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ABSTRACT: Silicone elastomer coatings are currently
being investigated as foul release coatings on ships hulls.
Previous tests on silicone duplex elastomer coatings used
a progressive load scratch test. It has been shown that the
durability of uniform silicone duplex elastomer coatings is
a function of thickness, indentation modulus, and stylus
and that the failure mechanism depended on coating
thickness and stylus. When applying silicone coatings to a
ship’s hull, there are regions on the ship where the coating
is not uniform. This article investigates the effect of a
thickness gradient on the durability of a single layer sili-
cone elastomer coating. In these tests, a constant normal
load was used as the stylus moved transversely to the sur-
face. It was found that when the scratch test started in the
silicone coating and proceeded in the direction of decreas-
ing coating thickness (‘‘Elastomer to Metal’’), there was

first a scratch tract followed by the initiation of detach-
ment of the coating, then by gross detachment of the coat-
ing. When the scratch started on the exposed aluminum
surface and proceeded into the silicone in the direction of
increasing coating thickness (‘‘Metal to Elastomer’’), there
was first gross detachment of the coating, followed by re-
covery (i.e., silicone coating is intact) and a scratch tract
into the silicone. It was also found that the coefficient of
friction was much higher in the silicone when the scratch
test was going in the direction of decreasing coating thick-
ness as opposed to the scratch test going in the opposite
direction. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
2978–2986, 2012
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INTRODUCTION

Silicone-based elastomer coatings are being investi-
gated as foul release coatings. It has been shown
that the foul release properties are dependent on the
elastic modulus, work of adhesion, and coating
thickness.1–3 In assessing these coatings durability as
foul release coatings, progressive load scratch testing
(normal force increasing as sample slides) have been
performed on coatings with uniform thicknesses.4–6

The parameter that was used to quantify the dura-
bility4,6 for silicone bi-layer coatings was a critical
tangential force, Tc. The critical tangential force is
the value of tangential force which precedes a dip in
the tangential force versus normal force plot and
corresponds with the onset of failure. It was shown
that Tc increased as both the top coat and bond coat
thickness increased such that

Tc ¼ a1tt þ a2tb (1)

where a1 and a2 are constants, and tt and tb are the
top coat thickness and bond coat thickness, respec-
tively. It was also observed that there were two
types of failure mechanisms depending on stylus
geometry and bond coat thickness.4 One failure
mechanism was tearing of the top coat. This was
associated with sharper stylus and thin bond coat.
The other type of failure mechanism was bond coat
detachment from the substrate. This was observed
when a blunted stylus was used on thicker bond
coats. At intermediate bond coat thickness both
failure mechanisms were observed. The durability
was also found to be dependent on the modulus of
elasticity.6

When applying a coating on a ship’s hull, there
will most likely be regions in the coating which do
not have a uniform thickness.7 It has been shown
that the release behavior is dependent on the thick-
ness gradient of the coating.8 It is the purpose of
this study to determine the effects of the presence of
a thickness gradient on the durability of a single
layer silicone coating.
Of special importance for this work is the model-

ing of multiaxial indentation tests. There exist
numerous works for the analysis and simulation of
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these experiments, usually referred to as scratch or
tribo tests.9–17 Here, typically a diamond stylus (nor-
mally spherical diamond tip geometry) is utilized to
apply a normal load, N, onto the sample surface.
Simultaneously, the sample is displaced at a con-
stant speed while the load is increased. At some
point, the resulting stresses cause failure like frac-
ture or plastic deformation, resulting in flaking,
chipping at the coating–substrate interface or
between the coatings finally leading to complete
delamination of the coating. The tangential critical
force (Tc) at which a specific failure event occurs can
be recorded from the fluctuation in the tangential
force, from the acoustic emission signal, or can be
observed as specific surface deformation in the opti-
cal microscope. Tc can also be detected as a disconti-
nuity (step) in the postsurface scan. It is obvious
that in addition to the normal force, the indenter ge-
ometry applying that force, the surface, and the
interface geometry of the coating–substrate system
are variables which influence the result of the test.
In previous studies, the complexity of the test initi-
ated numerous investigations to elucidate the scratch
process in more detail. Coating adhesion and aging18

