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19. ABSTRACT (continued)

To study this loss of adhesion caused by water, a number
of coating/substrate combinations were evaluated. The
coatings were selected to cover a wide range of adhesion
qualities (i.e. differing numbers of primary and secondary
chemical adhesion bonds). The substrates were selected to
provide a variety of different surface oxides. First, the
water disbondment nature of the coating/substrate systems was
determined using a water immersion adhesion test. This test
consisted of removing coated metal coupons from the test
solutions periodically, drying the coating surface and then
measuring the adhesion of the coating to the substrate using a
tape pull-off test., The exposure time, amount of coating
removal and any other observations were recorded. Second, an
internal reflectance FTIR analysis technique was used to
characterize the coating/substrate and coating/air interfaces
for some of these systems., Test specimens for this FTIR
technique consisted of vapor-deposited, thin metal films
coated with the neat polymer. The results from this
investigation showed that systems exhibiting primary chemical
interactions at the interface had a greater resistance to wet
adhesion loss than materials with only secondary interactions.
This result correlates well with the water disbondment theory.
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1. Introduction

Organic coatings have long been used to protect materials
against degradation from the environments to which they are
exposed. They perform this task by providing a physical
barrier against the hostile conditions and also, by chemical
means, through reactive pigments and fillers withian the
coatings. In order to provide this protection, one of the
most important properties of these coatings is adhesion of the
film to the substrate. One problem plaguing these materials
is that the adhesion of many organic coatings to metallic
substrates is adversely affected by exposure to an aqueous
environment. [1-7] Even exposure to high relative humidities
has been shown to cause coating adhesion loss. [2] In most
cases, the adhesion loss is reversible, at least to some
degree, when the coating is allowed to dry. [1,2,4] The
amount of adhesion recovery is dependent on the severity of
exposure and the strength of the specific polymer/metal
interactions. Cathodic delamination studies and coating
blistering studies have shown a loss of coating adhesion
coincident with the presence of water at the coating/substrate
interfrce. [1-7] Using a tape pull-off test on the exposed
coated area immediately after removal from the test solution
or environment produces an area of coating removal that does
not occyr if the coating is allowed to dry. Coating
blistering in an aqueous environment is not always reversible.
In some cases, there is a loss of intimate contact between the
coating and the substrate which prevents the adhesion
recovery. Various mechanisms to describe this phenomenon have
been proposed in the literature, [2,8-12] Recently,
Leidheiser and Funke proposed a chemical/hydrodynamical model
to explain the mechanism behind this water disbondment
phenomenon., [2]

The adhesion of polymeric coatings to metal substrates
has two origins: mechanical and chemical, The mechanical
adhesion of a paint is related to the type of anchor pattern
it forms with the surface of the substrate, This anchor
pattern is based on the physical interlocking of the coating
with the surface oxide. Surface roughness/porosity and
polymer wettability of the substrate are some of the important
properties that affect mechanical adhesion. [13-17] The
chemical adhesion of a coating is based on the type of
chemical bonding between the two materials. The bonds can be
either primary bonds/complexes or secondary London dispersion
or acid/base bonds. [15-18] The type of surface oxide,
substrate cleanliness, type of coating, specific
coating/substrate interactions and cure conditions (i.e.
temperature, environment, etc.) all affect the type of
chemical bonding formed.
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Leidheiser [2] proposes that when a coating/substrate
system is exposed to an aqueous environment, water diffuses
through the coating to the substrate interface under a
concentration gradient. The water molecules move through
pores and capillaries in the coating and accumulate at pre-
existent unbonded areas at the coating/substrate interface.
These unbonded areas have to be of sufficient size to allow
condensation of the water molecules and can be the result of
residual air voids left after coating application, surface
contaminants, pre-existent physically or chemically absorbed
water or dynamic voids resulting from the making/breaking of
surface bonds by segments or polar groups in the polymer. The
existence of a discontinuous or continuous liquid phase of
water has been demonstrated by many authors and is summarized
by Leidheiser and Funke., [2] Water continues to accumulate at
the interface through osmotic forces; and these disbonded
areas grow laterally. These forces are affected by
electrolyte activity, polymer porosity and temperature
gradients, During lateral growth, water molecules displace
the polymer molecules by exerting a peeling force, due to
their increased volume., This hydrodynamic force disrupts the
chemical bonding in these areas and leads to coating adhesion
loss. This phenomenon 1s illustrated in Fi g ure 1., The rate
of adhesion loss is determined by the resistance of the
interface to these increasing water volumes. Many factors
affect the wet adhesion loss of coating/substrate systems.
The most important of these are also shown in Figure 1.

