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       ABSTRACT





Electrochemical methods are often used to study the protective characteristics of organic coatings on the metal substrate. DC and AC measurements were performed on lacquered tinplate and aluminium cans aimed for carbonated drink  packaging. Redox potential (rH), and pH of carbonated beverage were  determined.





Similar  corrosion   current  values were obtained for tinplate  (0.15 - 0.8 nA cm-2) and  aluminium cans (0.17 - 0.41 nA cm-2). The resistance of the coatings exceeded 108 ( cm2 and did not change much after seven days of  being exposed to an electrolyte. 





A suitable well fitting linear correlation, in case of the aluminium cans was found between i corr and dissolved aluminium  (r = 0.9227). As for the  tinplate cans  an excellent correlation was found between the i corr and dissolved Fe ions   (r = 0.9353) as well as dissolved Sn ions (r = 0.9574). 


Good correlation exist between  several  electrochemical  parameters: Rp / i corr (r = 0.5210);     Rp / E corr     (r = 0.6738)   and E corr / C po (r = -0.6958).


�



INTRODUCTION





	Internal organic protection is a factor of growing importance in metallic cans intended for food and beverages packaging.





	Food manufacturers are requiring better performance from food can lacquers especially those aimed for aggressive foodstuff packaging. Since  interactions between the food products and the cans  are essentially electrochemical in nature, electrochemical tests are highly suitable for rapid testing of the behaviour of metal cans, particularly lacquered ones.





	The processes occurring at the metal-electrolyte interface are numerous and different in nature. The presence of an organic coating makes the system even more complex, as the electrical and electrochemical properties of the coating are introduced. As explained by Tait (1) traditional DC measurements cannot fully describe the situation. The applications of AC impedance to food packaging materials  has shown the importance of  electrochemical parameters, enabling both lacquer quality and corrosion evaluation in the presence of aggressive food products, to be analysed (2-4).





	The aim of this work was to obtain relevant information on the protective power of organic coatings and their changes over time when exposed to an aggressive environment as well as to determine the usefulness of direct current (D.C.) and alternating current (A.C.) methods for coating analysis on tinplate and aluminium cans aimed for food/beverage packaging.








EXPERIMENTAL





	Polarization  (D.C.) and impedance (A.C.) measurements were performed on tinplate and aluminium cans. For this purpose an empty cans were obtained from producer and then filled with carbonated beverages. Measurements were performed after 2, 24 and 168 hours of exposure in electrolyte at 25 oC. 





	pH (EA 940 "Orion" Expandable Analyser, electrode model 91-02) and redox potential (rH, Model EA 940 "Orion" Expandable Analyser, electrode model 96-78) values were determined for all investigated electrolytes before and after DC polarisation. Electrolytes were also analysed by atomic absorption spectrometry for the Al, Sn (“Fillips Analytical” SP 9) and Fe (“Varian” Spectra 10) presence.





	Beverage cans, with an exposed area of 248 cm2, represented a working electrode. A saturated calomel electrode (SCE) was employed as the reference electrode, while the platinum grid was used as the counter electrode. 





	Wenking potentiostat (Model LB 81 H) and Wenking Voltage Scan Generator (Model USG 83) were used for D.C. measurements. The measurements were carried out starting from the rest potential, firstly to the cathodic then to the anodic direction at scan rate of 10 mV/sec. The corrosion current (i corr)  was determined from the intersection of the extrapolated anodic and cathodic Tafel lines.  Polarization resistance (Rp) was calculated from the polarization curve in the vicinity of the corrosion potential.





	For the A.C. measurements EG&G Potentiostat/Galvanostat 273 Model and EG&G  Two Phase Lock-in Analyser, connected to a computerised system for  data analysis and storage, were used. Impedance measurements were carried out starting from the corrosion potential by applying a sinusoidal signal of  5 mV  in amplitude in a frequency range of  100 kHz - 5 Hz . From the impedance data, the capacitance     ( Cpo) and resistance of the paint film  (Rpo) were determined by fitting a simple RC circuit to the impedance data using the appropriate software. 





	In order to evaluate the impedance changes of the system with time, specimens were  left immersed  in carbonated beverage during 168 hours (v = 330 mL).


	The presented results are the mean value of five cans used for each measurement.


	The present investigation has been carried out to evaluate the usefulness of electrochemical techniques for corrosion monitoring in order to obtain information of the corrosion process of lacquered cans aimed for carbonated drink packaging. The correlation between the results obtained from D.C. and A.C. electrochemical techniques was also performed.


	


RESULTS AND DISCUSSION





	Fig.1 shows some examples of the polarization behaviour of the lacquered tinplate and aluminium cans filled with carbonated beverages after 2 and 24 hours of immersion. A  corrosion current of 0.15 nA cm-2 and 0.22 nA cm-2 for tinplate and aluminium cans respectively, were obtained after 2 hours of immersion.	The tin, iron and aluminium content represented in Table I were estimated by applying Faraday’s low (values determined by atomic absorption were less then 0.1 ppm). An excellent correlation was found between pH and  dissolved ion content:                    r = 0.808052 for iron,  r = 0.783916  for  tin,  in  case  of tinplate cans; and              r = 0.731775  for aluminium dissolution in aluminium cans .


	Relationship between dissolved aluminium and corrosion current vs. pH values, in aluminium cans  (Fig.2),  was found to be linear . The correlation  coefficient  (r) between i corr and dissolved aluminium was  0.9227.





