&

Swansea University ‘C ronfa

Prifysgol Abertawe Setting Research Free

Cronfa - Swansea University Open Access Repository

This is an author produced version of a paper published in:
Packaging Technology and Science

Cronfa URL for this paper:
http://cronfa.swan.ac.uk/Record/cronfa50820

Paper:

Allman, A., Jewell, E., Vooys, A., Hayes, R. & McMurray, H. (2019). Food packaging simulant failure mechanisms in
next generation steel packaging. Packaging Technology and Science

http://dx.doi.org/10.1002/pts.2448

This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms
of the repository licence. Copies of full text items may be used or reproduced in any format or medium, without prior
permission for personal research or study, educational or non-commercial purposes only. The copyright for any work
remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium
without the formal permission of the copyright holder.

Permission for multiple reproductions should be obtained from the original author.

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the
repository.

http://www.swansea.ac.uk/library/researchsupport/ris-support/


http://cronfa.swan.ac.uk/Record/cronfa50820
http://dx.doi.org/10.1002/pts.2448
http://www.swansea.ac.uk/library/researchsupport/ris-support/ 

Received: 15 February 2019

Revised: 3 April 2019

Accepted: 19 April 2019

DOI: 10.1002/pts.2448

RESEARCH ARTICLE

Food packaging simulant failure mechanisms in next generation

steel packaging

Andrew Allman’
H. Neil McMurray?

1 College of Engineering, Swansea University,
Swansea, UK

2TATA Steel, R&D, IUmuiden, The Netherlands

SCROWN Packaging Manufacturing UK
Limited, Wantage, Oxon, UK

Correspondence

Andrew Allman, College of Engineering,
Swansea University, Swansea, UK.

Email: a.m.allman.843855@swansea.ac.uk

Funding information

EPSRC; European Social Fund via Welsh Gov-
ernment; CROWN Packaging Manufacturing
UK Limited; TATA Steel Packaging Europe

1 | INTRODUCTION

| Eifion Jewell*

| Arnoud de Vooys? | Rachel Hayes? |

Legislative pressures have led to the mature dominant chromium-coated steel (ECCS)
substrate and epoxy phenolic lacquer replacement in Europe. An investigation was
carried out to examine the interaction between a steel surface engineered with a
novel, developmental substrate coated using Cr (lll)-based electrolytes and the food
stuff being canned. Samples of lacquered material were subjected to a typical retort
process (121°C for 90 minutes) and examined using a variety of laboratory analytical
techniques. The foodstuff being packaged has a significant impact on the
substrate/lacquer adhesion with clear differences in failure mechanisms between
foodstuffs. There is clear evidence of chemical species transfer through the next gen-
eration lacquer, and this can instigate corrosion at the surface where incomplete
chromium coverage leads to exposed iron. In general, the novel developmental mate-
rial exhibits lower adhesive properties and shows a greater sensitivity to the food-
stuff, although this is largely attributed to the homogeneity of the coverage. The
novel substrate proves to be a promising alternative to ECCS due to REACH legisla-

tion, but improvement is required to achieve equivalent performance.
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adhesion, BPANI, chrome (VI) free substrates, packaging steel

contained from being damaged or spoiled; the coating also prevents
the corrosion of the substrate material that could be induced by the
interaction with the contents.”

Metal packaging is an important means by which food can be cooked,
distributed, stored, and consumed in modern society with a global
market of around $110 Bn in 2017, set to increase in the next
5 years.>? It is robust, fully recyclable, achieves many years of shelf life
(reducing food waste for producer and consumer), and has established
products with whole supply chain integrity,® widely known for its eco-

nomic effectiveness.* The substrate is coated to protect the foodstuff

Currently, steel packaging manufacture faces the dual challenges
of removing chromium (VI)° from the substrate production process
and Bisphenol-A (BPA) from the protective lacquer. A transition is
therefore required from a trusted mature technology to a novel
substrate/lacquer combination, and this has renewed significant

research interest in their performance. Key to success is the integrity

Nomenclature: BPA, Bisphenol-A; BPANI, Bisphenol-A non-intent; EP, Epoxyphenolic; ECCS, Electrochromium-coated steel
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of the metal/organic interface, particularly when subjected to the
extreme environment experienced by the packaging when the food-
stuff is cooked in the filled can at temperatures in excess of 120°C.”"®

The two coated steels primarily used for food can applications are
tinplate, having a tin layer approximately 0.2 to 2 um thick and
electrochromium-coated steel (ECCS) which has a 10 to 30-nm layer
of chromium/chromium oxide, produced using a Cr (VI) electroplating
process.” Trivalent chromium-based metallic coatings for steel devel-
oped'® as a REACH® compliant alternative to ECCS is under iterative
development to optimise surface chemistry and characteristics. A
novel developmental substrate, combined with next generation coat-
ings (bisphenol-A non-intent) that comply with legislative moves in
some European territories, presents the metal packaging industry with
a system that has been shown to be less robust than the well-
established ECCS/epoxyphenolic coating system.!!

