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Abstract

A set of passivated tinplates coated with organic lacquers as
used for internal coatings on cans is examined. Adhesion is measured
using a butt-joint test and the results of failure load and percent
area lacquer removal analysed in order to grade adhesion performance.
Fracture behaviour 1is determined by the surface structure of the tin-
plates where a defect distribution common to all types is identified
by Weibull analysis as responsible for failure initiation. Differences
in fracture behaviour seen in the mechanical test results are
revealed by examination of the fracture surfaces using optical micro-
scopy, scanning electron microscopy and X-ray photoelectron spectro-
scopy. The samples with good lLacquer adhesion show a positive
relationship between failure load and lacquer removal which is not
evident in the samples with poor lacquer adhesion. The latter
exhibit weak bonding between the passivation layer and tinplate and
on examining those areas of fracture surface where tinplate is revealed
the fracture is seen to have propagated at this interface whereas
those samples with good adhesion had failed near the lacquer—-passi-
vation layer interface within the lacquer.

Passivation layers are characterised using X-ray photoelectron
spectroscopy and transmission electron microscopy. Differences in
composition relating to specific tin oxides and chromium oxides are
correlated with adhesion performance and models for the structure of

passivation ltayers and failure mechanisms are proposed.
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CHAPTER 1

INTRODUCTION

Over 1010 tinplate containers are manufactured every year, many
with internal coatings of organic lacquers to protect the tin against
corrosion by the aggressive environment presented by some foodstuffs.
The lacquer coating process may precede the manufacture of the can
from flat tinplate sheet and high lacquer adhesion is therefore
required to withstand the large plastic strains involved in the
fabrication, especially of drawn/redrawn two piece cans where a
stamped lacquered end is fitted to a one-pijece can body produced by
repeated drawing of a flat circular sheet. Serijous problems arise
when lacquer detachment occurs during can manufacture since large
areas of debonding cannot easily be repaired and an entire batch of
lacquered tinplate may have to be replaced. Figure 1 shows a deep-
drawn lacquered can with poor lacquer adhesion. In this example the
lacquer is on the outer surface and has become detached during the
forming process.

The objective of this work is to investigate lacquer adhesion
using a suitable mechanical test, to characterize the surface comp-
osition and structure of the tinplate, and to seek a mechanistic
understanding of the adhesion behaviour in terms of the nature of
the tinplate surface. ALl tinplates used in the manufacture of cans
are given a passivation treatment to reduce tin oxide growth and the
Lacquer is therefore in contact with this thin passivation film,
containing, inter alia, a mixture of tin oxides and chromium oxides.
The resulting adhesion properties of a lacquered passivated tinplate

will depend on the mechanical properties of the lacquer, passivation



Figure 1. Lacquer debonding on a deep—drawn can

(externally lacquered)






layer and the underlying tinplate and also on the bonding between
these individual components. The surface properties of the tinplate
are mainly dictated by the passivation layer and by improving the
characteristics of this layer it is possible to improve bonding;

the main aim of this work will be to correlate the tinplate surface
structure and composition with lacquer adhesion performance.

It should be noted that the tinplates investigated in this
work, manufactured by British Steel, Nippon Steel and Kawasaki Steel
may not be typical of the materials usually produced by them and
conclusions concerning their behaviour apply only to these sample
sets and cannot be taken to reflect the general behaviour of products
from those corporations.

The materials and test methods are described below along with

a review of the major theories of adhesion.

1. TINPLATE

Modern tinplate consists of steel sheet with thickness 0.7mm
to 0.4 mm which has been electrolytically coated with tin, typically
less than 1um in thickness (older hot-dipped tinplates could have tin
coatings almost 1 mm thick in places). The condition of the surfaces
controls many important properties such as solderability, appearance,
corrosion and lacquer adhesion and has consequently attracted a
large body of scientific investigation but the effect of the surface
and passivation layer on lacquer adhesion is still not fully explained.
Tin is readily oxidised in air and thick tin oxides are known to have
a deleterious effect on solderability and lacquer adhesion, so immed-
iately after the electrolytic tinning process the surfaces are
passivated.

A schematic section through a piece of lacquered passivated
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tinplate is shown in Figure 2. It shows the layered arrangement

of materials from the steel base, through the FeSn. layer, the tin

2
coating, the passivation film and the lacquer coating. The passiva-
tion layer in this diagram and throughout this work is taken to
include the tin oxides which may be present, having grown either
before or after the passivation treatment. The thickness of the
passivation layer depends on the type of passivation treatment but
is generally of the order of a few nm (Azzeri and Splendorini 1980).

The manufacture of tinplate, starting with a strip of steel
which is typically 1 m wide and 5 x 103m in length is shown schemati-
cally in Figure 3. After annealing and rolling the steel is cleaned
then pickled in acd to remove oxides before being electrolytically coated
with tin. At this stage the tin coating is nodular and matte in
appearance so a flow-brightening treatment follows in which the plate
is resistively heated to melt the tin and produce a smooth continuous
coating. It is during this process that an FeSn2 interlayer forms
(usually referred to as the "alloy layer") consisting of a continuous
layer of crystallites which may protrude through the tin in places.
The tinplate is next gquenched, then passivated in a bath containing
acidified Na2Cr207 so that a chromium-rich film is deposited on the
surface. If the process comprises only dipping, the tinplate produced
is known as type 300 but if treated cathodically a type 311 tinplate
1s formed. The 300 tinplates are believed to contain only oxidised
chromium whereas the 311 types also contain chromium in the metallic
form (Azzeri and Splendorini 1980). The passivation process is
discussed further in Chapter 6.

Following passivation the tinplate is then oiled to make the

handling of individual sheets easier and then stored in the unlacquered

state until required for can manufacture.



2. LACQUERS

The interior surfaces of tin cans are coated with polymeric
lacquers so that the tinplate is not corroded by the contents of the
can. The lacquer may serve as a lubricant during manufacture and
also provides aesthetic advantages where consumer and commercial
interests are considered.

Lacquer for tinplate must fulfill certain requirements when used
for can interiors; these are:

a) flexibility

b) corrosion resistance

c) abrasion resistance

d) non toxicity
and e) good adhesion.
Since the tinplate sheet is often lacquered prior to can manufacture
the coating must retain its integrity during the can forming process
which may consist of bending (for three-piece cans) or repeated
drawing through a die (for two-piece cans). Several lacquer types
are available, usually chosen to suit the contents of the can.
Application is usually by roller coating at Lline speeds of up to
600 ft. per minute (Noorlander and Barnes 1981). 1In this research
five types of lacquer commonly found in commercial practice have been
employed. Each is diluted with an aromatic solvent such as xylol
or an ethylene glycol ether (Askew 1975) for coating and then stoved
to drive off the solvent and form a continuous solid film on the
tinplate. Curing is by cross=linking for most types but some are
thermoplastics. In general, high molecular weight polymers produce
better coatings especially if solvents with low evaporation rates
are used to assist flowing during the stoving process. The coating

varies for different applications from 1.5um to 10um; it is usually



applied as a single coat.

The lacquers used in this work are listed below. A list of
general properties, applications and coating conditions is given
in Table 1 with typical chemical formulae in Figure 4. The formulae
are only approximations to the materials used since many variations
and additives are found in the practical materials.
i) Oleoresinous

The oldest type of lacquer used for protective coatings on
tinplate. Originally, linseed, castor and tung oils were the main
constituents and were reacted with natural or synthetic oil-soluble
resins. Modern types replace the natural resins with hydrocarbon
or phenolic types. Oleoresinous tacquers cure through the uptake
of oxygen (Peisach et al 1976) and usually listed as thermoplastic.
i1) Phenolic

This thermosetting lacquer is cured using formaldehyde and an
alkali catalyst often with creosols or other substituted phenols
(Shetye 1974). It has a high impermeability and can be used in
conjunction with epoxides. Applied in low coating thicknesses.
iii) Epoxy

A durable, thermosetting resin, modified by other resins such
as urea formaldehyde, polyamide or acrylic (McKirahan and Ludwigsen
1968).
iv) Epoxy-phenolic

The most widely-used lacquer with good chemical resistance.
The ratio of epoxide to phenolic can be varied from 5:1 to 1:1
giving a range of lacquer properties (Ley 1967).
v) Organosol

Used where high formability is required; the chemical resistance

is lower than for epoxy-phenolic. Organosols are based on poly(vinyl
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Figure 4. Some chemical formulae of lacquer materials.
a - a phenolic resin
b -~ epoxies
c = poly(vinyl chloride)
The exact formulae will differ as a result of

additives and different formation processes.
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chloride) dispersed in an organic vehicle. On stoving the solids

fuse to form a continuous thermoplastic coating.

3. ADHESION

The Oxford Dictionary gives the following definition of adhesion:

"The action of sticking (to anything) by physical attraction,
viscosity of surface or firm grasping"

and ASTM (1970):

"The state in which two surfaces are held together by inter-
facial forces which may consist of valence forces or inter-
locking forces or both'".

It is important to define what is meant by adhesion in this work
since there are three separate concepts. These are:

i/ Interatomic or intermolecular forces - the energy or force

required to separate smooth perfect interfaces.

ii/ Like i/ but including the effects of mechanical keying

and defects at the interface.

111/ Bond strength or adhesive joint strength, discussed by

Good (1976).
Category 1iii 1is the quantity which is measured by all destructive
adhesion tests (Wwhich may also measure i and ii) and includes failures
which occur away from the bonded interface. This work will measure
adhesive joint strength and seek to show the effects of defects or
weak ly=bonded interfaces in the lacquer tinplate specimens.

Adhesion is a complex phenomenon, depending on many factors

such as temperature, testing rate, interface structure and environ-
ment. Several theories of adhesion have been advanced (Kinloch 1980)
which are appropriate for specific systems or conditions and a

summary of these theories is given below:
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1/ MECHANISMS OF ADHESION

a) Mechanical Adhesion

/

This mechanism is concerned with the physical interlocking of
prominences on the adhered surface with the adhesive. Sometimes
called "hooking adhesion'" (Bikerman 1968) it is usually cited as a
major mechanism when bonding materials such as wood, textiles or
leather which have fibrous surfaces where interpenetration of
adhesive can occur (Boproff and Wake 1949). 1In such fields as
carpentry this mechanism is widely regarded as a prime contribution
to joint strength but Good (1976) criticizes it as a fundamental
mechanism of adhesion.

b) Electrostatic Adhesion

Proposed by Soviet workers (Deryagin and Krotova 1949) this
theory relies on the formation of an electrical double layer at an
interface which controls adhesion. Based on observations that peel
strength is rate-dependent, that the work of peeling is 2 or 3
orders of magnitude greater than required by chemical bonding, and
that intense electron emission (With energies in kV) accompanies
peeling, the bonded interface was regarded as a capacitor which
could therefore be described by an electrostatic treatment. For a
parallel plate condenser the energy, W, is given as:

W = 3ev = %CV2

and Ka

o
H
&~
=
Q.

hence
2 _ 8mWd
ka

The energy of a capacitor may also be expressed as:

2ﬂ02d

k

W =
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where
W = energy
e = total charge
V = potential difference
C = capacitance
k = dielectric constant
d = plate separation
a = area of plate
o = surface charge density.

