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AABBSSTTRRAACCTT  

  

IInn  tthhiiss  wwoorrkk,,  aa  sseett  ooff  ccoommppoossiittee  ssaammpplleess  wweerree  pprreeppaarreedd  bbyy  ssooll––ggeell  mmeetthhoodd  uussiinngg  PPMMMMAA  

((PPoollyymmeetthhyyllmmeetthhaaccrryyllaattee))  aanndd  TTiiOO22  ((TTiittaanniiuumm  ddiiooxxiiddee))..  TThhee  aass--pprreeppaarreedd  ccoommppoossiitteess  wweerree  tthheenn  

cchhaarraacctteerriizzeedd  bbyy  FFoouurriieerr  ttrraannssffoorrmm  iinnffrraarreedd  ((FFTTIIRR))  ssppeeccttrroossccooppyy,,  XX--rraayy  DDiiffffrraaccttiioonn  

((XXRRDD)),,EElleeccttrroocchheemmiiccaall  IImmppeeddaannccee  SSppeeccttrroossccooppyy  ((EEIISS))  aanndd  PPoollaarriizzaattiioonn  mmeeaassuurreemmeennttss  hhaavvee  

bbeeeenn  uusseedd  ttoo  eevvaalluuaattee  tthhee  ccooaattiinngg  ppeerrffoorrmmaannccee  iinn  33..55%%  NNaaCCll..  AAccccoorrddiinngg  ttoo  tthhee  EEIISS  aanndd  

ppoollaarriizzaattiioonn  mmeeaassuurreemmeennttss,,  tthhee  ccoommppoossiittee  ccooaattiinnggss  sshhoowweedd  iimmpprroovveedd  ccoorrrroossiioonn  rreessiissttaannccee  dduuee  ttoo  

tthhee  ffoorrmmaattiioonn  ooff  pprrootteeccttiivvee  llaayyeerr  wwhhiicchh  aacctt  aass  aa  bbaarrrriieerr  ttoo  tthhee  ddiiffffuussiioonn  ooff  iioonnss  ttoo  tthhee  mmeettaall  

ssuurrffaaccee..  
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INTRODUCTION 

Corrosion and wear damage of materials is one of today’s largest industrial concerns, as failure 

of materials for infrastructure can lead to problems such as loss of human lives as well monetary 

loss of as  millions of dollars. Therefore, protection of infrastructure against corrosion and wear 

is one of the most significant challenges of today’s industry-driven society[1-3]. The protection 

offered by coatings contributes to this endeavor by prolonging the useful lifetime of many 

products such as bridges, pipelines and other essential components of our infrastructure. It is 

often not economical to protect these items without coatings, because corrosive environments 

such as weather, sea water and corrosive gases would damage them too quickly[4]. Polymer – 

ceramic composite based coatings have found ever wider use in various branches of  national 

economy. Coatings are of high economic importance because they provide protection against 

corrosive and atmospheric attack. These are used to protect substrates against mechanical, 

chemical, and atmospheric influences. Mild steel is one of the important iron-containing alloys 

used in many industrial aqueous systems in which water circulates. Various surface techniques 

have been developed to improve the corrosion resistance of metals. One of the most effective 

methods is to deposit protective polymer–ceramic coating on the metal surface[5]. Sol–gel 

ceramic coatings have been extensively employed for the wear, corrosion and oxidation 
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protection of metals[6].PMMA, is a transparent polymer possessing properties like light weight, 

high light transmittance, chemical resistance, colorlessness, resistance to weathering 

corrosion[7]. Titanium dioxide (TiO2) has traditionally received a lot of attention due to its 

chemical stability, non-toxicity, low cost and other advantages. As a result, it is widely used as a 

white pigment, gas sensor, anti-reflection coating in many thin-film optical devices, biomaterials 

and catalyst/support/additive in catalytic reactions[8]. PMMA/flaky aluminium composite 

particle was prepared in order to enhance corrosion resistance of aluminium pigments[9].  

Composite Coatings from Trivalent chromium baths in Ultrasonic field has been reported[10]. 

 

EXPERIMENTAL 

MATERIALS 

The monomer MMA (Fischer Scientific, India), TiO2(Fischer Scientific, India), benzoyl peroxide 

(Fischer Scientific, India), chloroform (Fischer Scientific, India) and petroleum ether (Fischer 

Scientific, India)were obtained and used as such. 