and the correlation between hardness and adhe-
sion19 were studied. Theoretical explanations of the
scratch test based on an energy approach20 and the
interfacial surface energy and elastic constants3 were
also derived. Additionally, models of the scratch test
were developed. Burnett and Rickerby21 modeled
the stresses generated during the scratch test as a
combination of an indentation stress field, a fric-
tional stress field, and the residual (internal) stress
present in the coating. Based on this model, Bull
et al.22 demonstrated the importance of each of these
stresses in determining the levels of adhesion for a
number of titanium nitride coated substrates. Finite
Element Modeling (FEM) was used in the
approaches of Hegadekatte, Huber and coworkers9–
11 to simulate tribological tests, like pin on disc. Of
outstanding importance and quality, however, are
surely the contributions of Holmberg et al.12–17 Here
also FEM was used to investigate scratch tests, not
only with respect to stresses and strains occurring
during the scratch but also with respect to material
deformations, the influence of coating thickness, and
Young’s modulus as well as the question of fracture
toughness calculation and the influence of residual
stresses.

Unfortunately, all these models are numerically
based (FEM or Boundary Element Method) and thus
can neither be inverted in an easy manner nor do
they allow the necessary quick evaluation on suffi-
ciently simple computer systems to investigate com-
plex coating systems used in the industry as an ‘‘ev-
ery day test.’’ That is why one of the authors in the
present study (Schwarzer) has developed three-

dimensional general contact solutions for layered
materials applicable for arbitrary normal, lateral, tilt-
ing, and twisting loads.23,24 These models are com-
pletely analytical. As a drawback, the models are
completely elastically based, but this has been com-
pensated for by measuring and incorporating the re-
sidual indentation depth into the model. This is pos-
sible by the so called ‘‘effective indenter concept’’ on
which also the classical Oliver and Pharr method for
the analysis of nanoindentation data25 is based.
However, for layered materials and multi-axial in-
dentation (scratch) an extension was required. This
extension is due to the well established fact, that the
classical Oliver and Pharr method25 and thus its
‘‘effective indenter concept,’’ as an approach based
upon the model of a completely homogeneous half
space, cannot directly be applied to layered materi-
als and small structures [e.g., 26]. Already in 199527

Pharr introduced the ‘‘Concept of the Effective In-
denter’’ and refined it in a series of wonderful publi-
cations until in 2002 and 2004 two papers about
‘‘Understanding of nanoindentation unloading
curves’’28,29 were published. In 2004, one of the pres-
ent coauthors (Schwarzer) developed an approach
solving not only the problem for the mechanical con-
tact of an indenter with general shape of symmetry
of revolution as theoretical basis for the ‘‘concept of
the effective indenter,’’ but also to extend this solu-
tion to layered structures.30,31 It is beyond the scope
of this article to repeat the structural basics of the
model or to demonstrate its application for multi-
axial contact simulations or the method of extracting
true coating parameters. Thus, the reader is referred
to a variety of references published together with
Pharr, Bemporad, Derby, Griepentrog, Chudoba,
Richter and many others.6,32–44 Among these are:

• determination of yield strength of homogeneous
materials via nanoindentation with sharp
indenters30,45

• determination of true Young’s modulus and
yield strength of ‘‘standard’’ coating materials
via nanoindentation with sharp indenters32–37

• determination of true Young’s modulus and
yield strength of coating materials of ultra thin
coatings with thicknesses well below 100 nm via
nanoindentation with sharp indenters38,39

• determination of true Young’s modulus and
yield strength of unusual or tricky coating mate-
rials via nanoindentation with sharp inden-
ters6,41–44

• determination of true Young’s modulus, yield
strength, and residual stresses of coating materi-
als via nanoindentation with sharp indenters.23

Finally, an extension of the analytical contact solu-
tions to arbitrary lateral, tilting, and twisting loads
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was developed to allow the simulation and analysis
of more practical experiments like scratch and tribo
tests.24,25 For practical use, these results have been
incorporated into most flexible software packages
allowing quick and quite comfortable modeling,46,47

namely FilmDoctor which has been used in the
‘‘Model of Thickness Effects on Coefficient of Fric-
tion’’ section of the present article.

