&

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/cronfa50509

Paper:

Melvin, C., Jewell, E., Miedema, J., Lammers, K., Vooys, A., Allman, A. & McMurray, N. (2019). Identifying interlayer
surface adhesion failure mechanisms in tinplate packaging steels. Packaging Technology and Science
http://dx.doi.org/10.1002/pts.2443

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/cronfa50509
http://dx.doi.org/10.1002/pts.2443
http://www.swansea.ac.uk/library/researchsupport/ris-support/ 

Received: 6 December 2018

Revised: 19 March 2019

Accepted: 25 March 2019

DOI: 10.1002/pts.2443

RESEARCH ARTICLE

WI LEY Packaging Technology and Science

Identifying interlayer surface adhesion failure mechanisms in
tinplate packaging steels

Chris Melvin! | Eifion Jewell®

| Neil McMurray?

Andrew Allman?

1 College of Engineering, Swansea University,
Fabian Way, Swansea, UK

2Research and Development, TATA Steel
Europe, Wenckebachstraat 1, 1951 JZ Velsen-
Noord, The Netherlands

Correspondence

Eifion Jewell, College of Engineering, Swansea
University, Fabian Way, Swansea, UK.

Email: e.jewell@swansea.ac.uk

Funding information

Engineering and Physical Sciences Research
Council, Grant/Award Number: EP/K503228/
1; TATA steel; Swansea University; European
Social Fund; UK EPSRC

1 | INTRODUCTION

| Jakob Miedema? | Koen Lammers? | Arnoud de Vooys? |

Tinplate surface morphology and chemistry is adjusted during the manufacturing pro-
cess in order to meet the demands of its subsequent product use, the commonest
being visual appearance and food packaging stability. A comprehensive experimental
study on an industrial tinning line varied the surface roughness and the tin coating
weight with the characterization through X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), white light interferometer (WLI), optical imaging, and lacquer
adhesion measurement. Increasing tin weight lowers the adhesion through the pro-
duction of a thicker disorganized tin oxide layer which has a greater tendency to frac-
ture under shearing forces. There is no evidence that the substrate roughness
improves the adhesion of the lacquer. Analysis of the failure location identifies frac-
ture in the tin oxide layer below the passivation layer. The findings have impacts on
the next generation of passivation materials for tinplate as it has been clearly demon-
strated that growth in tin oxide thickness, particularly when unstructured, has a det-

rimental impact on lacquer adhesion.
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forms an oxide film that is stable towards sulphur staining by protein
containing foodstuffs.2 This manufacturing process produces a layered

Tinplate remains an important material for the metal packaging indus-
try for the preservation of foodstuff providing long-term safe food
storage capabilities.™? The tinplate substrate is a multilayer system
consisting of electrolytically deposited tin to a base steel substrate
which can be subsequently reflown and passivated using a dichromate
solution, either catholically or via dipping (Figure 1).

The passivation fulfils four primary roles. It removes oxides present
after flow melting of tin and subsequent water quench. It forms a sta-
ble and protective tin/chromium oxide film. It forms an oxide film
amendable to lacquering, decorative printing, and welding, and it

metallic system which can then be coated with a lacquer or left with-
out a coating depending on the final product requirement. Following
cutting, these coated parts are then formed into a variety of common
container shapes.

The surface finish of the base steel metal is often manipulated for
final product aesthetic reasons through the use of a roughening roll
prior to plating. The quantity of tin applied to the surface (tin coating
weight) also provides a means of aesthetic control with higher tin
coating weights providing a more mirrored gloss finish at the expense
of higher cost (associated with the tin) and lower scratch resistance
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FIGURE 1 Tinplate substrate structure

capability. The thickness of the tin layer interacts with the steel sur-
face roughness as rough surfaces over a large area can lead to varia-
tions in local tin coating thickness, particularly after reflow, with
possible exposure of the steel substrate surface.*> Being a relatively
mature material, process, and product, the fundamental research that
has been carried out on the impact of surface on adhesion during
the last 20 years is limited.

