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ABSTRACT 

The new · organosilicon compound was prepared and 
confirmed by IR, 1HNMR, GLC, GPC and elemental analysis. This 
compound was formulated w ith other organic (furan, epoxy and 
novolac)) and inorganic (zinc dust, calcium carbonate, talc, 
sintered glass and titanium oxide) to form some formu las. These 
formulas were applied on the carbon steel specimens. The toluene 
diisocyanate (TDI) was used as curing agent at different ratios. The 
optimum conditions were studied; the physical, mechanical, 
electrochemical properties for dry film formed on the carbon steel 
surface were investigated. Finally the surface morphology for dry 
films was studied before and after electrochemical tests. 

Keywords: Painted carbon steel; Impedance measurements; 
Equivalent circuits, organic coatings, surface properties, cyclic 
voltammetry, EIS, SEM. 

INTRODUCTION 

The advantages of combining organic and inorganic components have been 
frequently described for organic-inorganic hybrid materials, in which these components 
are mixed at the molecular level. Applications of organic-inorganic materials in many 
fields, such as protectiv~ coatings [Yeh JM, (2006) and Aparicio M , (2006)] were 
studied. The introduction of an inorganic component in an organic matrix has been 
used, for instance, to improve the selectivity of hydrocarbons in silicone membranes 
(Nunes SP, (1996)]. Organic coatings may be used to protect metallic materials against 
aggressive environments. Generally, inhib itive pigments are introduced into organic 
coat ings as the main substance for corrosion inhibition. For this purpose, zinc phosphate 
is commonly used because it is known as a green pigment in contrary to toxic pigments 
'like chromate pigments [Benbachir, A. eta/ (1999), Ashirgade, A eta/ (2007), Deya, 
M.C. et al (2002), Mahdavian, M. eta/ (2005), Zubielewicz,M. et al (2004), Sinko,J. 
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eta/ (2001), Bethencourt, M. et at (2003), and Chromy, L. et al (1990)]. Epoxy is 
one of the most common coating materials used in severe corrosion environments 
including marine environment [May, C.A. (1988), and Goulding, T.M. (1994)]. Due to 
the hydrophilic chemical groups of cured epoxy structure such as hydroxyl group (­
OH), carboxyl group (COO) and amino group (Aronhime, M.T. et at (1986), Zhou, 
J.M et a/ (1999),) that have unpaired electron, epoxy has exhibited the hydrophilic 
properties by attracting water from the environment [Nunez, L. et a/, (1999), Xiao, 
G.Z. (1997) et al and Lezzi, RA. et al (1997)] to which it is exposed, resulting in a 
decrease in its protectiveness for metal underneath. Accordingly, there have been a lot 
of efforts to improve the protectiveness of epoxy coats, considering their material cost 
and applications, etc. Hydrophobic coating materials such as fluorine [Shon, M. et ol 
(2007)) and silicon polymer were introduced for special purposes requiring high 
corrosion protection, especially as a top coating in heavy duty environments or an anti­
fouling coating in shipbuilding industry. However, the applications of these polymers 
have t een limited due to their bad workability during painting work, poor adhesion and 
expensive material cost. A blending technology combining hydrophilic polymer with 
hydrophobic polymer may produce an attractive coating system having both high 
corrosion protection and good adhesion. [Caba nelas, J.C. et ol (2001), Gonzalez, M . et 
at (2004), Cabanelas, J.C. el a/ (2003), Mcintyre, J.M. (1996) and Gonzalez, S. eta/ 
(2001)]. Electrochemical impedance spectroscopy (EIS) is a well-known 
electrochemical means to evaluate the performance of organic coatings, and has proven 
to be a powerful tool for acquiring specific parameters of systems of organic 
coatings/metals, therewith providing very useful kinetic and mechanism information 
[Marchebois, H. et a/ (2002), and Zhang, ,J.T. et a/ (2004)). In this work, a new 
compound was synthesized and confirmed by IR, IHNMR, GLC, GPC and elemental 
a.nalysis. This compound was blended with furan, novolac, epoxy, toluene diisocyanate, 
talc, calcium carbonate, sintered glass, Zn dust, titanium dioxide and butanone as the 
solvent to form different formulas. These formulas were applied on the preparation 
carbon steel surface. The physical, mechanical, and electrochemical properties of dry 
films were investigated. Finally the observed results were indicated that the formed dry 
films have excellent corrosion protection for carbon steel. 

EXPERIMENTAL 

1. Materials: 

Using chemicals such as: furan, novolac, epoxy, toluene diisocyanate, talc calcium 
carbonate, sintered glass and Zn dust all were of commercial materials, while sodium 
metasilicate , ammonium thiocyanate , triethanol amine, titanium dioxide, phenol, 
paraldehyde and butanone were analytical grade and provided from Alderch. 

2. Preparation of the phenyl-ethanol di-triethanol amine siloxane: 

In a three necked round bottom flask, triethanolamine (2 mol) and sodium metasilicate 
(I mol) were heated at 120 oc under a N2 stream with good stirring and maintained for 2 
h. The flask was connected to a distillation system and the temperature was rapidly 
raised to 250 oc and maintained there for 2 h with constant stirring. 