 

PREPARATION OF PMMA  

The purified monomer (MMA) (10ml) was taken in a polymerization tube and 50mg of benzoyl 

peroxide which acts as a catalyst was added to accelerate polymerization, in the polymerization 

reaction. The polymerization tube was then kept in a water bath at 60-70 
o
C with periodical 

shaking. A hard viscous polymer was obtained after 90 minutes of heat treatment. The 

polymerized mass was dissolved in chloroform and then transferred into a beaker. The viscous 

polymer solution was precipitated by the addition of petroleum ether. The precipitated polymer 

was then filtered and oven dried at 60 
o
C. The polymer formed was found to be syndiotactic[11]. 

 

PREPARATION OF  PMTiCOMPOSITES 

A definite quantity of PMMA was dissolved in chloroform followed by the addition of a known 

quantity of TiO2 and then it was made into a paste in an agate mortar and was subjected to heat at 

110 °C for 30 minutes in a hot air  oven and made into a powder. PMTi composites were 

prepared in the following proportions of PMMA and TiO2: PMTi 1 – 9:1, PMTi 2 – 8:2, PMTi 3 

- 7:3, PMTi 4 -6:4, PMTi 5 – 5:5 and PMTi 6 – 4:6. 

 

CHARACTERIZATION TECHNIQUES 

XRD 

The XRD patterns of polymer and polymer composites were recorded using Philips X’Pert pro 

diffractometer with Cu Kα (λ= 1.54060 Å) incident radiation. The XRD peaks were recorded in 

the 2θ range of 20°–80°. 

FTIR 

The FTIR  spectrums  of polymer and polymer composites were recorded using Shimadzu FTIR 

spectrophotometer. 

SEM 

The Scanning electron microscopy produces detailed photographs that provide important 

information about the surface structure. The SEM  images  of polymers and polymer composites 

were recorded using Hitachi Scanning Electron Microscope SU1510. The samples were gold 

plated before SEM observation. 
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COATING OF MILD STEEL SUBSTRATES WITH POLYMER COMPOSITES 

SUBSTRATE PREPARATION 

Mild steel panels were used in corrosion studies. The mild steel panels were polished with emery 

paper and immersed in 10% dilute sulphuric acid (pickling) at 70-80 °C for 30 minutes to 

remove the rust and mill scale. The pickled panels were rinsed thoroughly in deionisedwater and 

then rinsed with acetone to remove the acid residues present on it after pickling. The pickled and 

rinsed mild steel panels were subjected to coating immediately. A pasty solution of polymer 

composites were coated on surface treated mild steel panels using a Apex Spin Coating unit 

(SCU 2005) and the panels were sintered in a hot air oven for 30 minutes at 110 °C. Then these 

plates were used for corrosion studies. 

 

ELECTROCHEMICAL IMPEDANCE AND POLARIZATION STUDIES  

The experiments were performed in a classical three-electrode electrochemical cell. Mild steel 

specimen of 1 cm2 area was used as the working electrode. A platinum electrode and saturated 

calomel electrode were used as counter and reference electrode respectively. Prior to each 

experiment the working electrode surface was polished with emery paper. Biologic 

Electrochemical analyser (model SP 300) with EC Lab software was used for data acquisition 

and analysis. For polarization and impedance studies the period of immersion maintained was 30 

min. Polarization technique was carried out from a cathodic potential of -2V to an anodic 

potential of 2V with respect to corrosion potential at a sweep rate 1 mV/s. In EIS technique a 

small amplitude AC signal of 10 mV and a frequency spectrum from 105 to 10-2 Hz was 

impressed at the OCP and the impedance data were analysed using Nyquist plots. 

 

XRD 

The XRD pattern for  PMMA (Fig.1) show peaks at 2θ 14.50, 22.49, 29.45 and 41.41° and  

relative intensitites obtained for the polymer match with the JCPDS Card no. 13-0835 file, 

identifying it as PMMA. The average crystallite size of PMMA is determined using Xpert’ 

High Score plus software and it is found to be 0.1344 µm. 

