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mental, health, and food safety

issues, as well as increasing regu-
lations on substances with potential
health effects, are major driving
forces for consumer behavioral
changes. These behavioral changes
propel the shift toward development
of alternative products free from
substances of concern. One such sub-
stance is Bisphenol-A (BPA), a chemi-
cal commonly found in the protective
linings of food or beverage metal cans.
BPA has undoubtedly become a major
cause of concern, prompting serious
examinations from various regulatory
bodies across the world connecting
BPA to adverse health effects.”s

Since 2015, France has issued a ban
on BPA in all packaging, containers,
and utensils intended to come into
contact with food.! As recently as
2018, the European Union published a
regulation that further restricts the
presence or use of BPA-containing
substances in plastic food contact
materials. The new regulation

I ncreasing awareness of environ-
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reduces the specific migration limit
for BPA in varnishes and coatings

for food contact applications by an
order of magnitude (from 0.6 mg/kg
to 0.05 mg/kg) over previous regula-
tions.>? Although the U.S. Food and
Drug Administration has not issued

a complete ban on the use of BPA in
food can lining applications, several
states such as Maryland, Connecticut,
and California have placed further
restrictions on its presence in food
cans. Given the increasing regulatory
pressure, the demand for Bisphenol-A
Non-Intent (BPA-NI) metal packag-
ing coatings will continue to increase
in years to come.*

Resin manufacturers, can coating
formulators, can makers, and brand
owners are responding to this shift-
ing market demand by actively inno-
vating alternative solutions that can
meet or exceed the performance of
BPA epoxy coatings while minimizing
the cost of these transitions. The per-
formance requirements that BPA-N1I
can linings need to satisfy are high.
The coatings must exhibit enough
flexibility and adhesion to withstand
the rigorous mechanical demands
of can forming processes. They also

need to survive high temperatures
and high-pressure food sterilization
processes in the presence of hydro-
lytic and corrosive environments
such as low pH, acids, sulfur, and
salts. Not only does the coating need
to meet these high requirements
pertaining to can forming and steril-
ization processes, it must also survive
the storage test or pack test as part of
the routine assessment of long-term
shelf stability.”

Polyester coatings are one of the
most promising BPA-NI alternatives
to BPA epoxy-based coatings. The
modularity of building blocks in
polyesters allow for fine-tuning of its
compositions with a wide variety of
monomers, enabling the achievement
of balanced properties including high-
glass transition temperature, flexi-
bility, and toughness. Several notable
monomers, namely 2,2,4,4-tetrameth-
yl-1,3-cyclobutanediol (TMCD),
1,4-cyclohexanedimethanol (CHDM),
isosorbide, and tricyclodecane
dimethanol (TCDDM), have emerged
as promising building blocks for
superior polyester performance. In
particular, TMCD is known to impart
avariety of excellent properties such



as good temperature resistance,
toughness, chemical resistance, and
hydrolytic stability. TMCD is used in
BPA-free specialty plastics prevalent
in sports bottles. TMCCD-containing
protective resin systems have demon-
strated good resistance to corrosion
and chemical attack while simultane-
ously demonstrating good flexibility
and adhesion in a variety of appli-
cations, including metal packaging
applications.”® New product qualifica-
tion in storage or pack tests is a vital
step in the development and evalua-
tion process of new metal packaging
coatings. Pack tests may last from
several months to several years and
may involve filling and storing goods
in cans at elevated temperatures.

At specified time intervals, cans

are opened and visually inspected

for defects. Food and beverage cans
come in various sizes and shapes, and
coatings formulations vary across the
industry. As the combination of can
types and food products are numer-
ous, this coating qualification effort
can take significant time and financial
investment, as well as collaboration
across value chains. Given the cost,
complexity, and time involved in

qualifying new coatings, reducing
qualification time has the potential to
accelerate development cycles. A pre-
dictive analytical technique that can
reduce the need for time-consuming
pack tests would be highly desirable
across the metal packaging value
chain. Though the goal seems lofty,
it is in the best interest of the metal
packaging industry to develop tech-
niques that may predict long-term
performance for new coatings.
Electrochemical impedance spec-
troscopy (EIS) is a useful analyti-
cal technique that has been widely
employed for numerous applications
in industry and academia over sev-
eral decades. This technique assesses
the barrier properties of organic
coatings and their time-dependent,
long-term durability and perfor-
mance in response to various exper-
imental conditions.’?> EIS canreveal
a wealth of information on the state
of corrosion in coating prior to the
visual appearance of corrosion. With
EIS, a small sinusoidal alternating
current (AC) wave is applied and the
resulting resistance (impedance) to
current flow is assessed as a function
of frequency. Impedance data are
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collected and analyzed with relevant
electrical circuit models to understand
the corrosion state of the coating. Kern
and colleagues employed EIS to study
the performance of cans coated with
various formulas and filled with dif-
ferent food contents. They used direct
current (DC) treatments and electro-
lyte aging treatments to understand
and predict corrosion during storage.’
Charge transfer capacitance, related