... 
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Paraldehyde (lmol) and phenol (3 mol) were heated at 100 °C under a N2 stream with 
vigorous stirring and maintained for 2 h, then the temperature was rapid ly raised to 200 
oc and maintained there for 2 h with constant magnetic stirring. · 

, 0 +(CH,CHO)~oo.-"<(!:O!J-Q-cHOHCH, + 

?H 
VCHOHCH3 

phenol paraldhyde p-hydroxyethyl phenol o-hydroxyethyl phenol 

-+ 

(compound III) 

?H 
(:ICHOHCH3 

y ················· ················· ( 2) 

CHOHCH3 

o,p-dihydroxyethyl phenol 

The product was added to the hot previous mixture from triethanolamine and sodium 
metasilicate through a funnel and maintained for 2 h with magnetic stirring. Then the 
reaction mixture was cooled to room temperature and separated by filtration. 

zoo- zso°C 
Compound !+Compound II --• 

CHJ 

HO- -0 ~HO<;H G-oH 
CH3 

diphenol-diethylene ether 
(compound IV) 

Compound Ill was confirmed by infrared analysis (FT.IR), nuclear magnetic resonance 
(

1HNMR), gas liquid chromatography (GLC), gas permeation chromatography (GPC) 
and elemental analysis. 
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3. Characterization Techniques: 

:u. Infrared Analysis (FT.IR) 

36 

The IR spectra of the synthesized compound ill were investigated using (FT.IR) 
Spectrometer Model Type Mattson Bench top 96I .The wave number and intensities of 
the IR of the different types of function groups were determined in the range of 500-
4000 cm-1

• 

3.2. Nuclear Magnetic Resonance ('HNMR) 

The 1HNMR of the synthesized compound ill were determined in dimethyl sulphoxide 
using 300l\.ffiz Spectrometer W-P-300, Bruker. 

3.3. Gas Liquid Chromatography (GLC) 

The gas liquid chromatography type (Agilent 6890 plus) is used for separation and 
evaluation the purity of produced compounds. 
The conditions for separation were: Detector type: Flame Ionization Detector 
Colum: Hp-1 (60m- JD: 0.32mm- DF: 0.51-lrn.), Injector temperature: 300 °C, Detector _. 
temp.: 320 °C, Initial temperature: 100 °C, Final temperature: 320 °C, Rate separation: 4 
°C/min and Carrier: N2 2 ml/min 

3.4. Gas Permeation Chromatography (GPC) 

The average molecular weight of compound Ill was measured by using gas permeation 
chromatography water model 600E. The conditions for measurement were: Detector 
type: UV-visible spectrophotometer water, Colum: Styragel columns, Injection volume: 
3 1-1m and Mobile phase: Toluene HPLC grage. 

3.5. Elemental Analysis 

The elemental analyses of compounds ill were carried out at Micro Analytical 
Center, Faculty of Science - Cairo University, Egypt. 

4. Preparation of Formulas (FA10-FA100): 

The formulas (FA10-FA100) were prepared by mixing different grames (10 , 
20 , 30 , 40 , 50 , 60 , 70, 80, 90, 1 00) of furan with 10 grams of Novo lac, 10 grams 
of epoxy resin, I 0 grams of phenyl-ethanol di-triethanolamine siloxane (compound ill) 
10 grams of zinc dust, 20 grams of Ti02, 20 grams of CaC03, 20 grams of talc, 10 
grams of sintered glass and 15 grams of methyl ethyl ketone (MEK) as solvent 

5. Evaluation of the Physical and Mechanical Properties: 

All measurements were carried out at the environmental conditions (ambient 
temperature, relative humidity (R.H) at :::::50%, time of duration for dry film 7 days and 
dry film thickness 80 ±5 1-1m). Films generally are made more visible by use of a 
magnifier or by use of a pinhole detector. 

5.1. Visual Inspection: 

The coating films on the surface of specimens were visually inspected to determine 
sealing, sagging, fish eyes, shrinking, coagulation, smoothes and homogeneity. 

,_ 
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5.2. Adhesion Test: 

The adhesion of coating film to metallic substrates was carried out by two methods. 
(a) An X - cut is made in the film to the substrate, pressure-sensitive tape is applied 
over the cut and then removed, the adhesion is assessed qualitatively on the (0 - 5) 
scale. 
(b) A lattice pattern with either six cut in two perpendicular directions is made in the 
film to the substrate, pressure-sensitive tape is applied over the lattice and then 
removed, the adhesion is evaluated [ASTM (D 3359)J. 

5.3. Pinhole Test: 

The pinhole of the formed films on the surface of carbon steel specimens were 
measured by Holiday detector model Poro test DC KV 7-= 34.3 [ASTM (D-5162)]. 

5.4. Thermal Cycling Test: 

Heats the samples in temperature range gradually from 50 to 325°C increasing by 50°C 
for approximately 3hr's as a period time for each degree, and then quench it by 
immersion in water at ambient temperature. The coating is examined for signs of 
blistering or detachment under a magnification viewer [D-6944-03). 

5.5. Bending Test : 

This test covers the determination of the resistance to cracking of the formed films on 
the surface of specimens. It was measured using bending tester 5mm-35mm Richmond 
Road King stone type KT25BQ consisting of a metal cone, a rotating panel- bending 
arm, and panel clamps all mounted on a metal base. This cone is smooth steel (8 in) in 
length with a diameter of (1 /8 in) at one end and a diameter of (l/2 in) at the other end 
[ASTM {D-522)}. 

5.6. Hardness test : 

The hardness of the formed film on the specimen's surface was measured using hardness 
pin test rod model 318. This test was measured at five points, one at the middle of 
specimen and the others at the four corne:.; [ASTM (D-3363)] . 

5.7. Impact Test : 

The deformations of the formed films on the surface of specimens were determined 
using Richmond Road, Kingston type KT25BQ. Install the punch having the head 
diameter specified. The test specimen was placed in the apparatus with the coated side 
up. The specimen is flat against the base support and that the indenter is in contact with 
the top surface of the specimen. The weight is placed at the zero mark and dropped 
suddenly on the coated surface ofthe specimens. The test specimen was removed from 
the apparatus and the impact area for cracking the coating was estimated. The test 
repeated five times at each of three heights and the impacted areas are examined by use 
magnification power [ASTM (D-2794) and (G14-88)]. 



