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A B S T R A C T

Specifications for coating many forms of infrastructure and equipment include abrasive cleaning, then mea-
surement of the surface profile and adhesion on the assumption that they are linked to long term prevention of
corrosion undercutting the coating. Studies find no quantitative connection between adhesion and corrosion
protection, but many believe in a link. Although corrosion is a molecular phenomenon that starts at the interface,
adhesion values are measured by a device attached to the coating at some distance from the interface, so it is
difficult to directly connect corrosion with adhesion. Understanding how adhesion and the spread of corrosion
under the coating are influenced by surface roughness entails surface metrology, fracture mechanics, surface
energy and viscoelasticity. The impact of surface roughness cannot be not determined by a simple, or single,
statistical parameter for variation in substrate height variation. Conventional “pull-off” adhesion testing does not
characterize coating-metal interactions that might prevent water and electrolyte causing corrosion, they must be
determined otherwise. The additional surface area created by the abrasion increases the number of adhesive
interactions and the local slope of the surface engages Mode II loading that increases the force that the interface
can support. Both these surface attributes may also slow the spread of corrosion across the interface. In order to
prevent the diffusion of water and electrolyte across the interface, a coating should form well at the interface, be
tough and as hydrophobic as realistically possible.

1. Introduction

Essentially, there are two routes for corrosive species to attack a
coated metal surface. One is through the thickness of the coating, which
is dictated by the composition and possible defects in the body of the
coating [1] where the coating acts as a barrier to water and other
corrosive species. In the second case, a defect or damage to the coating
exposes the metal so that water and corrosive electrolyte have direct
access to the metal and can spread along the interface with the metal. A
common term for this lateral spread of corrosion under the coating is
“corrosion creep”. There are very few quantified comparisons of the
two routes [2] but in one notable case the diffusion coefficient of water
through a coating was found to be 6× 10−13 m2/s [3] which was two
orders of magnitude slower than the diffusion coefficient of sodium
ions, and presumably water, along the interface between the same
coating and a (smooth) metal substrate, 6.4× 10-11 m2/s [4]. This is an
important large difference. A corrosion failure may well have had
contributions from both paths, but the focus here is on the interface
between coating and metal substrate.

Large infrastructure is expensive to build, maintain and repair. A
structure must last a very long time and be tested in a way that gives

confidence in its engineered durability. One of the crucial tests done to
a coated component is to measure the adhesion of the coating to the
metal because that is an indicator of coating integrity. There is a great
deal of support and evidence that having a rough interfacial profile
improves adhesion. Long term corrosion protection relies on the in-
tegrity of the coating so the prevailing and plausible assumption is that
improving adhesion will improve the life of the corrosion protection
[5]. The underlying assumption in the infrastructure industry is that
strong adhesion is the principal way that a coating restricts the access
and motion of corrosive species. There has been considerable difficulty
connecting adhesion and corrosion protection, especially with surface
roughness as the variable, for many decades [6–14]. Routinely used
surface roughness parameters are the average deviation from the mean
height and peak density but there are many other parameters, e.g.
surface area, angularity, sharpness etc. discussed [15,16]. Evidence,
both empirical and theoretical, is that the effect of surface profile is not
straightforward. The purpose of this review is to uncover, from a
variety of disciplines, what the connections between adhesion, corro-
sion protection and surface roughness might be.

Long term barrier protection of steel infrastructure requires organic
polymer coatings with a thickness that is a substantial fraction of a
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millimeter. For infrastructure or large engineered equipment, the cri-
teria for how rough the surface profile is related to the thickness of the
barrier coating. Thicker coatings are supported better by the metal
substrate if the metal is rougher and thus protrudes more into the
polymer coating but there are limits. A very rough surface might have
debris that is difficult to remove and it might be difficult to fill the
deepest valleys with paint or, with a fixed rate of paint application, to
cover the highest peaks with a thick enough barrier to prevent moisture
and salt attacking those summits. Specifying a level of adhesion and the
roughness of the surface profile is very common in applications where
the primary function of the coating is to prevent corrosion for a long
service life and where the requirements on appearance are not very
stringent. Usually the pull-off adhesion test [17] is specified as quality
control on freshly manufactured coated infrastructure parts, and again
just before the structure is accepted to enter service.

A different focus exists on the connection between surface rough-
ness and adhesion of soft polymers that are pressed onto surfaces [18].
This concerns pressure sensitive adhesives (PSA), or rubber tyres etc.,
where the adhesive polymer is premade and adhesive forces are largely
determined by the area of contact and the viscoelastic properties of the
polymer. While there are some similarities, conventional coatings are
applied as liquids that then solidify and change composition and
properties through reactive chemistry and solvent loss.

In other applications, coatings have stringent appearance require-
ments. For example, automotive coatings are usually required to be
very glossy and thin (more economical and lightweight) so they must be
very smooth and cannot have a highly profiled surface below them. In
this and similar situations, a chemical conversion of the surface is used
to inhibit corrosion and to aid adhesion but with a roughness on a scale
much smaller than the coating thickness. There has been considerable
research on this [19], often targeting aluminium and its alloys, and has
had the additional merit of attempting to replace chromate conversion
coatings. This review will not include the large amount of work that has
been done on conversion coatings and the exact nature of interfacial
bonds but will deal with the topology of roughened surfaces.

Metal substrates are roughened for other reasons, e.g. for optical
effects or for controlling friction, and by other techniques e. g. electron
beam texturing, electrical discharge texturing etc. [20]. The focus here
will be on metal that is roughened to improve its adhesion and corro-
sion performance and the examples used here will be on abrasive-
blasted steel.

In overall coating service, first the paint impinges on the surface,
then it must spread over the surface, including into all the nooks and
crannies in the surface profile. After cure, the coating must exhibit
strong adhesion in order to be qualified for its protective purpose. In
service, the coating must resist the spread of corrosion underneath the
coating from any damaged site that allows corrosive salts and water to
spread along the interface with the metal. The objective here is to re-
view what is known about how a rough surface affects each of these
stages, sometimes from disciplines that are not often considered in
protective coatings and seek possible connections without dealing with
specific coating compositions.

2. Surface profile

Images, in Fig. 1, are from scanning electron microscopy (SEM) with
the 3D surface profile constructed from stereo pairs (7-degree offset)
using MEX software (Bruker-Alicona) [21]. The data from these sur-
faces are used as examples for the discussion here. SEM provides a very
large range of magnifications with a large depth of focus.

Two surfaces are shown here. They are examples from large steel
pipes; at the time of abrasive-blasting the profiles were measured by
industry standard practices and deemed well within specification; the
coated pipeline has since performed well in service. Details of the data
acquisition and measurement methods has been published separately
[21], but some information is given as a basis for discussion.

In each case a line scan was done down the middle of the images
above. Fig. 2 shows that profile scan from each and the statistics are
given for the line profiles in Table 1. Table 2 has the parameters cal-
culated from the whole 3D surfaces.

The line profiles, when plotted with both axes having the same
scale, are not very jagged like illustrations usually used in discussions,
even in standards, on surface profile. The misleading impression left by
such cartoons has been noted over the years [22] but is pointed out
again here. The expanded view is much more consistent with the im-
pression made by the normal SEM images in Fig. 1 that the surface is
rough but not as jagged as the upper images in Fig. 2 would suggest. In
addition, overhanging features, that a coating might get under, were
seldom visible in any field of view or magnification of the exemplar
surfaces in Figs. 1 and 2, so the term “interlocking” which often con-
notes dovetailing is not an accurate description of these surfaces.