The adhesion of an organic coating to a metallic surface occurs
through a variety of bonding mechanisms, including electrostatic inter-

12.13 3| of which are sus-

actions, dispersion forces, and covalent bonds,
ceptible to modification through the interaction with a simulant
solution and by extension, foodstuff. Work has previously been con-
ducted studying the effects of the sterilisation process on the quality
of adhesion that is observed, a phenomenon that had not been quan-
tified before.!* This study focussed on the quality of adhesion varied
with adjusting retort parameters, establishing relationships and
highlighting strengths and failures within novel substrate/coating sys-
tems. Previous work has begun the examination process of the chang-
ing chemistry of both the coatings and the substrate, an area that is to
be more fully explored here. The effect of the retort process on poly-
mer coatings has been subject of some limited study. For example,
Axelson-Larsson examined the oxygen permeability of such coatings
under autoclave conditions, concluding that the conditions can affect
the barrier of some materials, with water acting as a plasticiser.!* Many
studies have been carried out to investigate the effect that the chem-
ical composition of a given foodstuff might have on the coating.® The
migration study carried out by Errico et al where the BPA transferred
into the foodstuff has been measured® confirms that BPA transfer
does occur but the overall consumer exposure is low. This work is fur-
ther evidenced by Oldring et al who worked on a model to estimate
BPA-diglycidyl ether exposure, concluding that exposure for UK con-
sumers was well below the tolerable daily intake for all derivatives.*”

With BPA non-intent (BPANI), migration studies have been carried

1819 as is common with all new

out on coatings of similar chemistry,
coating formulations, with a multitude of analytical techniques used
such as gas chromatography and mass spectrometry.?® While these
methods of interaction are relatively well reported, the effect of the
simulant solution/foodstuff on the adhesion of a coating to the sub-
strate, or the substrate itself post-retort, has not been reported in
depth. Some work has been conducted exploring the delamination
mechanism of an epoxy coating from a steel substrate, using electro-
chemical impedance spectroscopy (EIS) and X-ray photoelectron spec-
troscopy (XPS) to determine than an acid treatment improves the

1

resistance against cathodic delamination,?? most notably in a NaCl

solution. The purpose of this study is to investigate the effects of

the sterilisation (retort) process on both the substrate and the organic
coating, attempting to understand the interaction between the two at
the interface,® or indeed where any failure may occur.

2 | MATERIALS AND METHODS

Substrates used were ECCS, supplied by Tata Steel, and a develop-
mental chromium-coated steel substrate (294269M), also supplied by
Tata Steel. The developmental substrate was electroplated using Cr
(1) species in the electroplating bath, rather than the Cr (VI) species
used in ECCS production. 294269M was produced on a full-scale
industrial electroplating line during parameter optimisation tests and
is hence a developmental only substrate, not commercially available.
In each case, the bath chemistry and operation parameters of the
electroplating process were manipulated to provide a controlled com-
bination of surface species. Neither substrate has free Cr (lll) or Cr (VI)
present on the surface after electroplating, and chromium is then pres-
ent in the form of Cr metal, oxide, or hydroxide; the details of which
are shown in Table 1. 294269M shows increased levels of chromium
oxide and lower values of metallic chromium when compared with
ECCS, while also showing some evidence of iron at the surface.

Coatings used were an epoxy-phenolic (EP) lacquer and a polyester
BPA non-intent (BPANI) lacquer, both supplied by Metlac. The former
representing incumbent lacquer chemistry, the latter representing
commercial state of the art. For the purposes of this research, sheets
of both substrates were coated with 10 to 12 um of either the EP
or BPANI coating, providing four substrate/coating systems. For test-
ing, sheets were cut into samples 120 mm x 45 mm.

To simulate the sterilisation process, coated substrates were
placed in sealed jars filled to 80% of total capacity with simulant solu-
tion (Table 2). Simulant solutions were chosen as they represent com-

mon packing media for canned foodstuff; the associated foodstuff is

TABLE 1 Surface characteristics of each substrate as characterised
by XPS, average of three replicates

% ECCS 2017 ETL14 294269 M
CrOx 3.6 14.5
Cr 2.5 1.6
Cr (OH)x 15.5 15.6
Ee 0 0.7

TABLE 2 Simulant solution compositions and examples of repre-
sentative packaged foodstuffs

Simulant Solution Composition Typical Foodstuff
1% NaCl (standard brine)

1% NaCl, 1% acetic acid (acidified brine)

Peas or beans
Gherkins or onions

Sauerkraut or dairy
products

1% lactic acid (carbohydrate
fermentation)

0.25% NaCl, 0.25% citric acid
(acidified brine)

Salsify
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also detailed in Table 2. The filled, sealed jars were placed in a in a
CertoClav MultiControl 2 autoclave and subjected to retort process
for 1.5 hours at 121°C. Each test conducted used five replicates of
each of the four substrate/coating systems.

Dissolved oxygen measurements were conducted using a Mettler
Toledo FiveGo dissolved oxygen portable meter, calibrated according
to manufacturer guidelines. Measurements were carried out in accor-
dance to 15017289:2014.22 Three measurements were taken of each
solution.

Adhesion measurements were performed using a variable load
scratch tester in accordance with ISO 1518:2011,2% providing a quan-
titative analysis of the adhesion force without inducing a chemical
change in the thin film organic coating as other methods, such as pull
off tests.?* Each of the five replicates was assessed and an average
failure force taken.

Knoop hardness measurements were taken using a Zwick Indentec
ZHu microhardness tester, in accordance with I1ISO 6441-1, with a
standard error associated with the measurements of 5.1%, across five
replicates.