0. M. Abo-Eienien, et aL 38 

6. Corrosion studies: 

6.1. Salt Spray Test : 

Corrosion resistances were tested using the salt spray test according to [ ASTM B 117]. 
The electrolyte for this test was 5 % NaCI (by weight) solutions. The corrosion study 
was carried out in salt spray cabinet (Model: SF/450, Serial No.: CWLI 87406). After 
each 500 h exposure period, the panels were rinsed and visually examined for the 
presence of any corrosion, blistering, softening, staining or other film defects and 
repositioned in the exposure cabinet to ensure uniformity of exposure conditions. The 
panel were exposed for a total of I 000 h and examined again. 

6.3. Electrocbemical Technique 

6.3.1. Electrochemical Polarization 

The electrochemical polarization and cyclic voltametry effect on the formed films using 
formulas (FA!O-FA!OO) were measured by Potentiondynamic Polarization Radiometer 
Voltalab master potentiostate model Voltalap Master 40 Type GZ 301. The coated and ., 
uncoated specimens were used as working electrode and measured with respect to 
saturated calomel electrode (SCE) as the reference electrode and the counter electrode is 
platinum in 3.5% NaCI solution. The measurements were carried out at scan rate 2.5 
mvs·' and potential range from -1000 to -250 mVISEC and -1000 to +1000 mVISEC in 
the synthesized seawater, respectively. 

6.3.2.Eiectrochemical Impedance (EIS) 

A Radiometer Voltalab Master 40 Type GZ 301 Fitting with analysis program 
Zsimpwin was used for measuring the electrochemical impedance in a wide frequency 
range from 100kHz to lmHz with ±10 mV and 10 points per decades in the synthesized 
sea water. 

7. Surface Morphology: 

The surface morphology for the formulation dry films using the formula (FA90) on the 
surface of carbon steel specimen was measured by A Jeol (840X Japan) scanning 
electron microscope (SEM) equipped with an Olympus Camera before and after 
electrochemical tests. 

RESULTS AND DISCUSSION 

I. Characterization Tecbniq ues: 

1.1. Infrared Analysis (FT.IR) 

Figure (1) declared that the two bands appeared at 1071 and I 032 cm·1 were 
corresponded to the stretching mode of Si-alkoxy group. The band appeared at 11 51 
em·' was the - C-0-C group. The presence of three bands in the vicinity of2946, 2880 
and 1403 cm·1 were assigned to stretching vibrations of the asymmetric and symmetric 
-CH2 groups, respectively. The bands at 2364 and 2338 em·' were assigned to - CH2-

methyl group. The band appeared at 3348 em·' was shown the stretching mode of -DH 
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group. The bands at 881 , 755 and 691cm·1 were assigned to the stretching vibrations af 
para and ortho substituted. The bands at 1650 and 1587 cm·1 were assipned to stretching 
vibration C=C for aromatic ring. The two bands at 1270 and 1358 em· were assigned to 
-N (CH2CH2) 3 groups. The bands at 1471 , 1403 and 1358 cm·1 were due to the 
stretching mode of -CH3-C group attached with phenyl ring. 

1.2. 1HNMR Analysis 

By observing Figure (2), the peak appeared at 8::::: 2.2 for the -CHr groups attached to -
0-ph ring while the peak appeared at 8::::: 4.3 fo.r -OH groups. The peak appeared at fF 
1.7 for the -CH3 groups; these peaks were shielded due to the effect of - CH-OH 
groups. The peaks appeared at o::::: 3.4 for - NCH2 were shielded due to the attachment by 
-CH20H group. The peaks appeared as triplet at 8::::: 3.8 for CH2 were shielded due to 
the attachment to -Si-0 group. The peaks appeared as doublet and triplet at fF 6.8& 7.1 
were assigned to phenyl -CHgroups. 

1.3. Gas Liquid Chromatography (GLC) 

The GLC diagram for compound IV has been illustrated in Figure (3) in which the peak 
appeared at retention time 3.732 min and purity 44.075% was found to be diphenol 
diethylene ether. While the other peak appeared at retention time 16.7 min and purity 
55.925% was the main product compound ill. 

1.4. Gel Permeation Chromatograph (GPC) 

The GPC diagram for compound Ill was shown in Figure (4). The average molecular 
weight (Mw) was 444 and the polydispersity is unity. From these results, the main 
product has low molecular weight and the other product did not appear in GPC data. 
These data were matched with GLC 

1.5. Elemental Analysis 

The elemental analysis for compound ill was recorded in Table (1). 

T a ble (1): Elemental analysis for compcund Ill 

Parameter 
Molecular weight 
Forrnula 
C% 

H% 

N% 

Si% 

Compound ill 
455 
C2oH14Nz0 1Si 
Calculated 
Found 
Calculated 
Found 
Calculated 
Found 
Calculated 
Found 

% 

55.3 8 
54.28 

7.47 
7.74 
6.15 
6.33 
6.37 
6.35 
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I !CO 

Fig. (1): FT.IR spectra of phenyl-ethano l di-triethanolamine siloxane (compound ill) 
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Fig. (2): 1HNMR for phenyl-ethanol di- triethanolamine s iloxane (compound ill) 
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Fig.(3): Gas Liquid Chromatography for compound Ill 
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Fig. (4): Gel Permission Chromatograph (GPC) for compound Ill 
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2. Physical and Mechanical Properties of the Formed Film on the Carbon Steel 

Specimens: 

2.1. Visual Inspection 

42 

Formulas (FAIO-FAIOO) were applied at room temperature on the surface of carbon 
steel specimens by brushing and spraying methods. The formed films were visually 
inspected and noticed to be free from sealing, sagging, fish eyes, shrinking and 
coagulation. The formation films during and after curing on the surface of carbon steel 
specimens were appeared as one layer compatible with each other, compact and stable 
adhere as well as to the surface of carbon steel specimens which it was smooth and 
homogeneous. 

