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INTRODUCTION

O ne important application for coated tinplate is in
metal packaging (e.g., food). Tinplate food cans
are generally quite complex in structure. The
metal substrate is usually a mild steel base that has been
subjected to the surface pre-treatment producing an FeSn;
layer, a tin layer, and a passivating tin oxide layer.! The
flat substrate is then coated with a food grade organic
coating before it is transformed into a can by forming
and/or welding operations. Finally, this can is filled,
seamed, and sterilized. The coating, applied to prevent
the metal base from corrosive attack by the packed food,
further increases the complexity of the system due to the
introduction of electrical and electrochemical coating
properties such as dielectric behavior, ionic resistance,
and hindrance to the diffusion of chemical species.

Since the reactions between food and metal substrate
of a can are mainly electrochemical in nature, it appears
that electrochemical methods should be well suited for
characterizing lacquer protective properties. While tra-
ditional direct current (dc) methods, such as potential-
time or polarization curves, do not provide sufficient
information on poorly conducting layers, alternated cur-
rent (ac) methods such as electrochemical impedance
spectroscopy (EIS) have proved useful in studying the
properties of polymer-coated metals and their changes
during exposure to corrosive environments.>* In EIS, the
complex impedance of the system is measured over a
wide frequency range. The data can be interpreted using
equivalent electrical circuits, where resistive and capaci-
tive circuit elements are combined and evaluated in or-
der to give the best agreement between experimental
and computed (simulated) spectra.?46

Previous work using EIS on coated tinplate has fo-
cused on the development of equivalent circuits permit-
ting the evaluation of coating properties such as perme-
ability and porosity. Various models, representing the
intact coating as well as different types of defects, such
as pores, blisters and delaminated areas, have been pro-
posed.24710 The intact coating capacitance can provide
information on the insulating effect of the coating and
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I n the present work, electrochemical impedance
spectroscopy (EIS) is explored as a tool for evalu-
ating the quality of coatings on food cans. The
properties of the coating-metal interface are evalu-
ated using an equivalent electrical circuit repre-
senting intact and defect coating areas. The ele-
ment corresponding to the charge transfer ca-
pacitance under pores, proportional to the wetted
metal surface, is found to be the most useful
element for quality evaluation. It is shown that
with EIS, differences can be detected between
new and filled cans from different suppliers, as
well as between different product formulations.
Three measurement techniques, i.e., initial state
characterization, rapid dc aging, and long-term
electrolyte aging, are applied to a series of pet-
food and beverage cans, and the results compared
with the performance of the same cans after fill-
ing and storage. It is shown that all three mea-
surement techniques give basic guidance as to the
long-term performance of the filled cans. How-
ever, the electrolyte-aging test was found to give
the best precision in the performance prediction.

on water uptake during the measurement in aqueous
electrolyte solutions.? Moreover, by measuring the value
of the coating capacitance and its change over time, the
effect of different can production steps such as cure
temperature and time, mechanical deformation, and ster-
ilization on the coating properties can be studied.!!

The amount of disbonded, free or wetting metal sur-
face, related to the amount of coating defects, has been
identified as an important parameter.*” Depending on
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the model used, the area of the wetting metal surface can
be estimated either from the pore resistance of the coat-
ing or the interfacial capacitance of the exposed metal
surface.>!? The pore resistance is the most commonly
used parameter,”® but has the disadvantage of not per-
mitting the distinctions between differences in coating
resistivity and differences in free metal surface. Further-
more, it is generally only possible to obtain qualitative
measures using this parameter.? Through measurement
of the interfacial capacitance some workers have reported
quantitative values of wetted metal surface.!012

It should be kept in mind that the free metal surface is
not a property given for a certain substrate-coating com-
bination, but something that changes both during can
manufacturing and as the coating interacts with water
and various food components during sterilization and
storage. Both deformation of the substrate and steriliza-
tion weakens the interface and induces defects.”?13 Per-
meated water can cause a loss of adhesion and initiate
blisters under the coating. The sensitivity to this process
is known as “wet adhesion.”!* The subsequent corrosion
reactions can very rapidly lead to further loss of adhe-
sion of the coating. Furthermore, these changes occur
not only over the lifetime of the can but also during the
actual EIS experiments. Consequently, the experimental
protocol has to be designed to take such effects into
account.

