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ABSTRACT

A hybrid epoxy resin one pack emulsion was synthesized with conventional emulsion polymerization technique.
Electrochemical impedance tests were applied to steel specimens coated with hybrid epoxy and tested after
immersion in 3.5% Nacl solution for different periods at room temperature. Results taken from Nyquist and Bode
plots and as were analyzed by means of software provided with the instrument. Specimens were examined under
scanning el ectron microscope shows a clear rupture and degradation in hybrid epoxy coatings.
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INTRODUCTION

Epoxy resins have excellent characteristic propeftgorrosion resistancfl]. They have been used as two pack
systems in combination of different curing agerdspeotective coatings [2, 3However; they have poor or low
fracture energy, high shrinkage, and show britdbdvior[4]. Also the solvent based epoxy systems corigbto
volatile organic conent (VOC) [5], To overcome thisadvantages hybrid of epoxy resin was synthdsizi¢h
acrylate monomers using emulsion polymerizatiomnée. The hybrid can be defined as, the systarthegized
from two or more participating components havingesior properties then both the participants [6,THe hybrid
epoxy resin synthesized emulsion obtained was ank gystem with longer shelf life. For the hybidoe used as a
protective coating, corrosion resistance propertiast be satisfactory.

Electrochemical Impedance Spectroscopy (EIS) hasynaavantages in comparison with other electrocbaimi
techniques. It is a non-destructive method for ¢laluation of a wide range of materials, includowatings,
anodized films and corrosion inhibitors. It canoafsovide detailed information of the systems urgdeamination;
parameters such as corrosion rate, electrochemieahanisms and detection of localized corrosion P&jlymer
based coatings use barrier technology to protdisteates from corrosive chemicals and environmeradjcularly
when in immersion service [9].

This paper reports results of an investigatiorhef¢orrosion resistance of the hybrid coatingsguEils techniques.
The hybrid one pack epoxy system was synthesizeéld @dnventional emulsion polymerization techniqliee

effects of coating thickness on water absorbandeudtimately on corrosion resistance were alsoistlid\Nyquist
and bode plots was analyzed to predict the comgs@formance of hybrid coatings. SEM analysishef specimen
was performed after immersion to get a closer wwéwoating degradation.
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MATERIALS AND METHODS

Diglycidyl ethers of bisphenol A (DGEBA) epoxy rasiD.E.R. 336) Kindlyprovided by Dow Chemical
international, Indian-butylacrylate (BA) and methylmethacrylate (MMA) rgeused as the acrylic monomers.
Acrylic acid (AA) and 2-hydroxyl ethyl methacrylaf¢lEMA) were used as the functional acrylic monosner
purchased fronindofil chemicals,Potassium persulfate (KPS) used as initiator, IEtley diamine (EDA) solution
used for neutralisation and sodium bicarbonate (SBE a buffer wagpurchased from Sigma AldriciNlonyl
phenoxy polyethyleneoxy ethanol nonionic surfactelhB 17.8 (Neoigen DK X 405) nonionic surfactantdan
sodium dodecyl benzene sulfonate (Daninol 25P) weel as anionic surfactant supplied by Dai-Ichikigga.
Distilled and Deionized water was used throughdiuéxperiments arranged here. All the other chetsicged in
this work were AR grades obtained from a S.D. Fidksmicals used without further purification.

Preparation of hybrid Epoxy resin emulsion

The synthesis of hybrid emulsion was carried out IB00 mL four necked reaction vessel equipped aithflux
condenser, nitrogen gas inlet, mechanical stigédition funnels, and a thermometer placed in @&miaath. Solid
content of the emulsion was designed as 45% byhuefgiueous phase for emulsion polymerization wapared
by addition of D.l. Water, surfactants and bufferthe reactor (weight ratio: D.l. Water/surfactiia@iHCO;=
0.96/0.031/0.009), followed by the addition of théiator (KPS, 0.8% based on total monomer mixtuae70°C
under nitrogen atmosphere. The polymerization vesopmed at 70°C by adding a mixture of epoxy resasolved
in acrylate monomers (weight ratio. ER/BA/IMMA/2-HEWAA = 0.60/0.22/0.15/0.015/0.015). Finally,
naturalization was carried out with ethylene diagrsolution and emulsion was stored in sealed auertai

Preparation of specimen for testing

Specimens in the form of mild steel strips with Q00700 x 0.5 mm size was used for analysis. Spatsmvere
cleaned and degreased before coating applicatighridH epoxy coatings were applied to specimen sedaand
they were left to dry for 24 hours at 28 °C. Diynfithickness was measured by a thickness gage.sp&cimens
were tested as soon as they were immersed indesdgintion and were considered as time zero. Data wollected
from specimens immersed in solution ford#/s at room temperature.