2.2.Adhesion Forces of the Formed Dry Films 

The adhesion forces data of the formed dry film using formulas (FAlO-FAlOO) on the 
surface of carbon steel specimens were determined by X-cut tape and cross-cut tape 
techniques. 
In all cases, the adhesion forces of the formed dry film were found to be excellent, and 
the rate of adhesion forces was 5A (No peeling or removal) and 5B (the edges of the 
cJts are completely smooth; none of the squares ofthe lattice is detached) depending on 
both two techniques X-cut tape and cross-cut tape respectively. Also, the resin 
compound and inorganic additives were found to contribute for increasing the adhesion 
forces between the surface of carbon steel specimens and the formed dry film as well as 
with itself. 

2.3. Holiday (pinhole) Detection of the Formed Dry Films 

The measuring voltages of pinhole for the formed dry films are depending on the dry 
film thickness of the formed films according to the following equation. 

Measuring voltages== 5 x DFT ............................ .. .. ............................. (4) 
The measuring voltages for the formed dry film were 400±25 volts. The protection 
values were depending on the resin additive ratios and the inorganic filler, reflecting 
good compatibility of the fillers with the organic resin to form the poly urethane amide 
epoxy resin. These films were found to have good insulating properties. Therefore the 
formation dry films using formulas (FAIO-FAlOO) are promising as insulator of the 
carbon steel surface. These films were free from discontinuity (void, crack, foreign 
inclusion, thin spot or contamination) in the coating film. 

2.4. Thermal Cycling Test 

The data of the thermal cycling test for the formed dry films using the formulas (FAIO­
FAIOO)) were listed in Table (2). The temperature was ranged from 50 to 500 °C by 
increasing 50 °C in each interval. The formed dry films were affected by temperature in 
which the weight losses increased with increasing temperature, until 500 oc crevices 
have been taken place. From these results, the addition of compound ill leads to the 
improvement ofthermal stability of the formed dry films. 
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Table (2): Thermal cycling test ofthe formed dry films using formulas (FA10-FA100) 

. Period Weight losses for each formed films xlO em 
Temp. C Time. FAlO FA20 FA30 FA40 FASO FA60 FA70 FA80 FA90 FA100 
50 57 152 213 284 325 395 452 561 632 695 
100 64 193 293 355 389 442 531 593 669 721 
150 121 251 342 456 493 524 587 654 741 836 
200 267 372 425 510 567 621 683 721 783 864 
250 

3
hrs 315 394 462 546 593 652 712 755 842 912 

300 387 425 562 610 657 698 717 789 885 956 
350 467 543 625 654 692 731 794 843 932 987 
400 536 586 672 732 786 813 854 897 947 1045 
450 650 713 748 765 823 875 912 945 985 1167 
500 Fail Fail Fail Fail Fail Fail Fail Fail Fail Fail 

2.5. Hardness Properties 

It has been used to determine the cure of these coatings. Inspection of these data show a 
high values (9H) of the hardness which are stab le with increasing the furan ratio. The 
formation dry film was cured completely after 5 days. 

2.6. Impact Property 

This test has been found to be useful in predicting the performance of organic coatings 
for their ability to resist cracking caused by impacts. From these data, the formed dry 
films were found to be free from any cracking and fixed on the surface of carbon steel 
specimen. 

2.7. Bending Property 

The bending property is an important mechanical test for evaluating the flexibility of 
coatings on the surface of the carbon steel specimens. This test has been determined by 
the resistance of dry films to cracking o! che coating material. From these data, the dry 
films were found to be highly flexible. 

3. Corrosion Studies: 

3.1. Salt Spray Test 

Salt spray test measures the ability of various types of coating to withstand the high 
corrosive (5% NaCl solution) medium. 
Figure (5) illustrates the paint coated ofthe carbon steel specimen after exposure to salt 
spray fog for 21 days at 40 °C. Results indicate that the formed dry film using formulas 
(FA I 0-F A90) were free from any blister and cannot be removed in any direction from 
the areas surrounding the scribe edge with a pull by plastic tape. While a spot of little 
blister on the surface was noticed with the formed dry film using formula {FAlOO) after 
12, 16 and 21 days which can be removed. 
There are a little rust spots along the scribe areas on the formed dry film using formulas 
(F Al 0-F A90), which can be negligible, this rust was not remarkable over the dry film 
coated surface and was not spreading under these film. The results show that the rust at 
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scribe edge has no effect on the dry film coated in the presence of the quantity of 
compound Ill to furan resin in fonnulas (FA I O-FA90). Compound Ill may improve the 
a.dhesion of the formed dry film on the specimen surface and prevent the spreading of it 
up and under film where, the compound Ill have high molecular weight and phenol 
ring, so that, it have more distribution, closed any voids in film surface, compacted and 
adhesion properties with specimen surface and component of film. 
From all salt spray data, one can conclude that the coated surfaces containing compound 
ill were highly corrosion resistant. 

Figure (5): The surface texture of the formed dry films using (FA 10- FA I 00) in case of 
salt spray test and after 21 days at 40 °C 

3.2. Electrochemical Studies 

The electrochemical studies are important to determine the validity of the formed dry 
film on the surface of carbon steel using formulas (F AI 0-F A l 00) as corrosion 
protection. Four types of electrochemical techniques were used namely: open circuit 
potential (OCP), potentiodynamic polarization, cyclicvoltametery (CV) and impedance 
(EIS). These studies were carried out in 3.5% NaCI solution as aggressive media. The 
experiments were conducted in cell contained coating carbon steel as working electrode, 
saturated calomel electrode as reference electrode and platinum wire as counter 
electrode. 