Surface profile evaluation is often done with a stylus profilometer
(ASTM D7127) and may be in combination with replica tape (ASTM
D4417) [10,23]. Usually, average peak height is recorded together with
peak density. Other parameters often enter discussion, e.g. surface area
and angularity, but may not be quantified or recorded routinely due to
the limitations of the profilometer or because they are not required in
the project specifications.

The most common expression for average peak height is Ra which is
the arithmetic mean of the deviations, yi, from the mean height of the
surface profile over n measurement positions:

∑=
=

R
n

y1 | |a
i

n

i
1

Another expression for average peak height is the root mean square,
RMS, deviation, Rrms:
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RMS height deviation is closely linked to the optical reflectance of a
surface [24]. Optical profilometry has been a topic of research and used
for many years [25] but such instruments are expensive and not yet as
widespread as scanning electron microscopes. When viewed perpendi-
cularly an ideal abraded metal surface would appear grey, i.e. only
diffuse scattering from the surface, without glitter from specular re-
flections that would be from horizontal facets.

It is useful to have an expression of the lateral distribution of fea-
tures in the roughness profile. Peak density is peaks/length measured
with a stylus profilometer or peaks/area seen on replica tape. Any
profile feature larger than the instrument noise (or uncertainty) that
extends from below the mean height, reaches a summit, and then re-
turns below the mean can be considered a peak.

In many cases “roughness”, r, is taken as the ratio of surface area
(which depends on the resolution of the imaging device) developed by
the roughening process to the area that the measurement spans. It
cannot be measured accurately when a simple stylus or replica tape is
used. This parameter is often given other names, e.g. rugosity, surface
area index, Wentzel roughness.

Skewness and Kurtosis are sometimes calculated (for large n):
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Skewness shows whether a profile is biased towards high summits
or deep valleys. This is significant if there are deep valleys which may
not fill with paint or there are high summits that might be difficult to
cover. A surface with a Normal distribution of height has a skewness of
zero. Kurtosis is even more sensitive to the profile outliers than skew-
ness. For a Normal height distribution, Kurtosis would have a value of
3; higher values indicate a flatter distribution with many outliers;
smaller Kurtosis indicates the opposite.
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Fig. 1. Two grit blasted steel surfaces, scan area: 4.3 mm x 3.2mm. Example 1 (field blasting, 100 grit): (a) conventional scanning electron micrograph; (b) 3D surface
constructed from stereo pair. Example 2 (factory centrifugal blasting, 100 grit) (c) scanning electron micrograph; (d) 3D surface constructed from stereo pair. The
depth on the box around the 3D images is 290 μm. Height variation can be seen from the profiles in Fig. 2.

Fig. 2. Line profiles across the middle of the surfaces in Fig. 1. (a) is from example 1 and (b) is from example 2. The lower plot of each pair is an expanded view of the
1.0 to 2.0 mm part of the path, plotted so that each axis uses the same scale.
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Altogether, there are more than 50 parameters that may be calcu-
lated from a detailed surface scan [15,16]. Even now, there is no simple
or completely satisfactory approach to characterizing a surface [26].
Instrument output and calculations usually adhere to ISO and ASME
standards but may report a different set of parameters for line and
surface data.

The value for roughness ratio given in Table 1 is the square of the
tortuosity of the line trace. There was no calculation of the fractal di-
mension given in the standard output for a line profile although that
parameter has been used to characterize rough surfaces. The calculation
for fractal dimension of the line profiles used Richardson’s dimension
method [21,27] on data downloaded from the instrument. Fractal di-
mension, df, is a numerical ratio that indicates how much a line or
surface is more complex than a smooth 1D or 2D figure. For idealized
fractal shapes, the same degree of complexity occurs no matter how
small a part of a fractal line or surface is examined so a single value of df
can describe it from the macroscopic level down to the atomic level. In
practice, no line or surface can be made consistently complex at all
length scales but fractal dimension is an obvious, and possibly im-
portant, candidate parameter for describing ramified lines, shapes and
surfaces [21,27–29].

Some of the discussion about these parameters will be given in the
following sections, but a few observations are given here. The para-
meter values from the examples of line trace are reasonably consistent,
as are the two sets of surface parameters from the two samples of
roughened steel. However, the values of height parameter are larger
taken from the 3D surfaces because they sample the whole area which
encompasses higher summits and deeper valleys than a single line trace.
The skewness measured from the 3D surfaces is low and indicates that
the distribution of height features across the surface is evenly dis-
tributed between summits and valleys. Skewness measured from a
single line profile can vary much more because it does not sample so
much of the surface.

The fractal dimension of the line profiles is close to unity and the
fractal dimension for the surfaces is close to 2. This shows that the
surfaces are not very complex. Studies have found that typical metal
surface profiles have fractal dimensions of 2.3 or less [28] because
impact by abrasive particles knocks sharp summits down and thus
limits the ramification of the surface [29]. In a similar vein, the

roughness ratio of these surfaces is only fractionally greater than one, so
grit blasting the metal has not increased its surface area to several times
its flat, smooth, value. These values are consistent with the view of the
surface profile in the lower graphs in Fig. 2 and the impression given by
the SEM images.

The gradient parameter is another way of measuring the tortuosity
since the reciprocal of the cosine of the average angle is the hypotenuse
divided by the adjacent side, which should also be the ratio of surface
profile length to the scan length, on average. The average angle for
these surfaces is approximately 33 degrees which is consistent with the
other data. This seems reasonable since, statistically, no high-angle
feature would survive continued bombardment.

No single parameter can characterize a surface profile and there is
no consensus even on a group of parameters for that purpose.
Interactions that determine adhesion or restrict the motion of water and
electrolyte ions along the interface and the electrochemical processes of
corrosion are all molecular processes that do not directly depend on the
size and shape of features in the topological profile. Examining the
various stages of coating, from application to curing and subsequent
testing, elucidates which parameters that may be useful and significant.

3. Coating application

Coating thickness is usually decided by its use. If a coating must act
as a barrier to water and corrosive salts, it must be thick enough to
provide that protection for its design life. If a coating must survive
mechanical impacts, e.g. when the infrastructure is buried, then it will
be tougher if it is thick. Since metals are usually stronger and tougher
than organic coatings it is beneficial for the mechanical integrity of the
combination if metal peaks extend significantly into the thickness of the
coating. A thick coating (∼ 1000 μm) can be applied over a surface
profile that has a height of several hundred micrometers. However,
coatings that must also provide some aesthetic value cannot be applied
over a high substrate profile because the substrate features would be
difficult to obscure; they would cause texture and would limit the gloss
of the coating. Economics may also limit the thickness of the coating
that can be applied. The choice of coating thickness and substrate
surface profile is usually the result of a compromise that may not be
dictated by adhesion or corrosion protection.

Before the adhesion or corrosion protection of a coating can be
considered, it must form a continuous film without any holidays or air
voids. All application techniques share the problems of substrate wet-
ting and thus defects. In general, spray droplet size or brush bristle size
etc. have a large impact on how well paint enters the smallest features
on a substrate. As an example, spray application is examined in more
detail.

3.1. Spray droplet impact

Spray equipment is used to apply a variety of coatings in factories
and in the field. The variation in equipment used is considerable, but
one can expect the spray droplet size to be 20–200 μm with droplet
velocities at the nozzle exit of up to 300m/s [30,31]. Air entrainment
within a coating or between coating and substrate is well known [32].
When a droplet approaches a surface rapidly the air below may not
escape; it may be compressed and deform the droplet so that an air
bubble is trapped underneath the liquid which remains if the paint
cures or dries too fast for buoyancy to enable the air bubbles to escape
[33,34]. Since many droplets arrive quickly there is the possibility that
they may trap air underneath and in holes on the surface [35,36].
However, an uneven surface will allow air to escape from underneath a
spray droplet if there is a channel leading away from the center of the
impact. Wetting by a paint liquid also requires a low enough viscosity
for a long enough period that the surface is covered, and air is excluded.
Paint brush bristles and roller cover fibers have much the same size
range as spray droplets. A surface profile thus must have features that

Table 1
Line profile statistics for the profiles in Fig. 2.