to the delaminated metal area, and
electrolyte aging, respectively, were
found to be reliable parameters and
procedures for quality evaluation and
performance ranking of various cans.
De Vooys and colleagues also employed

TABLE 1—Details of White PU Formulation

EIS as a screening tool to evaluate the
suitability of coated metal packaging
cans with new food products by mea-
suring their impedance over a two-
week period.!® The evolution of complex
impedance at low frequency over a two-
week period with threshold impedance
values was used as a pass/fail criterion
for product/container combinations.
Others have employed EIS as a means to
quantify the adhesion of different types
of lacquers for food packaging," to mea-
sure the delamination of coatings over
time when exposed to various condi-
tions,! to study the water and electro-
lyte uptake of organic coatings,'®** and
many other applications.'s-?2

SUPPLIED

COMPONENT DESCRIPTION SUPPLIER SOLIDS (%) WEIGHT (g)
Resin with 50% solids Polyester resin Resin manufacturer 55 38.4
Desmodur®BL 2078/2 | Blocked IPDI trimer in A-100 Covestro 60 8.0
10% Fascat® 9102 Butyltin Tris-2 ethylhexanoate | PMC Group 100 1.44
Ti-Pure™ R-900 Ti0, Ti0, pigment Chemours 100 24.0
A-100 Solvent 0 10.4
Total 40.0
Calculation:

% solids 50%

% pigment on solids 52%

% binder on solids 48%

% crosslinker on total binder 20%

TABLE 2—Details of Gold Phenolic PU Formulation
COMPONENT DESCRIPTION SUPPLIER gg{m;g WEIGHT (g)

Resin with 50% solids | Polyester resin Resin manufacturer 50 25.6
Curaphen 40-856-B60 | m-cresol phenolic formaldehyde resin | Bitrez 60 2.67
10% Fascat® 9102 Butyltin Tris-2 ethylhexanoate PMC Group 100 0.960
Cycat® XK 406N H,P0, catalyst 9% active Allnex 9 0.31
Nacure® 5925 Blocked DDBSA catalyst 25% active King Industries 25 0.225
A-100 Solvent 0 10.4
Total 40.0
Calculation:
% solids 40%
% pigment on solids 52%
% binder on solids 48%
% crosslinker on total binder 29%
% H,P0, catalyst on total solids 0.0035%
% DDBSA on total solids 0.07%
% catalyst on total solids 0.105%
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In this study, we employed an EIS
technique in conjunction with aging
procedures involving concentrated
food simulant and elevated tempera-
tures for a series of coatings. The
aging procedure acts to accelerate the
corrosion process, while EIS provides
quantitative measurements that enable
in-depth understanding of corrosion
mechanisms. This combination enables
faster coating quality evaluations and
rapid selection of formulations for
further evaluation. The performance
evaluation from EIS is further vali-
dated using an industrially relevant
enamel rater test. This work provides
fundamental insight into the relative
performance of polyester resins in
various formulations as part of a resin
development strategy.

EXPERIMENTAL PROCEDURES

EMN-MP resin is a mid-molecular
weight TMCD-based polyester with a
number average molecular weight (M)
in the range of 6000-8000 g/mole
and T, ~90 °C. Commercial Control
resin is a non-TMCD-based, high-
molecular weight resin with an M_of
>10,000 g/mole and T, 100-110 °C. The
two resins were formulated into white
polyurethane (PU) and gold phenolic PU
formulations as representative solvent-
borne BPA-NT 3-piece food can interior
lacquers. The formulation details for
white PU coatings and gold phenolic
PU coatings are listed in Tables I and
2, respectively. All resins were reduced
with Aromatic 100 (A-100) solvent to
50 wt% solids. Fascat® 9102 catalyst
solution was diluted with A-100 to 10%
of the original supplied concentration.
The formulations were drawn down
onto electro tin plate (ETP) substrate
panels supplied by Lakeside Metals
Inc. (0.25# Bright T-1 0.009-0.010 x
4.0 x12.01in.). All formulations were
applied with appropriate wire-wound
rods to target film weights of 10 gram
per square meter (gsm) and 6 gsm for
white PU and gold phenolic isocyanate
coatings, respectively. The coated panels
were cured at 200 °C for 12 minin a
forced air convection oven.
Electrochemical impedance
spectroscopy was performed using
Gamry Instrument “Reference 600”
Potentiostat equipped with Gamry