Surface species characteristics were measured using an Axis Supra
XPS system using a monochromated Al Ka source and large area slot
mode detector using a 300 x 800 um analysis area. Binding energies
were calibrated to the main hydrocarbon peak (284.8 eV). Spectra were
subsequently analysed in CASA software with Shirley backgrounds.

FTIR measurements of the lacquers were carried out using a Perkin
Elmer FTIR 100 with ATR attachment. Data were interpreted using
Perkin Elmer Spectrum 10 STD software.

Time of flight secondary ion mass spectrometry (ToF-SIMS) analy-
sis was conducted on a Scientific Analysis Instruments (SAl) MiniSIMS-
ToF, using a gallium source to obtain positive secondary ion spectra in
the form of images.

In total, each result, for each experiment conducted, represents
an average of five samples providing a statistically valid
measurement of each substrate/lacquer combination. Where the

lacquer properties were to be examined independently of the

14 -

Failure Force (N)
[e¢]

FIGURE 1 Post-retort adhesion of all
substrates and all simulants with the BPANI
coating. Dashed lines represent the dry
adhesion measurement

DI Water

24 W

Wl LEY Packaging Technology and Science 3

substrate, the lacquer was coated to glass microscope slides which
were unaffected by the retorting process. Further details of the
experimental equipment and procedures are available in previous
work. 1!

In order to examine the impact of the simulant and the retort pro-
cess, the lacquers were applied to glass slides and processed in the
same manner as the steel substrates. In this way, it was possible to
readily obtain a free standing film as the film could readily be detached
from the glass, allowing the lacquer chemistry to be investigated inde-

pendently from the steel substrate.

3 | RESULTS

3.1 | Macro effects

3.1.1 | Adhesion testing

In order to appraise the impact of the simulated foodstuff on the
lacquer/substrate adhesion, a methodology was adopted where each
substrate/lacquer was exposed to each simulant under retort condi-
tions and their characteristics were evaluated. On the basis of the ini-
tial findings, further investigations were initiated to identify the
dominant mechanisms in each instance.

There is a clear interaction between the simulant lacquer and the
adhesion failure force measured (Figure 1). The BPANI lacquer consis-
tently shows the poorest performance when compared with the incum-
bent epoxy phenolic technology, and this is emphasised within certain
simulant composition, reasons for which have been touched on in pre-
vious studies.!* Those materials produced via a trivalent chromium
coating perform consistently poorer compared with the incumbent
chromium (V1) produced ECCS substrate. The presence of NaCl in the
simulated foodstuff causes a reduction in adhesion performance for
all substrates, although the presence of a secondary organic acid

reduces the impact of the NaCl. Visual inspection of the surface

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 294269M/EP
"""""""""""""""""""""""""""""""""""""""" ECCS/EP

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 294269M/BPANI
———————————————————————————————————————————————————————————————————————— ECCS/BPANI

[ ECCS EP
[ ECCS BPANI
I 294269M/EP
[ 294269M/BPANI

1%NaCl 0.25%Citric 1%Acetic

Acid/0.25%NaCl  Acid/1%NaCl

1% Lactic Acid
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Pre-Retort DI Water 1%NaCl

1%NaCl/1%Aceti
¢ Acid

0.25%Citric 1% Lactic
Acid/0.25% Acid
NacCl

FIGURE 2 294269M substrate/BPANI lacquer combination after the retort process

identified surface corrosion, indicating transport of the Na* and CI”
through the lacquer and to surface (Figure 2). Figure 2 shows represen-
tative images of the five replicates tested. With all lacquer/substrate
combinations, the lactic acid has the most pronounced impact on adhe-
sion performance, although the degree of substrate corrosion was
lower than that observed with the NaCl simulants. Thus, there is evi-
dence for a reduction in adhesion due to both surface corrosion and
degradation of the lacquer/lacquer interface. Given the strong interac-
tions between the foodstuff simulant, substrate, and the lacquer, a
series of subsequent investigations were carried out to evaluate their
relative impact of the corrosion/lacquer degradation and identify key
mechanisms.

3.1.2 | Visual inspection

From a macroscopic perspective, trends can be observed in the visual
appearance of the substrate/lacquer which indicates that the failure
mechanism in each case varies (Figure 2). With deionised (DI) water,
there is little change in the surface colour and with only a small num-
ber of blemishes, the same can be said for 0.25%NaCl/0.25%citric
acid, where the blemishes do not appear to have the detrimental
effect to adhesion that the defects on the 1%NaCl samples have,
where blistering is commonplace. When 1%NaCl/1%acetic acid is
used as a simulant, the visual effects are minimal; however, there is
an increase in the surface roughness of the coating. 1% Lactic acid,
however, shows blistering across the surface, of a diameter such that
it is not practical to apply a numerical value to blistering.

In order to understand the underlying chemical and physical mech-
anisms which occur in each case, analytical tools were used to exam-

ine the impact of the retort on the substrate and the lacquer.