Eliminating d:

W = 3Vo

Deryagin has argued that this energy is equivalent to the work of
adhesion measured in peel tests and has produced results showing
good agreement between theory and practice.

However, this theory of adhesion has attracted severe criticism
from several quarters (Skinner et al 1953, Voyutskii 1963, Schonhorn
1969) and is not, in general, highly regarded in the Lliterature
(Allen 1969) since the electrostatic theory of adhesion predicts
some adhesion effects which are clearly unrealistic in the light of
experimental results. In peel tests a large proportion of the
measured energy required to produce debonding is expended in visco-
elastic or plastic deformation in the test materials and this quan-
tity should not be included in the interfacial bond strengths predicted
by the electrostatic theory.

c) Diffusion Theory

Another theory of essentijally Soviet origin (Voyulskii 1963,
Vasenin 1969) in which the interdiffusion of adherend and adhesive

give rise to adhesion. Applicable to high molecular weight polymers,
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this mechanism is likely to occur especially at high temperatures
with a high degree of polymer chain mobility but is unlikely to be
of importance in bonds containing glass, ceramics or metals at low
temperatures. A qualitative descriptioh of the adhesion forces
produced by such a mechanism can be obtained by considering the
number of molecular chains crossing the interface between two poly-
mers, the depth of penetration and the strength of the individual
polymer chain. Good agreements between theory and measured adhesion
performance for some polymeric systems have been recorded.

d) Adsorption Theory

The adsorption theory of adhesion, as the name implies, is
based on the physical forces arising from the intimate contact of
two surfaces and is therefore closely aliied to the thermodynamic
treatment of wetting (Huntsberger 1981, Smith 1980, Mittal 1975);
the adsorption theory has been extensively discussed by Eley (1961).
Neglecting primary chemical bonds which can be formed across a bonded
interface, the main forces of attraction between two phases are due
to van der Waal's forces (van der Waal 1873, Langbein 1969) which
are due to three separate contributions from:

a) the interaction of permanent dipole moments (Keesom 1915, 1920a,

1920b, 1921)

b) dipole-molecule induction forces (Debye 1920, 1921)
c) molecule—-molecule dispersion forces (London 1937).

Schonhorn (1969) has shown that, in theory, van der Waal's
forces alone are capable of holding two phases together with a
strength that is much greater than the bulk strength of the indivi-
dual phases if intimate contact is achieved over the whole interface.
However, since solid surfaces are rough on a microscopic scale it

is necessary for one phase to be liquid in order to achieve
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good contact. Moreover, it is important that such a liquid should
easily wet the solid surface and avoid air entrapment in cavities
etc. and that the solid surface be free of contaminants which may
introduce a weak layer. In practice, measured adhesion values
depend on many factors and theoretical estimates of bond strengths
across interfaces usually give a very poor indication of actual
adhesive strength.

The adsorption theory has been treated in depth by Eley (19671)
and Wake (1966); the complex considerations of surface thermodynamics
and energetics, wetting kinetics and rheological properties are all
discussed. In practice the fracture energy, G, is much higher than
the surface energy owing to plastic and viscoelastic deformations.

i1/ ADHESIVE INTERFACES AND JOINTS

In the absence of a '"Universal Theory of Adhesion' to describe
the adhesion forces holding a system together Allen (1969) proposes

a combined description of the total adhesive force, y:

Yy = o wM + B wE +y wD + 6 wA LR wx
where
wM = mechanical component of adhesion
wE = electrical component of adhesion
wD = diffusion component of adhesion
wA = adsorption component of adhesion

and a, B, Y, 6 are mixing constants.

Whilst this approach includes all the adhesion forces which may

hold the system together it is the forces required to produce

failure that are of main interest in this work. This description
also shows an additive method of combining the components of adhesive
force implying no interdependence whereas in some circumstances the

effect on adhesion due to one component may be affected by the
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magnitude of another component.

In order to measure adhesion for practical purposes it is
necessary to destroy the system in some sort of mechanical test,

a variety of which are described later. Although non-destructive
measurements of interfaces such as infra-red spectroscopy or acoustic
microscopy are available it is necessary to measure the strength of

a bonded system using a destructive test to induce failure.

The theory of adhesion and adhesive joint failure has lagged
behind the development of adhesively-bonded structures (Kinloch 1980)
mainly due to the many aspects of science and engineering that must
be considered. Modern treatments of adhesion often used a combination
of adsorption theory and fracture mechanics to analyse adhesive joint
failure although this requires a precise testing method.

It has already been shown that for two phases to achieve
intimate contact one of them must be applied in a fluid state and
that therefore the wetting equilibrium of such a system should be
examined. When a drop of liquid rests in equilibrium on a solid
surface the Young equation (1805) is used to relate the contact

angle, 6, to the surface free energies:

= YSL + YLV cosoH

Tsy
where

YSV is the surface free energy of the solid substrate after

vapour adsorption

Yo is the surface free energy between solid and Lliquid

YLV is the surface free energy between liquid and vapour

Note that the surface free energy of the solid in vacuo YS may well

be much greater than Yoy*
0

Hence, for complete wetting to occur (6 = 07):
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>
Yoy < YsL ¥ v

AV

+
Y =Yg T Yy T Tg

where ns is the equilibrium spreading pressure i.e. the decrease
in surface free energy of the solid when immersed in a
saturated vapour of the liguid.
Wetting may also occur for the case when OO < B < 900 if the liquid
is forcibly spread over the surface. Indeed, Huntsberger (1981)
states that good adhesives are not necessarily those with 6 = OO.
Wetting will take place most easily if the liquid has low Yy and the
solid a high Y.

Polymers are low energy solids with surface free energies less
than ']OOme-2 (compared with metals and ceramics whose values are
typically greater than SOOme-Z).

Zisman established a means of characterising low energy surfaces
using a quantity YC’ the critical surface tension, an extrapolated
value of Yy at 8 = 0°. Schultz et al (1977) express surface free

energy as the sum of polar and dispersion components. The work of

adhesion wA can be related to surface energies of two phases (y1 and

YZ) by:
1
- 2
WA 2¢(Y1y2)
where ¢ is an interaction parameter (Girifalco and Good 1957) and

is expressed as a product of two parameters:

¢ = ¢ 9

a’r
where ¢a accounts for departures from ideality in intermolecular attraction
and ¢r accounts for departures from regularity in interfacial separation.

The quantity W, is the thermodynamic work required to create two new

A
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surfaces; it does not include loss terms arising from deformation of
the surfaces or adherends. Several expressions for wA are available
in the literature (Harkins and Loesner 1950, Fowkes 1972, Huntsberger
1981) and the correlation between wA and measured bond strength has
been widely discussed. Some workers have found a positive relation-
ship between the two (Dahlquist 1970) whilst others have not (Cherry
and el Muddarris 1970). Fracture energy, G, is usually much greater
(by orders of magnitude) than wA.
In studies of adhesive failure mechanics for a viscoelastic
polymer bonded to a rigid substrate (Gent and Kinloch 1971) a
characteristic measure of joint strength, 6, (energy per unit inter-
face) was described and later work (Andrews and Kinloch 1973a,b)
separated this parameter into two components, one due to the thermo-

dynamic work of adhesion termed 60, the intrinsic failure energy and

the second due to energy dissipated viscoelastically in the adhesive,

Ve

Their experimental plots of log6 vs.(Log of reduced rate of crack
propagation)for various rubber-substrate joints show sets of parallel
curves and so they wrife:
8 = 60 F(R)
where F(R) is a multiplying factor sensitive to strain rate and
temperature.
They show theoretically and experimentally that
Y « 6 even though ¥ >> 60
arising from the fact that the polymer can only be subjected to
stress if the interface is also capable of withstanding stress.
Thus, the failure energy 6 (= G) includes the effect of thermo-

dynamic adhesion on measured strength even though W, may be very

A
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much smeller than €. 60 is rate independent, depending on the type
and strength of interfacial bonding whereas y is dependent on rate
and temperature.

Andrews and Kinloch (1973a,b) have also shown that when inter-

facial failure occurs 60 % W but in cohesive failure 60 >> W They

A A

go on to show:

60 = I + rFO + sF1
where i, r and s are the area fractions of interfacial failure,
adhesive cohesive failure and substrate cohesive failure and I, FO
and F1 are the corresponding failure energies. For strong joints
with cohesive failure of the adhesive about 70 to 80% of the value

of 60 was provided by the term rFO.

. Effect of substrate

In the case of a purely cohesive failure, well removed from the
bonded interface, it is the mechanical properties of the failed
bulk phase which determine the strength; for interfacial failure the
thermodynamic work of adhesion becomes important and this is depen-
dent upon the characteristics of the bonded surfaces. As shown
above, a liquid polymer will most easily wet a high energy surface
such as a metal but in the case of passivated tinplate the lacquer
is in contact with an oxide layer which is Likely to have a lower
surface energy. Adsorbed contaminants may seriously lower the
surface energy even further (Gledhill et al 1977).

Although the thermodynamic work of adhesion is usually much
less than the fracture energy G, Andrews and Kinloch (1973) use a

product of W, and viscoelastic energy to define G, allowing the

A

effect of wA to be considered in most fracture situations. In

interfacial failure the quantity termed by them "intrinsic failure

energy' becomes approximately equal to W The same workers show

A-
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that the wA is dependent upon the substrate for the adhesion of a

styrene butadiene rubber.

b. Effect of surface topography

Packham (1981) has discussed the effect of surface roughness
on the adhesion of polymers to metals. Fibrous oxide surfaces
(Sykes 1967) will enhance adhesion by increasing the amount of plastic
deformation in the polymer (Bair et al 1971); Reegan and Ilkka (1962)
demonstrate a good agreement between the surface roughness of metals
and peel strength. In some cases where a polymer is adhering to a
fibrous surface and fracture energy is high due to plastic and visco-
elastic deformations the adhesion between the polymer and substrate
may also be enhanced by mechanical keying.

De Bruyne (1956) has shown that penetration of a liquid into
an "ink=-pot" re-entrant pit is much more difficult than penetration
into pits with perpendicular sides and this process requires a
significant time. For example molten polyethylene at 200°C will fill
a pore of radius 1um to a depth of 7um in 20 minutes (Packham 1970).
Incomplete wetting may reduce the contact area of an interface and
subsequently reduce adhesion. The defects so produced could also
act as stress raisers and initiate failure.