A distinction should be made between initial wetted
metal area (mainly due to pores) and the increase in
wetted metal area during exposure, related to the sensi-
tivity of the interface to delamination of the coating
promoted by corrosion reactions. Different experimen-
tal approaches have been suggested in the literature.
One common method is to expose the sample to an
electrolyte solution for a period of up to several months,
while measuring the pore resistance, the interfacial im-
pedance, or resistance.”81915 Such tests have shown a
general correlation between free metal surface and metal
uptake measured either directly in the electrolyte® or in

Table 1—Can Samples and Coating Characteristics

the product.* Another method is to accelerate the corro-
sion process, comparing the properties of the system
before and after short dc-treatment. This approach has
been used successfully to evaluate the quality of alumi-
num-polyethylene laminates,* and has shown promise
also for coated tin plate systems.!?

In the present work, EIS is explored as a tool for can
quality evaluation with the aim of finding a rapid tech-
nique that can replace the time-consuming traditional
filling and storage tests. The properties of the coating-
metal interface are examined using a model comprising
intact and defect coating areas proposed by
Hollaender.#!1° The suitability of the different elements
of the equivalent electrical circuit as measures of can
quality is evaluated. Then three different measurement
techniques, i.e., initial state characterization, rapid dc
aging, and long-term electrolyte aging, are applied to
new (empty) pet food and beverage cans with different
coatings from different suppliers, and the results com-
pared with the performance of the same cans after filling
and storage.

EXPERIMENTAL

Materials

Five types of pet food cans and two types of beverage
cans were examined. For each type of can, unfilled, i.e.,
new cans, as well as cans stored for 12 months with
different product recipes, were examined. Not all can-
product combinations were available for testing. The
characteristics of the different can types as well as the
can-product combinations included in the tests are given
in Table 1. As can be seen, all cans except the first pet
food can are three-piece welded cans. Whereas drawn,
two-piece cans are uniformly coated, welded cans have
a separately applied coating on the weld line, which is a
known source of defects.!* The interior coatings of the

Coating
Can Samples Coating Type Thickness (um)

1. 2-piece drawn tinplate pet food can New PVC-organosol 6.0
Filled with product A

2. 3-piece welded tinplate pet food can New Epoxy-phenolic, solvent based 5.8
Filled with product B

3. 3-piece welded tinplate pet food can New Epoxy-phenolic, solvent based 5.1
Filled with product B
Filled with product C

4, 3-piece welding finplate pet food can New Epoxy-phenaolic, solvent based 3.6
Filled with product B
Filled with product C

5. 3-piece welded tinplate pet food can New Epoxy-phenolic, solvent based 7.5
Filled with product A
Filled with product B
Filled with product C

6. 3-piece welded tinplate beverage can New Epoxy-phenolic, water based 3.6
Filled with product |
Filled with product Il

7. 3-piece welded tinplate beverage can New Epoxy-phenolic, solvent based 5.4
Filled with product |
Filled with product Il
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different cans were identified using FTIR spectroscopy
and found to be a thermoplastic PVC-organosol for Can
1 and thermoset epoxy-phenolic (bisphenol-A-based)
coatings for the others. The coating thicknesses were all
in the range of 3-10 um. No information on the process
of coating application and curing could be obtained from
the suppliers.

EIS Measurement Routines

Three different EIS routines were used: (1) initial state
characterization without any aging treatment (initial state
test), (2) the dc aging routine (dc test)!” and (3) the
electrolyte-aging routine (long-term test).* The initial
state test consists of a single ac measurement.

The dc test consists of two ac measurements with a dc
treatment in between. During the dc treatment, the can
is polarized to a cathodic potential of 2V against the
reference electrode for 120 sec. This means an acceler-
ated weathering of the system that can be regarded as a
very rapid simulation of the corrosive interactions be-
tween food can and packed products during the shelf
life of the can. The dc affects, in particular, the interface
metal/coating resulting in further delamination of the
lacquer. The nondestructive first ac routine registers the
initial scale of the can, whereas the second nondestruc-
tive ac routine, identical with the first one, characterizes
the final state and thus provides information on the
influence of the dc treatment. Details on the measure-
ment parameters are given in the next section.