	In case of tinplate cans (Fig.2) tin and iron dissolution as well as corrosion current  vs. pH values, could be described by a second stage polynom. It was found by statistical analysis with 91.7% confidence that corrosion current values are due to tin dissolution.


	After 24 hours  corrosion current values  slightly decreased (Table II) for both type of cans. The pore resistance values, Rpo, calculated from the impedance data, (Fig. 3) are represented in Table II. The values of Rpo = 7.5 x 108  (cm2, and  Rpo = 1.1 x 109 ( cm2 were obtained after 2 hours of exposure in carbonated beverage for aluminium and tinplate cans respectively. After 24 hours these values slightly decreased for both aluminium (1.8 x 108 ( cm2) and tinplate (3.8 x 108 ( cm2) cans, while  capacitance value of 10-9 F cm-2 was found for both type of cans. In the study on food packaging materials capacitance values lower than 10-8 F cm-2 are in accordance with the coating area penetrated by the electrolyte (4)





	It is widely believed that degradation and loss of adhesion is indicated by a rapid increase in Cpo and a rapid decrease in Rpo  (5,6). According to many authors (5-8) the systems retain their corrosion protection while the coating resistance remains high (108  to 109 ( cm2 ), but fail when the resistance is low (below 107 ( cm2). Poor coatings are associated with measurements of 106 ( cm2.





	Mansfeld et al. (5) suggested that the observed decrease of pore resistance with exposure time is due to damage of the coating and the formation of conductive paths.


	


	After 168 hours of exposure into the carbonated beverage, large changes of the D.C. and A.C. parameters were not observed (Table II).





	Correlation coefficient of 0.7792 was found between Rp (D.C.)  and Rpo  (A.C.) values. Good correlation also exist between i corr  and Rp (r = 0.5210), as well as between  Rp and Ecorr (r = 0.6738), and Ecorr and Cpo values (r = -0.6958).























CONCLUSIONS





	The D.C. and A.C. electrochemical data are shown to be very useful for lacquered cans examination when exposed to carbonated beverages.


	To examine the obtained data a computer program was used to obtain the best fitting regression equation. The results showed that the aluminium dissolution vs. pH could be described by the linear equation. In case of tinplate cans, filled with carbonated beverage, iron and tin dissolution as well as corrosion current, vs. pH values are described by the polynomial equation. Coefficient of determination (R2) with 61 % confidence was found between Rp (D.C.) and Rpo (A.C.) parameters.
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Table I. Redox potential (rH), pH,   and dissolved ion concentration* (ppm) after 168 hours of immersion in  carbonated beverages





Beverage


Samples�
pH�
rH�
Fe 


(ppm)�
Sn


(ppm)�
Al


(ppm)�
�
�
3.00�
20.06�
0.0053�
0.001�
�
�
�
3.10�
20.50�
0.0077�
0.016�
�
�
�
3.00�
20.11�
0.0063�
0.011�
�
�
�
3.00�
20.09�
0.0081�
0.017�
�
�
�
3.15�
20.46�
0.041�
0.029�
�
�
�
3.05�
20.45�
0.014�
0.015�
�
�
correlation coefficient  (r) between:�
�
pH /rH�
0.868319�
�
�
�
�
pH/Fe�
�
0.808052�
�
�
�
pH/Sn�
�
�
0.783916�
�
�
rH/Fe�
�
0.540257�
�
�
�
rH/Sn�
�
�
0.637405�
�
�
�
2.70�
20.46�
�
�
0.0024�
�
�
2.60�
20.70�
�
�
0.0017�
�
�
2.80�
21.42�
�
�
0.0021�
�
�
2.90�
21.12�
�
�
0.003�
�
�
2.80�
21.15�
�
�
0.003�
�
�
2.60�
20.41�
�
�
0.002�
�
correlation coefficient (r)  between:�
�
pH/rH�
0.778913�
�
�
�
�
pH/Al�
�
�
�
0.731775�
�
rH/Al�
�
�
�
0.300611�
�



* estimated by applying Faraday’s low.�
Table II. Electrochemical data obtained, by  D.C. and A.C. methods, 


for lacquered aluminium and tinplate cans 


filled with carbonated beverage.








Parameters�
Time of 


exposure


/ hours/�
Aluminium Cans�
Tinplate Cans�
�
i corr�
      2�
0.22�
0.32�
�
nA cm-2�
     24�
0.17�
0.11�
�
�
   168�
0.41�
0.32�
�
E corr�
      2�
-700�
-660�
�
mV /SCE�
     24�
-730�
-720�
�
�
   168�
-750�
-720�
�
Rp (D.C.)�
      2�
6.2 x 108�
9.1 x 108�
�
 ( cm2�
     24�
5.0 x 108�
3.0 x 108�
�
�
   168�
6.0 x 108�
4.2 x 108�
�
Rpo (A.C.)�
      2�
7.5 x 108�
1.1 x 109�
�
( cm2�
     24�
1.8 x 108�
3.8 x 108�
�
�
   168�
2.2 x 108�
2.5 x 108�
�
Cpo (A.C.)�
      2�
1.0 x 10-9�
8.9 x 10-10�
�
F cm-2�
     24�
5.0 x 10-9�
2.0 x 10-9�
�
�
   168�
4.0 x 10-9�
1.0 x 10-9�
�
�
Correlation   coefficient   (r)   between:�
�
Rp(D.C.) / Rpo (A.C.)�
                      0.7792      �
�
icorr / Rp�
                      0.5210�
�
Rp / Ecorr�
                      0.6738�
�
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