 

 
 

Fig1  XRD pattern of PMMA 

 

 

The peak positions (2θ = 25.30 (1 0 1), 38.57 (1 1 2), 48.04 (2 0 0), 53.88      (1 0 5), 62.68 (2 0 

4), 70.29 (22 0), 75.05 (2 1 5) and 83.16
o  

(3 1 2) and relative intensities obtained for  TiO2 match 

with the  JCPDS Card no. 78-2486 file, identifying it as TiO2 with anatase phase (Fig.2). The 

average crystallite size is found to be 0.1858µm. 
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Fig 2 XRD pattern of TiO2 

 

 

PMMA/ TiO2COMPOSITES 

The XRD patterns of PMTi composites is shown in the (Fig.3-5). From the figures, we can say 

that the crystallinity of the polymer has been considerably decreased upon the addition of TiO2 

and the intensity of the crystalline peaks of PMMA decreases and broadens. This reduction in 

crystallinity upon the addition of TiO2 is attributed to small particles of TiO2 changes the chain 

re-organisation and facilitates for higher ionic conduction [12-15]. The average crystallite size is 

found to be 0.1465 µm. 

 

.  

Fig 3XRD patterns of PMTi 1 and 2 

 

 

Fig 4 XRD patterns of PMTi 3 and 4 

 

 
Fig 5 XRD patterns of PMTi 5 and 6 
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PMMA 

An absorption band in the range of 1500-700 cm
-1

 comes from the -C-O stretching 

vibration(1270-990 cm
-1

), -C-H bending vibration (1450-1350 cm
-1

), and CH2 rocking (810, 750 

cm
-1

) [16]. The bands at 1387 and 1456 cm
-1

correspond to symmetrical bending vibration and 

asymmetrical bending vibration of methyl group respectively(Fig 6). Broader and stronger bands 

in the region 1300-1000 cm
-1 

correspond to C-O stretching vibrations, which usually consists of 

two asymmetric coupled vibrations, i.e. C-C(=O)-O and O-C-C. Peak at 749 cm
-1

 corresponds to 

out of plane C-H bending [17]. Strong peak appearing in the region 1731 cm
-1

corresponds to 

C=O stretching vibrations.  

 

A peak at 1716 cm
-1

 is identified as C=O stretching vibrations in the pendant group (-COOCH3) 

of PMMA (Fig 6). At approximate 1025 cm
-1

ether lone pair peak is also present.  

 

 
Fig 6 FTIR spectrum of PMMA 

 

In the FTIR spectrum of TiO2 , Ti–O bands in the range of 800-450 cm
−1

 corresponds to the 

stretching mode vibration of Ti–O and the peak at 511  cm
−1

, the characteristic of Ti-O anatase 

crystalline phase [18]. The peaks at 550 and 1479 cm
-1 

correspondss to the stretching vibration of 

Ti-O and Ti-O-Ti respectively (Fig 7). 

 
                         Fig 7 FTIR spectrum of  TiO2 

 

PMMA/TiO2 composites 

The bands at 2925 and 2957cm
-1

, attributed to CH2 stretching  mode of PMMA, exhibits notable 

changes in position as well as intensity which varies with content of TiO2, probably  due to the 

interaction between PMMA  and TiO2 [19]. The comparison between the two spectra namely 

PMMA and the composite PMTireveals that the the shape and position of ester carbonyl groups 

(C=O stretching mode) expanded in the band (1800-1500 cm
-1

). The peak position for theC=O 

stretching (1730 cm
-1

) in pure PMMA shows slight shifting (1722 cm
-1

) [20].  The shifts in the 

pure PMMA and  pure TiO2 indicate that some interactions have occurred. This may be due to 
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the interaction between the C=O carbon atoms of PMMA and oxygen atoms of TiO2 on adding 

TiO2, significantchanges in the spectral features in terms of the appearance of new peaks and the 

disappearance of existing peaks are observed (Fig 8-10). 

] 

 
Fig 8 FTIR spectra of PMTi 1 and 2 

 

 
 

Fig 9  FTIR spectra of PMTi 3 and 4 

 

 
Fig 10  FTIR spectra of PMTi 5 and 6 

 

 

POTENTIODYNAMIC POLARIZATION STUDIES 

The Ecorrand Icorr values of bare mild steel are -706 mV and 35.1 µA/cm
2
 respectively (Fig.11).  