ALl surfaces are rough on a very fine scale. The effect of
surface topography on adhesion has been studied for micrometre-
dimension features in many cases but the interface will be more
sensitive to flaws than the bulk (Good 1972). Examination of the
passivation layers and fracture surfaces will include a consideration
of possible defects that could influence fracture behaviour.

At this point, the weak boundary layer concept of Bikerman
(1968) should be mentioned. In this thesis, Bikerman considers

that true interfacial failure never occurs due to the presence of
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a weakening layer located at the bonded interface. This

jdea has been severely criticized by Good (1972) who rejects 1its
universal applicability but many instances are known where surface
contaminants or a diffuse component migrating to an interface can
have a deleterious effect on adhesion.

Ce. Fracture mechanics

The fracture mechanics interpretation of adhesion has been
reviewed by Kinloch (1982). These methods are based on the energy-
balance approach of Griffith (1920) and Orowan (1948) and the stress-
intensity approach of Westergaard (1939) and Irwin (1964). The
energy balance method may be summarized for brittle fracture in a

brittle continuum with a sharp crack:

1 ou o
H 9%a 2y
where H = width of specimen, u = stored elastic energy, a = crack

length and y = surface free energy.
Since the energy required to cause crack growth in most solids is
actually much greater than 2y due to inelastic deformations the
quantity 2y may be replaced by G, the fracture energy which encomp-
asses all inelastic mechanisms.
The stress intensity approach considers the effect of a loaded
sharp crack and uses the quantity K, stress intensity factor such

that

Nolt

K = Q o(ma)
where @ is a geometrical factor and o is applied stress.
Combining the two approaches, for failure conditions in mode I
opening:

K = ——= for plane strain

The fracture mechanics description requires physical data for the
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materials under test. The passivation layer is a ceramic material
and as such, will fracture in a brittle manner. The mechanical
properties of polymers are more complex, being highly dependent on
temperature and test rate. The lacquers used in this work are all
flexible (as required for service) but a rapid fracture process in
an adhesion test will encourage brittle failure. The mechanics of
polymers are treated extensively in the literature (Arridge 1975) and
failure mechanisms are discussed in Chapter 6.

The continuum interpretation of fracture mechanics for adhesion
has been used by several workers for different test geometries where
G is found to be constant for a particular adhesive system (Kinloch
1982, Gent and Kinloch 1971, Kinloch and Shaw 1981). However, this
type of analysis requires a precise control over test conditions
and accurate knowledge of the flaws in the specimen which are usually
introduced by the experimenter to initiate controlled failure. 1In
this work the adhesion of lacquers to passivated tinplates will be
studied by using a mechanical test to induce failure. The adhesion
of such a system, containing many different components and interfaces
is likely to depend on both the intrinsic adhesion across the inter-
faces and the size, shape and distribution of defects within the
sample. Cracks or defects at a weakly-bonded interface will have
a greater weakening effect on adhesion than similar flaws in a bulk
phase (Good 1972). The effect of defects present in lacquered tin-
ptate specimens will be investigated. If specific interfaces are
weak ly=bonded or if certain components within the system are weak
the propagating crack should reveal these since it will follow the

path with the lowest fracture energy.
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4. ADHESION TESTING

There are many adhesion tests available (Mittal 1978, Deryagin
et al 1978, Bullett and Prosser 1972) but not all are suitable for
use with coatings. In some investigations of adhesion it is possible
to construct a special adhesively-bonded system with known geometry
and carefully controlled conditions such as in the tapered double
cantilever beam test (Mostovoy and Ripling 1966). An artifically
introduced crack can then initiate a controlled failure.

When measuring the adhesion of thin coatings it is difficult
to apply a force to the coating which will induce failure. If the
coating possesses a high tensile strength it may be possible partially
to remove it and then peel it away. Other alternatives are to bond
a test piece on top of the film and load it (as in the butt-joint
test) or subject the specimen to high accelerations, bending or
stretching. Some of the different test methods include the use of
an ultracentrifuge to debond an adhering droplet at up to 15 x 106
gravities (Zimon 1969), ultrasonic methods (Meyer and Rose 1976),
torsion testing of bonded, thin-walled cylinders (de Bruyne 1951)
and scratch=testing using a variable load.

The full range of test methods will not be reviewed here but
several tests, initially used in this work for lacquered tinplate,
will be discussed. One of the most commonly used tests for lacquered
tinplate is the '"'Scotch Tape test' in which the lacquer is scored
in a cross~hatched pattern and adhesive tape pressed upon it; rapid
withdrawal of the tape may then remove sections of the lacquer to
yield a semi-quantitative measure of adhesion. A more sophisticated
version of the test has been devised (Calder et al 1983) but is

not widely used. This method allows an estimate of lacquer adhesion

to be rapidly and easily obtained and consequently has gained
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general acceptance in the coatings industry. Lacquer adhesion
values as measured by the "Scotch Tape test' form the starting point
for this work where a comparative set of tinplates with different
adhesion properties will be rigorously examined.

Other tests were evaluated before a particular method was
chosen for the main testing programme:

i/ The bend test

Lacquered tinplate strips were bent at different rates over
a mandrel. At room temperature, all the specimens passed the test
with no lacquer detachment; debonding occurred only at liquid nitrogen
temperature and this was felt not to be a suitable environment for
comparison with factory performance.

11/ The peel test

This is a widely used test method which has been applied to
many different adhesive systems (Kaelble 1959,1962, Bikerman 1961,
Chang 1960). The 'T' peel test was used, bonding two strips of
lacquered tinplate together and then separating them as shown in
Figure 5.

This method was unsuitable for the thick (> 0.20mm) tinplate
samples which bent sharply producing severe variations in the rate
of debonding and therefore could not be used for the main testing
programme which included a range of different tinplates.
i1i/ The blister test

Proposed by Dannenberg (1961) this technique has been used
successfully for studies of paint adhesion. It has the advantage
that a coated substrate may be investigated without the further
bonding of test pieces to the coating and introduces an initial
crack very near the interface. The crack propagation rate can be

controlled and observed during the test.
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Figure 5. The 'T' peel test applied to lacquered tinplate.

Extra adhesive is not shown.
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A drawing of the test rig is shown in Figure 5 where a pressu-
rised fluid (compressed air or water in this case) is injected into
the specimen at the lacquer-tinplate interface via a hole electro-
chemically etched through the tinplate. 1In theory, debonding can
be initiated and controlled by the applied pressure but in no
instance could this be achieved with lacquered tinplate samples.
Fracture of the lacquer always occurred before any debonding.
Further refinements such as strengthening the lacguer with a secondary
sheet of polymer or reducing the upper cavity depth did not produce
blister growth so this method was abandoned since the adhesion of
lacquer to the passivated tinplate was too high.

iv/ The butt—-joint test

Sometimes known as a ''poker-chip'" joint, this arrangement
provides a convenient method of testing an adhesive system in tension
and was chosen as the test method for this work. The test is rela-
tively easy to set up and has been widely used for adhesion studies
(Baker 1979, Jennings 1972) including work on lacquered tinplate
(Servais et al 1979). The butt—joint test has been used in a
similar investigation of the adhesion of a chlorinated rubber to
mild steel (Smelt 1979) with some success.

To perform the test, a coupon of lacquered tinplate is bonded
between two cylindrical stubs in an alignment jig and then pulled
apart in a direction normal to the tinplate surface. Fracture
surfaces suitable for fractography are produced and are large enough
o 1cm2) for subsequent XPS analysis. The stress state in a butt-
joint has been analysed by several workers, including the case where
a void is introduced to act as a stress-raiser (Pirvics 1974).

Taking the simple case of a stressed layer of adhesive in a

butt-joint in tensile loading (Figure 7), the stress will vary
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adherend
adhesive

Figure 7. A butt-joint.
For use with lacquered tinplate the lacquer Llayer
is compared with the adhesive in this diagram to

determine the stress state in the joint.
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throughout the adhesive and most deformation will take place in the
adhesive assuming that it has a higher Poisson's ratio and lower
shear modulus than the adherend, as is the case for the materials

used in this work. Kuenzi and Stevens (1963) have calculated the

radial stress, Gr’ and the circumferential stress, Oe, in the
Lacquer layer as:
Ea\)s %
0. = 0y = (va i ) (1-v )
s a
where v,oT the Poisson's rate of adhesive, Vg T the Poisson's

ratio of the adherend, Ea = Young's modulus of
adhesive, Es = Youngs modulus of adherend and o, =
axial stress.
For an adhesive material with Va v 0.5, typical of epoxy resins
(Smith et al 1974), bonded to an adherend with a much larger modulus

such as mild steel (where Es/Ea 3 102):

i.e. most of the adhesive is in a state of hydrostatic stress.
Around the circumference of the joint there exists a region of shear
stress, Trz, the magnitude of which depends upon the ratio of joint
radius, r, to adhesive thickness, t. Figure 8a shows the radial
distribution of shear and tensile stresses in the adhesive for a
joint with r/t = 10. Stress distributions are shown for the centre
plane of the adhesive layer and the adhesive adherend interface
(Alwar and Nagaraja 1976). The effect of varying t, the lacquer
(or adhesive) thickness is shown in Figure 8b. If thick layers are
used the polymer will bow inwards as the sample is strained and
consequently thin lacquers are preferred to reduce this effect. 1In
this work the lacquer and adhesive thickness is so small that the

regions of shear stress are limited to a narrow band close to the
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specimen edges and these stresses can be further reduced by extend-
ing the lacquered tinplate beyond the test stubs. Thin glue Llines
also have the advantages of reducing the statistical Likelihood of
flaws in the polymer and reducing residual stresses on curing. Edge
stress concentrations are also slightly reduced by the presence of
a spew fillet of adhesive around the joint (Adams et al 1978). For
a simple adherend-adhesive butt-joint, a fracture mechanics failure
analysis (Gent 1974) has shown that initiation occurs at the edge
stress concentrations. This mode of failure does not often take
place when testing lacquered tinplate samples since the complicated
surface structure of the tinplate provides flaws which initiate

fracture before the stress at the circumference becomes critical.
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CHAPTER 2

BACKGROUND

The study of tinplate and passivation layers in particular
has been pursued over the years using a wide range of analytical
techniques in order to understand the surface structure and explain
its effects on lacquer adhesion and other properties (Azzeri and
Splendorini 1980).

1/ The Passivation layer

Early examinations were based on wet chemical and electrochemical
analyses for the estimation of chromium (Hoare et al 1965, Hoare and
Britton 1964) and controlled cathodic reduction for measurements of
tin oxide (Willey and Kelsey 1958). Britton (1965) subsequently
introduced a more rigorous electrochemical test for chromium in which
the sample was anodically polarized in disodium phosphate whilst
jts potential was measured. The potential arrest was interpreted
as the oxidation of CrIII to CrVI leaving some chromium remaining
on the tinplate surface. A later work (Rocquet and Aubran 1963)
interpreted this as the oxidation of metallic chromium (Cro) and
provoked further investigations (Coad et al 1976, Leroy et al 1976)
in which the existence of metallic chromium in the passivation layer,
previously doubted, was proved.