3.2.1. Open Circuit Potential Measurements 

The OCP values for the blank and fonned dry films using formulas (FAIO, FA20, 
FA40, FA50, FA60, FA70 and FA90) in 3.5% NaCI were -399,-566,-580,-625,-632,-
650,-666 and -674 mY, respectively and shown in Figure (6). The blank specimen was 
pitted due to fonnation of ferrous hydroxide after 30 minutes and the curve jumped 
again at 50 minutes, i·.e the corrosion phenomena was accelerated. The formed dry films 
were homogeneous and there is no any type of ferrous ions. These values decreased 
initially, then steady after I 0 minutes then shifted towards negative direction after 30 
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minutes. So, the presence of compound (Ill) in the composition of formulas (FA) was 
able to protect the carbon steel surface against the corrosive medium (3 .5% NaCl). 

3.2.2. :Potentiodynamic Polarization 

The Tafel polarization curve obtained with the carbon steel blank and the formed dry 
films using formulas (FAIO, FA20, FA40, FA50, FA60, FA70 and FA90) on the sample 
electrodes in 3.5% NaCl solution at voltage range from -1000 to -250 mY is depicted in 
Figure (7). The cathodic current for the blank increased, indicating a poor protection of 
the metallic substrate. The corrosion rate increased on the specimen surface due to the 
fact that NaCl solution contains different amount of water, oxygen, Na"', cr and Olf 
ions developed from the oxygen reduction as the main cathodic reaction. The reduction 
of iron compounds forming protective layer could be taking place together with oxygen 
reduction. It was deduced that the oxide layer formed on the electrode shown a certain 
protective ability. The anodic branch of the Tafel polarization curve revealed that 
carbon steel did not passivate in 3.5% NaCl. In case of the coated carbon steel, the 
polarization curves shifted from right to left and the corrosion currents decreased. 
Therefore, a higher corrosion inhibition due to the formation of dry films was obtained. 
It's obvious that the shift is only affecting the cathodic polarization curves, while no 
change in the anodic polarization curves. On the other hand, the formulas were highly 
efficient as cathodic and anodic protective materials. The corrosion potential (Ecorr) and 
corrosion current density (icorr) calculated automatically by using the Volta Lab PGZ 
301 program have been given in Table (6) and it was evident from Figure (7) that Ecorr 
shifts toward higher cathodic values at -666.8 mY versus SCE than uncoated carbon 
steel specimen. This shift was due to the presence of metallic zinc in the coating. The 
corrosion efficiency IE% and the surface coverage 6 were calculated from the following 
equations [Deyab, M.A. (2007).]: 

IE% = (1 - _icoat )xl 00 .... .. .. .... ........... ......... ........................ ........ .. ... (5) 
/ll/ICOOI 

() = (1- .jCOOI ) ........ " .. "• . .. " .. " ... .. ........ , .. • ...... .. ........ ... .. .. .. ............ (6) 
luncoat 

where i coat and iuncoat were the coated and uncoated current densities respectively. From 
Figure (7) and Table (3), IE% and surface coverage 6 were found to decrease with 
increasing furan concentrations in the formulas under study. From polarization data, one 
can conclude that the coated surfaces containing compound (Ill) were highly efficient 

J 
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Fig.(6): The variation ofOpen Circuit Potential using blank and Formulas FA 
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Fig.(7): Tafel potentiodynamic polarization curve for blank and using formulas FA in 
3.5% ofNaCl solution and potential range from -1.0 to -0.25 volt 
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Table (3): Potentiodynamic polarization parameters of formulas FA 

eter ba -be e IE% 
Sam le mV/dec) (mY/dec) 

Blank 436.90 329.70 
FAlO 188.50 140.60 0.999 99.90 
FA20 312.30 216.00 0.998 99.80 
FA40 518.10 175.70 0.996 99.60 
FA50 11 442.80 243 .50 0.995 99.50 
FA60 17 386.80 285.90 0.993 99.30 
FA70 20 288.50 136.60 0.99 99.00 
FA90 28 203.30 174.90 0.987 98.70 

3.2.3. Cyclicvoltametery (CV) 

The cyclic voltammetric behavior of carbon steel as blank and dry films formed using 
formulas FA was studied in the aqueous phase using 3.5% NaCI solution. The important 
parameters in a cyclic voltammogram are the peak potentials (Epc , Ep.) and peak 
currents (ipc, ipa) of the cathodic and anodic peaks, respectively. A ratio between the 
peak current passed at reduction ipc and peak passed at oxidation ipa was near unity 
[Nicholson, R.S. el a/ (1964) Jurgen Heinze,. (1984) and Perez, F . R. el a/ (2005).] 

ipa - = 1 ........................... ...... ....................... ........... ....................... (7) 
ipc 

The voltage separation between the current peaks was 

M =Epa- Epc = 2.303R%F ................ ................ .... .................. (8) 

where R universal gas constant (8.3 144 J mor'k-'l. T absolute temperature (K), n 
number of electrons transferred, F = Faraday's constant (96,485 C/mol). Thus, for a 
reversible redox reaction at 25 °C with n electrons t..Ep equal 0.0592/n Y or about 0.60Y 
for one electron [Nicholson, R.S. et al (1964) and Jurgen Heinze,. (1984)]. 
The half cell potential Ev2 can be determined using the following equation 

Epa+ Epc 
£,= .................................. .... .. ....... ........... ................. (9) 