Example 1 Line Profile Parameter Example 2

5.1 Average roughness, Ra μm 6.2
6.5 Root-Mean-Square roughness, Rrms μm 8.18
41.9 Maximum peak to valley height, Rt μm 52.7
32.5 Mean peak to valley height, Rz μm 35.5
0.17 Skewness, Rsk 0.38
2.96 Kurtosis, Rku 3.7
0.54 (28) Root mean square gradient (degrees) 0.53 (28)
1.26 Roughness ratio, r 1.15
1.03 Fractal Dimension, df 1.03

Table 2
Surface profile statistics for the 3D surfaces in Fig. 1.

Example 1 Area Parameter Example 2

17.1 Average height, Sa, μm 17.5
21.6 Root-Mean-Square height, Sq, μm 22.9
85.9 Maximum peak height, Sp, μm, 94.0
84.9 Maximum valley depth, Sv, μm 120.2
−0.035 Skewness, Ssk −0.28
3.1 Kurtosis, Sku 4.18
0.80 (39) Root mean square gradient, (degrees) 0.72 (36)
1.29 Roughness ratio, r 1.24
2.06 Fractal Dimension, df 2.05
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are wide enough for the liquid to penetrate its features within a suitable
time. Rheology and wetting, and their rate of change during curing, also
affect the ability of a coating to penetrate small features. Practical as-
pects of coating purpose and application often dictate the size of the
surface roughness profile.

3.2. Wetting

If the liquid does not cover the surface completely, there are gaps or
voids in which water and salt ions can accumulate and thus cause
corrosion. Roughness can provide a barrier to spreading because the
angle that a surface feature makes with the leading edge of the
spreading liquid does not satisfy the balance of surface forces there, i.e.
it cannot wet the surface there, and thus leaves a void.

The advance of a liquid over a flat surface is easily understood by
Young’s equation that links the contact angle, Θ, to the surface tension
of the liquid etc [37]. This is written with γ conventionally representing
the surface tension at the interface between two phases and using
subscripts referring to the solid, liquid and vapor:

=
−

Θ
γ γ

γ
cos ( ) sv sl

lv

Obviously, it is better to have a liquid that spreads over the surface
well by having a low contact angle.

3.3. Uneven surface

If the liquid is advancing over a surface with a change in slope
upwards, then the liquid can advance because at the point where the
slope increases, the contact angle becomes greater. The opposite is true
when the advancing liquid front meets a change in slope downwards. As
the liquid arrives at the change of slope, the geometry imposes a smaller
contact angle, so it will not progress down the slope; it is “pinned”. This
is known as the Gibbs criterion [38,39]. The drop can only advance if
more liquid arrives to make the drop protrude over the edge so that its
equilibrium contact angle can be satisfied on the downward slope. On a
rough surface, liquid may advance through a depression up to a summit
on the profile but will be stuck there unless more material is deposited,
and its leading contact angle can increase. After application ceases, its
lateral extent may be defined by where it is pinned.

Dewetting [40], i.e. retraction of a liquid film into drops, or into a
thicker film with gaps, on a substrate occurs if the layer is thin and if the
liquid does not wet the material of the substrate very well. This is seen,
for example for water on a newly waxed car, but is probably not a
concern for a thick coating that was formulated for application to the
substrates under consideration here.

For a coating to be competent, a spreading paint should remain in
the “Wenzel” [41] state where the coating spreads into all the surface
features and excludes air completely, i.e. it has a low enough contact
angle (< 90 degrees) and none of the surface features cause the liquid
to be pinned. In this case the apparent contact angle on the rough
surface is related to the contact angle on a flat, smooth surface, Θ, by:

=Θ r Θcos ( ) cosrough (1)

The roughness of the surface acts to diminish the measured value of
the contact angle because the area over which it spreads is increased by
the roughness factor, r. For example, if the roughness, r, is 1.2, and if
the contact angle on a smooth surface would be 45 degrees, then the
macroscopic contact angle on the rough surface is 32 degrees, ac-
cording to Eqn. 1. Up to a point, roughness aids wetting. The re-
lationship between the contact angle on a smooth surface and on a
rough surface provides a value of r, and thus as pointed out above, the
average slope of the surface.

If the contact angle is higher (> 90 degrees), Eqn. 1 means that the
contact angle is made higher, i.e. poorer wetting. If the surface features
are dense and have large changes in slope, it is possible that the liquid

cannot get into all the depressions and valleys and thus rests on the
peaks with voids underneath. This is the “Cassie-Baxter” state [41] and
is part of causing surfaces to be self-cleaning (liquid drops imbibe dirt
and roll off, leaving a clean surface). The transition to this state as peak
density increases can be calculated for simple profile shapes [41]. Ob-
viously, there is a chance that if the spray droplets are large enough and
the surface profile peaks are sharp enough and close enough together
that the liquid will span a valley and never fill in the void beneath.
Coatings must have good wetting properties and there is an upper
bound on surface peak density for any coating being used depending on
its application properties.

Comparing liquid contact angle on a rough surface to that on a
smooth substrate using Wenzel’s equation provides a value of r and thus
a value for the average slope of the surface. Measuring contact angle of
a liquid precursor to the solid coating can be difficult due to solvent
evaporation, changes in viscosity etc., and it requires specialized
equipment, but it measures interfacial forces and characterizes the
surface profile in ways that are important. Ultimately, however, the
practical interest is in the interfacial forces of the solidified coating and
how well the solid coating endures and protects the metal.

Important substrate characteristics for wetting are the surface
roughness, r, and an upper bound on the density of peaks.

3.4. Substrate holes

These approaches to understanding how a paint could completely
coat a rough surface profile implicitly assumed that the air trapped
between the coating and the substrate could escape through a side
channel. However, if there was a pit or hole in the surface profile, liquid
can trap air and thus leave a void. De Bruyne [36] calculated this for a
flowerpot-shaped hole or a shallow spherical depression.

The calculations use several parameters and demonstrate that un-
derstanding completely how a liquid wets a surface (which is crucial for
adhesion) need more and different parameters that are usually recorded
for a surface profile. A liquid coating may advance into the flower-pot
shaped hole if (Θ + ϕ) is less than 180°. Clearly if it is steep sided or
“ink-pot” shaped (the bottom is wider than the top), ϕ is greater, and
there is less likelihood of the liquid entering, depending on its contact
angle. Equally clearly, liquids with a low value of Θ will succeed better
in entering, depending on the angle of the side. If one simplifies the
calculations by assuming a cylindrical hole and a contact angle of 90
degrees, the liquid will not enter at all, as should be expected. In
practice, a coating might also solidify before it can reach its equilibrium
wetting position within a hole, and a larger void than predicted will
remain. Holes or fissures in the substrate seemingly might provide some
mechanical anchoring of the coating and thus improve the measured
adhesion, but if the coating traps air, then it becomes a place where
water and electrolytes might concentrate and thus initiate corrosion.

4. Curing

4.1. Curing at an interface

The presence of a weak boundary layer at a polymer-substrate in-
terface is often invoked in describing adhesion behaviour. If there is a
specific interaction between one of the components of the coating
precursor mixture and the substrate then, if the ingredient migrates fast
enough there may be an enrichment or depletion at the interface [42].
This depends on the chemistry of the liquid coating mixture and the
nature of the surface whether it be metal, oxide or conversion coating
etc., but it cannot be assumed that the coating will be the same at the
interface as it is in the bulk [43]. The very presence of the impenetrable
substrate may mean that the crosslinking reactions are restricted be-
cause the reactants cannot approach each other from all directions and
the degree of conversion near the substrate is less than in the bulk of the
coating. In any case, the polymer chains at the impenetrable interface
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cannot adopt all the conformations that are available in the bulk. De-
position or curing of a coating at an interface creates problems, re-
gardless of the topology of the surface profile.