framework and Echem Analyst. The
samples were held in a cylindrical glass
cell by a clamp fixture attached to an
O-ring gasket affixed to the grooved
bottom of the cell. A nickel electrode
and a graphite electrode were used

as reference and auxiliary electrodes,
respectively. The potential was applied
in a range of 5 mV from open circuit
potential and the frequency was varied
from 10° to 0.1 Hz.

Food simulants used in this study
were 3% acetic acid (3 wt% acetic acid in
97 wt% DI water), 2% lactic acid (2 wt%
lactic acid in 98 wt% DI water), and 5%
acetic acid (5 wt% acetic acid, in 95 wt%
DI water).

To perform EIS measurements for
white PU panels, the drawn down
panels were first retorted in the pres-
ence of 3% acetic acid solution. The
EIS cell apparatus was fixed on top of
the area of interest, and this area only
was exposed to the electrolyte during
the retort process at 131 °C for one
hour. Upon completion of retort and
cooling, the first EIS measurements
were performed, and subsequent mea-
surements were taken at defined time
points. To perform EIS measurements
for gold phenolic PU panels, the area of
interest in the drawn down panels was
exposed to 2% lactic acid by fixing the
EIS cell apparatus on top of the panels.
Following 36 days of exposure to 2%
lactic acid, the EIS measurements were
obtained. All EIS measurements and
aging were performed at room tempera-
ture. Enamel rater measurement was
performed using WACO Digital Enamel
Rater II. Test voltage was set at 6.3 V.
Can lids were stamped from white PU
flat panels and retorted in the presence
of 5% acetic acid. Upon retort, the can
lids were exposed to 5% acetic acid,
and the can lids were placed in an oven
maintained at 50 °C. At defined time
points, the can lids were taken out of
oven and enamel rating was obtained.

RESULTS AND DISCUSSION

The electrochemical impedance spec-
troscopy technique has been employed
for decades for measuring and moni-
toring of time-dependent changes of
organic coatings.”?? The measured
impedance values are presented in
Nyquist or Bode plots and fitted to

FIGURE 1—The progress of corrosion in organic coatings, relevant electrochemical circuits, and expected Bode

plots at various stages of corrosion.
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relevant and appropriate electrical
equivalent circuits consisting of resis-
tive and capacitive elements in various
configurations that help with the phys-
ical interpretation of the impedance
data.’> With this technique, the pen-
etration of electrolyte into the coating
can be followed and the initiation of cor-
rosion at the metal/coating interface can
be detected. Figure 1 shows the stages
of corrosion, relevant electrical circuits,
and the expected shape of Bode plots

at different stages of corrosion when a
coated panel is exposed to electrolyte.
In Stage 0, at the start of immersion, the
coatings are dry and behave like a pure
capacitance. The appropriate circuit
configuration is that of electrolyte
resistance and coating capacitance in
series. The coating capacitance depends
on coatings thickness. In Stage 1, the
coatings begin to absorb the electro-
lyte until the film micropores become
saturated with the electrolyte. In this

phase, the coatings can be represented
by a resistance and a capacitance com-
ponent in parallel. As the film continu-
ously absorbs electrolyte, the coatings
capacitance increases with increasing
electrolyte content, whereas the resis-
tance component decreases until the
film becomes saturated. The film affinity
towards the electrolyte and crosslinking
density influence the speed of electro-
lyte penetration in the film. Coatings
capacitance can be used to determine
the change in coatings porosity or elec-
trolyte diffusion coefficient according
to the Brasher-Kingsbury equation.?
In Stage 2, as the electrolyte reaches
the coatings/metal interface, corrosion
is initiated and blisters in the coating
begin to develop. The newly formed
oxidized layer can be represented using
a double layer capacitance and a charge
transfer resistance in parallel, or the
“two time-constants” as commonly
used in EIS. There might be no visible
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FIGURE 2—Frequency-dependent impedances of white PU coatings on flat panels made with a) Commercial Control coating and b) EMN-MP coating at zero hours and
after 48 h of exposure. The panels were first retorted with 3% acetic acid and then aged with 3% acetic acid solution.
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sign of corrosion at this stage, but the
magnitude of the complex impedance
at low frequency continues to drop. In
the subsequent stage, delamination
starts, and pore breakthrough occurs
along with a diffusion-limited corrosion
reaction as the reactant gets delivered
to the surface. A Warburg impedance
component is added to the equivalent
circuit in this stage.