3.2 | Substrate mechanisms

3.2.1 | ToF-SIMS analysis

ToF-SIMS surface maps have been employed with the blue areas

representing iron and the green areas representing the chromium

present on the surface (Figure 3) (areas with no chromium or iron
are depicted in black). In an unretorted state, the surface of each sub-
strate is dominated by chromium, with small areas of iron on
294269M which most likely reflects the nonoptimized nature of
the manufacturing process settings used to produce the material.
Post-retort, the surface of substrate 294269M changes substantially.
Following retort in DI water and 0.25%citric acid/0.25%NaCl,
294269M is very similar to the pre-retort image. However, for
1%NaCl, the amount of chromium is greatly reduced, and the
amount of iron is increased. The same can be observed for the
1%NaCl/1%acetic acid simulant and the 1%lactic acid simulant. This
suggests a breakdown of the metallic coating, leading to exposure of
the steel blackplate. The ECCS material shows some increase in sur-
face iron content, but the overall presence of iron is significantly

lower.

3.2.2 | XPS analysis

The changes identified in the findings of the ToF-SIMS are corrobo-
rated and by examining the XPS surface analysis for 294269M
(Table 3), which also identifies changes in key surface species. Under
DI water conditions, the chromium metal exhibits some hydration,
while the 1% NaCl produces a significant increase in the iron oxide
and metallic iron observed on the surface.

The other notable feature of Table 3 is the increase of Cr,O5 for
the citric and lactic acid for 294269M and the elimination of iron oxide
from the surface with citric acid. In order to examine this mechanism,
ECCS and 294269M substrates were subjected to retort in increasing
concentrations of citric acid in a 1% NaCl solution. In contrast to
increasing NaCl concentrations, there is an increase in the measured
adhesion when the citric acid concentration is raised (Figure 6). The
increase is significant and raises the adhesion between the pre-retort
dry adhesion. The role of citric acid as a surface passive has been

25,26

reported in stainless steel processing where it provides a more

environmentally friendly and safer passivation treatment compared

with conventional nitric acid passivation. The passivation treatment

25,27

results in preferential dissolution of iron oxide and oxidation of



ALLMAN ET AL.

Wl LEY Packaging Technology and Science S

(A) Surface pre-retort.

(B) Surface following DI
Water retort.

(C) surface following 1%
NaCl retort

(D) Surface following
1%NaCl/1%Acetic Acid
retort.

ECCS Substrate

Ratio Cr:Fe 2000:1

Ratio Cr:Fe 229:1

Ratio Cr:Fe 14:1

Ratio Cr:Fe 11:1

294269M Substrate

Ratio Cr:Fe Ratio 12:1

Ratio Cr:Fe 8:1

Ratio Cr:Fe 2:1

Ratio Cr:Fe 2:1

FIGURE 3 Elemental surface maps of the surfaces pre-retort (A) and post-retort with each simulant (B-F). Each area represents

1.125 mm x 1.125 mm

the surface chromium to Cr,Os. Surface Cr,O3 films are advantageous
because of their inherent corrosion resistance, low ion/electron diffu-
sivities, and low electrical conductivity28 and thus increase the chro-
mium oxide layer thickness on the surface and protect the chromium
and the iron subsurface. Although stainless steel has a variety of ele-
mental constituents in the bulk, the major constituent parts of iron
and chromium in the near surface region?’ are similar to ECCS and

294269M. It is therefore postulated that a similar mechanism is taking

place in these packaging substrates.

3.2.3 | Effect of NaCl concentration on adhesion

The role of NaCl was investigated by varying the concentration of

NaCl in the simulant and exposing the substrates to the retorting
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(E) Surface following
0.25%Citric
Acid/0.25%NacCl
retort.

(F) Surface following 1%
Lactic Acid retort.

Ratio Cr:Fe 267:1

Ratio Cr:Fe 4:1

Ratio Cr:Fe:Other 6:1

Ratio Cr:Fe 4:1

FIGURE 3 Continued.

TABLE 3 XPS analysis of the change in surface of the 294269M
substrate pre-retort and post-retort, average of three replicates

C0; Cr(OH); Cr-M Fe-M Fe,O3
DI water +0.9 +23 -0.8 0 0
1%NaCl -38 -34 -14 +13 453
1%NaCl/1% acetic acid -1.9 -27 -0.8 0 +2.1
1%NaCl/0.25% citric acid +5.3  -1.7 -09 -06 0
1% lactic acid +56 -33 -02  +19 +2

process. Even small quantities of NaCl have a significant detrimental
effect on the lacquer/substrate adhesion, and this is particularly the
(294269M/BPANI)
(Figure 4). With both substrates, the epoxy phenolic provided supe-

case with the next generation materials
rior adhesion during the retort process. The role of the NaCl on cor-
rosion is clearly illustrated in Figure 3 and Table 3 where the
exposed iron levels are greater than the other simulants. For
294269M, the small points of corrosion are evident in the surface
defects of thin or no chromium coverage results in oxidation of the
substrate. These corrosion points then form the initiation focus of
any delamination with blisters being formed at the interface,
resulting in interlayer failure. In the areas away from the corrosion
initiation, the lacquer adhesion appears better, although no numerical
values can be obtained due to the random nature of the blisters and
the measurement length required (120 mm) for a consistent adhe-
sion measurement.