If water or other contamination is present on the substrate, it may
affect the curing chemistry and damage the adhesion of the coating, e.g.
water will form CO2 gas with an isocyanate instead of reacting to form a
polyurethane and blushing or blooming can affect an epoxy coating.

In addition to the (alkaline) hydrolysis of the coating polymer,
normally proposed as part of the cathodic delamination process, if
water is present under a coating, soluble metal ions may attack the
polymer or create metal salts, from underneath [44,45]. The “Fenton”
free-radical mechanism, usually involving iron [46], also causes oil
paintings to deteriorate [47] but it also aids the break-down of plastic
sheeting used in agriculture for mulching [48].

Thus, there are physical reasons as well as possible chemical reasons
for the polymer near the substrate interface (an “interphase”) to have
poorer properties than in the bulk, i.e. a weak boundary layer. This
layer will not only have disappointing adhesion but also it will be more
open to water and electrolyte and be more prone to swell or shrink in
wetting and drying cycles. Problems occurring near the substrate in the
curing of a coatings may happen whether the surface profile of the
substrate is rough or not. However, this region is important for both
adhesion and preventing corrosion underneath a coating.

5. Solid coating films

Most metals have corrosion products that are less dense than the
metal. As blisters or under-film corrosion grows, the coating becomes
separated from the substrate by a peeling action at the periphery of the
corroded region. It would be useful to measure coating adhesion using a
peeling technique, but this is very difficult in typical circumstances.

5.1. Interfacial interaction

When investigating the variation of adhesion with coating compo-
sition an underlying assumption is that the measurement of adhesion
will be sensitive to how composition changes the interfacial forces be-
tween coating and its substrate. However, there are severe difficulties,
even with a smooth interface.

In order to measure adhesion of a cured coating to its substrate there
is no option but to measure the energy or force that it takes to break
them apart. Each of the mechanical geometries that might be used for
this deform the polymer in their own way and produce their own pat-
tern of stress concentrations [22,49], so the strengths measured depend
on the method used to measure “adhesion” [50,51].

For coatings, there are three principal approaches to measuring
adhesion. There is a class of qualitative methods that scratch or gouge
the surface of a coating, with either a pencil of known “hardness” [52]
or a sharp blade [53]. These tests are rapid and simple and can be done
in the field as well as in the laboratory. The coating suffers a ploughing
action that often relates well to how coatings must be durable in
practice, and whether adhesion is intact, but these methods do not
measure interfacial forces.

A second approach is to peel the coating away from the substrate. In
principle, a peeling action requires comparatively little force to sepa-
rate two materials and there is much less deformation of the adherends
themselves, compared to the tensile pull-off test, so that the result is
more characteristic of the interface. In practice, peeling is important
because it is probably how the separation between the coating and the
substrate takes place when corrosion occurs. In addition, if a failure is
suspected in the field, a common approach is to lever (peel) a coating
up from an edge, for example using a screwdriver. Controlled peeling of
an existing, extensive coating is difficult because it must be done from
an edge and coatings are difficult to grasp and are often too brittle to
bend during the peeling. However, laboratory peel tests and variants,
e.g. wedge test, four-point bending, double cantilever beam, blister test

etc. are useful [54].
For polymer coatings, in many applications, the most common

quantitative method is the tensile (or pull-off) test [17]. This uses a
metal stud that is glued to the coating and then pulled off hoping that
the failure will occur at the coating-substrate interface and that the
stress represents the strength of the interface. This is a test that can be
performed on any existing coating but has many problems [55,56].
Problems include the fact that the stress is not even across the test area
since there is a stress concentration around the rim of the stud and
coating; if the metal stud is not perfectly perpendicular to the coating
the misalignment tends to provoke a peeling behavior and thus gives an
artificially low value; the common practice of scoring the coating
around the rim of the coating to define the area tested can easily da-
mage the joint before the test. However, the test does generate a
number for the overall strength of the coating-substrate joint.

A typical result for the pull-off test might be a stress, σ, of 13.78MPa
(2000 psi) using a coating thickness, tCoating, of 762 μm (30 mil) [56]. If
the bulk modulus, K, is 6.67 GPa (Young’s modulus of 2 GPa with
Poisson’s ratio of 0.45), using Kendall’s equation for pull-off strength
[57],

=σ KG
t
2
Coating

estimates that the fracture energy, G, to be 10.8 N/m (J/m2). This
value is typical of many other results for similar experiments. Kendall’s
equation holds for an interface without a significant defect where the
coating is thin compared to its lateral extent [49].

Another approach to estimating interfacial forces and adhesion is
via the surface energy and contact angle of liquid analogues to the
cured coating. The work of adhesion, Wsl, between substrate and a li-
quid coating is given by the Young - Dupré equation [37],

= +W γ Θ(1 cos )sl l

Where γl is the surface tension of the liquid which has an equilibrium
contact angle of Θ on the (flat and smooth) substrate. The highest
surface tension, approximately 50mN/m (mJ/m2), is found for epoxies
and similarly polar organic liquids. Thus the “thermodynamic” work of
adhesion, Wsl, is 0.1 N/m (J/m2) at most, if the contact angle is zero.

This calculation assumes that interfacial, intermolecular forces do
not change when coating solidifies. Clearly this is seldom true because
solvent evaporates, coating chemistry changes during cure and there
may be additional bonds formed with the substrate during cure.
Unfortunately, this estimate is used in the literature often without any
warning of its limitations.

If the van der Waals and polar bonding at the interface does not
change significantly when the coating solidifies and no ionic or cova-
lent bonds with the substrate form during cure, this is an approximation
for the interfacial energy of the solid coating. This value is 100 times
less than the estimate from the pull-off test. The discrepancy between
the “thermodynamic” work of adhesion and the “practical” or “ap-
parent” work of adhesion has been recognized and identified for several
decades [22,58]. Some of the difference is because the thermodynamic
work of adhesion assumes that there is no contribution from parts of the
polymer chains that are connected to the moieties at the interface. It is
difficult to see how any effort expended in separating the two materials
avoids the need to deform connected and neighbouring parts of the
polymer molecules, so the minimum work associated with propagating
the separation crack must be larger than the thermodynamic work of
adhesion deduced from liquid equivalents. The major contribution to
the difference is that the overall energy expenditure, or force at failure,
is dominated by the deformation and viscoelasticity in the bulk of the
coating, especially when the detachment is rapid, as in the typical pull-
off test [57,59,60].

If the rough surface causes the failure of the joint to be within the
coating, then the tensile adhesion stress is determined by the strength of
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the coating and cannot quantify the effect of the surface roughness.
However, one might expect to see some correlation between surface
roughness and tensile adhesion if the same coating was used on a
variety of surfaces, and all the fractures were completely interfacial.

In addition, the standard deviation in tensile adhesion results is
often 10 % of the mean value [56], i.e. 10 times larger than the ther-
modynamic work of adhesion. Such variation would completely ob-
scure any trend in the data caused by systematic variation in the
compositions that altered the thermodynamic work of adhesion. Pull-
off adhesion tests are unsuited to investigate the interaction of materials
at the interface.

Peeling adhesion test geometry can give results that approach the
thermodynamic work of adhesion but, to achieve this, must be done at
extremely slow speeds [58,60,61].