EXPERIMENTAL METHODS

Aluminum 6061 block with the dimensions 50 mm
� 75 mm � 10 mm were milled to produce the fol-
lowing angles: for Sample A, y ¼ 2.862�; for Sample
B, y ¼ 4.289�; and for Sample C, y ¼ 5.711� (refer to
Fig. 1 for definition of y), then glass bead peened.
The inclined surface was then coated with a thin
layer of primer coating (WackerV

R

Primer G 790). A
layer of masking tape was used to surround the
inclined surface to serve as a bath to pour the
uncured silicone (Dow Corning Corp.’s SylgardVR

184). The silicone was poured into the bath to a level
at which the surface was still inclined. The silicone
was then allowed to cure to form the silicone elasto-
mer coating.

A CSM Instruments Revetest (S/N 01-2617) was
used to perform the scratch testing. The aluminum
substrates were attached to the steel mounting pucks
using a quick drying adhesive. The pucks were in
turn mounted on the Revetest using pins on a uni-

versal sample holder as shown in Figure 2. A 6-mm
100Cr6 steel ball was used as the contact stylus. A
constant normal load of 20 N was applied while the
stylus moved transversely across the silicone coating
at a speed of 50 mm/min. The length of the scratch
tract was approximately 8 mm. The data acquisition
rate was 10 Hz.
Two sets of three scratch tests each were per-

formed near where the silicone meets the exposed
aluminum on each angled sample (see Fig. 1). For
one set, the scratch test started in the silicone coating
and proceeded in the direction of decreasing coating
thickness. This set of tests will be referred to as
‘‘Elastomer to Metal’’ in that the scratch starts in the
silicone and proceeds to the exposed aluminum sur-
face. For the other set, three scratch tests were per-
formed starting on the exposed aluminum surface
and then proceeding into the silicone in the direction
of increasing coating thickness. This set of tests will
be referred to as ‘‘Metal to Elastomer.’’

RESULTS AND DISCUSSION

Pictures of the scratch tract and plots of the coeffi-
cient of friction (¼ tangential force � normal force)
were matched. In other words, the location along the
scratch tract corresponds to the same location on the
coefficient of friction plot. Typical scratch tract pic-
tures and corresponding coefficient of friction plots
for the ‘‘Elastomer to Metal’’ (direction of decreasing
coating thickness) and ‘‘Metal to Elastomer’’ (direc-
tion of increasing coating thickness) are shown in
Figures 3 and 4, respectively. From Figure 3, when
the scratch begins in the silicone the scratch tract
starts almost immediately at the beginning (location
Lc4 on picture) of the test. The coefficient of friction
at this location is the maximum value in the silicone
coating before the initiation of detachment occurs
and is designated here as lmax. The scratch then pro-
ceeds until the initiation of detachment of the

Figure 1 Schematic of silicone coating with thickness gra-
dient on a milled aluminum block.

