration of the Cl
-
 

ion to the metal surface. The post treatment of undecenyl 

phosphonic acid SAM layer formed on carbon steel with 2 kGy 

and 20 kGy improved the anticorrosion properties and prevented 

the formation of pits.  

 
Figure 8: Undecenyl phosphonic acid layer on carbon steel, 

(layer formation time 30 min) after 1 h of immersion in NaCl 

Solution. 
 

       ii. The SAM nanolayers against general corrosion  

Fluorophosphonic acid and undecenyl phosphonic SAM 

nanolayers on carbon steel and aluminuim metel surfaces showed  
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no sign of general corrosion when submitted to sodium 

perchloride for 1h.  

 

5.6. Stability of SAM layers in electrolyte 

        The results showed that the fluoro amphiphile layer was 

more stable. After 24 h the original polarization resistance 

decreased almost to the half but even though this value was 17-

times higher than that measured on the bare metal without any 

coating. The undecenyl phosphonic acid in SAM nanolayer was 

much less active, the permeability of the layer decreased 

significantly. This big difference in the Rp values observed 

between those achieved by fluorophosphonic acid layers and 

those of undecenyl phosphonic acid is related to the structure 

undecenyl that has a double bond that did not allow the 

formationof a compact layer thus the electrolyte penetratd to the 

metal surface.  

 

5.7. Influence of the undecenyl SAM layer post-treatment  

    The undecenyl SAM layer post-treatment 20 kGy and 20 kGy 

improve converted the layer structure significantly where it 

improved the anticorrosion properties and the wetabilaty. These 

changes were due to the structural modification of the layer, i.e. 

the double bonds were converted into a polymer net. 
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This was proven by AFM (Figure 9), contact angle 

measurements and FTIR results.  

 

(a) bare metal  

(b) bare metal immersed into  

NaCl for 1 h 

 
(c) SAM layered 

 

(d) layered and  immersed  

into NaCl 

 
(e) SAM layered and irradiated  

by 2 kGy 

 

(f) : SAM layered,  irradiated  

and  immersion into NaCl 

 

 
(g) SAM layered  and  irradiated 

 by 20 kGy  

 
(h) : SAM layered,  irradiated  

and immersion into NaCl 

 

Figure 9: Carbon steel metal surface with and with out  

undecenyl phosphonic acid SAM layers.   
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5.8. Influence of the electrolyte pH change on the stability of 

SAM layer  

     The EIS measurements gave similar results as the 

potentiodynamic technique when the pH of the electrolytes was 

varied. At low pH the efficiency decreased significantly. This 

was due to that there is a change in the head group’s structure 

initialized by the acidic environment. Increasing the pH to the 

neutral and alkali range increased the efficacy (Figure 10). The 

positive effect at neutral pH could be explained by complex 

effects. One factor that can influence the layer stability is the pK2 

value and the other is the solubility of the amphiphiles in alkali 

environment at higher pHs.  
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Figure 10: Behavior of carbon steel coated and uncoated with SAM 

layer steel in electrolyte with a pH = 3 
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7. Thesis points 

 

i. I demonstrated that the time of layer formation had a 

major influence on the performance of the coated surface and 

it has a more decisive impact on the nanolayer structure than 

the increase in the amphiphile concentration.                       

(T. Abohalkuma, F. Shawish, J. Telegdi; “Phosphonic acid 

derivatives in self assembled layers against metal corrosion” , 

International Journal of Corrosion and Scale Inhibition,  

3(3) (2014) 151-159). 
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ii. I have proven by contact angle values as well as by the 

decreased anticorrosion activity that the double bond in the 

undecenyl phosphonic acid nanolyer disturbs the SAM layer 

structure. These amphiphilic molecules in SAM layers were 

less active than that of the fluorophospohonic amphiphile. 