Quantitative investigations of corrosion protective coatings’ adhe-
sion are often done in conjunction with the effect of surface roughness
(Fig. 3)

5.2. Failure mode at a rough interface

At the interface, the stress which affects the molecular interfacial
bonds depends on the local slope and can be resolved, in 2D, into two
components, Fig. 4. One component is perpendicular to the interface,
and the second is along the interface.

No matter how steep the interface is, the external force operates

over the same projected (normal, flat) area, so the increased surface
area gained by surface roughness does not reduce the stress because the
load is distributed over a greater area, although this is often proposed in
conversation. The roughened interface helps, but in a less direct way. In
Fig. 4, the component perpendicular to the interface acts in a tensile,
opening mode. The component parallel to the interface pushes (or
pulls) one material along the other, shearing the interface.

When considering the way in which fractures progress, loading is
characterized by three modes [49,62] Fig. 5. The tensile, opening mode
is labelled Mode I. In this, the crack front is a line perpendicular to the
stress. Mode II loading or fracture is a sliding shear over an area in the
plane of the crack. Mode III is also a shear mode but with a tearing
action across the contact area, sometimes called a “trousers” mode.
Mode III does not arise in Fig. 4 but can be imagined on a rough 3D
interface. Mode II and III are terms not often used in coatings’ literature,
instead this shear possibility at the interface is often described as pro-
viding “interlocking” or contributing to interfacial friction via an ef-
fective coefficient of friction [63].

In an homogeneous brittle solid, cracks proceed approximately
along a path where they open by Mode I only, i.e. where there is no
Mode II resistance [49,64,65]. If they encounter some Mode II re-
sistance, the direction changes to minimize this. Crack progression
between two different materials is much more complicated because the
two materials and the interface have their own, different values of
toughness and failure stress, for each of the possible modes. Pure Mode
I loading is weak because, crudely, only the bonds on a line across the
fracture oppose the failure. Mode II, and III, provide greater resistance
because the bonds over an area of the interface are resisting the load.
One could see how a surface with many deep, vertical pits would pro-
vide high adhesion from a great deal of Mode II anchoring. However,
those pits would be very difficult to fill with liquid coating.

From these considerations, the average slope of a surface should be
a useful parameter to measure and record because a higher value sig-
nals a greater chance of Mode II etc. loading which would increase the
strength. In addition, the slope may act to diminish the stress in the
Mode I direction below the Mode I failure stress of the material. The
variation in slope, perhaps through its standard deviation, would also
be useful, because a widely varying slope would show that the surface
has a significant fraction of places where there was little advantageous
Mode II loading and vice versa. In addition, the average angle also can
be used to calculate the developed surface area, r, from the reciprocal of
its cosine which gives the ratio of the hypotenuse to the adjacent length.
This ratio, for a line profile, when squared should give an estimate of
the developed surface area.

When the term “interlocking” is used to describe a roughened sur-
face, it should imply the possibility of Mode II in addition to Mode I
rather than assume that it has connotations of dovetailing or over-
hanging features, which were rare on the abrasive blasted surface ex-
amined here. This mixture of loading modes is sometimes called
“mixity”. An example of how interlocking might be better visualized is
to think of finger (comb) joints often found in wooden products. A
dovetail joint uses a flared mortice and tenon.

5.3. Tensile adhesion testing and roughness

For illustrative purposes, adhesive fracture can be described simply
by linear elastic fracture mechanics using the Griffith equation [66]:

=
−Stress E G U
πc

2 ( )Internal
Failure (2)

Where:
E = Young’s modulus
G = a measure of toughness
= energy required to create new crack surface area at the interface

(strain energy release rate)

Fig. 3. Parameters used in De Bruyne’s calculation of the penetration of liquid
that completely covers a flower-pot shaped hole.

Fig. 4. 2D representation of the external load resolved into components on an
oblique facet of the interface between two materials.
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c = radius of the largest existing crack or defect (assuming a cir-
cular shape)

Eq. 2 includes the effect of internal strain energy, UInternal, which
would arise from curing shrinkage or swelling etc. and diminish the
effect of G, and thus the stress required for failure. Griffith’s equation
can be used when there is already a crack and the boundaries of the
material are distant so that it is the stress concentration around the
crack tip that governs behavior [49].

Tensile adhesion testing pulls the coating away from any sharp
peaks in the metal surface. If the coating were compressed onto these
features, then they would produce stress concentrations in the coating.

There is a large mismatch of modulus across the interface when a
polymer coating is on a metal substrate and the stress field at the crack
tip, dictating its likely direction, is a function of this mismatch via the
Dundur’s parameters [49,67]. At the tip of a crack, the stress is in-
homogenous and the stress vector very close to the tip changes direc-
tion with distance [49,68] so an interfacial (adhesive) failure may kink
into a weak adherend, becoming a cohesive failure, depending on how
the toughness of the material compares to the toughness of the inter-
face. If the crack is diverted into the coating and the coating can absorb
some of the mechanical energy through plastic deformation (due to
composition, temperature or testing rate) then the propagation of the
crack may stop. In this case the crack is “blunted” making the joint
stronger. If the interface is rough, i.e. changes direction frequently, then
there is a greater chance of this blunting behavior as well as the ad-
vantages of Mode II loading and a reduction in the Mode I stress. If an
adhesion test is used to gauge the integrity of a polymer coating on a
metal substrate, then it is always taken as a good sign if the test pro-
duces a cohesive failure within the coating.

Roughness increases the surface area, but calculation of external
stress is not affected because its component in the tensile, pulling off,
direction does not change when the local slope is not perpendicular to
the stress. However, the increase in area developed by the roughness
results in more bonds (of any type) between the two materials over a
unit (projected) area [60]. The interfacial energy, G, becomes larger,
i.e. rG, making the fracture stress increase by a factor of √r. Using the
values of r in the tables above shows that G might increase by 25 % and
thus increase the fracture stress by 12 %, which is not a very substantial
effect. Developed surface area values found elsewhere for a variety of
surface treatment techniques [69] are similarly all fractional with the
largest, 49 % (equivalent to an increase in fracture stress of 22 %),
resulting from grit blasting. As stated above, if the tensile pull-off ad-
hesion method is insensitive to the interfacial forces, then this effect of
surface roughness may not be apparent in this form of conventional
testing. Roughness probably has a greater effect in how the local slope
affects the mixture of loading, or failure, modes.

Fig. 4 shows that the loading will have a greater component of Mode
II at steeper angles, increasing with sin (ψ). Rough interfaces engage
this mode more than smooth interfaces so the energy (or force) neces-
sary to cause interfacial joint failure will be enhanced, and thus in-
crease the measured value of adhesion. A quantitative comparison of
Mode I and Mode II toughness, G, has for an epoxy on an aluminium
alloy, GMode I =1.0 kJ m−2 and GMode II =5.4 kJ m−2 [70], so it is

indeed more difficult to have a failure in Mode II loading. It is accepted
that mechanical energy required to cause a crack to propagate is not
only much larger than the thermodynamic work of adhesion, but also it
increases as the fraction of Mode II loading increases [65].

At an angle, the component of the force in the Mode I direction,
perpendicular to the interface, will be diminished according to cosine
(ψ) in Fig. 4. Depending on the material, there may be an angle above
which that stress component is reduced enough to avoid interfacial
failure by tensile opening, thus strengthening the mechanical adhesion.
Using a value of 33 degrees, representative of the example surface
presented earlier, the force in the Mode I direction would be 84 % of the
pull-off force and the component along the interface would be 55 % of
the overall value. It is tempting to say that we could calculate the
average profile angle that would be necessary to protect a particular
coating-metal combination in this way but measuring the necessary
mechanical and adhesive properties of any polymer-substrate combi-
nation would probably be too laborious.