Electrochemical Impedance Tests

The corrosion behavior of the specimens was madtosing electrochemical impedance spectroscof8) (@lring
immersion in 3.5% NaCl solution open to air andatm temperature for up to 12 days. A three-elelerset-up
was used to record corrosion potential of coatihgaturated calomel electrode (SCE) was used asetbeence
electrode. It was coupled capacitively to a Pt wireeduce the phase shift at higher frequencikesti®chemical
impedance tests were carried out by using VersaTS3 Arovided with frequency response analyzer,deegy in

the range from 1 Hz to 1 kHz to collect data wittotal number of 40 readings for the whole randee @mplitude

of the sinusoidal voltage signal was 50 mV. Dataeweollected by means of Frequency Response Amalyze
software developed by Princeton Applied Researditriments and were in the form of Nyquist plotsst€d
specimens were washed with distilled water, and tf@d coated to examined under scanning electiorostope.

Figure 1. Equivalent RC circuit for organic coatingmetal systems.
Ce
| |
11

R;

—1 T —

459
Pelagia Research Library



Rakesh N. Patilet al Der Chemica Sinica, 2012, 3(2):458-467

RESULTS AND DISCUSSION
The equivalent circuit for polymer coated steel barrepresented by the model shown in Figure 1.r&yiig is the
solution resistance,Rs the pore resistance of the coating,sthe charge transfer resistance of the metautisn
interface, Cdl is the double layer capacitance,@nds the coating resistance.

Figure 2: Overlay of Bode plot for hybrid coatingswith different thickness
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Figure 3: Nyquist plot of the epoxy-acrylate testegust after immersion in the testing solution.
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Figure 4: Nyquist plot of the epoxy-acrylate afted days of immersion
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Figure 5: Nyquist plot of the sample after 8 daysmmersion
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Figure 6: Nyquist plot of the sample after 10 daygnmersion.
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Figure 7: Nyquist plot of the sample after 12 daysmmersion.
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Figures (3-7) represent the Nyquist plots for theedance of specimens tested after immersion iNa&b solution
at room temperature for a period of 12 days. Figushows, the Nyquist plot for the specimen testetthe time of
immersion, the behavior takes a shape of a paxtsaeimicircle with high capacitive and resistiveuesl. The overlay
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of bode plots for hybrid coating with different¢kiness are presented in the figur&m which it can be predicted
that hybrid coating possesses good corrosion agsistproperties.

The effect of exposure time on the impedance behafi hybrid epoxy coating can be seen from Fig8€s a

severe change in capacitance and resistance \jakteafter immersion for 4 days. Further immersi@d also a
great effect on the behavior of hybrid epoxy caginimmersion for 12 days and above, yielded a ldosémi-

circle, Nyquist plot with an indication about ttal@ire of hybrid coating and the interaction of aleturfaces with a
solution. Figures (8-9) show the values of Capac#a(Cd) and Resistance (Rc) for specimen E asicidun of

immersion time. The capacitance values of the sasnpkre very low, these values increased gradaslthey were
immersed in the solution. In the case of hybridxgpooatings, the value of Cd increases after immari the

electrolyte, reaching a constant value . The plateariod of Cd indicates the beginning of detachrrafnthe

coating from the substrate due to adhesion loss.

Figure 8: The value of Cd Versus Immersion time fospecimen E
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In the case of specimen E, a low value of Cd wéteined of epoxy coating just after immersion it sater, the
gradual increase in the value of Cd can be dueltdisn penetration between the coating and thel sieface. This
penetration can be through breakdown sites of dlagirng. The high viscosity of salt water comparedvater may
make water uptake a time consuming process. Ther gidwrameter, (Rc), gives an indication about theosion
process at the steel surface. This parameter casdzbto study the effectiveness of some coatirtgarprotection

of metals. Figure 9 shows the decrease in the vafuRc with respect to immersion time. ScanningcEtm
Micrographs taken from specimens tested after 8 ddimmersion show a clear coating degradatiotihéform

of holidays and rupture. This can be seen from fleigu.3.The effect of immersion time on the performance of
epoxy coating is clear, and can be seen from theesaf Cd and Rc.

Water absorbance study of Hybrid Coating

The pore resistance pRvhich represents the ability of coating to pcvthe substrate, can be determined in the low
frequency region in which the coating impedandadgpendent of frequency. The results show thatitiytmatings
have their well-defined pore resistance, Table threarizes the coating impedance at 0.1 Hz obtainethis
investigation as a function of immersion time foatings of varying thickness.
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Figure 9: Rc versus Immersion time for specimen E
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Table 1: Coating impedance, IZI, at 0.1 Hz as a fustion of immersion time

Specimen | Coating thickness (um Impedance @ 0.1H2 ¢cnv)

0 Day 4 Day 8 Days 10 Day
A 32 7.401841e+03 7.253213e+(03 6.026863et+02 4.86#522¢
B 40 1.046800e+04 1.019086e+04| 2.692158e+03 5.894301e+01]
C 54 4.012673e+C | 1.067432e+C | 2.934141e+0 | 1.453298e+C
D 66 2.079440e+C | 1.66014e+0 | 1.019086e+0 | 1.067342e+C
E 75 2.127438e+09 1.419121e+(5 2.873426e104 3.866023e

Figure 10 plots the 1ZI at 0.1 Hz as a functiorcoéting thickness for a hybrid which are of the sarnating type
but at different thicknesses.