Legislative pressures, which see the ban of the use of epoxy phe-
nolic lacquers® and chrome VI passivation in Europe, are restarting
the interest in the area as the combined performance of these mate-
rials have been shown to perform less robustly in terms of
lacquer/substrate adhesion than the incumbent technology.”® These
changes potentially have significant implications for the European
steel packaging industry. Alternatives to chrome (VI) passivation sys-

tems have been studied including cerium,” TiO,,*%!*

sol-gel derived
silanes,'? polymers, and fluorozirconic acid.*®> While these represent
advances in the pursuit of Cr (VI) free passivation, Cr (VI) has remained
the dominant industry method.

Where surface characteristics and its impact on adhesion have
been examined, this has focused on electrochemical characterization

of adhesion**>

and the interaction between the packaged foodstuff
and substrate corrosion.2?1618 Where there has been an examination
of the surface properties and the adhesion force, a direct correlation
was derived where the adhesion was related to surface passivation

ox

. ) C
constituents through'? Adhesion = Cry, + 10 Crr
.

the chrome metal content, Cr., is the chrome oxide content, and Cry

where the Cr, is

is the total chrome. Failure was attributed to the fracture of brittle
CrO,, and the inference of this is that surface roughness and other
surface species play no role in adhesion. Further work highlighted
other possible surface species, but their role in determining adhesion
was not examined.?2° Although this equation provided a reasonable
fit, given the sample variation and measurement technology of the
time, it ignores the role of the Sn and SnOx and other surface species
on adhesive failure. Other literature has identified two adhesion fail-
ure mechanisms in the lacquer/tinplate system?%22: failure induced
by contamination between tinplate passivation and lacquer and
detachment of the tin oxide film.

Anecdotal evidence suggests that the roughness plays a role in
tinplate/lacquer adhesion with roughness improving adhesion through
a mechanism which has been reported in other substrate/coating
applications as it offers greater surface area for mechanical adhe-
sion?32% there is no such published evidence for tinplate/lacquer
adhesion. However, increasing the roughness can come at the
expense of important visual characteristics such as gloss and haze?®
and lead to the exposure of base steel iron, providing potential corro-

26-28

sion initiation sites, particularly at low tin coating weights.

Increasing tin coating weight is costly but can lead to a more scratch
prone softer surface. A balance must therefore be met which
addresses the primary issues of visual appearance, cost, and process-
ing robustness.

In order to investigate the impact of the surface topology and tin
coating weight on the adhesion of the lacquer, a comprehensive
experimental study was carried out where tinplate was produced with
range of base steel surface roughness and a range of tin film weight
using current standard Cr (VI) passivation technologies. These sub-
strates were characterized and then subsequently lacquered with
epoxy phenolic lacquer and their adhesion measured such that any
relationships between surface and adhesion characteristics could be
established. The objective of the study was to ascertain the impact
of the surface topology and tin coating weight on the physical and
chemical characteristics of the surface and to relate these to
lacquer/substrate adhesion performance.

2 | MATERIALS AND METHODS

2.1 | Sample manufacture

A full factorial methodology was carried out where tin coating weights
of 2.8, 5.6, 8.4, and 11.2 g/m? were applied to each substrate which
had been surface textured by either in line ground roller (I, II, and 1)
or in line shot blasting (IV, V, and VI). With each roller finishing tech-
nology, the roller roughness was varied through abrasive grit particle
size. Conformation of the tin coating weight was obtained through
measurement using the referee method in accordance with ASTM
Specification A630%° as this provides the most reliable and direct
method of absolute tin coating weight. The substrates were produced
on a commercial production plant in [Jmuiden, The Netherlands, and
samples were taken from the middle of each operational roller and
tin coating weight. In each instance, five samples were characterized
for each condition.