5.4. Peeling and surface roughness

An adhesion failure via peeling does not need the high forces that
the tensile test does because there is only a line of disbondment rather
than an area and the deformation of the coating, in principle, remains
constant as the peeling progresses. In general, one measures the force,
F, necessary to peel the coating of width, w, from the substrate. If the
coating is peeled perpendicularly to the substrate, then,

= −
F
w

G UInternal

This equation is derived from a simple energy balance [71,72]. G,
again, is the energy required to overcome adhesion (although its value
will be very different from that in the pull-off test) and UInternal is in-
cluded again to show how the effect of curing shrinkage strain energy
would diminish the adhesive strength. In fact, the mechanics of peel
testing are complex and, as for the pull-off test, the results are domi-
nated by the mechanical properties of the polymer [73]. However, in
this case peel strength depends linearly on G (and thus rG), so the in-
crease in surface area developed by roughening, and the concomitant
increase in the number of interfacial bonds, should have a greater effect
than it does on pull-off measurements, and thus be more important and
observable.

Peeling experiments are done in several variants, e. g. double can-
tilever beam, wedge test, four-point bending, blister test etc. and fo-
cuses on steady-state propagation of a crack rather than on its initiation
and it can be done at very low rates. Experiments done over a range of
speeds demonstrate that at very slow rates, the energy required to
overcome adhesion gets much closer to the thermodynamic work of
adhesion [58,60,61] than does the pull-off test, but as pointed out
earlier, any adhesion test involves more work than just against the in-
terfacial forces between neighbouring molecules.

Peel failure load, F, has been shown to increase with surface
roughness [74,75] but, like all experiments examining failure, peel test
results show a considerable experimental fluctuation and it can be

Fig. 5. Fracture modes. Mode I: tensile opening; Mode II: in-plane shear; Mode II: out of plane shear. The arrows indicate the relative movement of the components.
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difficult to separate the effect of roughness from changes in surface
chemistry, depending on how the metal surface was treated. There are
several studies of adhesion on surfaces with carefully controlled or
patterned roughness [76] that show an increase in interface toughness
when grooves are closer together and when they are deeper, attributed
to deformation of the adherends and their cohesive failure [77]. These
experimental studies all show that interfaces are stronger when the
roughness features are steeper. There are many theoretical mechanical
analyses which show how idealized surface profile features (steps, tri-
angles etc.) increase the stress or energy necessary to cause a failure to
propagate via mixed mode loading and diversion of the crack into the
polymer where crack blunting can act [65,68,78–80]. These all show
that the reinforcing effect is greater as the overall steepness of the in-
terface increases.

In general, descriptions of the effect of loading modes deal with
geometry, not the absolute size of the features. If the size of the yield
zone for the polymer [49,78] is larger than the features at the interface,
then the effect of each loading mode is averaged in some way with the
effect of the others, but the benefit of engaging Mode II would still be
present. This should also occur on a surface that has nanoscale features
because the stress on even one molecular bond depends how it shares
the load with others and the direction of the load.

It is in the peeling mode of adhesion that the effects of peak height
and peak spacing might be best identified on roughened interfaces.
Details, not accessible through experiment or idealized analysis, can be
found in computational stress analysis of roughened interfaces. Finite
element analyses of peeling at interfaces with sinusoidal profiles have
shown that increasing the peak-to-valley height slows crack growth in
elastic materials [81,82]. The analyses show that there are stress con-
centrations near the sharper turns in the profile, but the overall result is
that joint strength is improved as the ratio of the amplitude to the
spacing of the peaks increases, i.e. by steeper profiles. When plasticity is
allowed in the material properties, crack blunting [78,83] is seen when
highly localised deformation occurs in the polymer at the crack tip.
Effectively the joint is toughened. When the surface profile has small
peaks distributed on the larger peaks, it is the larger features that seem
to dominate the toughening of the interface through crack blunting
[84].

A roughened surface enables a greater number of bonds between the
materials, Mode II loading and there is more chance for the stress en-
ergy or crack to be limited by the polymer. These aspects are functions
of shape variations along the interface and do not depend on the ab-
solute height, or depth, of the profile. The absolute height of the profile
and the absolute coating thickness are decided by other issues. It is
difficult to find an experimental study of the effect of roughness on
adhesion that quantifies the effect of the coating thickness since the
focus is usually on the interface. Computational studies focus on the
profile at the interface with material boundaries that are far away and
do not influence the stress fields. It is clear, nevertheless, that a sub-
stantial profile height tends to give a higher apparent adhesion value
than less. Wetting sets limits on the ramification of the substrate.
Remote from the interface, increasing the penetration of the metal into
the polymer coating by having higher peaks strengthens the joint and
the coating against external forces, including adhesion testing. The
thickness of the coating (and thus the profile height) is determined by
the requirements of being a corrosion barrier. As mentioned above, a
practical example of a high profile and Mode II loading is the finger
joint approach to joining shorter lengths of wood. Other examples are
ground anchors and rock bolts which rely upon perpendicular holes
which are deep compared to their diameter in order to achieve the
anchor strength [85,86].

5.5. Soft coatings

Some protective coatings are comparatively soft. A contribution to
the resistance at an interface that is not a function of the interfacial

forces, is cavitation, which plays a considerable role in the performance
of soft pressure sensitive adhesives [87]. Above a critical stress, cavities
form in the soft adhesive in an analogous way to cavitation in liquids,
e.g. around ships’ propeller surfaces. A rough surface might also already
have entrained voids and air pockets which may expand in the cavi-
tation process. Within the variation of crosslinking density in pressure
sensitive adhesives the cavity is a pancake shape for those having
higher cross-linking density (stiffer) [88]. Such cavities spread quickly,
since the stress is concentrated around their periphery, and coalesce as
external load increases, bringing failure at a small strain within the
polymer layer. Presumably changes in slope on the surface profile
might slow the enlargement of these pancake-shaped cavities in the
same manner as above when the change in slope brings Mode II into
play rather than a simple Mode I. This phenomenon occurs in softer
pressure sensitive adhesives, with molecular weight between cross-
links> 104 [89]. Materials with higher crosslink density seem not to
engage this mechanism so this will not be a factor for the harder
coatings, e.g. epoxies or polyurethanes, used as protective coatings. In
soft coatings, cavitation will contribute to the value of adhesion mea-
sured but have very little to do with the interfacial bonding that might
affect the diffusion of water and ions along the interface.

There is no single characteristic of a surface profile that determines
its influence on adhesion. At the interface, an increased surface area
increases the number of bonds and steep angles at the interface engage
Mode II loading. If the average angle and the developed surface area are
not explicitly available from profilometry, two commonly measured
quantities, Ra and peak density (peaks/length) can be easily combined
to calculate an approximation for them.

5.6. Water and the interface

Corrosion creep from a gap in the coating always seems to be more
rapid than corrosion starting under the coating barrier. One study that
quantified the two paths found that the diffusion coefficient of water
through a coating [3] was 6×10−13 m2/s, but the diffusion coefficient
of a sodium ion along the interface between the same coating and a
(smooth) metal substrate was 100 times faster, 6.4× 10-11 m2/s [4].
That work determined that transport of ions controlled delamination
kinetics but the action of ions requires the transport of water, as well.

5.7. Molecular scale

If they do not self-passivate, rough metal surfaces can corrode faster
than smooth metal surfaces [90] because they have a larger surface area
accessible to the environment and atoms at steps on a metal surface can
be attacked more easily but the presence of a coating changes the local
electrochemistry and access to the surface. The advance of water mo-
lecules between polymer and metal will be governed by a process that
depends on the compatibility of the water with the materials on either
side and the entropy increase permitted by the mobility of the polymer
in the coating (if we assume that the metal side is impenetrable). A
water molecule could not move into a location unless the polymer
segment there had moved away.