Although electrochemical methods are still used as a research
tool and for quality control there have been major advances in other
surface-analytical techniques since 1965 which offer new insights
e.g. photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES) and secondary ion mass spectroscopy (SIMS) which, along with

electron microscopy, have all been used to study the passivation layers

on tinplates and, in some cases, to infer effects on lacquer adhesion.
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Transmission electron microscope (TEM) studies (Albu-Yaron and Smith
1979, Saijo et al 1976) have shown that the passivation layer is not
a homogeneous film but comprises discrete crystals of various mater-
jals situated in a thinner layer. Britton (1975) using XRF states
that the constituents may be intermingled and possible in ill-defined
crystal forms and identifies Cro as being left behind on the tinplate
after alkali extraction; the alkali-soluble chromhnn_, he proposes,
is made up of several different compounds, supporting the work of
Salm (1972). In anodic investigations using electrochemical methods
and TEM (Britton and Sherlock 1974) SnO2 and probably Sn0O are found
on tin surfaces treated by the cathodic reduction (311) process.

An estimate of chromium valency in the passivation layer using
XPS was attempted (Coad et al 1976, Leroy et al 1976) for 311 type
tinplates. Metallic and trivalent chromium were detected and a
value of about 10nm for the thickness of the passivation layer was
proposed. These works produced results in agreement with those of |
Rauch and Steinbicker (1975) in suggesting the presence of Cr(OH)

0

Cr203 and Cr .

Saijo and co-workers (1976) used a combination of TEM, XPS and

3[

electrochemistry to produce a model for passivation layer structure
(see Chapter 4) containing discrete layered structures of Cr(OH)3,
Cr0

.nH,0, Cr,0, and Cro set in a matrix of SnO2 and Sn0. However,

2" 2 273

the TEM observations did not account for all the chromijum as measured
by XPS and electrochemistry which detected Cro as less than 5% of the
passivation layer (Coad et al 1976), the rest being in oxidised form.
Electrochemical studies (Aubrun and Pennera 1976, Rauch and Steinbicker
1973) tend to yield values of approximately 0.5ug c:m-2 for Cro which

corresponds to an even coverage some 5 monolayers deep. According

to Saijo et al (1976) this component is found in discrete particles
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as also seen by Albu-Yaron and Smith (1979). Leroy et al (1976)
find an even coverage of chromium using secondary ion mass spectro-
scopy. Taking these results as a whole, the bulk of the evidence
suggests that chromium is found both in thinly-dispersed forms and
as large (1um) crystals.

Takano and Watanabe (1976) could not find Cro using TEM except
on specially-passivated tinplates and the identification with this
technique by Albu-Yaron and Smith on commercial 311 tinplate is
unique in the Lliterature.

XPS measurements have concentrated on measurements of Cro and
Cr3+; Leroy et al (1976) reported these as well as Cr6+ on 311 and
300 type plates but there appear to be no references to the possible
presence of Cr4+ or the possibility of mixed-valence chromium oxides
which contain Cr3+ and Cr6+. Servais et al (1976) performed XPS and
electrochemical tests and compared results. Previous workers had
found that XPS had yielded much lower Cro values than electrochemical
results and this inconsistency has been attributed to errors in the
latter technique, because alkali stripping had been used to remove
chromium oxides before anodic measurements of Cro were made. However,
it is likely that the alkali stripping process did not remove all
the oxidised forms of chromium which had been subseguently inter-
preted as metal (Azzeri and Splendorini 1980). Thus, the support
for XPS as a quantitative analytical tool in passivation layer
examination was strengthened. The same workers performed adhesion
tests using a butt-joint tensile test to reveal fractures at a
passivation layer interface. Passivation layers were pulled away
from the tinplate surface with the lacquer revealing a layer of tin
oxide some Z2nm thick. This was assumed to have grown during stoving

and it was suggested that it had weakened the system allowing lacquer
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and passivation layer detachment. They found that similar tests
could not be made on tinplates with better lacquer adhesion properties
as failure in the sample could not be induced.

In an investigation of the effect of passivation layer structure
on lacquer adhesion (Takano and Watanabe 1976) several different
passivation layers were examined by TEM and lacquer adhesion by a
peel test. Low metallic chromium content was associated with poor
adhesion which was also related to high levels of total chromium.
Adhesion was also correlated with the nature of the tin oxides; tin-
plates on which orthorhombic SnO grew performed well in peel tests
but tinplates with tetragonal SnO or SnO2 showed poor lacquer adhesion.
Thick tin oxide layers have been shown to lower lacquer adhesion by
Horiguchi et al (1984).

TEM can determine the crystal structure of the components of
passivation layers and complements XPS, which determines chemical
composition. XPS data are often presented in the form of depth
profiles achieved by Ar ion etching through the surface (see XPS
Chapter 4) although this method leads to many uncertainties and can
introduce serious artefacts. Typical depth profiles through passi-
vation layers from the work of Coad et al (1976) and Azzeri et al
(1982) are given in Figure 1. Depth profiles will not be presented
in this work owing to the artefacts produced by prolonged Ar ion
etching. A summary of TEM and XPS results from the literature 1is
given 1in Tabte 1. Specific tin and chromium oxides can only be
identified with certainty using TEM since there is an overlap of
XPS peaks which makes deconvolution difficult. The implications of
this are discussed in Chapter 6.

Variations in passivation layer structure with ageing and

stoving have received attention by other workers (Albu-Yaron and
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Figure 1. XPS depth profiles through 311 passivation layers.
a Coad et al 1976

b Azzeri et al 1982
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TABLE 1
SOME XPS AND TEM RESULTS
FROM EXAMINATIONS OF PASSIVATION LAYERS

ON TINPLATES

Tinplate Type Method Composition Reference
Cro'Cr Cr :Sn0
"7 total total’ X
311 1:4.89 1:0.2
311 XPS 1:6 1:0.49 Leroy et al 1976
311 1:2.29 1:0.75
311 1:2.7 1:0.98
CrO;Cr3+
311 XPS Cr203
3+ :
Cr hydrated Azzeri et al 1980
Sno
X
300 XPS crots Sno_
0
Cr; Cr203
311 TEM SnO2 tetragonal Albu=Yaron and
Sno Smith 1980
BSn
311 TEM SnO tetragonal/orthorhombic Takano and Watanabe
SnO2 " " 1976
311 AES  Cr0, hydrated Maeda 1980
Cr50

273
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Grovenor, 1984, Horiguchi et al 1984). The greatest changes in
structure occur within a few weeks of manufacture so tinplates
which are over one year in age as used in the experimental work
here‘wilt essentially have a stable structure which may then be
modified by stoving (after lacquering); such effects are investigated
in this work.

The formation of passivation layers is discussed in Chapter 6
and has been investigated in the literature (Carter 1961, Aubrun

and Rocquet 1975, Nagel Soepenberg et al 1976).

2/ Proposed Work

Lacquer adhesion has been previously investigated using the
butt=joint test (Servais et al 1976), the peel test (Takano and
Watanabe 1980) and by deep-drawing lacquered tinplate (Noorlander
and Barnes 1981). C(Comparison between the results from different
tests is unreliable since each test imposes different stress conditions
on the sample and full details of the substrate and loci of failure
are not always reported.

ALl the adhesion tests in this work are made using a butt-
joint method at the same temperature and test rate. Interfacial
bonding between the layered structure of lacquered passivated tin-
plates will be influenced by a number of factors, including the
formation and type of bonds across the interface, the thermodynamic
properties of the surfaces (also affected by contaminants and
adsorbed water), the topography of the interface and the mechanical
properties of the materials in each layer. Defects wiLLvaLso affect
both crack initiation and propagation.

The tinplate surfaces will be characterized in terms of
composition and structure before bonding and fracture surfaces

examined after failure.
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The form of the experimental work will therefore be:
1/ Mechanical testing of lacquer adhesion

A set of tinplates with varying lacquer adhesion properties
initially defined by Scotch Tape test and factory performance will
be examined with a range of lacquers and stoving treatments. Fracture
initiation and propagation paths will be determined by fractography
and the latter further defined by XPS examination of fracture surfaces.
i1/ Characterization of passivation layers and tinplate surfaces.

A combination of analytical techniques will be used to provide
chemical and structural data. X-ray photoelectron spectroscopy (XPS)
is a very surface-sensitive method of analysis, measuring the top
few monolayers of a solid to yield elemental and chemical bonding
information. The area of specimen measured is typically 1cm2 and
so precludes measurements of spatial distribution but this comple-
mentary data can be obtained from transmission electron microscopy
(TEM) with a spatial resolution better than 2nm. TEM can also provide
structural data from diffracting crystals. Optical and scanning
electron microscopy will also be used to observe the topcgraphy of
tinplates and fracture surfaces.

Thus, it will be possible to characterize the tinplate samples
and distinguish variations in their passivation layers and surface
topographies.
i9i/ Attempt a correlation of i/ with i1/

It is already known from practical experience that certain
tinplates possess poor lacquer adhesion, sometimes with a range of
different lacquers. A wide range of tinplates, lacquers and stoving
conditions will be used and the results of the adhesion tests compared
with the tinplate characteristics derived from XPS and TEM. It is

intended to produce structural models of the passivation layers and
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correlate these with observed lacquer adhesion performance. Models

for fracture mechanisms will also be proposed.
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CHAPTER 3

BUTT-JOIMT TEST MEASUREMENTS

1. INTRODUCTION

The first problem is to chose an adhesion test; many are available
but none is perfect for this application. Adhesion test methods have
been reviewed and the most promising tried on lLacquered tinplate
samples. The butt-joint test was chosen in preference to others since
it could produce lacquer de-adhesion in a wide range of samples with
different lacquer thicknesses, different tinplate thicknesses and
different passivation treatments. The blister test could only debond lacquers
with very poor adhesion properties; the peel test was not suitable
for thick (> 0.2 mm) tinplate samples which were too stiff to deform
without 1introducing sharp bends and erratic peel rates which would
make analysis extremely complex; the '"'Scotch tape test' can only
produce semi-quantitative data. The butt-joint is easy to arrange
with controlled geometry and alignment conditions and yields fracture
surfaces which are convenient for microscopy and X-ray photoelectron
spectroscopy. The butt—joint geometry has also been widely used and
several works on the stresses in the joint have been published (Kinloch
1982). The poor adhesion of a lacquer can sometimes be traced to
particular stoving conditions or to corrosion but may, on occasions,
be attributed to the tinplate itself. Since lacquer adhesion after
prolonged exposure to a hostile environment is sure to have different
causes to those fajlures which occur in air at room temperature, this
work is concerned with the adhesion of dry lacquer in the mode of
failure measured by the butt-joint test (Alwar and Nagaraja 1976,

Baker 1979).
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The starting point has been a set of different tinplate samples
which have been categorised into approximate ranges of adhesion
performance as measured by the Scotch tape test (Calder et al. 1983)
and in-service behaviour. These are listed in Table 1. The butt-
joint test method has been used on these tinplate types with several
stoving conditions and a range of lacquers; the results, in the form
of failure load and percent area lacquer removal have been treated
by statistical methods in order to reveal the effects of a particular
tinplate or passivation treatment on lacquer adhesion.