The long-term tests are repeated ac measurements
carried out with new cans that are filled with electro-
lyte for 10-100 hr. During this time, electrolyte solu-
tion may penetrate through the lacquer, especially
through the pores in the lacquer, leading to further
delamination. Between the ac measurements, the cans
filled with electrolyte were stocked at room tempera-
ture. The properties of the new, unaffected cans are
obtained at the beginning of long-term measurements
whereas the subsequent measurements provide in-
formation on the interfacial sensitivity to corrosion.

Methods

The electrochemical impedance measurements were
performed using a Zahner-Elektrik (Kronach, Germany)
IM6 Impedance Spectrum Analyser. The THALES soft-
ware from Zahner-Elektrik was used for the computer-
ized control of the measurement and for the interpreta-
tion of the experimental impedance spectra through
equivalent electrical circuits, working with a non-linear
least square fitting technique.

Impedance measurements were carried out by apply-
ing a sinusoidal potential signal (5 mV for pet food cans,
10 mV for beverage cans) in the frequency range of 100
mHz to about 500 kHz. Beverage cans generally showed
fewer coating defects and better isolating properties than
pet food cans and therefore, a higher perturbation signal
was chosen in order to improve the signal quality of the
ac measurement. Resolution parameters were adjusted
to 10 steps per decade with an accuracy of 10 measure
periods for f > 66 Hz and 10 steps per decade with an
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accuracy of 5 measure periods for f < 66 Hz. A phos-
phate buffer solution prepared from ortho-phosphoric
acid and sodium hydroxide adjusted to pH = 6 served as
electrolyte solution. A classical three electrode cell con-
sisting of a can filled with 150 ml of electrolyte solution
as working electrode, a pointed graphite rod (& 10 mm)
as counter electrode and a saturated calomel glass refer-
ence electrode (SCE) was employed. Reference and
counter electrode, had a distance of 25 mm from each
other, centered in the cell. It should be mentioned that
the use of calomel electrodes might lead to the observa-
tion of an artificial peak in phase at frequencies above
100 kHz. However, close examination of the experimen-
tal data showed no such effect to be present in this work.
All impedance measurements were carried out in a Fara-
day cage in order to minimize the effect of electromag-
netic field disturbances on the system being studied.

The initial state tests and the first ac routine of the dc
tests were carried out at the free corrosion potential of
the system after waiting for five minutes for potential
stabilization. Single scans from low to high frequency
were performed. In order to check the stability of the
system, a scan from high to low and back from low to
high frequencies was also carried out. The dc treatment
at the dc test consisted of a polarization to -2V (potential
at reference electrode) for 120 sec. A relaxation of the
corrosion potential for several minutes was necessary
before starting the second ac routine. For the long-term
experiments, measurements were started directly after
filling the cans with electrolyte solution, and repeated at
regular intervals during the entire time of the experi-
ment (up to 100 hr). The frequency range was always
scanned from high to low and back from low to high
frequencies. The initial state tests and dc tests were re-
peated three times on different cans for each sample
type, whereas long-term tests were performed once on
one can per sample type. All results given for dc tests
base on the mean value of three measurements.

Electroiyte

Lo mresa
suhbsiTate

Figure 1—Model and equivalent electrical cir-
cuit representing intact areas, pores and blis-
fers of the coating-substrate system. Re = elec-
frolyte resistance, Rpo = coating pore resis-
tance, Rerl = charge fransfer resistance under
pore, Ccrl = charge transfer capacitance un-
der pore, Cc’ = coating capacitance above
blister, Rer2 = charge transfer resistance under
blister, Cc12 = charge transfer capacitance
under blister, Cc = coating capacitance.
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Figure 2—iInterfacial capacitance Ccrl and
calculated inifial wetted metal surface under
pores in the coating of pet food cans as a
function of immersion time in electrolyte solu-
tion (long-term test).