There are many ways to interpret
or use the results of resistive and
capacitive elements from relevant
electrochemical circuits. McIntyre and
Pham®™ used R (pore resistance) and
C,, (double layer capacitance) terms to
estimate the degree of delamination in
can coatings. They also used C, (coating
capacitance) to estimate the coating
porosity and correlate it with flavor
scalping performance. Hu et al. used
a coating capacitance term to monitor
water uptake and diffusion of chlorine
ions in epoxy-coated aluminum alloys in
the presence of NaCl solutions.”® Kern et
al. used charge transfer capacitance in
a slightly more complicated circuit con-
figuration to estimate the delaminated
area after exposure to food simulants.’
De Vooys et al. simply relied on the
evolution of the shape of Bode plots over
time and assigned relevant electrical
circuits to fit the data. The magnitude of
overall impedance of the coated metals
exposed to food simulant over two
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weeks was used as a pass/fail criterion.
Mclntyre and Pham also used EIS to
track the low-frequency impedance over
several weeks and showed that the rate
of decrease in impedance has some cor-
relation with the coating porosity.'*

In this study, we compare EIS
responses to characterize the progress of
corrosion as a proxy for long-term per-
formance in a pack test. The magnitude
of impedance at low frequency (0.1 Hz)
is used to compare the relative perfor-
mance of different coatings as appro-
priate. EMN-MP resin and Commercial
Control resin were each formulated into
white PU formulations (Table I) and
drawn down on tinplate. The coatings
were then subjected to a retort proce-
dure in an autoclave at 131 °C for one
hour in the presence of 3% acetic acid in
a custom-made set up that exposes only
the intended area to the food simulant.
Figure 2 shows the frequency-depen-
dent impedance values immediately
after retort and after a subsequent 48
h of immersion in 3% acetic acid. At
the beginning of the test, both coatings
were at the same corrosion stage (Stage
1, electrolyte penetration). However,
after the subsequent 48 h of exposure,
the Commercial Control coating had
progressed into Stage 2 corrosion, as
apparent by its Bode plot shape indicat-
ing initiation of corrosion, whereas the
coating based on EMN-MP resin was still

in the stage of electrolyte penetration
(Stage 1). This observation is supported
by the general shapes of the Nyquist plots
shown in Figure 3. At zero hours, both
coatings showed one semi-circle indicat-
ing Stage 1 corrosion. After 48 h of expo-
sure, two semi-circles began to emerge
in Nyquist plot of Commercial Control
coating indicative of Stage 2 corrosion,
while only a semi-circle was observed for
EMN-MP coating, indicative of Stage 1
corrosion. The decrease of impedance at
low frequency (0.1 Hz) for both formulas
is traced in Figure 4a and consistently
shows that Commercial Control coating
has lower corrosion resistance over the
exposure time. As the impedance values
plateau at longer times, it is apparent
that the corrosion slows after the initial
retort exposure. EMN-MP coating
demonstrates better corrosion resistance
of 2.56 Mega Ohms as compared to 0.44
Mega Ohms conferred by Commercial
Control coating in this post-retort pla-
teau region (Figure 4b).

Both resins were also formulated
into gold phenolic PU formulations
(Table 2) and drawn down onto tin
plates. Upon curing, the panels were
exposed/soaked in 2% lactic acid
solution and aged for 36 days at room
temperature. Figure 5 shows the
frequency-dependent impedance
measurement of both panels after 36
days of exposure in 2% lactic acid.




FIGURE 3—Nyquist plots of Commercial Control and EMN-MP white PU coatings at zero hours and after 48 h of exposure.
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Figure 6 compares the Nyquist plots

of both panels at the end of 36 days of
exposure in 2% lactic acid. Comparing
the curve shape from the Nyquist plots,
it is evident that EMN-MP coating was
still in Stage 1 corrosion as indicated by
one semi-circle, whereas Commercial
Control coating has entered into Stage

2 corrosion as evidenced from the
appearance of two semi-circles. The low
frequency (0.1 Hz) impedance values
over 48 h of observation are shown in
Figure 7a, and the corrosion resistance of
both coatings are compared in Figure 7b.
Again, the EMN-MP coating exhibited
significantly better corrosion resistance
of 53.7 Mega Ohms as compared to 2.47
Mega Ohms with Commercial Control
coating in gold, phenolic isocyanate for-
mulation at the same dry film thickness.