1] —= 294269M/EP
! o ECCSJEP
o) 4 294269M/BPANI
v ECCS/BPANI
= 104
(0]
[&]
S 81
[T
o
5 6-
T
(T8
4 4
24
A A s —A A
0 T T T T T
0 1 2 3 4 5

NaCl Concentration (%)

FIGURE 4 The impact of NaCl concentration on lacquer adhesion

3.24 | Effect of oxygen on adhesion

Corrosion of chromium-coated steel substrates is enhanced by the
presence of oxygen, which acts as an oxygen source in the simulant.?’
Thus, by elimination of the oxygen from the simulant fluid, it was pos-

sible to examine the role of oxygen in the corrosion of the substrate.
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Failure Force (N)

(A) DI water 169 [ Aerated
Il Dearated
14 4
124
3
<10
(o]
<
Q8-
<4
>
T 1
s
4
24
0+
ECCS/EP  ECCS/BPANI  294269M/EP 294269M/BPANI
(B) 1% NacCl. 16 1

ECCS/EP

[ Aerated
I Dearated

ECCS/BPANI  294269M/EP 294269M/BPANI

(C)1% NaCl 1% Acetic acid.

Failure Force (N)

ECCS/EP

ECCS/BPANI  294269M/EP 294269M/BPANI

FIGURE 5 A-E, Measured adhesion in the presence of simulants where oxygen has been removed

In order to achieve this, each solution was deaerated by purging with
N, gas for 30 minutes prior to retorting resulting in a reduction in dis-
solved oxygen from 3.47 to 0.04 mg/L (+/- 0.01 mg/L). Every simulant
solution shows an improvement in the lacquer/substrate adhesion
(Figure 5), while visual inspections of the sample showed a reduction
in the number and intensity of the blistering. The presence of oxygen
therefore plays an appreciable role in the failure mechanism and thus
reinforces the ToF-SIMS and XPS analysis in Figure 3 and Table 3. This
result has an impact for can fillers as dissolved oxygen in the foodstuff
will tend to increase the corrosion and hence substrate/lacquer adhe-
sion. Similarly, any free air head space in the can will have an impact

on the substrate/lacquer adhesion. From a material testing viewpoint,

any DI water will need to be left for a period of time prior to use in a
retort environment in order to equilibrate the dissolved O, in the DI
water. Given the liquid volume to substrate surface area employed
in the testing, any corrosion will not be limited by the quantity of dis-
solved oxygen in the liquid. In a sealed can where the liquid volume to
surface area is far lower, the availability of dissolved oxygen may
become a limiting factor in corrosion.®®3? In this instance, the failure
force measured is likely to be overestimated in this research. In the
environment of a can, the surface area of coating and substrate is
much higher than that of the testing regime, where a small number
of samples are tested in a glass container, limiting the substrate that
is available for oxidation.
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Failure Force (N)
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ECCS/BPANI  294269M/EP 294269M/BPANI

FIGURE 5 Continued.

3.2.5 | SEM analysis

Where failure occurs on the novel material, further insight on the
mechanisms can be established through cross section SEM examina-
tion of the interface (Figure 6). In each instance, key dimensions and
layer labels are applied, and all observations are representative of
three replicates of each cross section.

SEM analysis shown in Figure 6A-F shows the effect that the
retort process has on the interface between the novel substrate
and the BPANI coating. The pre-retort, DI water, and 0.25%NaCl/
0.25%citric acid samples show little in the way of failures of the
interface (Figure 6AB,E, respectively). In the case of the 1% NaCl
simulant, a clear void between the coating and substrate is observed
of around 3 um of and was present along the entire interface area.
This is attributed to the presence of the chloride ions causing corro-
sion at points in the surface where iron is present at the interface.3!
The thermal expansion of the gaseous corrosion product then leads
to organic/metal separation. At a lower pH, according to the revised
pourbaix diagrams at elevated temperatures>? for Cr®*, Cr,O3 is no
longer the stable state of Cr®*. Instead, chromium is more likely to
be in the aqueous Cr®* state or in the CrOH?" state. This suggests
that the mechanisms of corrosion are different when an acid is
added to the system; at low pH, the chromium oxide layer is likely
to be affected, whereas at neutral pH, the oxide layer is stable,

and hence the corrosion mechanism is likely to be related to the

exposed iron in this developmental substrate. In the case of
1%NaCl/1% acetic acid, a corrosion effect is observed with no micro
delamination shown in SEM; the same can be said of the samples
exposed to 1% lactic acid.

3.2.6 | Citric acid effect

The effect of citric acid, demonstrated in Figure 7, is more pronounced
on 294269M than the ECCS, and this attributed to the higher chro-
mium level which is applied which allows greater conversion to chro-
mium oxide and thus an increased number of lacquer bonding
sites.®® This mechanism also results in higher substrate/lacquer adhe-
sion on 294269M compared with ECCS which is in contrast to that
observed in the remainder of this investigation. This suggests that a
chromium surface deposited from a chromium (lll) can therefore per-
form to the standard of ECCS, provided the surface uniformity and
species are optimized. Although high chromium oxide values may lead
to an improvement in the adhesion properties, it may lead to surface
cracking when the brittle metal oxide is subjected to deformation dur-
ing the can-making process.