Fractographic analysis of the failed surfaces has been used to
identify the direction of fracture propagation and determine possible

sites of initiation.

2. EXPERIMENTAL

A range of passivated tinplate samples, known from practical
experience to have widely varying lacquer adhesion properties were
chosen as a comparative sample set for butt-joint testing. Scotch
tape tests showed a degree of correlation between the amount of lacquer
removed and tinplate type regardless of the lacquer used for coating,
although it is not possible to say whether these samples are typical
of the tinplates produced by their manufacturers. These tinplates,
listed by manufacturer and passivation treatment were BS 311, NS 311
and KS 311 with "good", "intermediate' and '"poor'" adhesion properties
respectively as measured by the Scotch tape test (see Table ). In
addition a 300 type tinplate (BS 300) with good adhesion properties
was tested in order to compare the cathodic dichromate passivation
treatment (311) with the dichromate dipping (300) treatment. Both
factory-lacquered tinplate and samples coated in the laboratory were

tested. Approved stoving conditions were used but some samples were
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TABLE 1

Tinplates used in lacquer adhesion tests

Tinplate Scotch Tape Test result

percent lacquer

removed
British Steel 311 (BS) 0 good
Nippon Steel 311 (NS) 5 intermediate
Kawasaki Steel (311) (KS) 25 poor

British Steel 300

Non-passivated (NP)

* Used as a comparative set for most of this work.
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produced by varying the stoving time or stoving in an inert atmos-—
phere to investigate the effect on lacquer adhesion. Typical
standard conditions are 10 or 14 minutes at 200°C in air. Inert gas
stoving was employed to investigate the effect of tinplate oxidation
and was not expected to affect lacquer curing which takes place by
cross=linking (except for the oleoresinous lacquers which cure by a
reaction with oxygen). Other types of lacquer used were epoxy-pheno-—
Lic, phenolic and organosol; the lacquer coating thickness was kept
constant as far as possible at about 5 um for most specimens.
Specimens for testing were cut from lacquered tinplate sheet to
produce coupons approximately 20 mm square. A typical batch of
specimens from one plate would consist of 10 to 20 individual speci-
mens, removed from as small an area of the large sheet as possible
so that possible variations in the passivation layer across the sheet
could be minimised. The tinplate side was abraded with 600 grit
abrasive paper and wiped with methanol but the lacquered side remain-
ed unmodified before bonding to the butt-joint stubs. The stubs were
prepared by abrading their surfaces after machining to a smooth finish
and ultrasonically cleaned in trichloroethylene for 30 minutes. Most
of the test pieces were assembled and bonded using a cyanoacrylate
adhesive, commercially available as "Loctite Superglue' although
initial tests were performed with epoxy adhesive ("Araldite Rapid')
which required the stub faces to be machined with 0.5 mm deep grooves.
Adhesives were allowed to cure in a alignment jig with a force of
1 kgf holding the stubs together. The assembled test pieces are shown
in Figure 1 which depicts the two configurations used for this work.
The type 2 specimen was developed to encourage failure in the lacquer
or lacquer-tinplate interface by raising the stress on the lacquered

side relative to the plain tinplate side. The cut edges of the
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lacquered tinplate were also removed from the bond zone in the second
configuration and in some tests with the type 1 configuration. A
typical load displacement curve for the butt-joint test is shown in
Figure 2 where the maximum load available was 5 kN, corresponding to
a stress of 28 MNm-2 on the smaller stub face.

Experiments with a solid steel test piece showed that the com-
pliance of the tensile testing apparatus was too high to yield
accurate displacement measurements from the load-displacement graph
as bond extension in the sample was small compared with the displace-
ment of the machine.

Numerical values of failure load and percent lacquer removal
are available from this type of test, the latter measured by placing
a transparent grid over the fracture surface and counting the area
of exposed tinplate. This approach measures the apparent area of
lacquer removal and not necessarily the true area of bare tinplate
since there may be thin lacquer layers remaining which, though in-
visible to the naked eye, can be revealed by microscopy or X-ray
photoelectron spectroscopy.

The initial Scotch tape tests point to certain tinplates
(especially KS 311) having poor adhesion properties with a variety
of lacquers such that the adhesion of lacquer seems to be largely a
function of the tinplate itself. This is not to say that lacquer
adhesion is unaffected by other factors such as lacquering conditions
or that a particular tinplate may not suit a particular lacquer or
set of conditions, but that the tinplate surface structure may be a
major factor in controlling adhesion.

Since residual stresses in coatings may have a major effect on
adhesion, preliminary tests were carried out to determine, in a
qualitative way, if these were present in the stoved lacquer layer.

A lacquer coating was cut in a straight Line and the underlying tin
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and steel electrochemically etched to undercut the lacquer. Strong
residual stresses in the lacquer would then have warped the free
lacquer edges but since no such effect was observed, it was con-
cluded that any stresses formed in the lacquer during stoving had

been relieved.

Tensile testing was carried out with a crosshead speed of 0.5 mm

min *, holding the test piece in universal joint grips to ensure

alignment.

3. RESULTS

3.1 Butt-joint test

The variables (or'factor levels') investigated were tinplate
type, stoving conditions and lacquer type. Table 2 lists the raw
data of load to failure in kN and percent lacquer removed. Loads
greater than 5 kN could not be measured by the Instron test machine
but for the purposes of analysis were taken as 5.7 kN. The sample
runs are categorised in Tables 3a and 3b by sample number and factor
level where the former comprises data from a number of individual
tests from a particular stoved lacquer tinplate. At least 10 speci
mens were prepared for a sample set but the number of results record-
ed is in some cases less than this, owing to the tests in which
failure occurred in the adhesive rather than in the lacquer-tinplate
bond. The failure stress and percent lacquer removal are plotted
for each sample in Figures 3 to 6. The values of failure load are
correct to + 0.25 kN (5%) but areal lacquer removal values have errors
of + 10%.

Assessment of these test results on the basis of the means and
standard deviations would lead to the conclusion that there is no

strong correlation between lacquer adhesion (load to failure or percent
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TABLE 2a
Load to failure and lacquer removal
in butt-joint adhesion tests

Sample  No. of obs Observations (failure load in kN, % lacquer removed)

(1.5,60), €0.55,12), (0.65,50), (0.85,30), (0.75,65),(2.55,90),

1 12 2.7,90),(3.4,90),(2.05,90),(1.5,80), (2.5,-),(1.15,75)
(0.6,100), (0.7,100),¢1.5,100),¢1.65,50), (0.9,60),(1.7,60),

2 10 “1.3,1700>,¢0.8,90>,0(1.7,95 ,0(1.7,50)
(3.5,-),(4.0,-),(3.4,-),(3.3,-) ,(4.5,-),(>5,-)%,(4.2,-),

3 8 (3.2,-)
(>5,-)x, (4.2,-),(4.0,-),(3.6,-),(3.6,-),(4.3,-),(.0,-),

4 10 (3.6,-),04.9,-),(3.9,-)
(1.7,85),¢1.2,80),(0.75,45),(1.7,90),(1.35,75), (1.65,85),

5 8 (1.15,90>,(1.1,95)

6 5 (1.0,2),01.55,20),(1.90,2),(1.4,10) ,(1.55,4)

7 6 (1.0,15),¢1.0,200,1.3,25),(4.4,85), (0.5,-),(4.9,90)
(2.95,45),(2.75,40),(1.8,25),(2.1,95) ,(1.65,20) ,(2.3,20),

8 7 (3.45,60)

9 5 (2.05,5), (4.3,100, (1.7,%, (0.7,10), (3.0,10)

10 6 (1.8,200, (1.25,-), (1.25,6), (3.0,25), (3.95,15), (0.9,-)

11 5 (0.65,2), (1.15,2), (1.1,100, (1.3,2), (3.85,2)

12 2 2,50, 2,257
(0.55,100), (0.9,100), (¢0.55,100), (1.20,95, (1.1,100),

13 8 (3.1,75), (0.6,100), 1.45,100)

14 5 (0.95,100), (0.3,75), (0.1,100), (0.1,100), (1.95,95)

15 3 (1.55,30>, (0.1,90), (0.45,60)

16 6 (3.05,15), (1.95,85), 1.85,85), (0.2,55), (3.1,55), (1.65,55)

17 5 (0.9,55), (1.5,90), (3.0,85), (2.65,25), (2.0,25)

'-' denotes a missing value *x value ">'S taken as 5.1 in the analysi

+ value '">2' taken as missing in the analysis

++ type T butt-joint test specimen
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TABLE 2a (continued)
Load to failure and lacquer removal

in butt-joint adhesion tests

Sample No. of obs Observations (failure load in kN, % lacquer removed)
18 6 (1.45,-), (1.5,-), (3.15,-), (1.55,-), (1.1,-), (1.55,=)"
19 6 (3.1,-), 3.7,-), (2.6,-), (2.0,-), (3.25,-), (2.7,-)"
(3.4,-), (2.35,-), (2.80,-), (2.60,~), (2.20,-), (1.95,-)"
20 9 (1.90,-), (2.70,-), (1.45,-)
(2.35,-), (2.70,-), (2.5,-), (>5,-), (>5,-), (2.55,-)
21 12 (3.70,-), (1.75,-), (3.65,-), (3.00,-), (1.90,-), 1.00,-)
22 5 (1.65,-), (2.30,-), (1.60,-), (1.25,-), (4.00,-)""
23 6 (3.50,-), (4.30,-), >5,-), (4.10,-), (2.85,-), (1.35,-)
24 2 (2.35,5), (2.35,2)"
(3.40,-), (3.20,-), (>5,-), (>5,=), (3.60,-), (1.60,-)
25 8 (4.80,-), (>5,-)
26 4 (3.80,-), (2.80,-), (4.30,-), (>5,-)°"
27 4 (2.60,-), (3.65,-), (2.05,-), OG%,=)""
x(>5,-), (>5,-), >5,=), (>5,-), (>5,-), (>5,-), (>5,=), (>5,-)
28 12 (>5,-), (>5,-), (0.80,-), (4.20,-)
29 4 (1.65,-), (1.2,-), (2.6,-), 2.1,-)°"
30 6 (2.60,60), (1.55,10),(0.5,5), (2.80,30), (1.30,10), (3.90,10)
31 5 ((1.45,10), (1.10,2), (2.10,10), (2.30,10), (0.80,-)
32 13 *(>5,<5) - all 13
x(>5,75), (0.55,25), (0.65,50), (0.85,-)
35 6 (0.30,40), (0.75,60)
'-' denotes a missing value * value '>5' taken as 5.1 in the analysi