Figure 2 A sample as mounted (left); a sample after testing, showing scratch numbers and direction (right).
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coating from the aluminum (location Lc3 on picture)
or when the aluminum surface is first observed. The
coefficient of friction at this location is designated as
linit. This is followed by the onset of gross detach-
ment of the coating (location Lc2 on picture),
defined here as when there is large amounts of sili-
cone removed from the surface. Location Lc1 in both
figures represent the silicone/exposed aluminum
boundary and serves as the common reference loca-
tion. From Figure 4, when the scratch begins at the
silicone/exposed aluminum boundary (Lc1), gross
detachment of the coating occurs immediately and
ends at Lc2. As the stylus proceeds into the silicone,
there is a point where the silicone remains intact
and adhered to the aluminum. This point is referred
to here as complete recovery and occurs at Lc3. The
coefficient of friction at this location is lrec. As the
stylus proceeds further, it forms a scratch tract in
the silicone that is still intact. Lc4 in this figure cor-
responds to the same location as to where the maxi-
mum coefficient of friction of the intact silicone coat-
ing occurred in the ‘‘Elastomer to Metal’’ scratch test
(Lc4 in Fig. 3). The coefficient of friction at Lc4 in
Figure 4 is referred to as lcorr. Since lcorr is meas-
ured at the same distance from Lc1 as lmax is in the
corresponding ‘‘Elastomer to Metal’’ scratch test,
these values of coefficient of friction may then be
compared to each other.

Another observation from Figures 3 and 4 is that
coefficient of friction decreases as the silicone coat-
ing thickness decreases. This friction dependence on
coating thickness is consistent with previous studies
performed on coatings with uniform thickness4,6 and
was true whether the scratch test direction was in
the direction of increasing thickness (‘‘Metal to Elas-

tomer’’) or in the direction of decreasing thickness
(‘‘Elastomer to Metal’’).
Scratch tracts for Samples A, B, and C for the

‘‘Elastomer to Metal’’ scratch tests and for the ‘‘Metal
to Elastomer’’ scratch tests, are shown in Figures 5
and 6, respectively. A comparison bar chart of lmax

and lcorr is shown in Figure 7. These values are
compared with each other because both of these val-
ues occur at the same location with respect to Lc1. A
comparison bar chart of linit and lrec is shown in
Figure 8. From these two figures it can be seen that
the coefficient of friction is much greater (lmax/lcorr
� 2.6–3.4 at location Lc4) for the case when the sty-
lus proceeds in the direction of decreasing coating
thickness (‘‘Elastomer to Metal’’). For the scratch
tests performed in this direction (‘‘Elastomer to
Metal’’), the presence of an inclined interface results
in the stylus trying to horizontally compress the sili-
cone toward the much harder aluminum. For the
scratch tests performed in the direction of increasing
coating thickness (‘‘Metal to Elastomer’’), the stylus
is horizontally compressing only against the silicone.
It is also observed for each set of tests that the coeffi-
cient of friction decreases as the coating thickness
decreases, as seen in Figures 3 and 4. However, this
thickness dependence is relatively minor when com-
pared to the inclined interface effect.
The distance between the silicone/exposed alumi-

num boundary (Lc1) and the start of gross detach-
ment (Lc2) is defined as d1s (refer to Fig. 3) for the
‘‘Elastomer to Metal’’ tests. The distance between
the silicone/exposed aluminum boundary (Lc1) and
the end of gross detachment (Lc2) is defined as d1e

Figure 3 Typical micrograph of scratch tract and plot of
the coefficient of friction for the set of scratch tests starting
in the silicone coating and proceeding in the direction of
decreasing coating thickness (‘‘Elastomer to Metal’’ tests).

Figure 4 Typical micrograph of scratch tract and plot of
the coefficient of friction for the set of scratch tests starting
on the exposed aluminum surface and then proceeding
into the silicone in the direction of increasing coating
thickness (‘‘Metal to Elastomer’’ tests).
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(refer to Fig. 4), for the ‘‘Metal to Elastomer’’ tests. A
comparison chart of these two distances is shown in
Figure 9. From this chart it can be seen that recovery
from gross detachment happens farther away from
the silicone/exposed aluminum boundary than
where gross detachment begins in the silicone. In
other words, recovery occurs at higher thickness val-
ues than the initiation of the gross detachment when
tested in the opposite direction. It was also seen that
the distance between the silicone/exposed alumi-
num boundary and the initiation of detachment, d2s

(refer to Fig. 3), for the ‘‘Elastomer to Metal’’ tests
was less than the distance between silicone/exposed
aluminum boundary and the total recovery from
detachment, d2e (refer to Fig. 4), for the ‘‘Metal to
Elastomer’’ tests as shown in Figure 10. A possible
explanation for this behavior is that for the ‘‘Metal
to Elastomer’’ tests, the gross detachment occurred
at the start of the tests and therefore subsequent
detachment can occur more readily. In the other
case for ‘‘Elastomer to Metal’’ tests, the detachment
has to first initiate before gross detachment occurs.