For the determination of the charge transfer capaci-
tance per unit tinplate area, the coating of can pieces
with a known macroscopic surface area was removed
electrolytically by applying a dc current of around -1
mAcm™ for several minutes in a solution prepared from
5 g sodium carbonate in 1000 ml distilled water. EIS
measurements were then carried out on the bare can
pieces with the same parameters as for the other ac
experiments.

Coating thickness was determined by optical micros-
copy on embedded sections of the cans. Diffuse reflec-
tance infrared spectroscopy was performed on the coat-
ings using a Nicolet 560 Magna IR spectrometer. In addi-
tion to the EIS measurements, the interior of the filled
cans was evaluated for defects and corrosion by visual
inspection.

RESULTS AND DISCUSSION

Evaluation of the Equivalent Electrical Circuit

A model of the coating-substrate system with a corre-
sponding equivalent circuit proposed by Hollaender was
used.'® The model and the circuit are presented in Figure
1. While this circuit is flexible enough to fit the imped-
ance data of different can and lacquer types, its eight
impedance elements can be directly related to the physi-
cal properties of the metal/lacquer system which is a

Table 2—Description and Evaluation of Circuit Elements

basic condition to be met for any fitting technique.? The
circuit consists of three parts connected in parallel: (1) an
insulating coating capacitance Cc for the unaffected re-
gions of the lacquered metal; (2) a pore resistance Rp, in
series with an RC element (charge transfer capacitance
Ccr in parallel with charge transfer resistance Rcr), rep-
resenting the pore regions of the system; and (3) a part
for the blister regions consisting of a coating capacitance
for the remaining coating in series with another RC
element. An electrolyte resistance Rg is connected in
series of these three parts. The description of the tinplate
surface as an RC element is a simplification, but by using
constant phase elements for the charge transfer capaci-
tances, good results can be obtained. It may be noted
that from a theoretical point of view, the quantification
of the RC element in series with a coating capacitance
(i.e., tinplate surface under the blister) appears difficult
due to the low current passing through. However, pre-
vious work has shown that reasonable and reproducible
results for this RC element can be obtained.!

As outlined in Table 2, the different elements in the
circuit in Figure 1 can all be related to the characteristics
of the coating-substrate system. Thus Rp, is related to the
amount of pores (pore area) in the coating. A higher
pore area will lead to lower values for Rp,. Cc is in-
versely proportional to the thickness of the lacquer, and
also depends on its water content. Furthermore, the
change in Cc over time can be used to determine the
water uptake of the coating. Rerl describes the corrosion
state of the metal surface under the pores. It is related to
the active metal surface, and its reciprocal value is a
measure of the corrosion current. Rcr2 has the same
meaning for the delaminated metal area under blisters.
Re describes the ohmic resistance of the electrolyte be-
tween reference electrode and working electrode. From
Cerl and Cc12 the wet metal surface (surface in contact
with electrolyte solution) under pores, A, and be de-
rived according to

CC T

CCT Ref

A= (1)
where Ccrrer is the specific capacitance of the free metal
surface.

Ccrref was determined by fitting impedance data mea-
sured on an uncoated tin plate sample with a simple
equivalent circuit consisting of an RC element, repre-
senting a pure metal surface (neglecting any oxides),
with an electrolyte resistance connected in series.? In

Element Description Related To Typical Value Comments
Re Electrolyte resistance 1-2Q
Rro Pore resistance Pore area in coating 550 Q Interference of corrosion products
Rcrl Interfacial resistance, pore Corrosion state of metal 104100 Q Interference of corrosion products
Cerl Interfacial capacitance, pore Amount of delaminated 10-8-10°F, Low scattering and reliable
Constant phase element metal area under pores a=0.3-0.7 Characteristic of coating quality
Recr2 Interfacial resistance, blister Corrosion stafte of metal 0.1-100 Q Low scattering
Cecr2 Interfacial capacitance, blister Wet metal surface 10-10-109 F, No change with aging
Constant phase element azl
Cc' Coating capacitance above blister 10-7-10-5F Large scattering
Cc Unaffected coating capacitance  Coating thickness, 108107 F No clear correlation

water content

with water uptake
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spite of the simplicity of the model, a good fit was ob-
tained, yielding an average value of 10+3 pF/cm? for
Ccrret. It can be argued that the method used for prepar-
ing the reference metal surface (electrolysis) could lead
to a modification of the capacitance compared to the
surface under an organic coating. Therefore, the surface
area values provided by equation (1) should be regarded
as approximate.