A comparison of the tinplate produced by each finishing method
illustrates the morphological differences between the surfaces
(Figure 2). The surfaces (I, Il, and Ill) produced by a ground roll are
characterized by continuous grooves in the surface in the direction
to rolling direction whose amplitude and frequency vary with the
grinding roller. The surfaces produced by the shot blasted roller con-
sist of a random surface which is the inverse of the craters produced
by the shot blasting of the texturing roll. The underlying pattern cre-
ated by the texturing roll becomes less apparent with increasing tin
coating weight as the tin reflowing process planarizes the substrate.
There is evidence of scratching (distinct vertical lines in rolling direc-
tion) as result of offline processing used on the sample on the higher
tin coating weight samples (8.4 and 11.2 g/m?) which highlights the
role of tin coating weight on scratch resistance. Such scratches are
not representative of correctly processed commercial material but
are a result of the sample manual handling post tinning and the
removal of the lubricating and protective di-octyl sebacate (DOS) for
surface analysis.
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FIGURE 2 Surface comparison the substrates I, Il, and Ill are produced by a ground finishing roll, while IV, V, and VI are produced from a shot
blast finishing roller. Ra values for each black-plate base steel finish are noted perpendicular to the rolling direction

An Akzo Nobel Vitalure 345 lacquer was deposited using an RK
automatic Meyer bar coating system which resulted in a coating thick-
ness of approximately 10 um. Substrate samples were put through a
3-m belt dryer at an air temperature of 200°C with a dryer residence
time of 15 minutes.*°

2.2 | Surface analysis

Surface and near surface chemical analysis was carried out using a
Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS) using a
monochromatic Al Ka X-ray with a source energy of 1486 eV at TATA
Steel ljmuiden. The spectra obtained were analysed using CasaXPS. X-
ray diffraction (XRD) characterization was carried out on a Bruker D8
using with measurements taken in 26 mode between 20 and 110°.
Surface roughness was measured using a Veeco NT200 white light

interferometer (WLI) over a 305 um x 232 um area with each pixel
representing 0.415 pm.

2.3 | Adhesion measurement

Although the tape test is a common industrial method for adhesion
measurement, the results are open to subjective assessment®! and
insensitive to subtle changes in performance. It can therefore be diffi-
cult to measure repeatedly in a scientifically quantifiable manner.
Scratch testing provides a thin film quantitative analysis of the force
required to induce shear adhesion failure at the organic/metal
oxide/metallic interface. Thus, adhesion characterization was carried
out using a Sheen Instruments BS3359 scratch tester operated in
accordance with ISO 1518.32 A steel stylus was used where the point
of adhesive failure being defined by the mass required to produce
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m Across ®Along electrical continuity between the stylus and substrate. This adhesion
400 measurement method provides a physical stress on the surface which
350 is akin to that produced during can forming which can be a primary
E 300 source of can defects®® and provides a single nonsubjective numerical
Ti‘ 250 value for adhesion. It has been validated in other studies”® and was
E 200 repeated for five samples, and repeated measurements were shown
ug" 150 to be +/- 0.25 g in terms of adhesion force.®
& 100
50
0 -
3 | RESULTS
Substrate reference 3.1 | Physical and structural attributes

FIGURE 3 Mean surface roughness of each material in the rolling
and across direction for each surface finish and tin weight. Increasing the tin coating weight reduces the surface roughness

Denomination (defined by R,) for all the surfaces (Figure 3). This impact is most

© 3
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FIGURE 4 WLI surface topologies of the substrates at 2.8 g/m? (lowest tin weight). In each instance, the sample area is 1.2 mm (x) by
0.93 mm (y)
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evident on the roughest surfaces and reflects the means by which the
tin is electrolytically coated to the surface and then softens during the
reflow process which results in a planarizing action as the tin fills in
the valleys inherent in the surface profile of the substrate, or the irreg-
ular cavities observed for the IV-VI substrates. Increasing tin coating
weight has a lower impact on the roughness along the rolling direction
for substrates |, I, and lll as the additional tin and the subsequent
reflow process predominately fills the valley between the peaks which
run in the rolling direction.