Figure 6 Micrographs of the scratch tract for the ‘‘Metal to Elastomer’’ direction showing the silicone/exposed aluminum
boundary, Lc1; end of gross detachment of the coating, Lc2; full recovery, Lc3; and the location referenced from the elas-
tomer/metal boundary corresponding to the location of maximum coefficient of friction in the intact silicone coating for
scratches in the ‘‘Elastomer to Metal’’ direction, Lc4 (Sample A, y ¼ 2.862�; Sample B, y ¼ 4.289�; Sample C, y ¼ 5.711�).

Figure 5 Micrographs of the scratch tract for the ‘‘Elastomer to Metal’’ direction showing the silicone/exposed aluminum
boundary, Lc1; beginning of gross detachment of the coating, Lc2; initiation of detachment of the coating, Lc3; and the
location of maximum coefficient of friction in the intact silicone coating (between the beginning of the test and Lc3), Lc4
(Sample A, y ¼ 2.862�; Sample B, y ¼ 4.289�; Sample C, y ¼ 5.711�).
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Model of thickness effects on coefficient of friction

Using FilmDoctor,46 an indentation analysis was per-
formed to explain the thickness dependence on the
coefficient of friction. The resulting displacement
field and von Mises stress distribution for 1 mm
thick silicone (Sylgard 184—modulus of elasticity, E
¼ 4 MPa,3 and Poisson’s ratio, m ¼ 0.5) elastomer
coating on an aluminum substrate (the indenter is 6
mm steel ball, the assumed ‘‘local’’ friction coeffi-
cient is 0.1, indentation load is 20 N) was evaluated
with the results shown in Figure 11. Next, using the
same indentation load, the same analysis was per-
formed on a 3 mm thick silicone (Sylgard 184) elas-
tomer coating with the results shown in Figure 12.
As can be seen from Figures 11 and 12, the indenter
on the thicker coating settles much deeper into the
material and thus has to climb a steeper and higher
wall. This explains the higher measured ‘‘effective’’
friction coefficient for thicker coatings. It should be
pointed out here, that the effective friction coefficient
has nothing to do with the true local friction coeffi-
cient between the surfaces of indenter and sample,
but is simply the quotient of measured lateral load
and normal load.

The next effect to discuss is the high difference
between the effective fiction coefficients when the in-
denter moves from the silicone towards the exposed
aluminum and from the exposed aluminum to the
silicone. For this a contact solution with inclined or
curved interfaces would be required. Such a solution
can in principle be derived by the means of the
method of the ‘‘hypothetically anisotropic space’’ in
properly chosen curvilinear coordinates.48 However,
as the development of such an apparatus is beyond
the scope of this article and we therefore refer to a
simpler method.
In principle, the contact region could also be

modeled by an array of load-dots as shown in the
Figure 13. With such an array placed on a structure
with an inclined interface with decreasing thickness
in positive x-direction the displacement of the load
dots for x > 0 would be smaller than for those with
x < 0 (as was just proved with the aid of Figs. 11
and 12). This, however, immediately results in an
inclined contact situation (as shown in Fig. 14)
which automatically produces an additional down-
hill slope force in direction of �x adding up to the

Figure 7 Maximum coefficient of friction in elastomer,
lmax, for the ‘‘Elastomer to Metal’’ tests and the coefficient
of friction, lcorr, at the corresponding location of lmax in
the silicone for the ‘‘Metal to Elastomer’’ tests (Sample A,
y ¼ 2.862�; Sample B, y ¼ 4.289�; Sample C, y ¼ 5.711�).