Evaluation of impedance data showed that Ccrl, a
measure for the delaminated area under pores and ex-
hibiting high reliability and low scattering, appeared to
be the most appropriate circuit element to investigate
the quality of lacquered tinplate cans. In Figure 2, Ccrl is
shown as a function of time as obtained from long-term
experiments (discussed later). Measurements with three
cans yielded a standard deviation for Ccrl of around
20%. Also Ccr2 could be used for analysis, but since the
values were found to remain almost equal for new and
filled cans, this element proved to be less useful as a
measure of adhesion properties and can lacquer quality.

As can be seen in Figure 3, Cc shows an increase for
some cans, presumably related to water uptake of the
lacquer, but no clear correlation between water uptake
and lacquer quality could be established. The coating
capacitance of Can 1 in Figure 3 is lower than for the
other cans due to its PVC-organosol coating.

Rerl proved to be strongly influenced by the corro-
sion reaction and its products. In long-term experiments,
some pet food cans showed an initial decrease of Rerl
followed by the rapid increase after about 10 hours (Fig-
ure 4). It is believed that this behavior is due to the
formation of corrosion products, leading to a passiva-
tion of the metal surface and higher values for Rerl.
Therefore, the interpretation of Rerl can be misleading.
In the initial state tests, filled cans showed lower Rc12
values than new cans due to the higher amounts of
active metal surfaces of the former, as shown in Figure 5.
It seems that the metal surface under blisters is not
passivated by corrosion products as for the delaminated
areas under pores. Probably a different mechanism for
the delamination process under blisters occurs compared
to the pore regions with a direct contact between metal
and electrolyte.

Rp, also showed a strong influence of the corrosion
products. Higher values were observed for filled than
for new cans in initial state tests. Figure 6 presents long-
term experiments with new beverage cans. As can be
seen, after an initial short decrease, Rp, exhibits a con-
tinuous increase. This is believed to be due to the pen-
etration of electrolyte solution, lowering the resistance
of the initially dry lacquer, followed by the formation of
corrosion products that block the growing pores and
produce higher pore resistances. It has been shown that
corrosion products in defects dominate the impedance
characteristics of these regions.'® The increase of Rp,
with time could be used as an indicator of the intensity
of the corrosion reaction. Thus, Can 7 in Figure 6 is
believed to undergo very severe corrosion.

Cc’ showed the largest scattering of all circuit ele-
ments. Furthermore, the a-value of Ccr2 was sometimes
found to be higher than 1, which clearly is unphysical.
This, together with the previously mentioned uncer-
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tainty in quantifying the RC-element in series with the
coating capacitance, indicates that the use of the blister
part of the model could be doubtful. However, the other
values obtained for Rcr2 and Cer2 exhibited low scatter
and high reproducibility. Also, a good overall fit could
only be obtained by including the part of the equivalent
circuit representing the blister points to the relevance of
these elements to the general model.
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Figure 3—Coating capacitance Cc of pet food
cans as a function of immersion time in elec-
frolyte solution (long-term test).
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Figure 4-Charge fransfer resistance Rcr1 of pet
food cans as a function of immersion fime in
electrolyte solution (long-term test).
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Figure 5—Charge transfer resistance Rcr2 of
new and packed cans as obtained from EIS
measurements.
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Figure 6—Coating pore resistance (Res) of bev-

erage cans as a function of immersion time in
electrolyte (long-term fest).

A summary of the observations regarding the differ-
ent circuit elements, together with typical values ob-
tained for each element, is given in Table 2. Since Ccrl
was found to be the most reliable measure of the quality
of the cans, describing the amount of delaminated metal
area under pores, further evaluation was focused on this
circuit element. Also, Rer2 could be useful for the inter-
pretation of results. However, Table 2 shows a factor of
1000 between Ccrl and Cc12. Consequently, the delami-
nated metal surface under pores is roughly 1000 times
larger than the delaminated surface under blisters. It is
doubtful that the evaluation of Rct2 as a measure of the
corrosion state of the metal surface under blisters is
representative of the coating quality of the total can.