Those substrates (IV, V, and VI) which have been produced using
shot blasting exhibit less surface roughness anisotropy, and this is best
illustrated by examining the surface topology measured by WLI of the
lowest tin coating weight (2.8 g/m?) (Figure 4). In the topographic
maps at the lowest tin coating weight, the anisotropy produced by
the ground roller surface (I, Il, and Ill) remain while IV, V, and VI are
more isotropic in their nature. As the tin coating weight increases,
the difference between the roller finish induced topologies reduces
(Figures 2 and 3).

For brevity, the presentation and discussion of the XRD results for
the surface structure focus on those which identify key findings from
the dataset. The surface of the 2.8 g/m? tinplate for each roller finish
(Figure 5A) shows a peak at 30° corresponding to tin with a {200} ori-
entation. There is also evidence of the FeSn, intermetallic which can
be observed with the reduction of the FeSn, peak at 38°. These find-
ings are in line with literature®* who postulated structural changes at
the iron/tin interface. As the tin coating weight increases, the mate-
rials tend towards {-101} orientation; however, it retains a strong
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FIGURE 5 A, Comparison of spectra for XRD at 2.8 g/m? and B,
influence of increased tin weight on orientation for sample IV

WL -

{200} orientation. This is shown best for the flattest base material,
substrate IV (Figure 5B). This substrate shows a reduction in the
{200} peak at 30°, with a corresponding increase of the {-101} orien-
tation of tin at 33°and {220} and {211} orientations at 44° and 45°,
respectively. There is also a slight increase in the crystal orientation
at (301) and (112) as tin coating weight increases.>> This modification
of the surface tin is believed to be due to the reflowing of the tin after
deposition, whereby the tin forms lower entropy structures due to the

reduced interactions with FeSn,.

3.2 | Chemical attributes

XPS chemical analysis of the surface and near surface of the surfaces
produced by ground rollers shows that the surface is dominated by the
materials laid down during the substrate passivation (Figure 6). For
clarity, compounds with proportions less than 2% are omitted, while
the labels “OH” and “oxide” represent the hydroxyl and oxidic species
which are associated with the chrome (Cr,O3 and Cr (OH)3), respec-
tively. On the very uppermost surface, the primary surface species
are chrome hydroxide, chrome oxide, tin oxide, and a small quantity
of metallic tin and chrome. The dominance of the chrome
oxides/hydroxides at the surface and the relatively thin tin oxide layer
(<4 nm) demonstrates its excellent passivation capability given that
un-oxidized metallic tin is the most abundant material 3 nm from the
surface. With the lowest tin coating weights, there is a presence of
iron from about 4 nm below the surface, while increasing the tin coat-
ing weight beyond 2.8 g/m? eliminates the iron from the near surface
region (Figure 6A-C). The smoother surface reduces the quantity of
near surface iron, and this can be attributed to flow of the tin during
reflow which leaves a thinner tin layer on the peaks. The impact of
the presence of the subsurface iron is likely to be more prominent in
the longer term tinplate corrosion.?® The presence of near surface
Fe reduces as the tin coating weight increases (Figure 6D-L), and there
is also evidence of an increasingly thick tin oxide layer. The level of the
chromium metallic, hydroxide, and oxide species is largely indepen-
dent of the surface roughness and tin coating weight. The general
findings in terms of dominant species and their distribution are in line
with other studies,*”3° but the depth resolution and comprehensive
nature of these findings are significantly higher than the literature.?%4

These measurements therefore provide a useful addition to the
knowledge base on these substrates.