2 2 
A single reversible redox process produces a pair of peaks of equal height centered on 
the reduction potential. 
3.4.l.Carbon Steel Specimen (blank) in 3.5% NaCI Solution 
Figure (8 (a-h)) shows the cyclic voltammograms obtained for carbon steel blank and 
coating carbon steel in 3.5 % NaCI solution for l Oih cycles. It can be seen from this 
curve no change in cathodic area was observed in the cyclic voltammogram, while in 
the oxidation area from 0 mY to +1 000 mV, the cycles were changed from each other at 
+500 to +1000 mY and there is some cavities formed due to pitting. One can conclude 
that the formation of ferrous ions at the cathodic area was reduced. The oxidation peak 
for FAlO was not appeared because there is no change and the cycles were identical in 
the anodic region. Two reduction peaks appeared for the formulas FA40, FA50, FA60 
and FA90 in the forward and backward scans. The anodic peak potentials shift towards 
higher potentials while the cathodic peak potentials shift towards lower potentials, with 
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the scan cycles. Also, one can observe that the oxidation and reduction potentials are 
different. This fact was attributed to the electrostatic force in the form of an electrical 
double layer formed at the coating/surface interface. A furan, epoxy, novolaic and 
compound Ill contains reactive hydroxyl groups that can react with toluene diisocyanate 
TDI to form polyurethane group. The increase in anodic current peak height and 
reduction in cathodic current peak height when the cycles scan repeat confirm the 
stablity of the formed dry film. The peak-current ratio of the reverse and forward scans 
(ip/ ipc) was found to be very close to unity and independent of the cyclic scan. 
However, the anodic and cathodic peak separation (~Ep) for this wave was found to be 
higher than the expected theoretical ideal value (0.6 V for a one electron-transfer 
process) [Nicholson, R.S. et al (1964) and Jurgen Heinze,. (1984)J. Large peak 
separation (6Ep) values can be obtained in the case of slow or quasi-reversible electron­
transfer kinetics. The values of the ratio ip,\ ipc were zero for formula FAlO but for the 
other formulas it was greater than unity and the values of the E112 were small. From 
these values, the redox processes were found to be semi-reversible. In the reversible 
redox process, the transferred charge in the reduction and oxidation stages is the same 
and thus, their ratios equal unity; however, in formula F AI 0 with cyclic scan, this 
charge ratio was found to be less than unity because the oxidation current peak values 
were disappeared with increasing the cyclic scan. This may be due to the fact that 
reduction takes place at a lower current density than oxidation and it was not changed in 
the anodic region. But with respect to formulas F A20, FA40, FA50, F A60, FA 70 and 
F A90, this charge ratio was greater than unity. This may be due to the fact that 
reduction takes place at a lower current density than oxidation and some oxidized 
materials may be adsorbed on the electrode's surface. From these data, one can observe 
that the formed dry films using the formulas under study were suitable for cathodic 
protection . 
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Fig.(8): Cyclic voltammogram curves for a: blank b: FAlO c: FA20 d: FA40 e: FA50 f: 
FA60 g: FA70 and h: FA90 of carbon steel specimen in 3.5% NaCI solution and 
potential range from -1.0 to + 1.0 volt 
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Table (4): The parameters .M:J>-P• E112, Epa• Epc. ipa. ipc. ipa/ipc of the formulas FAIO, 
F A20 and F A40 

FAIO FA20 FA40 
Parameters LlEp E112 ipa\ipc LlEp Enz ipa\ ipc llEpl f>Epz E112 E112 ipa \ipcl ipa \ipc2 
S:an No. (V} (V} (V} (V} (V} (V} (V} (V} 
1 scan 0.55 0.27 0.00 0.56 0.10 26.00 0.67 0.74 0.10 0.12 50.00 10.00 
2 scan 0.56 0.29 0.00 0.62 0.09 19.28 0.74 0.78 0.09 0.11 26.00 5.20 
3 scan 0.57 0.30 0.00 0.73 0.05 15.55 0.76 0.82 0.08 0.11 18.00 4.90 
4 scan 0.58 0.31 0.00 0.76 0.04 13.80 0.82 0.88 0.06 0.09 14.00 4.66 
5 scan 0.59 0.32 0.00 0.79 0.04 13.33 0.87 0.92 0.04 0.06 11.60 4.14 
6 scan 0.60 0.33 0.00 0.82 0.03 12.20 0.93 0.97 0.03 0.04 10.33 4.13 
7 scan 0.62 0.34 0.00 0.85 0.03 11.16 0.98 1.02 O.o2 0.01 9.14 3.76 
8 scan 0.63 0.35 0.00 0.88 0.02 9.71 1.03 1.06 0.03 0.01 8.25 3.66 
9 scan 0.64 0.36 0.00 0.92 0.02 9.07 1.06 1.09 0.04 0.03 7.55 3.57 
10 scan 0.65 0.37 0.00 0.96 0.02 8.75 1.10 1.12 0.05 0.04 7.00 3.50 

Table (5): The parameters 6EJ>-P• E n-2, Epa, Epc, ipa. ipc, ipa/ ipc of the formulas F ASO and 
FA60 

OFA0 FA60 
Parameters LlEp-pl llEp2 El\2 Enz ipa \ipcl ipo \ipc2 llEpt llfp2 E112 E112 ipa \ipcl ipa\ipc2 
Scan No. (V} (V} (V} (V} (V} (V) (V) (V) 
I scan 0.60 0.70 0.10 0.15 7.60 38.00 0.62 0.82 0.09 0.19 140.00 3.50 
2 scan 0.65 0.75 0.08 0.13 7.26 25.66 0.66 0.85 0.08 0.18 26.66 3.20 
3 scan 0.68 0.78 0.07 0.12 7.09 19,50 0.69 0.87 0.08 0.17 18.00 2.25 
4 scan 0.72 0.82 0.06 0.12 6.58 15.80 0.73 0.91 0.062 0.15 14.61 1.90 
5 scan 0.76 0.86 0.05 0.09 6.25 13.33 0.76 0.93 0.06 0.14 13.00 1.50 
6 scan 0.81 0.91 0.02 0.07 6.03 11.71 0.80 0.96 0.05 0.13 10.00 1.33 
7 scan 0.83 0.93 0.02 0.06 6.00 10.50 0.83 0.98 0.05 0.12 10.00 1.50 
8 scan 0.87 0.97 0.02 0.05 5.97 9.55 0.87 1.02 0.04 0.12 9.56 1.37 
9 scan 0.91 1.01 0.02 0.04 5.78 9.16 0.90 1.04 0.03 0.10 9.58 1.35 
10 scan 0.95 1.05 0.03 0.03 5.62 9.00 0.95 1.07 0.03 0.10 9.60 1.33 