+ value '>2' taken as missing in the analysis

++ type I butt-joint test specimen
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TABLE 2b

Means and Standard Deviations of data in Table 2a

Sample Failure load Percent lacquer removed
mean on mean on
1 1.68 0.90 66 25
2 1.26 0.43 80 21
3 3.91 0.63 - -
4 4.12 0.50 - -
5 1.33 0.32 81 15
6 1.48 0.29 7.6 6.8
7 2.18 1.77 28 31
8 2.42 0.60 L4 25
9 2.35 1.22 80 25
10 2.02 1.09 17 70
11 1.61 1.14 3.6 3.2
12 - - - -
13 1.18 0.79 96 8
14 0.68 0.71 94 10
15 0.70 0.62 60 25
16 1.97 0.97 58 24
17 2.01 0.76 56 28
18 1.72 0.66 - -
19 2.89 0.54 - -
20 2.37 0.55 - -
21 2.94 1.21 - -
22 2.16 0.98 - -
23 3.53 1.20 - -
24 - - - =
25 3.99 1.18 - -
26 4.00 0.83 - -
27 3.35 1.16 - -
28 4.67 1.19 - -
29 1.89 0.52 - -
30 2.13 1.08 21 19
31 1.55 0.57 8.0 3.5
32 5.1 - >5 -

35 1.26 1.57 50 17
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lacquer removal) and tinplate type.

These results were analysed by Mr. P.N. Appleby of Metal Box
PLC. His report is included as Appendix 1 but his conclusion on
fitting the values of fajlure load and areal lacquer removal to a
function of the factor levels is:
"... that the bond strength test is capable of showing up differences
between different tinplate samples, particularly with respect to
percentage lacquer removed, but that the considerable within-sample
variability in the data presents a serious practical drawback to its
implementation for all but the crudest comparison.'

The above conclusion, based on samples 1-17 forces a more
detailled examination of the test results if this particular test is
to be used to investigate lacquer adhesion Wwith a view to grading
adhesion properties to more subtle levels. The statistical analysis
used above 1is hindered by the wide variability in test results
available so further data were collected and the application of a
bivariate function of a failure load and percent lacquer removal
was investigated. Results from further tests (samples 18-35) were
next examined; these include data from the type 1 butt-joint con-
figuration and often omit values of percent lacquer removal as this
qualtity was not measured in the earlier tests. For those sample
runs which include the lacquer values it may be seen that the KS 311
tinplate, originally classified as having poor adhesion, tends to lose
large amounts of lacquer in the test when coated with both epoxy=
phenolic and organosol lacquers and that the BS 311 tinplate with
nominally ''good'" adhesion mostly loses less than 30% of its lacquer.

Values of percent lacquer remo@al are plotted against failure
stress in Figures 7 and 8. It can be seen that a correlation

exists between the two parameters for some samples
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such as 7, 9, 11, 30 and 31, where high failure loads tend to remove
large amounts of lacquer. For other samples there is no clear
relation between failure stress and percent lacquer removed as
demonstrated by sample 16 or sample 14. For sample 15 a negative
slope 1is evident.

Values of percent lacquer removed normalised to failure load are
plotted in Figure 9 with their standard deviations. Percent area
lacquer removed divided by failure load has been designated the
'area debondiﬁg factor' (ADF) and these values are seen to correlate
with different tinplate types. BS 311 and BS 300 tinplates generally
have low ADF values with small standard deviations despite a wide
variation in failure load and lacquer removed. In the case of samples
where failure load is not proportional to percent lacquer removal the
standard deviations in ADF are, of course, much greater and this group
of results includes the NS 311 and KS 311 tinplates which cannot be
distinguished by ADF values although they are separated from the BS
311 and BS 300 tinplates on the ADF plot. That the BS 311 and BS 300
tinplates should be differentiated by ADF suggests that these lacquer-
ed tinplates fail by a different mechanism to those in which percent
lacquer removal is not a function of failure load; this is discuss-—
ed later. Effects due to stoving conditions are also clearly demon-
strated in the ADF plot: BS 300 tinplate lacquered with organosol
and stoved in air has a low ADF compared with a similar specimen
stoved in argon (samples 10 and 13). Therefore, this type of plot
demonstrates a distinct difference in the fracture of lacquered tin-
plate samples on the basis of tinplate type and stoving conditions.
The question that now arises is: 'What physical significance (if any)
does ADF possess?''. As ADF is percent lacquer removed, normalised

to failure load it relates to the fracture propagation path in lacquered
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TABLE 4

AREA DEBONDING FACTORS

Area debondihg factors (% lacquer removed/failure load | mean S
1 40.00, 21.82, 76.92, 35.29, 86.67, 35.29, 33.33, 26.47,

43.90, 53.33, 65.2 47.1 20.0
2 166.67, 142.86, 60.67, 30.30, 66.67, 35.29, 76.92,

112.50, 55.88, 29.41 78.3 | 45.2
5 50.00, 66.67, 60.00, 52.94, 55.55, 51.51, 78.26, 86.36 | 63.7 | 12.5
6 2.00, 12.90, 1.05, 7.14, 2.58 5.1 bob
7 15.25, 20.00, 19.23, 19.31, 18.37 18.4 | 1.7
8 15.25, 14.54, 13.89, 45.24, 12.12, 8.69, 17.39 18.2 | 11.3
9 2.44, 2.33, 2.94, 14.29, 3.33 5.1 4.6
101 11.11, 4.80, 8.33, 3.80 7.0 2.9
11 ] 3.08, 1.74, 9.09, 1.34, 0.52 3.2 3.0
13| 181.82, 111.11, 181.82, 79.17, 90.91, 24.19, 166.67,

68.97 113.0] 54.6
14 | 105.26, 250.00, 1000, 1000, 48.72 (480.8) (428.9)
15 1 19.35, 900, 133.33 (350) (391
16 | 4.92, 43.59, 45.94, (275), 17.74, 33.33 33.3 | 15.6
17 | 61.11, 60.00, 28.33, 9.43, 12.50 34.3 | 22.4
30 | 23.08, 6.45. 7.69, 10.71, 7.69, 2.56 9.7 6.5
31| 6.89, 1.82, 4.76, 4.35 4.5 1.8
35| 14.71, 45.45, 76.92, 133.3, 80 70.1 39.5

N.B. Extreme values of ADF i1n parentheses

1s omitted
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tinplate as well as fracture initiation. Samples with good adhesion
properties will have Low ADF values since the properties associated
with good adhesion are both high failure load and low lacquer removal.
Further examinations of fracture surfaces are required to identify

the crack propagation paths, sites of initiation and mechanism of
failure as this information will allow the different failure mech-
anisms to BS 311 and BS 300 compared with NS 311 and KS 311 suggested
by ADF to be determined.

It should be noted that the 311 passivation treatment is not a
prerequisite for good adhesion and that the unpassivated tinplate
sample (sample 8) also possesses an ADF significantly better than
some of the tinplates with passivation treatment. The main purpose
of a passivation film is to protect the tin from oxidation although
it is also required to have good lacquer adhesion properties. It is
widely accepted (Albu-Yaron and Smith 1979, Azzeri et al. 1982,
Takano and Watanabe 1980) that the passivation layer plays a role 1in
lacquer adhesion and may affect it for better or worse. Despite the
'""311" categorisation of BS, NS and KS tinplates, it 1s by no means
certain that their passivation films are identical since the electro-
chemical treatment may vary between different manufacturers (ITRI 1984).
The passivation layer structure has been investigated here by X-ray
photoelectron spectroscopy and transmission electron microscopy;
the larger scale features of the tinplate surfaces and lacquered
tinplate fracture surfaces are examined below.

3.2 Fractography and Topography

Typical examples of lacquered tinplate fracture surfaces from
the butt-joint test are shown in Figures 10 and 11. The views are
of several different tinplate lacquer combinations and illustrate

the various types of fracture surface produced from the case of very
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Figure 10. Fracture surfaces from the butt-joint test
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Figure 11. Fracture surfaces from the butt-joint test
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poor adhesion where lacquer has peeled beyond the bond zone of the
butt-joint (Figure 10a) to the case of a sample with very Llittle
Lacquer debonding (Figure 11d).

The tinplate samples and fracture surfaces have been examined
so that each may be characterised in terms of their surface features.
Optical microscopy with oblique illumination reveals the large scale
topography. Micrographs of BS 311, NS 311, KS 311 and BS 300 are
shown in Figure 12 (a to d respectively). The roughly linear surface
features are due to the texture of the base steel strips which are
made by cold-rolling. This is also shown quantitatively by profilo-
meter traces in Figure 13. The profilometer draws a sharp needle
across the specimen surface and draws a magnified trace of the needle
tip displacement. Figure 13 reveals that the BS 311 tinplate has
smoother and shallower ridges across the rolling direction than
either KS 311 or NS 311 but this is not suspected of having a gross
effect on lacquer adhesion; on the one hand, rougher surfaces might
be expected to increase adhesion by mechanical keying or, on the
other hand, reduce it by preventing the lacquer, when first applied,
from penetrating the deeper valleys and result in air entrapment.
The latter effect is unlikely since the '"valleys' are tens of microns
wide and a search for such a phenomenon by optical microscopy and
electron microscopy of fracture surfaces did not reveal a single
example. Packham (1983) had proposed that air entrapped at a polymer-
metal interface would actually increase adhesion but he has investig-
ated air bubbles with larger dimensions than those postulated here.

Between the tin and the steel there is a layer of FeSn, crystall-

2
ites, usually referred to as the "alloy layer'" which is produced durinc
the heating in the flow-brightening process. The FeSn2 crystallites

are typically 1 um long and 0.1 um wide and are found closely-packed



74

Figure 12. Optical micrographs of tinplate surfaces.

Oblique illumination
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Figure 13. Profilometer traces across the rollink direction

for BS311, NS311 and KS311 tinplates.
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on the steel surface when the tin is removed by a chemical etch.

The development of the alloy layer during flow-brightening is shown

in Figure 14. Samples of tinplate were subjected to different
durations of flow-brightening and then etched with iodine in methanol
solution to remove the tin; scanning electron micrographs are shown
where flow-brightening time increases from zero (a) through the normal
treatment (c) to a longer than normal treatment (d). The BS, NS and
KS tinplates all possessed alloy structures similar to Figure 14c
where the different orientations of crystallite groups is due to

their growth on grains of different orientations in the polycrystalline
steel substrate (Barry and MacKay 1972). The cubic grain in Figure
14c is a tin iodide crystal and results from the etching process.