Similar characteristics are observed with the tinplate surfaces pro-
duced with the shot blasted rollers (Figure 7), with primary species of
chrome hydroxide, chrome oxide, tin oxide, and a small quantity of tin.
Where the surface is rougher and the tin coating weight low, then iron
is observed closer to the surface (Figure 7A-C). The presence of iron is
absent for any roughness above a 5.6 g/m? tin coating weight level
(Figure 6D-L).

The nature of the surface roughness, and how it is produced, does
not therefore play a primary role in determining the near surface spe-
cies concentration, although the rougher surfaces show the presence
of iron closer to the surface.
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FIGURE 6 XPS species distribution through the tinplate near surface region for ground roller tinplated substrates

In order to examine the near surface chemistry which is pertinent
to the interface formed with the lacquer, the species abundance in
the first 4 nm of the surface was analysed (Figure 8) for each
texture/tin coating weight combination. The analysis focused on
metallic chrome, chrome oxide, and tin oxide as these were identified
from literature as possible materials which could dictate loss of

adhesion. Exploring the relationship between the surface chemistry
abundance surface textures indicates that there is minimal interaction
between the surface roughness and the surface species (Figure 9A).
The surface species abundance is more highly dependent on the
applied tin coating weight (Figure 9B), with increasing SnO, growth
as the tin coating weight increases; a straight line fit with a gradient
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FIGURE 7 XPS species distribution through the tinplate near surface region for shot blasted roller substrates

of 0.145 mg/m? of SnOy per g/m? of Sn. There is no clear indication of
when or where in the manufacturing process or in the post
manufacturing storage the increased SnO, is produced, but there is
clear evidence from Figure 9B and the XRD (Figure 5) that the quan-
tity of tin present impacts the growth and structure of the SnO, layer.

No clear relationship exists for the relationship between the chromic
species and the tin coating weight. This is to be expected as the
chrome passivation is applied after the tin, and thus the tin thickness
(above a minimum which is less than 2.8 g/m?) does not dictate the
formation of the chromic species which are above the tin.
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FIGURE 8 XPS measurements of species abundance by mass
averaged for the first 4 nm of each tinplate sample. Abscissa roman
numerals denote sample topology; numbers designate tin weight in
g/m?

3.3 | Adhesive attributes

The range of adhesion measured is 2.2 N (6.5 to 8.7 N), which is an
order of magnitude compared with a calculated measurement accu-
racy of 0.2 N. Changes in the surface structure and chemistry species
therefore contribute to changes in the lacquer/substrate adhesion.
What is evident from the surface/near surface chemical analysis is
that there remains a considerable quantity of tin oxide and chrome
hydroxide species at the upper bonding surface. This is contrast to lit-
erature!” where these species are ignored in the prediction of adhe-
sion. This current work shows that there is no correlation between
the predicted adhesion and the measured surface adhesion
(Figure 10). The performance of the predictive model is therefore
extremely poor. The poor performance may be related to the quality
of the XPS surface species determination at the time, the larger range
of substrates used in this data set, and nature of definition of failure,
defined in the literature electrochemically while measured physically
in this work. Thus, while the CrO, may provide the bonding sites
between the lacquer and the substrate, this organic/inorganic surface
bond is not the cause of lacquer/tinplate failure.

FIGURE 10 Measured and predicted adhesion according to
Mora et al

With the tinplate finished with ground rolls (1, Il, and lll), there is a
reduction in the lacquer adhesion as the tin coating weight and tin
oxide level increase (Figure 11AB). The reduction in adhesion with
increasing tin coating weight (Figure 11A) causes an increase in the
tin oxide level (Figure 9B), which subsequently reduces the force
required to produce lacquer/tinplate failure (Figure 11B). This finding
is in line with more recent literature®® which attributed surface failure
to the brittle tin oxide layer. As the thickness of the SnO, layer
increases, so there is a greater opportunity for failure in this layer.