Initial State Characterization and dc Tests

In Figure 7, ac data before and after a dc-treatment for
a pet food can is presented (dc test). In the second ac
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Figure 7—Impedance data (Bode plot) and | |

fitted curves for a coated tinplate can (Can
5 new) before (+ data, —fit) and after

(O data, ...... fit) a dc aging freatment (dc-
test).
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routine a lowered impedance, due to the weathering
treatment, can be noted. Two phase maxima can be seen,
the one at higher frequencies mainly influenced by Cc,
and the one at the lower frequencies related to Cecr. In
the second ac routine, the phase at high frequencies is
lowered due to water uptake of the coating. The phase
maxima belonging to Ccr are shifted to lower frequen-
cies and higher values as a result of the larger delami-
nated metal area compared to the first ac routine.

Figure 8 presents initial state tests, as well as the re-
sults of dc tests on different pet food cans. The dc test is
expressed as increase on dc treatment, i.e., the difference
between the first and second ac routines. All data is
shown both as capacitance and as wetted metal area
calculated according to equation (1). In Figure 8 it can be
seen that, as can be expected, in general a higher initial
wetted metal surface is measured for filled cans than for
new cans. The measurements also permit a classification
of the aggressiveness of different recipes to be made.
Figure 8 also shows that, within the data set for each can
type, the values are consistently higher for cans filled
with product B compared to cans filled with product C,
which indicates that product B is more aggressive than
C. Furthermore, the fact that the cans filled with product
A exhibit the highest values (see the data for Can 5)
points to an overall aggressiveness ranking of product
A > product B > product C.

For new cans, a higher initial wetted metal surface
(initial state test) always correlates with a stronger dam-
aging influence of the dc treatment, resulting in larger
additional delaminated area (dc test). This indicates that
dc tests can provide useful information on the coating
adhesion quality for new cans. For filled cans, however,
it is found that a high initial wetted metal surface in
general coincides with a lower added delamination dur-
ing the dc polarization. This is believed to be due to the
fact that the free metal surface in the filled cans has
become partially passivated by corrosion products as a
result of corrosive interactions with the food during
storage. Thus, the passivation leads to lower currents
during the dc treatment and, consequently to a lower
additional delamination. These results indicate that the
dc test is only justifiable for new cans, since for the filled

cans the interpretation is complicated by corrosion prod-
ucts.

Long-term Measurements

An example of a long-term measurement with a pet
food can is presented in Figure 9. A continuous decrease
with time of the impedance at frequencies below 10 kHz,
as well as of the phase between 100 Hz and 100 kHz, can
be seen. This is related to a steady deterioration of the

metal/coating system induced by the penetrating elec-
trolyte solution.

Figure 2 presents the results of long-term tests on pet
food cans. Again the data is shown both as capacitance
and as wetted metal area calculated according to equa-
tion (1). As can be seen, the behavior varies dramatically
between the cans. Can 1, with very low initial values,
exhibits minimal increase over time, indicating a high
coating stability. Can 4 starts out with a fairly high value



that then increases strongly as the measurement contin-
ues. Cans 2 and 3 show an intermediate behavior with a
gradual increase of the wetted metal surface with time.
Can 5 is different from the others, with an initially high
value that increases during the first hours of the experi-
ment and then decreases, finally leveling out close to the
initial value after about 10 hr.

Accelerated Tests vs. Performance of Filled Cans

The results of the tests on filled cans are presented in
terms of wetted metal area in Table 3. Examining the
data on the pet food cans (Cans 1-5), it can be seen that
the cans exhibit quite different performances. Can 1 is
excellent, showing a very low value of wetted metal
surface, especially considering it was filled with a more
aggressive product than the others. Cans 2 and 3 then
show an intermediate behavior with moderate values of
wetted metal surface, whereas Cans 4 and 5 exhibit
higher values. Regarding the beverage cans (Cans 6 and
7), it is clear that Can 6 is better than Can 7. It is worth
noting that the values of wetted metal surface are quite
low for both beverage cans, on par with the best pet food
can. This is remarkable, considering the fact that the
beverage cans are welded whereas Can 1 is drawn. How-
ever, it is well known that beverages are much more
sensitive products than pet food, thus requiring a better
coating quality. The results of the visual inspection of
the filled cans in general agree quite well with the elec-
trochemical evaluation. Thus Cans 1 and 2 were found
to be excellent, without any visible defects and quite
intact coating surfaces. Cans 3, 4, and 5 showed slight
changes, particularly along the weld line, with Can 3
exhibiting the smallest and Can 5 the largest number of
defects. No defects could be seen in Cans 6 and 7.