The present investigation characterized the water
disbondment nature of 20 coating/substrate systems using a
water immersion adhesion test. In addition, the interfaces of
selected systems were also characterized using an FTIR
spectroscopy technique; and the results of both test amethods
were correlated with the proposed model.
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2. Experimental Procedures

2.1 Materials

The coating systens chosen for this inve-tipyation
consisted of four polymeric materifals which are licted in
Table 1. These materials were selected because they caver a
wide range of adhesion qualities with respect to theilr tvpe:
of chemical adhesion bonds (primary vs seconiirv), Thev wer
used as neat resins, in order to eliminate any effects due t
plgmentation or any specific pigment-binder interaction-, In
addition, when applied to the substrates, they formed clear
films which enhanced visual inspection during testing, Sote
specific properties of these materials such as water vapor
transmission rates, chemical resistance propertics, etc.
{19,20] are listed in Table I1.

The acrylic was a thermoplastic polymethyv]l methacrvlate
resin in toluene. When applied, this material forms a
polymeric coating by means of solvent evaporation rather than
by a chemical reaction, This material was force-dried in an
oven at 130 C for 30 minutes privr to testing, The chemicnal
adhesion of the resultant film is proposed to be based solelw
on secondary bonding.

The polvbutadiene was used as a solution of a carboxv-
terminated butadiene resin in petroleum distillates, After
application, a clear vellowish film {is formod”by the axidative
cure of the butadiene resin in an oven at 200 C for 230
minutes. The cured polybutadiene film is proposcd tn turm
frimary complexes with the surface oxides depending on the
substrate to which it is applied. !21-24]

The silicone alkyd resin was a silicone-modifiel
medium/long ¢i1l alkyid in a3 solvent blend of VMAD naptha,
toluene and {sobutv]l isobutyrate,. This material cures hyv an
oxidative reaction and, after application, was allowed to ar,w
for a minimum of one week a3t room temperature prior to
testing.

The urethane was produced by reacting a polyester polvol
with hexamethylene diisocyanate, resulting Iin the formation of
an aliphatic polyurethane coating. The solvents present in
the raw materials were ethylene glycol monoethyl ether acetate
and xylene. The coating was allowed to cure by a polyaddition
teaction at room temperature for a minimum of one week prior
t> testing.

Five metals were selected for evaluation in this adhesion
study: aluminum, copper, steel, nickel and lead. Metallic
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test coupons, 2.54 cm x 3.81 cm, were used for the water
immersion adhesion test. Glass microscope slides were also
chosen as a substrate for evaluation in this test., For the
FTIR - ATR analysis, thin metal films (250 to 100 A thick)
were evaporated on carbon-coated glass slides.

2.2 Water Immersion Adhesion Test

The water immersion adhesion test was designed to provide
information about the water disbondment of several
coating/substrate systems that were exposed to varlous test
solutions. The test was performed by totally immersing coated
metal panels in the solutiovns followed by adhesion
measurements on the test panels after different periods of
time,

2.2.1 Specimen Preparation

The metal test specimens were wet sanded with 423 grit
silicon carbide sand-paper to provide a relativelyv uniforn
surface roughness for evaluation, After abrasion, the
specimens were wiped with a cloth soaked in toluene to remove
any loose surface grit remaining from the sanding operation,
A boiling solvent degreasing method was used to remuve any
surface oils or greases, This method consisted of placing the
test coupons in four beakers of boiling solvents. The beakers
contained mineral spirits in the first two, and 95% methanal

and 100% methanol in the next two, respectively, Finally,
they were kept in a desiccator until the coatings were
applied. The glass microscope slides were solvent degreaseld

by wiping them with tissues dampened with methyl ethyl ketane
and isopropyl alcohol prior to coating application. The test
coatings were thinned to 16 seconds in a Zahn #2 cup using the
solvents listed in Table 11 and were applied to the substrates
by conventional air-spravy. Once cured, the edges of these
specimens were sealed with wax to eliminate any edge effects
during testing.,

2.2.2 Test Method

The painted panels were placed in wide-mouth 4 ounce jars

containing the electrolyte solutions, At periodic Intervals,
the specimens were removed from the jars and the coating
surface was Iimmediately dried. Adhesive tap: was applied to

the coating surface with firm pressure and the tape was
removed with a quick pull. Both the time and amount of
coating removed from the substrate were recorded. The failure
time of the specimen was designated as the point at which 50°%
of the coating was removed from the substrate.