In order to confirm that the tin oxide layer was indeed the plane of
failure within the structure, XPS measurements were repeated in the
line of failure produced by the scratch testing for the smoothest and
roughest ground roller finished substrates (Figure 12). The ground
roller finished surfaces were chosen due to their nonisotropic surface
structure. This meant that scratches made in the rolling direction
would be less susceptible to variations in surface species due to local
topology. There is a noticeable difference in the composition of the
upper surface and the composition in the valley created by the
scratch. Within the scratch, there is no evidence of any chrome spe-
cies (metallic, oxide, or hydroxide) indicating that these have been
removed by the stylus. There is no exposed iron at the surface indicat-
ing that the failure has occurred above the iron and the iron/tin inter-
metallic layer. The primary difference in the surface chemistry is an

increase in the oxides associated with the tin oxide formation. As
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the first 4 nm of the XPS measurements). Dashed line indicates linear fit
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these species dominate the scratched surface, it implies that the fail-
ure has occurred within this layer. The increase in the ratio of the
oxide to tin in the oxide layer also suggests that some further oxida-
tion, from SnO to SnO,, has occurred in air between scratch and mea-
surement as the protective chrome passivation layer has been
removed. This chemical study provides the first public domain analyt-
ical evidence known to the authors that the SnOx layer is the cause of
failure.

The identification of the SnO, as the point of adhesion failure has
implications for next current and future developments and usage using
tinplate. Any passivation technology which replaces Cr (VI) will need
to prevent the growth of oxide with performance at least comparable
with the incumbent Cr (VI). Thermal history” and prolonged storage
have been shown to be contributory factors to tin oxide growth, and
this imposes additional requirements on passivation. The dataset pro-
vided by this paper provides a measure against which the future pas-
sivation technologies can be compared in terms of the adhesion. An
optimum production value for the tin oxide is difficult as it must con-
sider the impact of the passivation layer and likely growth and the
requirement for some amount of tin oxide in order to improve scratch
performance.

4 | CONCLUSIONS

An experimental study of the effect of surface roughness and tin coat-
ing weight on adhesion has been carried out. There is a link between
an increase in the tin coating weight and a change in the orientation
of the tin on the surface indicating that higher tin coating weights
have a more disorganized structure. This in turn means that the higher
tin coating weights lead to thicker oxide films and these thicker tin
oxide films lead to a measurable reduction in the adhesion perfor-
mance. The study concluded that there is no correlation between
the surface roughness and the measured adhesion and that the under-
lying macrostructure of the texturing roll surface (ground or shot
blasted) does not play a significant role in the adhesion. The primary
means of adhesion failure has proven to be the brittle tin oxide layer

between the tin surface and the chrome passivation layer.

ACKNOWLEDGEMENTS

The authors would like to thank UK Engineering Physical Science
Research Council (EPSRC), the European Social Fund, Swansea Uni-
versity, and TATA steel for their financial support of this work.



10 . '
WILE Y- R R

MELVIN ET AL

ORCID

Eifion Jewell
Andrew Allman

https://orcid.org/0000-0002-6894-2251
https://orcid.org/0000-0001-7122-9038

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Blunden S, Wallace T. Tin in canned food: a review and understanding
of occurrence and effect. Food Chem Toxicol. 2003;41(12):1651-1662.
https://doi.org/10.1016/50278-6915(03)00217-5

. Page B. Rigid metal packaging. Packag Technol Fundam Mater Process.

2012;122-162. https://doi.org/10.1533/9780857095701

. Azzerri N, Splendorini L. Composition, structure and properties of

passivation layers on tinplate. Passivity of Metals and Semiconductors.
1983:707-712. https://doi.org/10.1016/B978-0-444-42252-1.5010
9-0

. Zumelzu E, Cabezas C. Observations on the influence of microstructure

on electrolytic tinplate corrosion. Mater Charact. 1995;34(2):143-148.
https://doi.org/10.1016/1044-5803(94)00060-X

. SurfaceT, Wang M, Wang Z, Li D, Li N. Study of topography and distribu-

tion state of the nanoscale passivation film on a rough tinplate surface.
Coatings. 2018;8(3):94. https://doi.org/10.3390/ coatings8030094

. Lakind JS. Can coatings for foods and beverages: issues and options.