Perhaps the higher hydrophobicity of
EMN-MP resin and, therefore, its lower
propensity to absorb 2% lactic acid food
simulant, might contribute to the delay
in corrosion development. The superior
corrosion resistance observed with
EMN-MP resin can be, at least in part,
attributed to the hydrophobic contri-
bution of TMCD. As evident from the
two examples above, EIS techniques
coupled with different aging procedures
can produce quantitative and qualitative
assessments that guide the development
and evaluation of resin and coating
performance.

To validate the EIS results, we also
compare the performance of each of
these resins with enamel rater test-
ing commonly used in industry, as
documented in various patents and

articles.?*?” The test included an accel-
erated aging approach using 5% acetic
acid 2% higher than the concentration
of acetic acid used for EIS experiment
on white coatings) at 50 °C over several
days of exposure. This experiment was
performed on stamped can lids, a nota-
bly harsher mechanical treatment than
flat metal panels. It was expected that
the high concentration of simulant and
higher temperature would accelerate
the corrosion process. Enamel rater is a
DC-based technique that applies a con-
stant 6.3-volt potential across the coating
during four seconds and measures the
resulting current. The enamel rating is
an index of the amount of metal exposed
or delaminated from the coating during
exposure to food simulant. A higher
current flow indicates a worse coating

FIGURE 6—Nyquist plots of gold phenolic PU coatings on flat panels made with (a) EMN-MP and (b) Commercial Control resins after aging with 2% lactic acid solution for 36 days.
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performance. Figure 8 tracks the current ~ corrosion resistance than Commercial At the end of the experiment, the

flow of can lids coated with white PU Control coating at the end of seven exposed can lids were subjected to a
coatings exposed to 5% acetic acid at 50 days of exposure as evidenced by its tape-pull test for qualitative assessment
°C over seven days. The coating based lower current flow relative to that of of coating adhesion. Figure 9 shows the
on EMN-MP resin demonstrates a better ~ Commercial Control coating. pictures of stamped can lids based at the

FIGURE 8—Progress of corrosion as examined by enamel rater for can lids coated with white PU coatings exposed to 5% acetic acid
at 50 °C over seven days of exposure.
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FIGURE 9—Can lids after exposure to 5% acetic acid at 50 °C for seven days and after tape adhesion test.
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seven-day exposure interval, before and
after the tape-pull test. It is evident that
the coating based on EMN-MP resin
exhibits a qualitatively better coatings
adhesion at the end of this accelerated
aging test. It is also worth noting that
signs of underfilm corrosion were already
visible in the case of Commercial Control
even prior to the tape-pull test. The tape-
pull test further revealed underfilm cor-
rosion in Commercial Control case. Signs
of underfilm corrosion were also present
in the exposed surface of EMN-MP
coating after the tape-pull test, but the
exposed area is qualitatively smaller than
in Commercial Control coating, owing to
better coating adhesion although quanti-
tative assessment was not performed. The
results observed in the enamel rating test
are, thus, in agreement with the results of
the EIS evaluation.

CONCLUSIONS

Electrochemical impedance spectros-
copy is employed as a screening tool in
the innovation process of new BPA-NT
metal packaging resins. The resins in
this study were formulated into coatings,
which were subjected to aging treat-
ments with several food simulants at
relatively high concentrations. Time-
dependent impedance measurements

by EIS reveal the progress of corrosion
in the coatings and provide quantitative
measurements of corrosion resistance.
EMN-MP resin in white PU coatings
exhibited better barrier properties with
slower corrosion kinetics and higher cor-
rosion resistance relative to Commercial
Control resin in white PU formulation.
Similarly, in the gold phenolic PU formu-
lations EMN-MP coating exhibits better
barrier properties relative to Commercial
Control coating. The EMN-MP resin sys-
tem also shows better barrier properties
in the enamel rater test on white PU coat-
ings. The results from the enamel rater
test are consistent with results observed
with EIS. This work demonstrates the
utility of EIS and the more commonly
available enamel rater tests as powerful
tools in understanding the barrier prop-
erties and corrosion kinetics of coatings
as part of a resin design strategy. The
data provided by these techniques can
help to enable quantitative data-based
decision making and faster coatings
development cycles. #
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