Having established the key impacts and mechanisms by which
interlayer adhesion is reduced by substrate mechanisms, predomi-
nantly corrosion, those mechanisms associated with the lacquer were

investigated.
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(A) Pre-Retort

(B) Retort in DI Water

(C) Retortin 1% Nacl

Coating

2 Zﬁm

0.98um
1.25um

Substrate
Steel

BPANI
Coating
y ,.1‘_ 5 -
Substrate
Steel

—
10.0kV LED

JEOL 04/10/2018
WD 10.1lmm 16:19:45

1pm
SEM

—
10.0kV LED

lpm  JEOL 04/10/2018

x5,000 SEM WD 10.1mm 15:50:24

Substrate
Steel

10.0kV LED

- lpm JEOL 04/10/2018
SEM WD 10.3mm 14:59:33

FIGURE 6 A-F, SEM cross-sectional images of the adhesion interface following the retort process for the 294269M/BPANI system

3.3 | Lacquer mechanisms

3.3.1 | Knoop hardness measurements

The retort process has an appreciable effect on the Knoop
hardnesss of the BPANI but has less effect on the Knoop hardness
of the epoxy phenolic coating (Figure 8). When Knoop hardness
measured immediately after retort is compared with the hardness

values taken after a 14-day relaxation period, the recovery of the

lacquer can be examined. When allowed to recover under 20°C
conditions, the lacquer regains the majority of its original hardness
for all simulants. The exception for this is where the BPANI lacquer
is retorted in 1% lactic acid solution, where there is a 10% reduc-
tion after the recovery period, despite the large change in Knoop
hardness directly after retort. Thus, there is a degree of reversibil-
ity in the impact of the retort conditions on the lacquer bulk hard-
ness (and mechanical properties), except for the 1% lactic acid
retort.
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(D) Retort in
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(E) Retortin
0.25%NaCl/0.25%Citric
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(F) Retortin 1% Lactic Acid

FIGURE 6 Continued.

3.3.2 | SEM analysis

A distinct increase in lacquer thickness is observed via SEM (Figure 6),
especially prevalent for the BPANI coating retorted in 1% lactic acid
solution, showing an increase in thickness of approximately 3 times
that of the original pre-retort value. Thermogravimetric analysis
(TGA) has previously* suggested a large uptake of water into the
coating, something that could be further evidenced here, where the
thickness changes depending on the simulant that is used.
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— 10pm JEOL 04/10/2018
5.0kV LED SEM WD 10.3mm 13:20:11

3.3.3 | “Relaxation” of adhesion

While the change in lacquer bulk is largely reversible, this measure-
ment is taken on the upper surface of the lacquer and does not
consider the lacquer/substrate interface. The change in adhesion
post-retort was investigated through measurement at regular inter-
vals over a 168-hour period (Figure 9). In all instances, the
substrate/lacquer adhesion increases with relaxation time, although
it does not return to its original adhesion level in any case. This
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FIGURE 8 Knoop hardness of substrates immediately after retort and after “relaxation” for 14 days

may be associated with the corrosion of the substrate surface. The
increase in failure force is initially rapid and, in most instances,
reached 90% of its final value within 50 hours. In the case of 1% NaCl
samples, as an example, the recovery is likely to be the cohesive force
of the coating as the likelihood of the delamination reversing is small.
As reported previously, to provide a statistically valid and reproduc-
ible quantitative measurement, scratch testing has been used which
by nature of the testing will take into account both adhesive and
cohesive forces.

3.3.4 | FTIR analysis

The chemistry that is observed by FTIR shows (Figure 10) that there
is no marked change in the chemistry of the coating as shown by
this technique. Where the Knoop hardness values change
(Figure 8), this is a measure of the mechanical properties, which
has been linked to the amount of simulant solution that is absorbed
into the coating.

Figure 10A shows there is no significant change in the chemistry of

the BPANI coating post-retort. There is one noticeable difference for

the epoxyphenolic coating, this being post-retort using 1% lactic acid
as a simulant, where a carbonyl is evident with the peak shown at
1730 cm™L.

4 | DISCUSSION

A number of failure mechanisms of novel materials, designed to be
compliant with future legislation, have been identified. Their perfor-
mance is generally lower than the incumbent technology and the fail-
ure mechanism changes with the simulant (or the food being
packaged). The interaction which occurs at the interface between
the simulant and surface chemistry determines the failure mecha-
nisms, and this is summarised in Table 4.

The overall performance of the novel trivalent substitute substrate
is not comparable to the incumbent ECCS material. SEM analysis
(Figure 6) shows a visual representation of how the coating/substrate
interface is failing and relates to the adhesion measurements taken
and shown in Figure 1, further evidencing the ranking of adhesion
values for the 294269M/BPANI system. This is attributed to develop-
mental nature of the method by which the Cr is deposited from the Cr
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(1) electrolyte. This is evident from Figure 3A,B where the novel sub-
strate shows a lower chromium:iron ratio on the surface prior to any
testing. Any improvement which increases the coverage of chromium
on the surface and reduces the exposed iron would result in improve-
ments in performance.

Testing under dearated conditions (Figure 5) further shows the
impact of the oxygen in the system, with all substrate/coating systems
giving better adhesion results in deaerated conditions. However, the
effect on each system differs depending upon which simulant solution
is used. Oxygen has a consistently large effect on the 1% NaCl
simulant samples, with other simulants showing varied degrees of
effect.

Knoop hardness testing (Figure 8) shows how the mechanical
properties of the coating return to their pre-retort state, given time
to dry after the retort process. Combined with the FTIR data

(Figure 10), this shows that the coating itself, either chemically or
mechanically, is not being permanently changed through processing.
Conversely, the relaxation testing, where adhesion measurements
have been taken after removal from the retort, shows that there is,
in most instances, a permanent loss of adhesion quality, signified by
the difference in pre-retort adhesion values and the fully relaxed
values, indicated in Figure 9.