This is due to the less ordered structure in the case of the 

undecenyl amphiphile. At the same time, the influence of 

hydrophobic fluorine atoms in the amphiphile on the 

increased hydrophobicity was demonstrated, which resulted 

in a very condensed molecular layer that was correlated with 

the very effective corrosion inhibition. (Talah Abohalkuma, 

Abdul Shaban, Judit Telegdi “Corrosion Processes 

Controlled by Phosphonic Acid Nano-layers”, Periodica 

Polytechnica Chemical Engineering, 60(3) 165-168, (2016) 

DOI: 10.3311/PPch.8260).  

iii. In case of the undecenyl phosphonic acid SAM layer, 

(which has a less ordered structure and, as a consequence, it 

can control the corrosion processes with less activity,) I was 

who first modified the SAM layer by post-treatments (by 

illumination and irradiation); both types of handlings 

changed not only the surface wettability (because of the 

polymerization of the double bonds in the nanolayer), but the 

anticorrosion efficacy was also significantly increased. In the  
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case of the UV light a longer-time treatment (1 h) could 

successfully modify the layer structure. As to the irradiation, 

already 2 kGy of γ-ray altered the structure of the nanofilm 

that resulted in an increased prevention of the metal surface 

against the pitting corrosion; a much higher dose (20 kGy) 

produced already a compact nanolyer that was effective 

against the general and the pitting corrosion. (J. Telegdi and 

T. Abohalkuma, “Influence of the nanolayer’ post-treatment 

on the anticorrosion activity”, International Journal of 

Corrosion and Scale Inhibition, 7 (3) 352–365 (2018) DOI: 

10.17675/2305-6894-2018-7-3-6).   

iv. The importance of the oxide layer was demonstrated in 

my work. It was proven that an increased oxide layer 

thickness on aluminum adsorbs the phosphonic acid 

amphiphiles more effectively than a thinner one like in the 

case of the carbon steel oxide layer. On the other hand, I have 

shown the importance of the alloying elements on the surface 

characteristics: the different wettability of the two stainless 

steels (304 and 3016) was confirmed with the differences in 

the surface oxide layer composition. (Judit Telegdi, Giorgio 

Luciano, Soumitro Mahantry, Talah Abohalkuma, 

“Inhibition of aluminum alloy corrosion in electrolytes by 

self assembled fluorophosphonic acid molecular layer”,  
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Materials and Corrosion, 67(10) 1027-1033 (2016) DOI: 

10.1002/maco.201508304). 

v. I proved that the SAM layers formed by 

fluorophosphonic acid show anticorrosion performance 

towards both general and pitting corrosion while those 

formed by undecenyl phosphonic acid are active mainly 

against the general corrosion. (Tala Abohalkuma, Judit 

Telegdi “Corrosion protection of carbon steel by special 

phosphonic acid nano-layers”, Materials and Corrosion, 

66(12) 1382-1390 (2015) DOI:  10.1002/maco.201508304). 

vi. On the basis of electrochemical results, I have found 

special correlation between the layer formation time and the 

anticorrosion activity, which follows Langmuir-type 

adsorption; in my case, instead of the amphiphile 

concentration, the layer formation time and the anticorrosion 

activity is correlated. . (J. Telegdi and T. Abohalkuma, 

“Influence of the nanolayer post-treatment on the 

anticorrosion activity”, International Journal of Corrosion 

and Scale Inhibition, 7 (3) 352–365 (2018) DOI: 

10.17675/2305-6894-2018-7-3-6). 

vii. The importance of the environmental pH was 

demonstrated and explained: the SAM layer formed at 24h by 

fluorophosphonic acid and by undecenyl phosphonic acid  
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could not keep their anticorrosion activity at pH=3, but these 

layers are very active at neutral and alkali pH values in 

inhibiting the metal dissolution. I explained the decreased 

efficiency by the change in the head group structure.             

(J. Telegdi and T. Abohalkuma, “Influence of the nanolayer 

post-treatment on the anticorrosion activity”, International 

Journal of Corrosion and Scale Inhibition, 7 (3) 352–365 

(2018) DOI: 10.17675/2305-6894-2018-7-3-6). 
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