If individual FeSn2 grains protrude through the tin surface or if
whole regions are exposed by corrosion or extreme flow-brightening
these will affect the surface structure of the tinplate as experienced
by a lacquer coat and may affect adhesion. Such regions on fracture
surfaces are examined to see if they have influenced the fracture
paths.

Neither the FeSn2 Layer nor the large scale topography of the
tinplates examined reveal differences which are expected to account
for the differences in lacquer adhesion between the sample sets.
Scanning electron micrographs of the fracture surfaces, however,
reveal striking differences between the BS 311 and the NS 311/KS 311
tinplates. Regions where the lacquer has been removed from the tin-
plate surface are shown in Figure 16 for KS 311 (a) and 8S 311 (b)
where the marker bars indicate 2 um. Further areas for BS 311
are shown 1in Figure 15.

These specimens have organosol lacquer coatings but similar

observations hold true for other lacquer types.
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Figure 14. Scanning electron micrographs showing the development

of the FeSn2 layer with increasing flow-brightening time.
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Figure 15. Scanning Electron micrographs of fracture surfaces.
BS 311 sample. a and c, lacquer islands. b, lacquer

edge, d, thin lacquer layer.
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The regions of lacquer remaining on the surfaces of NS 311 and
KS 311 tinplates were left as large sections with a definite demarc-
ation between the bare tinplate and the fractured edges of lacquer
which exhibited clear fracture markings typical of brittle failure.
The BS 311 fracture surfaces were different, with the remaining lacquer
in the form of well-separated "islands'" (Figures 15a, c). The edges
of the remaining lacquer on BS 311 were less steep than those seen
on NS and KS tinplates, often spreading out to form a very thin layer
of lacquer which extended for several mm beyond the apparent edge of
the fractured lLacquer edge. This thin layer of lacquer was not visible
with the naked eye but is shown in a scanning electron micrograph
(Figure 15d). Optical microscopy (Figure 17) shows this more clearly
and also shows up fracture markings caused by the propagating crack
better than a secondary electron image.

For lacquered BS 311 tinplate, the crack tends to propagate
more through the lacquer than is the case for KS 311 and NS 311 tin-
plates. The fracture is not totally cohesive, however, with regions
of bare tinplate visible on the failed surfaces. Common features
of the BS 311 fracture surfaces, especially on samples with less than
207% apparent lacquer removal, are roughly circular areas of bare tin-
plate approximately 0.2 mm in diameter surrounded by a thin lacquer
film. The definition of ''bare' here is for no lacquer to be detected
by optical or electron microscopy. In every case there is a defect
at the centre of each area. These defects are typically 1 um or 2 um
wide and are angular, steep~sided pits in the tin coat (Figure 18) in
which is visible the FeSn2 Llayer; they are guite distinct from other
regions on the tinplate where the FeSn2 layer has grown through the
tin during flow=-brightening and which do not appear to affect the

fracture path or correspond to areas of lacquer removal. The angular
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Figure 16. Scanning electron micrographs of fracture surfaces.

a/ KS 311, b/ BS 311

bar= 2pum
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Figure 17. Optical micrographs of BS 311 fracture surfaces.
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defects are visible on stoved and unstoved tinplates of all types
before and after lacquering and also on unpassivated tinplates.

They can also be observed under the thin lacquer layers on fracture
surfaces but, in every example observed in this work, one of these
defects is found at the centre of every circular debonded zone. In
total, some 10 BS 311 samples were examined, each of which possessed
over 50 of the circular lacquer debonded zones; BS 311 fracture
surfaces with high levels of lacquer removal did not exhibit them.

The fracture markings on the failed specimens may be used to
identify the direction of crack propagation (Kies et al 1950, Andrews
1968, Chau and Li 1982, Atsuda and Turner 1982, Kinloch and Young
1983). As the failure of a butt-joint test is a catastrophic process,
the initiation point should be located to see if it lies in the passi-
vation layer, the lacquer or at the specimen edge. If initiation
starts from within the lacquer tinplate system then the butt-joint
test is revealing information about that system but if the fracture
originates from elsewhere, then the test becomes less useful as a
means of scientific evaluation although the propagating crack presum-
ably moves along the weakest path available so the determination of
the fracture propagation path would also reveal useful information
about lacquer adhesion and possible weak interfaces or layers.

The principle fracture markings observed fall into two categories:
a) river markings around the edges of major features on the fracture
surfaces and b) more widely-spaced networks of Llinear marks, spread
over the flat surfaces of the thin lacquer layers. The Llinear marks
are typical of stick=slip and do not seem to be Wallner markings
(Smelt 1979) produced by the interaction of reflected shock waves.
These markings have some interactive element and in places become

inextricably tangled. The river marks may be interpreted as the
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Figure 18. Scanning electron micrographs of the FeSn2 defects

found at the centre of lacquer—free zones.
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domination of one running fracture line over another so that the marks
coalesce; the direction of propagation is therefore along the direction
of coalescence. Stick-slip bands also indicate the direction of

crack movement which is perpendicular to the main banding and in the
direction of the '"feathering' which emanates from one side.

Figure 17 shows optical micrographs of the fracture markings
in the lacquer around the lacquer-free zones and around the Llacquer
islands. On the surface of some of the islands is a layer of the
adhesive used to bond the specimen to the test stubs. The fracture
path is extremely complicated, often running from one interface,
through a bulk or weak boundary layer, to another interface. Scanning
electron micrographs in Figure 19 show one of the circular lacquer-
free zones (a) and the edges of the fractured lacquer. Examination
of the river markings on the edges of lacquer around the circumference
of the fractured surface reveal that the fracture has run from the
tinplate upwards towards the stub in all the specimens examined and
that fracture had therefore initiated within the specimen and below
the lacquer. Further evidence for the fracture running up the lacquer
edges, away from the tin surface, is shown in Figure 19b where plastic-
ally deformed spikes are visible on the lacquer edges. These spikes
have been drawn out in the direction of crack propagation; a schematic
drawing of the features in Figure 19b is shown in Figure 19d.

The fracture markings lLeft on the thin lacquer layer on the BS
samples allow the propagation direction of the crack front across the
fracture surface to be determined. Stick-=slip marks are found on the
thin layers and river marks on the thicker regions. When two or more
Lacquer—free zones are found in close proximity there is sometimes a
thick lacquer ridge lying between them with river markings which

indicate fracture running up to the top of the ridge. This is shown
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Figure 19. a/ lacquer—free zone on BS 311 fracture surface
b/ plastically-deformed spikes on lacquer edge

d/ lacquer edge ¢/ schematic of b/.






86

schematically in Figure 20. Thus, there is strong evidence for
fracture initiation from within these lacquer-free zones, possibly
from the central defect. The evidence of the stick-slip marks,
however, shows that there is also an approximately linear crack front
running across parts of the lacquer surface. If this linear crack
had caused secondary initiation at the tinplate surface defects as
it moved through the sample there would be a marked interaction
(Andrews 1968) causing the stick=slip bands to curve around the
secondary fracture and since this is seen 1in some but not all cases
(see Figure 17) it must be assumed that for the BS samples at least,
there is a complex fracture mechanism where there is secondary and
possibly primary initiation at the lacquer-free zones. Such zones
may have been debonded before testing (perhaps by corrosion products
if the central defect is a corrosion pit) or may debond during the
test.

At some point during the test the crack propagates from one or
more of these zones, producing the river markings on the steep faces
and stick-slip bands on level surfaces. This propagating crack
encounters more zones which may not have totally debonded or reached
critical size for initiation and causes secondary initiations at these
sites. The interaction of the propagating crack with the incipient
Lacquer-free zones will probably depend on the level of adhesion of
the lacquer within the zones, leaving strongly bonded lacquer on the
tinplate surface. Multiple initiation in fracture has been reported
in tensile tests of Lucite (Kies et al 1950) but it is most unlikely
that every lacquer—free zone seen on a butt=joint fracture surface
represents a separate simultaneous initiation event since the size
of the zones and the defects within them vary by at lteast 507% and

would therefore have quite different stress intensity factors.
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lacquer-free zone

thin lacquer layer
lacquer ridge

defect

Figure 20. Schematic drawing of ridges visible between lacquer-
free zones and fracture markings showing crack

propagation outward from the zones.
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The exact origins of fractures in the NS 311 and BS 3171 samples
cannot be determined due to the absence of fracture markings on their
"clean'" tinplate surfaces. The fractured Lacquer edges of these
samples also show the crack to have run in the same direction as in
BS 311 samples (i.e. away from the tinplate) so implying initiation
near the tin surface within the specimen. There are areas 1in the
fracture surfaces from all sample types where no lacquer is visible
on the tinplate surface. The location of the fracture path in these
areas Wwill be determined by XPS which will identify the passivation
Layer to find whether it has been removed by the lacquer.

The butt-=joint test has revealed a wide variability in results
of both fajlure load and lacquer removal for single sample types.

There seems little doubt that this variability is a property of the
lacquered tinplate system under test and not a variation of the test
method (in view of the rigorous control conditions applied to the test).
Brittle fracture is normally initiated at particular defects and unless
the samples all contain identical reproducible flaws a wide variation

in strength must result.

The statistical analysis method of Weibull (1939, 1951) was dev-
eloped to describe the type of failure seen in, for example, brittle
samples where there is a wide variation in failure load due to in-
trinsic defects in the material. It has been shown above that there
is a specific population of defects in lacquered tinplgte samples
which may initiate failure and be responsible for the varijations in
failure load for a given sample set. Indeed, a generally reduced
failure-stress found in the butt-joint tests with type 1 stubs
(Larger bond area) also points to the fractures being defect controlled
(Kurzmann and Klemme 1975) although this may be due to initiation
at the tinplate edges which were located very close to the stressed

zone on some samples.



89

A Weibull statistical analysis will be able to separate sample sets
with different defect populations or initiation mechanisms and is
presented below so that the defect populations in each sample set
may be characterised. Although BS, NS and KS tinplates all exhibit
a wide variation in butt-joint test results the distribution of the
data points and hence the defect population can be measured. This
distribution is a better description of the population than simple
measures of mean values since a lacquered tinplate system with a
variability in failure load or lacquer removal may still be accpptable
if most of the sample population exists in a regime of good adhesion
(ideally defined as high failure load and especially low lacquer
removal).

A probability plot for sets of adhesion test results has been
used by Bascom et al (1978) who have identified separate failure
characteristics and populations, despite large variations in failure
load and similar ranges of failure load in all their sample types.
Failure in a brittle adhesive system is likely to be defect-controlled
and also depends on interfacial bonding. Measured strength then
depends on the severity of the defects and intrinsic adhesion between
phases. If the severity (size, location and orientation) of defects
varies within a sample population, the joint strength will also vary
and a population which contains some very severe defects will yield
some very weak specimens. The Weibull analysis of a sample set will
reveal the distribution of such defects and allow an estimate to be
made of the likelihood of such defects in the population.