Inspecting the data provided by the different tests on
new pet food cans, it is clear that none of the three tests
are able to exactly predict the behavior of the filled cans
(see Table 3). The initial state measurement and dc test
both produce the same performance ranking, and this
ranking follows the same overall trend as the real behav-
ior. However, these tests grossly underestimate the per-
formance of Can 5 and slightly underestimate the per-
formance of Can 3. The long-term test gives a different
ranking, where the best (Can 1) and the worst (Can 4)
cans are clearly identified, but the performance of Can 5

Table 3—Results of Tests on New and Filled Cans, Wetted Metal
Area Under Pores (mm2/can)

New Cans
After DC After Filled Cans®
Initial Aging, Electrolyte (after 12
Can Type State Total Aging® (Months)
T, 0.1 0.1 0.2 0.5
2 1 6 10 4
3, 3 40 13 3
4o, 4 80 40 20
5, 10 300 10 13
(o JUTTTRRTTOR 0.3 0.3 0.1 0.2
7 i, 0.6 1.4 1.3 0.6

(a) Value after 10 hr.
(b) Prod. A for Can 1, prod. B for cans 2-5 and prod. | for Cans 6-7.
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Figure 8—Interfacial capacitance and initial

wefted metal surface under pores in the coat-
ing from initial state and dc tfests of new and
filled pet food cans. The results of the dc fests
are expressed as increase on dc freatment,
i.e., the difference between the first and sec-
ond ac routines.

is overestimated. It is reminded that Can 5 exhibited an
anomalous behavior in the long-term test, with values of
wetted metal surface that decreased towards the end of
the test. By either ignoring Can 5, or taking the results of
the long-term test after 2 rather than 10 hr (which re-
verses the ranking of Cans 4 and 5, see Figure 6), the
long-term test provides a correct performance ranking.
However, it is reminded that for Cans 4 and 5 the result
of the visual inspection of filled cans was not in perfect
agreement with the ranking obtained by the EIS tests. It
is clear that further work, possibly involving a larger
number of samples and statistical evaluation, is required
in order to develop a measurement protocol that accu-
rately predicts the long-term behavior. It is also worth
mentioning that the quality differences between the cans
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Figure 9—Impedance data (Bode plot) for a
pet food can (Can 4 new) measured at differ-
ent times after immersion in electrolyte solu-
tion (long-term test).
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appear quite small in absolute terms. Although the EIS
measurements shows the cans to be different, they are
all quite acceptable from a practical point of view. Thus
the product was found to be without visible change for
all cans, and the observed defects were small in all cases.

Regarding the beverage cans, Table 3 shows that all
three tests on new cans provide the correct ranking of
the performance of the filled cans.

CONCLUSIONS

The impedance data of coated tinplate cans were inter-
preted using an equivalent electrical circuit. The circuit
was found to work well, and all elements yielded realis-
tic values, although not all of the elements were useful
for evaluating can quality. The charge transfer capaci-
tance under pores, proportional to the wetted metal
surface area, was found to be the most reliable and
useful element for quality evaluation.

The EIS measurements allowed comparisons of coat-
ing quality between new and filled cans from different
suppliers to be made. It was found that it was possible to
characterize the aggressiveness of different product for-
mulations packed in the same can. It was also observed
that a dc treatment was useful for new cans, but less
appropriate for examining filled cans due to the influ-
ence of corrosion products.

Although all tests on new cans, i.e., initial state mea-
surement, dc aging and electrolyte aging, provided ba-
sic guidance as to the long-term performance of the
filled cans, the electrolyte aging test gave the best preci-
sion in performance prediction. Differences in perfor-
mance and quality between cans were found to be small,
and all cans were of an acceptable quality.
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