An approximate way to look at compatibility in this situation is to
consider the Bjerrum length, λB, of a material [91]. This is the distance
over which the electrostatic interaction between two charged species
diminishes to become comparable to thermal energy kBT (kB = Boltz-
mann constant and T temperature in Kelvin). If the charges are closer
than λB then electrostatic forces control charge movement; if further
apart, then random thermal motion dominates. For singly charged ions,

=λ e
πεε k T4B

B

2

0

e = electronic charge
ε0 = permittivity of vacuum
ε = relative permittivity of the material
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The relative permittivity of a crosslinked coating polymer might be
ε=5, approximately. In this case, the Bjerrum length is 11 nm at
normal ambient temperatures (300 K), but the distance between polar
groups on a typical epoxy or urethane polymer binder will be much
closer, helping the hopping of a charged molecule or ion to a neigh-
bouring polar group on the polymer at the interface. Partial charges on
a polar group in a polymer and on the water molecules in the gap will
be a fraction of the electronic charge, so the Bjerrum length will be
reduced from 11 nm, but polar groups on an epoxy or urethane are
probably still dense enough to permit charge hopping. If the material on
the other side of the interface is a metal, or an oxide or hydroxide, then
polar groups on that side will be very close together compared to the
density on the polymer side so the migration of water along the inter-
face is probably strongly encouraged by the metallic side as well. The
compatibility of the interface provides an enthalpic contribution to how
the water can spread there. The very species that are employed to en-
hance the adhesion of a polymer, polar groups etc., may have a dele-
terious effect in the longer term because they are compatible with water
[43]. The connection between adhesion and corrosion protection is not
simple especially since the two phenomena are usually measured at
different times and under different circumstances.

It is well known that crosslinked polymers contain many defects
[92] but, as pointed out earlier, the polymer at the interface probably
did not form even as well as the polymer in the bulk, so the interface
will provide molecular scale defects that provide more opportunity for
the faster diffusion of water etc. [93] and, in the absence of strong
interfacial interactions, polymer segments there may be more mobile
thus allowing the entropy of the water molecules to increase through
their diffusion across the interface. This weak boundary layer and the
polarity of the materials on either side of the interface provide ready
(entropic and enthalpic) explanations for why water and salt diffuse
across the interface so much faster than they can diffuse through the
bulk of a barrier coating.

In principle, both an immobile polymer (higher glass transition
temperature) [43] and nonpolar materials at the interface will slow the
diffusion of water and other species along the interface. Modern, low
VOC, strong, highly adhesive polymer coatings, which are easy to
apply, use crosslinking chemistry which implies polar or hydrogen
bonding materials. This might be counterproductive in the sense of
compatibility for the long term diffusion of water and ions along the
interface but, on the other hand, sufficient crosslinking should also
reduce the polymer and electrolyte mobility at the interface.

5.8. Macroscopic scale

A simple, but instructive, thermodynamic description for the sta-
bility of an adhesive bond in the presence of a liquid was developed
some time ago [94]. If water wets both adherends then the dry adhesion
forces between them are replaced by interactions of each surface with
water and only the water provides a force holding the joint together.
Adhesion between a metal (hydr)oxide surface and a typical, somewhat
polar, organic polymer coating is almost certain to be completely dis-
rupted eventually by water. Adhesion at an interface between hydro-
phobic materials would be stable [95] because water would not intrude
between them. Many commercial metal surface treatments decrease the
hydrophilicity of the metal surface as well as passivating it and making
it rough, both of which improve the environmental durability of the
coating – metal interface.

The Griffith equation, Eqn. 2, also shows several other reasons why
adhesive strength is reduced if liquid water is present. Modulus, E, will
be reduced via plasticization. If water wets the adherends then, as
discussed previously, the interfacial energy, G, is much reduced. Any
flaw from which fracture propagates, c, may be larger when water is
present, e.g. an incipient blister. Swelling stress induced in the polymer
by the water, will mean that less external stress is necessary to over-
come the adhesion. Pull-off adhesion is very sensitive to the presence of

water and a low value in the field in wet conditions is an indicator of
water intrusion. After drying, restoration of good adhesion is en-
couraging but it is probably true to say that any signs of water affecting
adhesion indicates a strong possibility of corrosion in that joint in the
future, since the metal and the polymer probably suffered permanent
changes.

6. Roughness and corrosion

6.1. The advance of corrosion

The rate of corrosion creep under a coating is difficult to follow but
various techniques have been applied, e.g. infrared spectroscopy [96].
Scanning Kelvin probe microscopy does not detect water or electrolyte
ingress directly but has been used to track the delamination front under
a coating via the change in work function caused by water and ions
[4,63,97,98].

Quantification of substrate roughness is sometimes also presented
when the spread of corrosion is studied [99,100]. Other studies link
corrosion spread with surface profile although it is sometimes difficult
to separate the effect of variations in physical profile from simultaneous
variation in surface cleanliness or surface treatment [8,10,12,69,101].
One study evaluated adhesion by peel strength and demonstrated a
correlation with rate of electrolyte ingress [98] using scanning Kelvin
probe microscopy. Where trends are measured, regardless of the in-
strumental technique or the materials or the interface roughness, the
spread of corrosion or its surrogate, e.g. delamination, usually follows
the square root of time, t1/2 [2,63,69,96–99,102].

Dependence on the square root of time is the characteristic of simple
diffusion behavior:

〈 〉 =x nDt22 (3)

Where:
x = displacement
n = dimensionality
D = diffusion coefficient
Penetration of liquid into a capillary, which is like penetration be-

tween a substrate and a coating, also has t1/2 dependence according to
the Washburn equation. However, rates of delamination [99] do not
match calculations using the Washburn equation if one uses values of
surface tension and viscosity etc. typical of bulk water. In fact, there is
no guarantee that corrosion in a confined space will be initiated
through commonly accepted electrochemistry [103] and one must also
be aware that the structure of water confined in 2 dimensions at an
interface is still the topic of research and may not have the values of
physical parameters that are typical of bulk water [104,105].

The spread of water, ions and, presumably, corrosion depends on
the overall path length for their diffusion at the interface [9,63,99]. If
the time for corrosion, or delamination, to reach a location depends on
the square of the distance travelled, eqn. 3, then surface roughness has
an effect equal to the square of the increase in length of the interface
profile, i.e. tortuosity squared. On an isotropic surface, this would be
equal to the developed surface area ratio, r. Values of r, for the surfaces
in Fig. 1 and 2 and tables 1 and 2, were ∼1.25 %, so, in these examples,
the spread of corrosion would be slowed only 25 % over the rough
profile. The developed surface area ratio may affect the rate of corro-
sion creep and the apparent adhesion strength, but through different
mechanisms.

Another possibility, for how surface roughness affects corrosion
creep, stems from combining ideas proposed for the process of cathodic
delamination [2,106] and the loading mode ideas discussed earlier. In
cathodic delamination, loss of adhesion opens a crack somewhat ahead
of the extent of corrosion wherein water and salt advance. The coating
is peeled from the metal by several mechanisms where corrosion oc-
curs. Corrosion products are almost always less dense than the metal, so
corrosion pushes the coating away from the metal; polymer at the
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electrochemical cathode on the metal is often hydrolyzed and thus loses
adhesion. In addition, any swelling of the polymer coating by the water
produces a stress that also aids delamination and may even buckle the
overlying coating film.