The implications of the work are significant. The performance of
the canning integrity is highly dependent on the simulant being pack-
aged. Significant reductions in performance are obtained when NaCl is
present in the food stuff, even at concentrations of 0.25%; however,
when small concentrations of citric acid are introduced, the reduction
in adhesion quality is mitigated.

The work has shown the novel substrate performs less well that

the incumbent technology. This is primarily associated with the
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TABLE 4 Visual appearance and failure mechanisms for each simulant on the novel 294269M substrate

Simulant Visual Appearance Severity Dominant Mechanism Secondary Mechanism Reversible/Permanent
DI water Blemishes Mild N/A N/A Reversible
1% NaCl Blisters and delamination ~ Severe Point corrosion Gas evolution leading to Permanent

delamination

1% NaCl 1% acetic acid Increased surface Moderate Point corrosion Delamination Permanent
roughness
0.25% NaCl, 0.25% citric  Blemishes Mild N/A N/A Reversible
acid
Lactic acid Blisters, increased surface  Severe Corrosion Delamination Permanent

roughness and
delamination

evenness of the chromium coating over the substrate on micro scale
with small point areas exposure of the iron, leading to corrosion and
hence a failure of the adhesion. In addition to this, SEM work has
given further evidence that the coating swells, implying that the
simulant solution is in the coatings, allowing the chemical species in
the simulant to interact at the interface readily.

5 | CONCLUSIONS

The investigation has demonstrated that there exists a significant
interaction between the chemical nature of the canned foodstuff,
the packaging materials, and the lacquer/substrate lacquer adhesion.

While past substrate/lacquer combinations have been robust, those
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materials whose manufacture and formulation have been driven by
legislative requirements are far more sensitive to the foodstuff being
canned. The Cr (lll)-plated product is a promising alternative for ECCS
due to REACH legislation. For the early developmental iteration tested
here, there is, however, still some improvement required to exhibit
equivalent behaviour to ECCS in all tests. Results presented here are
based on a selected commercial lacquer; hence, other lacquers may

give differing results but are out of the scope of this work.

ACKNOWLEDGEMENTS

The authors would like to thank TATA Steel Packaging Europe,
CROWN Packaging Manufacturing UK Limited, European Social Fund
via Welsh Government, and EPSRC for supporting this work.

ORCID

Andrew Allman (2 https://orcid.org/0000-0001-7122-9038

Eifion Jewell (2 https://orcid.org/0000-0002-6894-2251

REFERENCES

1. Metal Packaging Market Share, Size, Analysis, Forecast (2018-23);
2018.  https://www.mordorintelligence.com/industry-reports/metal-
packaging-market. Accessed November 12, 2018.

2. MarketsandMarkets. Metal Packaging Market by Type (Cans, Caps &
Closures, Barrels & Drums, & Others), Raw Material (Steel, Aluminum,
& Others), & by Application (Food, Beverages, Healthcare, Personal
Care & Others) - Trends and Forecast to 2020; 2015. https://www.
marketsandmarkets.com/Market-Reports/metal-packaging-market-
51906336.html.

3. Berk Z, Berk Z. Food packaging. Food Process Eng Technol. January
2018;625-641. https://doi.org/10.1016/B978-0-12-812018-7.00027-0

4. Maskell AJ. Long-life ambient food packaging: a history—from the tin
can to plastics and beyond. Packag Technol Sci. 1991;4(1):21-28.
https://doi.org/10.1002/pts.2770040106

5. Robertson GL. 3—Packaging and food and beverage shelf life. In: The
Stability and Shelf Life of Food; 2016:77-106. https://doi.org/
10.1016/B978-0-08-100435-7.00003-4

6. Knowles R, Meads R. An analysis of the proposed REACH regulation.
Regul Toxicol Pharmacol. 2006;44(1):24-32. https://doi.org/10.1016/j.
yrtph.2005.07.007

7. Fellows PJ, Fellows PJ. Heat sterilisation. Food Process Technol. January
2017;581-622. https://doi.org/10.1016/B978-0-08-100522-4.00012
-2

8. Dedk T. Food technologies: sterilization. In: Encyclopedia of Food Safety.
; 2014:245-252. https://doi.org/10.1016/B978-0-12-378612-8.002
58-4

9. Chen S. The coating layer structure of commercial chrome plates. J
Electron Spectros Relat Phenomena. 2015;202:1-6. https://doi.org/
10.1016/j.elspec.2015.01.006

10. Wijenberg JHOJ, Steegh M, Aarnts MP, Lammers KR, Mol JMC. Elec-
trodeposition of mixed chromium metal-carbide-oxide coatings from
a trivalent chromium-formate electrolyte without a buffering agent.
Electrochim  Acta. 2015;173:819-826. https://doi.org/10.1016/j.
electacta.2015.05.121

11. Allman A, Jewell E, de Vooys A, Hayes R. Inter-layer adhesion perfor-
mance of steel packaging materials for food cans under retort
conditions. J Packag Technol Res. May 2018;2(2):115-124. https://doi.
org/10.1007/s41783-018-0033-6

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Allen KW. Some reflections on contemporary views of theories of
adhesion. Int J Adhes Adhes. 1993;13(2):67-72. https://doi.org/
10.1016/0143-7496(93)90015-2

Packham D. Surface energy, surface topography and adhesion. Int J
Adhes Adhes. 2003;23(6):437-448. https://doi.org/10.1016/50143-
7496(03)00068-X