 

PMMA composites  

The Icorr of bare mild steel is 35.1 µA/cm
2
 . The incorporation of TiO2 in PMMA matrix reduced 

the corrosion currents of PMTi 6 to 8µA /cm
2
. This indicates that the addition of TiO2 in PMMA 

matrix has improved the corrosion resistance. It is seen that the least corrosion current value i.e. 

a better corrosion resistance is displayed by sample PMTi. The corrosion potential Ecorr of bare 
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mild steel is -706 mV. The incorporation of TiO2  in PMMA matrix resulted in a positive shift in 

potential. This also indicates that the addition of TiO2 in PMMA matrix has improved the 

corrosion resistance. An increase in TiO2 content in the composites PMTi 6 resulted in a 

significant shift to more positive value indicating its better corrosion resistance behaviour 

compared to all the other 5 composite samples. Thus, it is understood that the addition of TiO2 

favours the corrosion resistance [21]. The corrosion rate of bare mild is found to be 10.72 mpy 

whereas for PMTi 6 the corrosion rate values are found to decrease to 2.45 mpy (Table 1). This 

indicates that with increase in the content of TiO2, the corrosion rate decreases. It is significant to 

note that materials with a corrosion rate less than 1 mpy are generally considered outstanding in 

relative corrosion rate [22].  

 

 
 

Fig 11Tafel  plots of bare mild steel and PMTi composites 

 

Table 1 Corrosion parameters obtained from Polarization studies for bare mild steel and coated 

PMTi composites  

 

System studied Ecorr (mV) Icorr(µA/cm
2
) Corrosion rate (mpy) 

Bare mild steel -706 35.1 10.72 

PMTi 1 -693 31.4 9.57 

PMTi 2 -691 25.3 7.72 

PMTi 3 -676 17.3 5.28 

PMTi 4 668 14.1 4.30 

PMTi 5 -619 12.1 3.66 

PMTi 6 -594 8.0 2.45 

 

ELECTROCHEMICAL IMPEDANCE STUDIES 

 

PMMA Composites 

 

The Nyquist plot of bare mild steel is shown in the figure 3.56. The  equivalent circuit used to 

model corrosion of bare mild steel  in 3.5% NaCl, is shown in the figure 3.57. The model can be 

used to estimate the charge transfer resistance from the impedance data. Where Rs is the solution 

resistance, Rctthe charge transfer  resistance, Cdl is the double layer capacitance and W is the 

Warburg impedance. The Warburg element can be used to simulate a semi-infinite linear 

diffusion that is unrestricted diffusion.  
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To account for the corrosion behaviour of composite coatings  in 3.5% NaCl at their respective 

open circuit potentials, an equivalent electrical circuit model for bare mild steel is given in figure 

3.56 has been utilized to simulate the metal/solution interface and to analyze the Nyquist plot. 

The equivalent circuit for PMMA composites is shown in the figure 15. The diameter of the 

capacitance loop increased with increasing concentration of ceramic oxides Table 2. This is due 

to the the contact area between substrate and electrolyte is reduced and caused the change of the 

capacitance loop resulting in the lower corrosion rate [23-25]. Increase in diameter of capacitive 

loop, indicating the continous formation of polymer composites containing passive film on the 

sample surface [26]. The value of Cdldecreases with the increase in oxide concentration 

indicating that polymer composite function by adsorption at the metal/solution interface, leading 

to protective film on the mild steel surface, and decreasing the extent of dissolution reaction. 

Results obtained from the impedance measurements show that Rct values increase and Cdlvalues 

decrease. The decrease in Cdl is due to increase in thickness of the electric double layer [27]. The 

increae in Rct  value is attributed to the formation of protective film on the metal/solution 

interface [28,29]. This suggests that when polymer composite adsorbed on the metal surface, it 

influences the double layer. This causes decrease in the electrical capacity and it may be 

attributed to the formation of a protective layer on the metal surface [30]. The inhibition 

efficiency of polymer composite is characterized by an increase in the diameter of the capacitor 

loop (Figure 12 and 14). 

 
 

Fig 12Nyquist  plot of bare mild steel in 3.5% NaCl solution 

 

 
 

Fig 13 Equivalent circuit model for bare mild steel 
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Fig 14Nyquist  plots of bare mild steel and PMTi composites 

 

 

 
Fig15 Equivalent circuit model for PMMA composites 

 

Table 2 Electrochemical parameters obtained from Impedance studiesfor bare mild steel and 

coated PMTi composites 

 

System studied Rct(Ohm cm
2
) Cdl(µF/cm

2
) 

Bare mild steel 23.4 2.583 x10
-2

 

PMTi 1 27.76 2.230 x10
-6

 

PMTi 2 29.13 2.188 x10
-6

 

PMTi 3 32.48 1.396 x10
-6

 

PMTi 4 33.99 1.246 x10
-6

 

PMTi 5 34.74 0.841 x10
-6

 

PMTi 6 67.49 0.456 x10
-6
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