':fable (6): The parameters 6Ep.p, E112, Epa, Epc, ipa. ipc, ipa / ipc of the formulas FA70and 
FA90 

FA70 FA90 
Parameters .:lEp En2 ipa\ipc 6Ept 6.Ep2 E112 E112 ipo\ipcl ipa \ipc2 
Scan No. (V} (V} (V} (V} (V} ~V} 
I scan 0.50 0.15 360.00 ·0.63 0.68 0.09 0.11 30.00 30.00 
2 scan 0.53 0. 16 26.66 0.67 0.73 0.08 0.1 1 23.33 23.33 
3 scan 0.56 0.14 20.50 0.72 0.79 0.06 0.01 19.00 19.00 
4 scan 0.64 0.12 14.33 0.78 0.87 0.04 0.01 16.00 16.00 
5 scan 0.67 0.12 11 .25 0.82 0.92 O.D3 0.08 13.66 13.66 
6 scan 0.70 0.11 9.40 0.87 0.97 0.02 0.07 12.00 12.00 
7 scan 0.72 0.11 8.00 0.90 1.00 0.01 0.06 10.75 10.75 
8 scan 0.75 O.Jl 7.00 0.95 1.05 0.01 0.05 9.77 9.77 
9 scan 0.78 0. 10 6.25 0.98 1.08 0.01 0.04 9.00 9.00 
10 scan 0.80 0. 10 5.77 1.02 1.12 0.01 0.04 8.36 8.36 
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3.2.4. Electrochemicallmpedance (EIS) 

The Electrochemical impedance spectroscopy (EIS) has been used extensively as a tool 
for investigation the mechanisms involving passivity and localized corrosion studies. 
Also used for evaluating the properties of surface modified and coated materials by 
characterization the paint film on metal substrate through two phenomena: The 
deterioration of the organic coating caused by exposure to electrolyte and the increase in 
corrosion rate of the underlying substrate. 
Figure (9) shows the component elements for equivalent circuit models of the uncoated 
and coated carbon steel specimen, in which R,: electrolyte resistance [the resistance of 
the electrolyte between the reference electrode and working (coated carbon steel) 
electrode]; Rpore: pore resistance [the resistance of the coating change during exposure 
due to the penetration of electrolyte into the micropores of the coating]; Ccoatmg: coating 
capacitance (the capacitance of the organic coating) which an important parameter to 
be measured during coating failure; since all these factors cause the 
impedance/frequency relationship to be non-linear, they were taken into considerat ion 
by replacing one or more capacitive components (Q) of the equivalent circuit transfer 
function by the corresponding constant phase element (CPE). Rp: polarization resistance 
[the corrosion rate of the metal substrate beneath the organic coating]. While the 
parameters R,,: charge transfer and Cdl: double layer capacitance [an electrical double 
layer exists at the interface between the electrode and its surrounding electrolyte]; where 
the parameters R,, and Cdl yield information on the corrosion process at the bottom of 
the pores in the coating. 

Q (CPE) 

R<t 

Figure (9): Equivalent circuit used for EIS calculations of formulas FA 

3.2.4a. EIS Measurements for Carbon Steel Specimen (blank) 

Inspection ofTable (7) which shows EIS measurements of the blank reveals that Rs was 
very low and can be ignored; Ccoating indicates the beginning of constitution of the 
corrosion products on the substrate surface, Rporc was much decreased indicating the 
increase of porosity on the carbon steel surface. Rp was equal the standard value (5000 
ohm-cm2

) for carbon steel metal and the corrosion rate of the metal substrate described 
by polarization resistance. cdl was less than the standard value oo-s to 4xlo·S F/cm2) for 
carbon steel metal [David Loveday, et al (2004).J. Finally, the values ofQ (CPE) and n 
indicate the heterogeneity of the oxide layer formed on the carbon steel specimen. 
The Nyquist plot obtained for uncoated carbon steel electrode (blank) in 3.5% NaCl 
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solution has been given in Figure (lOa). The feature of the curve was a slightly 
depressed semicircle, since there was not any coating on the electrode surface and a 
passivation could be expected to form under these conditions, the diameter of the curve 
must be equal to charge transfer resistance (ReJ and the semicircle at lower frequency 
was due to the double layer capacitance. 
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Fig.(lO): The Nyquist plot obtained for carbon steel specimen surface (blank) and dry 
film formation using FA!O, FA20, FA40, FA50, FA60, FA70 and FA90 formulas in 
3.5% NaCl solution 

Studying Table (7) shows that Rs values were very low and can be canceled. Ceoating 

values were increased after immersion (lh) in the corrosive medium and the values of 
Rvore were decreased with increasing the furan ratio. It can be seen that minor difference 
was detected among the values corresponding to all of them, Rpore values were greater 
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than 10
10 

(ohmlcm
2
) and the Ccoatins values were lower than 10'12 F/cm2 confirm the 

excellent barrier properties afforded by the FA formulas and the paint film was in all 
cases able to keep the steel substrate isolated from the action of the corrosive 
electrolyte. It can be seen that low Q values, associated with the capacitance of the 
intact part of the coating film gives (0. 7 ::; n ::; 1 ). Therefore, the magnitude of these two 
parameters also contributes to demonstrate that the paint coating actually behaved like a 
dielectric capacitor throughout the test. Figures (lOb) show the Nyquist plots obtained 
for formulas PAlO, FA20, FA40, FA50, FA60, FA70 and FA90 electrode in corrosive 
test solution. The diagrams consist of a linear portion at high frequencies and a 
depressed semicircle at lower frequency region for formula F A60 which was due to the 
double layer capacitance. 