~J
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2.2.3 Test Conditions

For the water immersion adhesion test, several variables
were selected for investigation. The variables for the test
specimens were coating thickness and surface preparation,

Film thickness of the coating on the metal coupons was 25 & 5
microns for most of the tests, However, film thicknesses of
up to 60 microns were also evaluated. The effect of surface
preparation was investigated by testing some of the substrates
in an as-received condition (no sanding). The solution
parameters that were varied included pH, ion concentration and
temperature. The test specimens were exposed to solution pH's
which ranged from 2 to 12, The ion concentration was varied
from distilled water to 1 molar solutions of NaCl. In
addicion, several solutions of the same pH were prepared from
different components in order to determine any effects of
ionic composition. Finally, the effect of solution
temperature was evaluated by conducting some tests at both
room temperature and at an elevated temperature,

2.3 Interfacial Analysis

Nondestructive analysis of the interfacial region of an
intact polymer/metal system has long been a significant
problem. Most analytical procedures used by researchers to
study coating/substrate interfaces consist of separating the
two materials and analyzing them Individually. This
information is extrapolated to characterize the nature of the
[ntact system, Recently, however, a nondestructive technique
has been developed at Lehigh University which analyzes an
Intact simulated polymer/metal interface., [21,22] This
technique incorporates an internal reflectance Fourlier
transform infrared (FTIR) spectroscopy technique known as
attenuated total reflectance (ATR) to perform the interfacial
analysis of a polymer/metal specimen. Both the air/polymer
interface and the metal/polymer interface of some of these
systems were evaluated using this technique. This information
provided an insight as to the nature of the polymer-metal
interactions,

2.3.1 Specimen Preparation

Thin metal films were evaporated onto carbon-coated glass
slides, The glass slides were first cleaned in a sulfuric /
nitric acid solution, neutralized with a NaOH solution and
solvent wiped with ethyl alcohol. Next, a layer of carbon was
evaporated on the surface to act as a release agent for the
metallic film. Then, a thin film of metal was evaporated at
10 Torr onto the surface of the slide. This film is
estimated to be 50 to 100 Angstroms thick. Finally, the

SO S . - —
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polymeric material was applied by means of a spin-coater and
cured as stated previously. The resultant coating film was
approximately 10 microns thick. After curing, the
polymer/metal film was peeled from the glass slide; and
specimens were cut from the film and mounted on foam supports
using double-face adhesive tape. Two sets of specimens were
made for each system: one set with the air/polymer interface
showing and the other set with the metal/polymer interface
showing (see Figure 2).

2.3.2 Test Method

A Mattson Sirius 100 Fourier Transform Infrared (FTIR)
Spectrometer configured in the Attenuating Total Reflectance
(ATR) mode was used to obtain the interfacial spectra. A KRS-
5 prism was used in this Investigation. The polymer interface
of interest was placed against the prism surface and set into
the ATR appgratus as demonstrated in Figure 3. The prism was
cut at a 45 angle which produced a depth of penetration
ranging from 0.5 to 4.0 microns depending on the wavelength,
The iris of the spectrometer was set at 63% open and 100 scans
were accumulated to give the resultant spectra. Dry air was
pumped into the chamber during scanning and the resultant
spectra were ratioed to the KRS-5 background spectrum to
obtain the true sample spectrum. After both interfaces were
scanned, the air/polymer spectrum was compared to the
metal/polymer spectrum to determine any significant
differences between them. The vesults from this comparison
were used to determine if there were any specific interactions
between the metal and the polymer,.

2.3.3 Test Conditions

The infrared spectroscopic technique was used on six
systems prepared from two polymers and three metals. Both
polybutadiene and acrylic resins were investigated using
copper, iron and aluminum as the substrate metals. These
polymer/metal systems were also evaluated after {mmersion in
distilled water for 120 hours. The water-exposed specimens
were prepared to the point just before the coating/substrate
combination was peeled off the glass substrate. The glass
slide was submerged in a beaker of water and allowed to age
for 5 days. Finally, the slide was removed and the remainder
of the specimen preparation was performed. The samples were
allowed to dry in a desiccator prior to obtainirig the spectra.
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3. Results

The experimental test results fall into two main
categories: mechanical adhesion test results and interfacial
analysis results. The only exception is the water vapor
transmission rates of these coatings which are shown in Table
I1. These rates were obtained according to the American
Society for Testing and Materials, Standard Test Method #
D1653-72, "Moisture Vapor Permeability of Organic Coating
Films."” The results are presented in the next two sections
and will be discussed in detail in section 4.

3.1 Water Immersion Adhesion Test

The results for the water immersion adhesion test are
presented in Tables III through XII, The values in the tables
are the average of three replicates and represent the numbers
of hours at which 50% of the coating was removed from the
substrate in the tape pull test. Results for the replicates
ranged up to 20% from the average value.

Failure times in the water Iimmersion adhesion test for a
20 micron thick film of polybutadiene are summarized in Table
IIT. These results cover all five metal substrates and
solution pH”s ranging from 2 to 12. The failure area for
polybutadiene was characterized by the initiation and growth
of many small localized blisters that in time added up to meet
the failure criterion.