Axelson-Larsson L. Oxygen permeability at high temperatures and rel-
ative humidities. Packag Technol Sci. 1992;5(6):297-306. https://doi.
org/10.1002/pts.2770050606

Bott J, Stormer A, Albers P. Investigation into the release of
nanomaterials from can coatings into food. Food Packag Shelf Life.
2018;16:112-121. https://doi.org/10.1016/J.FPSL.2018.03.004

Errico S, Bianco M, Mita L, et al. Migration of bisphenol A into canned
tomatoes produced in Italy: dependence on temperature and storage
conditions. Food Chem. 2014;160:157-164. https://doi.org/10.1016/
j.foodchem.2014.03.085

Oldring PKT, Castle L, Hart A, Holmes MJ. Migrants from food cans
revisited—application of a stochastic model for a more realistic assess-
ment of exposure to bisphenol A diglycidyl ether (BADGE). Packag
Technol Sci. 2006;19(3):121-137. https://doi.org/10.1002/pts.715

Paseiro-Cerrato R, MacMahon S, Ridge CD, Noonan GO, Begley TH.
Identification of unknown compounds from polyester cans coatings that
may potentially migrate into food or food simulants. J Chromatogr a.
2016;1444:106-113. https://doi.org/10.1016/j.chroma.2016.03.038

Paseiro-Cerrato R, Noonan GO, Begley TH. Evaluation of long-term
migration testing from can coatings into food simulants: polyester
coatings. J Agric Food Chem. 2016;64(11):2377-2385. https://doi.org/
10.1021/acs.jafc.5b05880

Athenstadt B, Fiinfrocken M, Schmidt TC. Migrating components in a
polyurethane  laminating  adhesive  identified  using  gas
chromatography/mass spectrometry. Rapid Commun Mass Spectrom.
2012;26(16):1810-1816. https://doi.org/10.1002/rcm.6286

Ghaffari M, Saeb MR, Ramezanzadeh B, Taheri P. Demonstration of
epoxy/carbon steel interfacial delamination behavior: electrochemical
impedance and X-ray spectroscopic analyses. Corros Sci. 2016;102
:326-337. https://doi.org/10.1016/J.CORSCI.2015.10.024

International Organisation for Standardization. 1ISO 17289:2014—
Water quality—determination of dissolved oxygen—optical sensor
method. https://www.iso.org/standard/59515.html. Accessed June 2,
2018.

BSI Standards. BS EN [ISO 1518-1:2011—Paints and varnishes
—determination of scratch resistance part 1—constant-loading method.
2011. https://bsol.bsigroup.com/Bibliographic/BibliographicinfoData/
000000000030245710.

Bishop CA, Bishop CA. Chapter 9—Adhesion and adhesion tests. In:
Vacuum Deposition Onto Webs, Films and Foils. 2015:197-208.
https://doi.org/10.1016/B978-0-323-29644-1.00009-8

Lewis PL, Curran J. Alternative to nitric acid passivation of stainless
steel alloys. 2018.

QO'Laoire C, Timmins B, Kremer L, Holmes J, Morris M. Analysis of the
acid passivation of stainless steel. Anal Lett. 2006;39(11):2255-2271.
https://doi.org/10.1080/00032710600755363

Olsson COA, Landolt D. Passive films on stainless steels—chemistry,
structure and growth. Electrochim Acta. 2003;48(9 SPEC):1093-1104.
https://doi.org/10.1016/50013-4686(02)00841-1

Maller R. Passivation of stainless steel. Trends Food Sci Technol.
1998;9(1):28-32. https://doi.org/10.1016/50924-2244(97)00004-6

Tomachuk CR, Elsner Cl, Di Sarli AR, Ferraz OB. Corrosion resistance
of Cr (lll) conversion treatments applied on electrogalvanised steel
and subjected to chloride containing media. Mater Chem Phys.



ALLMAN ET AL.

30.

31

32.

2010;119(1-2):19-29.
2009.07.041

https://doi.org/10.1016/J. MATCHEMPHYS.

Patrick GW. Internal corrosion of tinplate food containers. Anti-Corro-
sion Methods Mater. 1976;23(6):9-11. https://doi.org/10.1108/
eb007005

Xue F, Wei X, Dong J, Wang C, Ke W. Effect of chloride ion on corro-
sion behavior of low carbon steel in 0.1 M NaHCO3 solution with
different dissolved oxygen concentrations. J Mater Sci Technol. October
2018;35(4):596-603. https://doi.org/10.1016/J.JMST.2018.10.001

Beverskog B, Puigdomenech |. Revised pourbaix diagrams for chro-
mium at 25-300°C. Corros Sci. 1997;39(1):43-57. https://doi.org/
10.1016/50010-938X(97)89244-X

Wl LEY Packaging Technology and Science 15

33. Melvin C, Jewell E, de Vooys A, Lammers K, Murray NM. Surface and

adhesion characteristics of current and next generation steel packaging
materials. J Packag Technol Res. May 2018;2(2):1-11. https://doi.org/
10.1007/s41783-018-0031-8

How to cite this article: Allman A, Jewell E, de Vooys A,
Hayes R, McMurray HN. Food packaging simulant failure
mechanisms in next generation steel packaging. Packag Technol
Sci. 2019;1-15. https://doi.org/10.1002/pts.2448