Int J Technol Policy Manag. 2013;13(1):80-95. https://doi.org/
10.1504/1JTPM.2013.050999

. 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. 2018;2(0123456789):93-103. https://
doi.org/10.1007/s41783-018-0031-8

. Allman A, Jewell E, De Vooys A, Hayes R, de Vooys A, Hayes R. Inter-

layer adhesion performance of steel packaging materials for food cans
under retort conditions. J Packag Technol Res. 2018;2(2):115-124.
https://doi.org/10.1007/s41783-018-0033-6

.Mora N, Cano E, Polo JL, Puente JM, Bastidas JM. Corrosion

protection properties of cerium layers formed on tinplate. Corros Sci.
2004;46(3):563-578.  https://doi.org/10.1016/S0010-938X(03)001
71-9

Huang X, Li N. Structural characterization and properties of the TiO2
film on tinplate. J Alloys Compd. 2008;465(1-2):317-323. https://doi.
org/10.1016/j.jallcom.2007.10.093

Catald R, Alonso M, Gavara R, et al. Titanium-passivated tinplate for
canning foods. Food Sci Technol Int. 2005;11(3):223-227. https://doi.
org/10.1177/1082013205054933

Alvarez D, Collazo A, Névoa XR, Pérez C. Electrochemical behavior of
organic/inorganic films applied on tinplate in different aggressive
media. Prog Org Coatings. 2014;77(12):2066-2075. https://doi.org/
10.1016/j.porgcoat.2014.02.004

Yfantis D. A new, chrome-free passivation method of tinplate used in
the canning industry. Corrosion. 2000;56(7):700-708. https://doi.org/
10.5006/1.3280573

Nascimento GGD, Santos JLCD, Margarit ICP, Mattos OR. Lacquered
tinplate: corrosion resistance in the function of lacquering conditions.
Electrochim Acta. 1996;41(7-8):1099-1102. https://doi.org/10.1016/
0013-4686(95)00443-2

Biermann MC, Sandenbergh RF, von Moltke TVS. Characteristics and
lacquer adhesion on dip and CDC chromium passivated tinplate. Corros
Sci.  2006;48(10):2925-2936. https://doi.org/10.1016/j.corsci.2005.
10.018

Catala R, Cabaiies JM, Bastidas JM. An impedance study on the corro-
sion properties of lacquered tinplate cans in contact with tuna and

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.
31

32.

33.

mussels in pickled sauce. Corros Sci. 1998;40(9):1455-1467. https://
doi.org/10.1016/50010-938X(98)00050-X

Xia DH, Song SZ, Wang JH, Bi HC, Jiang YX, Han ZW. Corrosion
behavior of tinplate in NaCl solution. Trans Nonferrous Met Soc China
(English Ed.). 2012;22(3):717-724. https://doi.org/10.1016/S1003-
6326(11)61236-3

Kontominas MG, Prodromidis MI, Paleologos EK, Badeka AV,
Georgantelis D. Investigation of fish product-metal container interac-
tion using scanning electron microscopy-X-ray microanalysis.
Food Chem. 2006;98(2):225-230. https://doi.org/10.1016/j.foodchem.
2005.06.004

Mora N, Cano E, Bastidas JMM, Almeida E, Puente JMM. Characteriza-
tion of passivated tinplate for food can applications. J Coatings Technol.
2002;74(935):53-58+8. https://doi.org/10.1007/BF02697957

Chen S, Xie L, Xue F. X-ray photoelectron spectroscopy investigation
of commercial passivated tinplate surface layer. Appl Surf Sci.
2013;276:454-457. https://doi.org/10.1016/j.apsusc.2013.03.115

English TH, Jones B and TG. Surface chemistry aspects of lacquer fail-
ure on tinplate. In: Fourth International Tinplate Conference,. ;
1988:177-186.