Table (7); EIS measurements in absence and presence of the formu las FA 

Parameters R, C«>atin~ Rporc Q(CPE) n 
Fonnula (ohm cm2

) (F/cm ) (ohm cm2
) (F/cm2l 

Blank 6.43 1.8xl0"5 100 96x!O' 0.37 
FAIO 17.81 4.lx10'12 9.1x!Ol0 1.4xl0·9 0.97 
FA20 15.95 5.3xl0·12 6.4xl010 2.3x10'9 0.97 
FA40 13.04 6.3x10'12 5.3x l010 2.5xlo·9 0.94 
FASO 10.09 6.8xl0'12 4.6xl010 3.7xl0'9 0.89 
FA60 8.55 7.7x10.12 4.lxl010 4.2x10'9 0.81 
FA70 7.36 8.1x10'12 2.1x1010 5.0xl0'9 0.79 
FA90 6.89 9.2x10'12 1.0 x1010 8.4xl0'9 0.78 

RP Cdr 
(ohmcm2

) (F/cm2
) 

4521 0.23 
9.9 x10 12 5.2xl0'9 

4.6x 1012 9.4x l 0'9 

9.4 xl012 9.7x l 0'9 

3.5x1012 10.4x10'9 

3.4x l012 13.0x10'9 

8. 3xl010 13.7xl0'9 

2. lxl010 14.2xl0'9 

6.20 
8.4x1 016 

8.2xl016 

7.8xl016 

6.3x 1016 

5.9xi016 

4.2xl014 

2.3x1 013 

4. Surface Morphology of Dry Films before and after EIS Measurements using 
SEM: 

Figure (lla) shows the surface morphology structure of the dry film using formula 
FA90 as an example before EIS measurements. The lattice of the polymer resins was 
appeared as the surface cross-linkage, and so the inorganic filler and pigment materials 
were manifested as crystal and pseudo-crystal. These materials were emerged 
homogeneous distribution. Figure (11) illustrates the structure of the dry film using 
formula FA90 after EIS measurements. The interlock white lines found on the surface 
indicate that the network formation from crosslinkage between the hydroxyl, amine, 
epoxy and cyanate groups from the resin compounds. The weak white lines were due to 
the penetration of electrolyte into the micro pores of the surface coating. The presence of 
zinc dust in the pigment modified the structure of the protective layer. Also, the samples 
were found to be free from blisters in the surface films. Generally, the morphology of 
the surface using FA formulas was different with few small defects even in the case of 
maximum deformation. This inspection confirms the results obtained from salt spray, 
open circuit, potentiodynamic polarization, cyclicvoltametry and impedance. 
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SEM before EIS measurements 

Figure (11): SEM micrographs at x 150 magnifications using F A90 a: before EIS 
measurements and b: after EIS measurements 

5. General Mechanism: 

The chemical structure of the formed resin furan, epoxy, novolac, and organosilicon 
compounds including different active groups as hydroxyl and epoxide (oxiranes) 
groups. The epoxide or oxirane group has many useful reactions in resin chemistry to 
form polyether structure, which has an advantage because no volatiles were released 
during cure. Also the hydroxyl groups of furan and organosilicon compounds were 
reacted with oxirane groups to form ether groups. The polyhydroxyl groups were 
produced on the backbone chain (secondary hydroxyl group). The formation of 
hydroxyl groups were reacted (cured) with cyanate groups ofTDI to form polyurethane 
melamine epoxy furan film. Also, some hydroxyl groups on the surface of silica were 
cured with some cyanate groups of TOT. These interactions gave a high molecular 
weight, stable, compact, adhesion and t:.<cellent improving lattice for the formed dry 
films. The inorganic pigment and filler had the following properties weather stability, 
surface hardness, flexibility, corrosion prevention, electrical resistance and adhesion for 
the films formed on the surface of carbon steel. The silicone-polyurethane chemistry 
allows the additives to migrate to the coating I substance interface thus providing 
wetting. By incorporating into additive coatings hydrophobic solids particular such as, 
titanium oxide, Zn dust, talc, CaC03 and sintered glass, effective foam control, filler I 
pigment. The silicon will control the formation of the foams because of their excellent 
compatibility; these products have a low tendency to cause defects for the coating. Thus 
the formed polyurethane films include the variation of very important groups, such as 
siloxane, urethanes and amide groups. So that these groups played an important role for 
the improvement of the physical, mechanical, thermal stability and chemical properties 
of the formed dry films on the surface of carbon steel. Finally, we can suggest the 
following scheme to explain the expected reactions taking place on the carbon steel 
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surface: 

l 

Schema 1: Formation lattice films using formula fA 

J 
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CONCLUSIONS 

1. Novel organosilicon compound was prepared and confirmed by: FT.IR, 
1HNMR, GLC, GPC and elemental analysis. 

2. These compound was blended with furan, epoxy and novolac resin compounds 
3. The blended compounds were formulated with Zn, Ti02, CaC03 and talc as 

filler and pigment in different formulas (FAIO-FA100) and the TDI were used 
as curing agent. 

4. The effect of physical, mechanical and chemical environment was studied to 
show the resistivity of the formed films on the carbon steel against these 
parameters. 

5. The hardness, impact and bending resistance values using the formulas under 
investigation were found to be stable with increasing the furan ratio in presence 
of the organosilicon compounds. 

6. The results of: open circuit, potentiodynamic polarization, cyclicvoltametry 
and impedance measurements indicated that the formed dry films by the 
formulas under investigation acted as cathodic inhibitors. 

7. The results obtained from various techniques showed a good agreement with 
each other. 
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