Figure 8 Coefficient of friction at initiation of detachment
of the silicone coating for the ‘‘Elastomer to Metal’’ tests,
linit and the coefficient of friction at full recovery in the
silicone coating for the ‘‘Metal to Elastomer’’ tests, lrec
(Sample A, y ¼ 2.862�; Sample B, y ¼ 4.289�; Sample C, y
¼ 5.711�).

Figure 9 Distance from silicone/exposed aluminum
boundary to the start of gross detachment, d1s, for the
‘‘Elastomer to Metal’’ tests and the distance from sili-
cone/exposed aluminum boundary to the end of gross
detachment, d1e, for the ‘‘Metal to Elastomer’’ tests (Sam-
ple A, y ¼ 2.862�; Sample B, y ¼ 4.289�; Sample C, y ¼
5.711�).

Figure 10 Distance from silicone/exposed aluminum
boundary to initiation of detachment, d2s, for the ‘‘Elasto-
mer to Metal’’ tests and recovery from detachment, d2e, for
the ‘‘Metal to Elastomer’’ tests (Sample A, y ¼ 2.862�; Sam-
ple B, y ¼ 4.289�; Sample C, y ¼ 5.711�).
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lateral resistance being measured as lateral load
and then given out again as ‘‘effective’’ friction
coefficient.
If now the indenter is dragged in direction of þx

(decreasing thickness of silicone) the lateral

Figure 11 Displacement field and von Mises stress distri-
bution for an indentation load of 20 N on a 1 mm thick sil-
icone (Sylgard 184) elastomer coating on an aluminum
substrate. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 12 Displacement field and von Mises stress distri-
bution for an indentation load of 20 N on a 3 mm thick sil-
icone (Sylgard 184) elastomer coating on an aluminum
substrate. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 13 Example of a circular array of load dots.

Figure 14 Displacement field and von Mises stress distribu-
tion for an indentation load of 20 N on silicone (Sylgard 184)
elastomer coating on an aluminum substrate with an inclined
angle of y ¼ 5.711�.[Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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resistance increases because the down-hill slope
force acts against the moving direction of the
indenter.

If the indenter is dragged in direction of �x
(increasing thickness of silicone) the lateral resist-
ance decreases because the down-hill slope force
acts in the moving direction of the indenter.

SUMMARY

It was found that when the scratch test started in
the silicone coating and proceeded in the direction
of decreasing coating thickness (‘‘Elastomer to
Metal’’), there was first a scratch tract followed by
the initiation of detachment of the coating from the
aluminum, then by gross detachment. When the
scratch started on the exposed aluminum surface
and proceeded into the silicone in the direction of
increasing coating thickness (‘‘Metal to Elastomer’’),
there was first gross detachment, followed by recov-
ery (i.e., silicone coating is intact) and then a scratch
tract in the silicone.

It was observed that for the ‘‘Metal to Elasto-
mer’’ tests, recovery from gross detachment hap-
pens farther away from the silicone/exposed alu-
minum boundary than where gross detachment
begins in the ‘‘Elastomer to Metal’’ tests. The dis-
tance between the silicone/exposed aluminum
boundary and the initiation of detachment for the
‘‘Elastomer to Metal’’ tests was also less than the
distance between silicone/exposed aluminum
boundary and the total recovery of detachment for
the ‘‘Metal to Elastomer’’ tests. For both of these
comparisons, recovery happens at higher thickness
values than initiation. For elastomer foul release
coatings with regions containing a thickness gradi-
ent, this means that if a detachment of the coating
occurs in the thin section it may recover as the
coating thickness increases thereby limiting the
amount of damage.

It was also found that the coefficient of friction
was much higher in the silicone when the scratch
test was going in the direction of decreasing coating
thickness as opposed to the scratch test going in the
opposite direction. This was probably due to the
inclined interface effect between the silicone and the
aluminum in that the stylus is horizontally com-
pressing the silicone into the aluminum when the
scratch test direction is the same as decreasing coat-
ing thickness. It was also observed that the coeffi-
cient of friction in the silicone also increased as the
coating thickness increased.
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