3.3 Weibull Statistical Analysis

When the strength of brittle materials is measured, the statistics
of fracture relate to the defect distributions and in particular the

distribution of the largest flaws (Evans and Langdon 1976). The
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approach developed by Weibull (1951) to measure, inter alia, the
strength of brittle solids considers a body with a distribution of
non-interacting defects of which one of a certain critical severity
is needed to cause failure. If a measured variable X (e.g. failure

load). is obtained from a set of tests from a sample population then

the distribution function of X, denoted as F(X) can be defined as the

number of all the individuals having a value X £ x divided by the
total number of individuals. The function F(X) also gives the
probability, P, of choosing at random an individual having a value
of X £ x. Thus:

P(X £ x) = FX) D
Weibull arrives at an expression of the form:

e-n¢(x)

P = 1- (2)

n

where Pn is the probability of failure of a sample with n defects
which is an expression for the principle of weakest Llink failure if
the function n¢(x) is positive, does not decrease as x increases and
vanishes at some value of x, say y. The most simple function which

satisfies these conditions 1is:

_ B
n () = XZ Y (3)
o
where a, B and Yy are constants for a given population.
Hence, _ B
-& aY>
F(x) = 1 -c¢ (4)

which is the Weibull distribution function or, according to Weibull,
""a statistical distribution function of wide applicability'.

Whilst this function has no theoretical basis it has been used to
describe many different data sets, often with great success (Weibull
1951, Moyer et al 1962, Steiger 1971). In this work the values of x

are taken as failure load and the function is linearized by plotting

as:



91

Loglog — 1 - - loga + B log(x = v) (5)
1 - F(xD

Weibull plots of the data are presented in Figures 21-30 with
default values of y=0, B=1, a=1. If the curve follows a straight
line then y is zero; a downward curving plot requires a positive Yy
factor to bring it to linearity and an approximate value for y may be
found by using the value of x which is approached by the curve (Moyer
et al 1962). The physical significance of Yy may be taken as a minimum
level of x present in the population, here characterised by the largest
defect. The slope is equated to the B parameter which is a measure
of the spread of the distribution = a high value of R indicates low
variability in x. The o parameter indicates the position of the line
and is a normalising factor.

The term on the left hand side of equation (5) may be converted
directly to a probability level. When less than 20 data points are
available in each sample set it is recommended that median rank
estimates of the probability (percentage failed) are used; these have
been published in tabular form by Johnson (1951) and Moyer (1962).

Weibull plots of failure load for BS, NS and KS 311 type tinplates,
stoved in air with epoxy-phenolic and other lacquers are shown in
Figures 21 to 25. Plots for BS 300 and non-passivated (NP) tinplates
are given in Figure 26. Straight-line approximations to the data are
given for most samples although some data sets suggest multiple slopes
which could be interpreted as two or more different defect distri-
butions. Measurements from the plots are listed in Table 5, giving
the Weibull slope, R, characteristic load, median load and sample
preparation conditions.

Weibull plots of percent lacquer removed are shown in Figures

27 to 30 with the measured data in Table 6.
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TABLE 5

DATA FROM WEIBULL PLOTS OF FAILURE LOAD IN BUTT-JOINT TEST

Tinplate TSL Sample B(+%) Characteristic Median
type No. error failure Lload(kN) (50% failed)
Load (kN)
715 18 4.0 (48) 1.8 1.6
715 19 4.5 (48) 3.1 2.9
BS311(B) 215 20 4.3 (38) 2.6 2.3
715 >3 4.7 (58) 4.2 3.8
(+1.7) (68)
616 30 1.7 (48) 2.6 2.1
616 25 > 4 (48) 5.2 4. b
BS3TTCAY 411 21 5.5 (37) 3.3 2.9
411 6 5.0 (53) 1.7 1.6
55317 414 14 0.61(58) 0.6 0.44
W14 15 0.85(68) 0.9 0.33
413 7 1.5) 1.2
111 1 2.1 (35) 1.8 1.5
142 > >4 (37) 1.3 1.2
NS311 111 3 7.6 (40) 4.1 4.0
111 35 2.5 (53) 0.8 0.7
211 4 5.7 (37) 4.2 4.1
211 5 3.7 (42) 1.3 1.2
KS311 252 16 2.5 (53) 2.3 2.0
262 17 2.2 (53) 2.3 2.0
312 10 1.7 (48) 2.2 1.9
323 11 3.1 (53) 1.3 1.2
BS300 342 13 1.3 (45) 1.1 0.9




DATA FROM WEIBULL PLOTS OF PERCENT LACQUER REMOVED

DURING BUTT-JOINT TESTS
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TABLE 6

Tinplate TSL Sample B(£%) Characteristic Median
type No. error Lacguer removal lacquer removal
411 6 0.7 46) 0.72 0.44
413 7 1.7 (52) 47 38
BS311 414 15 1.8 (68) 92 91
416 14 1.9 (52) 7 60
BS311 (A) 616 30 0.9 (52 20 13
111 1 2.6 (35) 81 73
NS311 142 2 5.7 (35) 85 80
111 35 2.5 (52) 55 48
211 5 83 (42) 83 80
KS311 252 16 3.5 (52) 69 6
262 17 2.1 (52) 60 50
312 10 1.7 (46) 1.9 1.5
8S300 323 11 - - - 2
342 13 30 42 100 95
NP 512 8 1.4 (52) 58 38
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Figure 21 shows four BS 311 samples from the same tinplate
batch with identical lacquers and stoving treatments. ALl have
similar Weibull slopes and characteristic loads ranging from 1.5 kN
to 4.2 kN. A double slope has been attributed to sample 23 which
may indicate that two defect populations are operative in the failure
process. Another batch of BS 311 tinplate with identical stoving
conditions and two lacquer types is shown in Figure 22. The Weibull
slopes are lower than in Figure 21 but characteristic loads are
similar.

The BS 311 sample set used generally throughout this work as a
comparative set (with NS 311 and KS 311) is shown in Figure 23. The
sample (no. 6) with air stoved epoxy-phenolic Lacquer has a Weibull
slope and characteristic load similar to the other batches of BS 311
tinplate but when coated with a phenolic lacquer both quantities
decrease, indicating a wide variability in test results and a lower
failure load. Evidently, this type of tinplate s unsuited to
phenolic lacquer when applied under the conditions used here but
behaves well with epoxy-phenolic lacquers of one type (cf. ADF plots
in Figure 9 which also show this lacquer—tinplate combination to be
unusual for BS tinplates). Sample 7 in this set has been coated with
another type of epoxy-phenolic and exhibits an erratic distribution
to which no single straight Lline has been fitted.

Nippon Steel 311 samples (Figure 24) show a wide variation in
characteristic load but generally high values of the Weibull slope.
Even with the same lacquer and stovings, different samples (1 cf. 35)
show a widely differing characteristic load. Altering stoving
conditions and lacquer do not alter the distribution (slope) and
the characteristic load falls within the range of variability shown

by nominally identical samples. (ALl combinations of lacquer type
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and stoving have not been investigated and it is possible that certain
combinations would produce very poor adhesion properties).

The Weibull plot of KS 311 samples(Figure 25) shows one sample
set in particular (no. 4) to have a consistently high failure load
although a nominally identical set (no. 5) has a much lower value.

The Weibull slopes of the rest, with values around 3, are similar to
those found on other tinplate types as are the characteristic failure
loads. From this plot it would be inferred that the KS 311 is a
tinplate with good adhesion properties with at least two lacquer types
compared with other tinplates but this does not take into account the
amount of lacquer removed in the test, which may be a more important
parameter 1in lacquer adhesion for tinplate than failure load. The
Weibull plots of failure load for BS 300 and an unpassivated tinplate
sample are given in Figure 26 which show Weibull slopes and character=-
istic loads typical of the 311 tinplates.

Thus, from the Weibull plots of failure load it i1s seen that the
measured slopes have predominant values between 2 and 5 (a slope of
3.25 would indicate a Gaussian distribution); the errors in measuring
these slopes from limited numbers of data points are given in Table 5
(Moyer 1962) and in most cases they are too large to 3liow signifi-
cant differences in B between samples being inferred. Two samples
(14 and 15) have B values of approximately 0.6 and do show a signifi-
cant broadening of the distribution which is due to the type of
lacquer and stoving conditions. To obtain errors of <t 10% in B
150 data points would be reguired for each plot. Hence, straight
Line approximations have been used in most of the graphs with dotted
lines to indicate possible multiple distributions or finite values of
failure load. (The latter is indicated when the Lline slopes downward

to the approximate value indicated by the intersection with the 5%
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failed level).

If it is assumed that the failure is defect-initiated, as
would be suggested by the wide variation in failure loads and the
fractographic evidence, then the quantity B is a measure of the
distribution of such defects and the existence of a single value of
B implies a single type of defect population responsible for
fracture initiation in all tinplate types (including the non=passi-
vated tinplate).

It has been suggested (Moyer 1962) that the median (507% failed)
values may usefully be compared when using small data sets but, as
expected from inspection of the raw data, there is no significant
difference between tinplate types.

From the failure load plots it may be concluded that a sample
batch of ten or so specimens is not sufficient to include the full
range of defect severities which accounts for the variations in
characteristic loads with (statistically) indistinguishable Weibull
slopes, However, the Weibull plots of failure load can describe and
attribute values to features of the specimen population in terms of
a characteristic and median failure Load, failure-producing defect
populations (in some cases with a minimum effective value) and high-
Light the deleterious effect of certain lacquer-tinplate combinations
The method does not show up significant differences between tinplate
types. The measure of failure load is a measure of fracture initia-
tion which, from these data, is therefore shown not be a function of
the passivation layer, stoving conditions or (Wwith two exceptions),
the type of lacquer. Fractographic analysis has suggested this, and

indicates that the angular FeSn, defects in the tin coating or the

2

circular lacquer-free zones seen in the microscope are the cause of

fracture initiation in lacquered tinplate.
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The load at failure, as measured by the butt-joint test, is a
measure of the load to initiate failure (as the process is catastrophic)
and does not yield information about the propagating crack front. It
is the crack propagation, however, which determines whether the lacquer
or passivation layer is removed in large areas and, provided a certain
minimum value of strength before failure is achieved, may well deter-
mine the properties of lacquered tinplate as required in service since
a crack which propagates away from the tinplate and out through the
lacquer will remove less lacquer than one which propagates 1in, say,
the passivation layer.

The mode of crack propagation is indicated by examining the
fracture surface and measurements of the amount of lacquer removed
from the tinplate during a test. Values of percent lacquer removed
have been plotted on Weibull paper and are shown for BS 311 (Figure 27),
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