The results demonstrated that, the coating impedanreased with thickness. As shown in Figureti®,coating
impedance at 0.1 Hz decreased by one order of tuagnafter 8 days of immersion. Further decreaseokserved
during further immersion up to 12 days. During tBES measurements, no significant corrosion or ogati
degradation was observed during 8 days of teslihg.decreases of coating impedance during the isioretests
is most likely due to the intrusion of moisture aods into the structures in the coatings, whickuimm increased the
pore conductance. This can be explained with thuetstral orientation of hybrid coatings during filermation.

Figure 11 demonstrates the representative FTIRtrgpéar the air-facing side and Fig: metal-facirigesof the
hybrid containing,. The peak at 1508 tiior stretching ofparaphenyl of epoxy resin and 1729 cmfor the
absorption of carbonyl group of acrylates. Absodeaimtensity of 1508 cthpeak at the metal facing side is higher
than those at air-facing side, suggesting thaetiexy resin part in emulsion tends to move to tle¢airfacing side.
The driving force of this movement could be atttédslito the difference in the surface free energyéen the
epoxy resin and the acrylic copolymer. The critisatface tensions of poly butyl acrylate, polyaicrycid, poly
methyl methacrylate and poly 2-hydoxyl ethyl metiybate are around 31, 11.1, 39 and 37 mN/m, respgt10],

so the critical surface tension of the acrylic dgpeer should be between 11 and 37 mN/m, whichugelothan that
of the epoxy resin, which is around 44 mN/m.
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Figure 10: Plot of Impedance values against coatinickness
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Thus, during the process of casting and dryinghtyterid films, the acrylic-copolymer segments triedsegregate
near the air-facing layer and the epoxy segmenigethto the mold-facing side to minimize the surfanergy. This
migration is very beneficial because epoxy resiasehexcellent adhesion to substrates improvingosan

resistance, while acrylic copolymers remaining lom air-facing side have very good weatherability appearance.

Figure 11: FTIR-ATR of hybrid (a) Air facing, (b) M etal facing
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The water absorbance of coatings due to the presafnaydrophilic acrylate monomers affects the cépace of
coatings. The measurement of the water absorptsimyuElS techniques is based on the determinatfothe
changes of coating capacitance. The coating capae can be calculated from the EIS data C = IdtZihe
frequency of 1/l Hz. The water absorption can be calculated bydireula given by Hartshorn et al [11].

o = [log (G / G)]/ [log &r20)

465
Pelagia Research Library



Rakesh N. Patilet al Der Chemica Sinica, 2012, 3(2):458-467

Whereo is the volume fraction of the absorbed watgrisGhe coating capacitance at time 4,ithe capacitance at

t = 0, andegy,o is the dielectric constant of water. In this invgstion, the coating capacitance measured
immediately after immersion is taken ag The calculated using the capacitance values obtained in this \aoek
summarized in Table 2.

Figure 12: Plot of water absorbancas against immersion time

1.6

1.4

1.2

0.8
oA

AE

Water absorbance (o)

0.4

0.2

0] 2 4 6 8 10 12

Time in Days

Figure 13: SEM micrograph of hybrid coating (E) after 10 Days of immersion
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Table 2: Water absorption® as a function of immersion time

Specimen | Coating thickness (um Water Absorptionp
4 Day 8 Days | 10 Day
A 32 0.00465| 0.57519 0.62417
B 40 0.00615| 0.21662 1.18781
C 54 0.30368| 0.59983 1.28901
D 66 0.15323| 0.69160 1.29040
E 75 0.09285| 0.36626 1.35465

A close examination of the data in Tables 1 andv2als that correlation between 1ZI andiuring the immersion
tests, indicating that the decrease of IZI was mhaéinly to the water absorption in the coatings. fherthin hybrid
epoxy coatings tested in this investigation, th@davater absorption in the first four days of inrsien could be
best explained by the capillary action in the mipare/defect structures, which was followed by @avslwater

dissolution in the coatings. The water absorptionthicker coatings during 10 days of testing st that, the
rates of homogeneous water dissolution into thdirgs were slow. The high performance of this tgpeoating

has been reflected by EIS data measured duringag® df immersion. Figure 13 represents SEM micnolyrir

specimen after immersion test. Micrograph showimgdegradation of hybrid coatings after 10 daysrwhersion

test.

CONCLUSION

» Hybrid one pack epoxy coating was found to be ¢éffeas a protective coating against corrosiorstasce.

» Corrosion of substrate by the ingress of ionic gEethrough coating, increases disbonding betweating and
substrate, which promotes the degradation of cgdtynthe dual action of chemicals and mechanicadgsses.
 For the hybrid coating impedance increased withgasing coating thickness.

» For the hybrid epoxy coatings, the quick water ahtson at early immersion stage could be explaibgdhe
structure of coatings.

 Itis concluded that EIS data will be useful irgicting lifetime expectancy of coatings in immerskervice.
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