Summarized test results for a 30 micron silicone alkyd
coating under the same test conditions are presented in Table
IV. The silicone alkyd film was cured for one week prior to
performing these tests. Failure of this coating was
characterized by the time dependent growth of blisters
slightly larger than those for the polybutadiene svstem,

Table V covers a polyurethane coating on the five
metallic substrates following a one week cure. The 20 micron
thick film developed several large unbonded areas that grew
together in most cases to reach the failure point. Although
film disbondment was detected in the tape pull-off test, the
disbonded coating remained intact for most of these tests.
Therefore failure for these materials was based on the point
at which 50% of the coating was disbonded. This phenomenon is
believed to be due to the strong tensile strength and
elasticity of polyurethanes,

Acrylic test results appear in Table VI and are based on
an approximate film thickness of 60 microns., Again these
results are for the same substrates and test conditions as the
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TABLE III WATER IMMERSION ADHESION TEST RESULTS - POLYBUTADIENE

(HOURS TO COATING ADHESION FAILURE)

POLYBUTADIENE SOLUTION pH |
SUBSTRATE pH 2 pH 4 pH 7 pH 10 pH 12 I
COPPER 76 >170 >170 82 >179
| ALUMINUM 120 >170 >170 >170 120
E LEAD 34 >170 >170 24 >170
STEEL 24 18 168 24 b |
i NICKEL 110 113 144 >179 24 ;
TABLE IV WATER IMMERSION ADHESION TEST RESULTS - SILICONE ALKYD
(HOURS TO COATING ADHESION FAILURE)
SILICONE ALKYD SOLUTION pli
{ SUBSTRATE pH 2 pH 4 pH 7 pH 10 pi 12 }
COPPER >170 138 >170 72 58
ALUMINUM >170 >170 >170 >170 >170
LEAD 1638 120 >170 168 >170
STEEL 10 14 24 24 16
NICKEL 3 3 5 4 3
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TABLE V WATER IMMERSION ADHESION TEST RESULTS - POLYURETHANE
(HOURS TO COATING ADHESION FAILURE)

POLYURETHANE SOLUTION pl
SUBSTRATE pH 2 pH 4 pH 7 pH 10 pH 12
COPPER 54 >170 5170 48 51790
ALUMINUM >170 >170 >170 >170 >170
f LEAD 70 70 168 48 >170
i STEEL 1 12 16 24 10
? NICKEL |1 3 2 1 6

TABLE VI WATER IMMERSION ADHESION TEST RESULTS - ACRYLIC
(HOURS TO COATING ADHESION FAILURE)

ACRYLIC SOLUTION pH
SUBSTRATE pH 2 pH 4 pH 7 pH 10 pH 12
COPPER 120 >170 >170 72 >170
ALUMINUM 2 2 3 2 2
LEAD >170 >170 >170 34 >170
STEEL 3 3 3 2 - 2
| NICKEL 2 2 2 2 2
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other three resins. The formation of a few blisters that grew
rapidly together causing almost complete coating removal was
characteristic of the acrylic failures.

Table VII contains the data for all four coatings on the
glass substrate. Variables for these tests include film
thicknesses and solution pH. In addition, results for
duplicate specimens which were allowed to dry before the
adhesion test was performed are presented in this table.

The effect of cure time was studied for the
polyurethane/metal systems 4 months after they were prepared.
In some cases the adhesion of these systems improved from the
1 week cure results. These data appear in Table VIII,

Acrylic-coated steel specimens were subjected to solution
contalning different {onic concentrations. Solutions of
approximately the same pH, prepared from different ionic
species were evaluated and these results are summarized in
Table IX. Also, fallure times for salt solutions ranging in
concentration from O to )} molar are listed in Table X.

Effects of surface preparation on two coating/metal
systems were evaluated and this information appears in Table
XT.

Filnally, the effect of temperature was examined using the
polybutadiene/nickel system. Two temperatures and five pH
solutions were studied. These results are shown in Table XII.

3.2 FTIR-ATR Analysts

Internal reflectance spectral analysis was performed on
two of the polymeric materials. The absorption spectra of
these systems are presented in Figures 4-14,

Specimens with the polybutadiene coating on copper, iron
and aluminum were prepared as specified in section 2.3.1,
These specimens were mounted in the FTIR-ATR test fixture as
{llustrated in Figure 3 and the FTIR spectra were obtained.
The ailr/polymer interface was analyzed before the
metal/p.lymer interface was analyzed. Absorption spectra for
both interfaces of the polybutadiene/copper system are shown
in Fligure 4. Comparison of these spectra indicates that there
are some significant differences between the two interfaces.
The air/polymer sample is more heavily oxidized than the
metal/polymer sample. 1o addition, there is a peak in the
carboxylate region of the metal/interface spectrum which is
much more prevalent than in the air/interface spectrum.
Figure 4 also shows the expanded carboxylate region for both
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