The advance of delamination should be controlled by changes in the
slope at the interface and whether the delamination stresses are acting
in Mode I or Mode II, as in the prior discussion. If the angle of the
interface changes from where the corrosion is currently forcing the two
materials apart, the crack ahead of the corrosion must be restricted by
the need to overcome the Mode II component where the gradient
changes, as in Fig. 6. Presumably, this slows the lateral progress of
corrosion over the metal surface.

In addition, if this delamination crack enters the polymer, the water
and salt would be diverted away from direct contact with the metal.
Entering the polymer may also “blunt” the delamination, as discussed
earlier, so delamination might be halted. A rough surface profile, via
fracture mode mixity, may slow the spread of corrosion.

If the topography of the abrasive-blasted surface were isotropic and
random, the spread of corrosion would still proceed with approximately
random-walk kinetics, i.e. (time)1/2 because the slope changes would be
at random places, in random directions [107].

In common with the connection between adhesion and surface
roughness profile, the two profile parameters that seem most likely to
connect the rate of corrosion creep with roughness are the increased
path length (squared), given by r, and the average slope of the profile
(and its variation) where surface direction changes introduce Mode II
loading which hinders cathodic delamination.

Conventional measurements of adhesion are essential to establish
the quality of the coating application and curing process and are very
sensitive to the presence of water. Current methods of measuring ad-
hesion of cured coatings may well be affected by the interfacial profile
but results are determined at a distance from that interface and the
influence of that interface is obscured by mechanisms within all the
materials between the measurement device and the interface. Corrosion
involves reactions at the interface and the spread of corrosive species is
controlled by the properties of the solid coating molecules at, or near,
that interface and the interface topology. The spread of corrosion and
coating adhesion may both be affected by same characteristics of the
surface profile, but there is no exclusive and simple link.

7. Summary

Despite the plausible idea that the adhesion of a coating must be
linked to its ability to restrict the rate of corrosion on a metal substrate,
it is very difficult to find a quantifiable link. One basic problem is that
adhesive interactions and corrosion occur at the interface on a mole-
cular scale, but solids’ adhesion is measured macroscopically and re-
motely from the interface. Results from typical adhesion measurements,
even peeling, are dominated by the mechanical properties of the
coating and are thus insensitive to the interfacial forces between
coating and metal.

Peel testing is usually very difficult to perform for a coherent, solid

coating that adheres well to the substrate. However, the pull-off test is
comparatively easy to do and is a good indicator of overall coating
integrity and whether water has intruded. A macroscopic measurement
of adhesion may give a value that seems good, but corrosion may still
be present in small regions, so good adhesion values are not completely
reliable predictors of long-term protection.

Increased surface area developed by a roughening process means
that there can be more interfacial bonds over a given span but pull-off
stress depends only on the square root of that relative increase. The
effect of that relative increase will be seen more readily in peeling
adhesion because the peel force increases linearly with the interfacial
energy. However, a roughened surface also increases adhesion because
the external force must overcome Mode II shear loading on the inclined
planes of the profile where also the Mode I stress component is di-
minished. Ever steeper inclinations on the surface would help the me-
chanical adhesive strength, but there is a practical limit to what abra-
sive techniques can achieve and it is difficult for liquid paint to
penetrate completely into steep valleys. The terms “interlocking” or
“anchor pattern” might imply dovetailing features on a surface and so
can be slightly misleading where the term “interdigitation” is probably
more descriptive. Although the focus here is on coating-substrate ad-
hesion, similar factors must connect particle topography to pigment-
polymer adhesion. Overall coating strength and toughness, as re-
inforced by the substrate, increases when the metal intrudes into the
coating; how much this can be permitted is related to the thickness of
the coating required for barrier properties. Compromise is necessary in
choosing an optimum, practical surface profile.

An interface that changes slope also provides opportunity for frac-
ture to be diverted into the coating, away from the materials’ interface.
There the dissipative properties of the coating absorb mechanical en-
ergy and may reduce it below the level necessary for fracture. If a
roughened surface profile causes the failure to be within the coating,
not at the interface, the connection between the characteristics of that
surface profile and the result of an adhesion test must be diminished.

The increased surface area of a roughened interface slows the dif-
fusion of water and corrosive ions according to the square of the re-
lative increase in path length. On a randomly roughened surface the
relative developed surface area should correspond to this. However,
this slowing of corrosion creep might not be a usefully large effect
because the relative increase in surface area developed by typical
abrasive-blasting is only a fractional change, not a multiple. Changes in
slope on a rough surface may be effective in slowing cathodic delami-
nation by an additional mechanism. In standard descriptions of
cathodic delamination, a crack ahead of the rusted region is envisioned
within which water and electrolyte spread. This crack might be slowed
when the delamination opening stress, which would be largely Mode I,
is forced by a change in direction of the surface to overcome Mode II
resistance as well. The delamination may also be slowed (blunted) if it
is diverted into the polymer coating, which will also remove the cor-
rosive species from direct contact with the metal. If these ideas are
correct, both corrosion creep and apparent adhesive strength are im-
proved by the increased surface area and changes in slope on a rough

Fig. 6. Coating delamination by corrosion processes changes from mode I opening to a mixed mode where the direction of the surface profile changes.
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surface. However, any correlation between corrosion protection and
adhesion data is unlikely to be simple.

Developed surface area and profile gradient are linked and depend
on the shape of the profile, not on the absolute size of the height var-
iation. These parameters should be measured in addition to the height
and peak density characteristics more often measured as quality control
of surface abrasion. In fact, if peak height is multiplied by peak density
the resultant quantity could be a useful comparative expression of the
slope of the surface and thus the increased surface area. The average
angle of a surface and the developed surface area can both be calculated
more directly from the data recorded by a stylus profilometer. They
could also be determined by careful measurements of the contact angle
of a liquid coating analogue on the rough profile and on a smooth
surface of the same material.

There do not appear to be simple criteria for choosing the best
polymer coating. Inevitable imperfections deriving from film formation
at an interface and the polarity of typical polymer coatings and metallic
surfaces mean that water and electrolyte will diffuse across the inter-
face faster than they can diffuse through a polymeric, barrier, coating.
One approach would be to try and make the coating and the metal
surface as hydrophobic as possible. On the other hand, the polarity of a
coating, a result of crosslinking chemistry, improves adhesion, rigidity
and other properties. One can appreciate the interest in surface profile
as a separate route to improve adhesion and corrosion protection in-
dependent of composition. There is another compromise, between a
glass transition temperature that denotes some toughness and crack
blunting ability, i.e. Tg ∼ Tservice, and avoiding mobile polymer seg-
ments at the substrate that would allow water and salt to diffuse easily,
i.e. Tg> Tservice. Increasing interfacial adhesion strength is not the only
way to impede diffusion of water and electrolyte along the interface,
another approach is to increase the intrinsic rigidity of the polymer
segments at the interface. Other, obvious factors that influence coating
composition are that the polymer must resist environmental attacks,
e.g. photodegradation. Any paint formulation must be mobile and ea-
sily wet the surface of the metal. Polymer coatings, like all material
technologies, necessitate compromise.

There is no simple connection between adhesion test results, cor-
rosion creep and surface profile. Protection of a metal using an organic
coating is not only linked to adhesion but also other properties of the
coating and the metal. Achieving improved corrosion protection re-
quires greater understanding of how the bonds between coating and
substrate impede the passage of water and electrolyte along the inter-
face. There is no experimental technique available at present that can
examine that interface directly so computer simulations are probably
the most promising possibilities for better understanding, at present.

This review has tried to elucidate how a rough surface increases the
apparent adhesion measured at any time and slows corrosion creep, but
that does not guarantee survival in long term exposure to an aggressive
environment. Significant, additional longevity can be achieved by
changing the chemistry of the metal and the polymer at the interface for
which there are many possibilities, both commercial and in research.
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