Servais JP, Lempereur J, Renard L, Leroy V. Examination by ESCA of
the constitution and effects on lacquer adhesion of passivation films
on tinplate. Br Corros J. 1979;14(3):126-132. https://doi.org/
10.1179/000705979798275717

Lucchetta G, Marinello F, Bariani PF. Aluminum sheet surface rough-
ness correlation with adhesion in polymer metal hybrid overmolding.
CIRP Ann - Manuf Technol. 2011;60(1):559-562. https://doi.org/
10.1016/j.cirp.2011.03.073

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

Wang B, Zhang QD, Yu M, Zhang XF, Ni GH. Description and control
of tin plate surface visual quality. In: Advances in Rolling Equipment
and Technologies. Vol 145. Advanced Materials Research. Vol.145
Swansea, UK: Trans Tech Publications; 2011:510-515. https://doi.
org/10.4028/www.scientific.net/AMR.145.510.

Volker E, Inchauspe CG, Calvo EJ. Scanning electrochemical micros-
copy measurement of ferrous ion fluxes during localized corrosion of
steel. Electrochem Commun. 2006;8(1):179-183. https://doi.org/
10.1016/j.elecom.2005.10.003

Buttrey FE, McAlister JA, McMurray HN. Advanced electrochemical
methods  for food can  evaluation. Ironmak  Steelmak.
1999;26(4):291-296. https://doi.org/10.1179/030192399677158

Huang XQ, Li N, Jiang LM, Li DY. Effect of black plate on corrosion
resistance of T5 tinplate. J Iron Steel Res Int. 2006;13(2):59-64.
https://doi.org/10.1016/51006-706X(06)60046-0

ASTM A630-16ael, Standard Test Methods for Determination of Tin
Coating Weights for Electrolytic Tin Plate, ASTM International, West
Conshohocken, PA, 2016, www.astm.org https://doi.org/10.1520/
A0630-16AE01. 2016:2016. https://doi.org/10.1520/A0630-16AEO01

Melvin C. Fundamentals of Adhesion for STEEL. 2017;(Mar).

Podgorski L, Georges V, Condomines N, Lanvin J-D. Adhesion Mea-
surements Methods Adhesion Measurements as Described in EN ISO
2409: Cross-Cut Test 2004;(February):1-6. http://virtual.vtt.fi/vir-
tual/projé/coste18/abstractpodgorski.pdf.

BSI Standards. BS EN I1SO 1518-1:2011—Paints and Varnishes—Deter-
mination of Scratch Resistance Part 1—Constant-loading Method.
2011.

Boelen B. The Influence of Deformation on Product Performance of
Pre-coated Packaging Steels. 2009.



MELVIN ET AL.

34. Cova Caiazzo F, Brambilla L, Montanari A, Mischler S. Chemical and
morphological characterization of commercial tinplate for food packag-
ing. Surf Interface Anal. 2018;50(4):430-440. https://doi.org/10.1002/
sia.6386

35. Mott BW, Walpole JF, Baker TW, Cartwright CS. Tin orientation on
tinplate. November 1979.

36. Wu FJ, Liu XJ, Xiao X. Surface characterisation of electroplated tin-
plate with different coating mass. Surf Eng. 2018;34(6):462-467.
https://doi.org/10.1080/02670844.2017.1288343

Wl LEY Packaging Technology and Science 11

How to cite this article: Melvin C, Jewell E, Miedema J, et al.
Identifying interlayer surface adhesion failure mechanisms in
tinplate packaging steels. Packag Technol Sci. 2019;1-11.
https://doi.org/10.1002/pts.2443




