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FOREWORD

J

This report represents the second annual summary of re-
search carried out under Office of Naval Research Contract No.

N00014-79-0731. The objective of the research is to obtain

a better understanding of the metallic substrate/organic coat-
ing/interface system so that improvements may be made in
corrosion control of metals by painting. The research during
the past year has consisted of 15 different components directed
by 10 Lehigh faculty members. These activities may be divided

for convenience into those primarily concerned with (a) corro-
sion at the interface, (b) the chemistry of the metal/coating
interface, (c) the properties of the coating, and (d) the sur-
face properties of iron oxides from the standpoint of their

presence at the steel/organic coating interface and their use
as pigments.

It is £Icognized that readers of this report will be
interested in the contents for different purposes. 1In an

effort to accommodate to these diverse interests, the report

is presented in the following format.

(1) A list of public disclosures of the research re-
ported herein. The references may be useful to
those who wish to explore the research in greater
detail.

(2) A list of titles of the 15 component programs keyed
to the experimental summaries in (4) and the names
of the participants.

(3) A condensation of the total program. This summary
should be useful to those who wish to obtain an
overview of the program.

(4) A more detailed outline of each of the component
programs.

e e




SECTION 1

A List of Public Disclosures of the Research during the Period
September 1, 1980-August 31, 1981

Published Papers

"Provocative Questions in‘Metal/Solution Reactions to Which
Mossbauer Spectroscopy Should Be Applied", H. Leidheiser, Jr.,
Colloque No. 1, Supplément au Journal de Physique 41, C1-351-
52 (1980).

"Some Substrate and Envirommental Influences on the Cathodic
Delamination of Organic Coatings", Henry Leidheiser, Jr. and
Wendy Wang, J. Coatings Tech. 53, 77-84 (1981).

"Solid State Chemistry as Applied to Cathodically-Driven or
Corrosion-Induced Delamination of Organic Coatings", Henry
Leidheiser, Jr., Paper No. 81, Corrosion 81, National Associ-
ation of Corrosion Engineers, April 6, 1981, Toronto, Canada,

10 pp.

"Solid State Chemistry as Applied to Cathodically Driven or
Corrosion-Induced Delamination of Organic Coatings", Henry
Leidheiser, Jr., Ind. Eng. Chem. Prod. Res. Dev. 20, 547-51
(1981).

"M&ssbauer Spectroscopic Study of the Chemical State of Cobalt
in an Electrodeposited Zinc-Cobalt Alloy", H. Leidheiser, Jr.,
A, Vértes, and M, L. Varsdnyi, J. Electrochem. Soc. 128, 1456-
59 (1981).

"Mechanism of Corrosion Inhibition with Special Attention to
Inhibitors in Organic Coatings", HRenry Leidheiser, Jr., J.
Coatings Tech. 53, No. 678, 29-39 (1981).

"De-adhesion at the Organic Coating/Metal Interface in Aqueous

Media", Henry Leidheiser, Jr., Croatica Chemica Acta 53, 197-
209 (1980).

Papers Accepted for Publication

"Enhancing Polymer Adhesion by Acid-Base Interactions”, F. M.
Fowkes, Proc. Internatl. Conf. on Corrosion Control by Organic
Coatings, Natl. Assocn. Corrosion Engrs., Houston, Texas, in
press.
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Papers Accepted for Publication Contd.

"Some Aspects of Cathodic Electrodeposition of Epoxy Latexes
as Corrosion-Resistant Coatings", C. C. Ho, A. Humayun, M. S.
El-Aasser, and J. W. Vanderhoff, Proc. Internatl, Conf. on
Corrosion Control by Organic Coatings, Natl. Assocn. Corrosion
Engrs., Houston, Texas, in press.

"New Studies of the De-Adhesion of Coatings from Metal Sub-
strates in Aqueous Media — Interpretation of Cathodic Delami-
nation in Terms of Cathodic Polarization Curves", Henry
Leidheiser, Jr., Lars Igetoft, Wendy Wang, and Keith Weber,
Proc. 7th Intl. Conf. in Org. Coatings Sci., in press.

"57Fe MSssbauer Spectroscopic Study of the Thermal Decomposi-
tion of Fe(IO3)3“, S. Music, G. W. Simmons, H. Leidheiser, Jr.,

Radiochem. & Radiocanal. Letters, in press.

"M&ssbauer Spectroscopic Study of the Formation of Fe(III) Oxy-
hydroxides and Oxides by Hydrolysis of Aqueous Fe (III) Salt
Solutions", S. Musié, A. Vértes, G. W. Simmons, I. Czakd-
Nagy, and H. Leidheiser, Jr., J. Colloid Interface Sci., in
press.

"Rate-Controlling Steps in the Cathodic Delamination of 10-40
Micron Thick Polybutadiene and Epoxy-Polyamide Coatings from
Metallic Substrates”, H. Leidheiser, Jr. and W. Wang, Proc.
Internatl, Conf. on Corrosion Control by Organic Coatings,
Natl. Assocn. Corrosion Engrs., Houston, Texas, in press.

"An AC Impedance Probe as an Indicator of Corrosion and Defects
in Polymer /Metal Substrate Systems", M. C. Hughes and J. M.
Parks, Proc. Internatl. Conf. on Corrosion Control by Organic
Coatings, Natl. Assocn. Corrosion Engrs., Houston, Texas, in
press.
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SECTION 2

The Titles of the Component Programs and the Participants*

Programs Concerned with Corrosion at the Interface

(1)

(2)

(3)

(4)

*Note:

The Mechanism for the Cathodic Delamination of Coatings
from a Metal Surface

Principal Investigator: Henry Leidheiser, Jr.,
Professor of Chemistry

Associates: Lars Igetoft, Visiting Scientist
Wendy Wang, Graduate Student

Corrosion Control by Inhibition of the Cathodic,
Oxygen-Reduction Reaction

Principal Investigator: Henry Leidheiser, Jr.,
Professor of Chemistry

Associates: Y. Momose, Visiting Scientist
R. D. Granata, Research Scientist

Optical Studies of Corrosion under Organic Coatings

Principal Investigator: David A. Thomas, Professor
of Metallurgy and Materials
Engineering

Associate: Dale E. Zurawski, Graduate Student

Electrical Properties of Organic Coatings and Relation-
ship to Corrosion

Principal Investigator: Henry Leidheiser, Jr.,
Professor of Chemistry

Associates: Michael C. Hughes, formerly Assistant
Professcr of Chemistry; Adjunct Pro-
fessor of Chemistry since January 1, 1981.
Jeffrey Parks, Graduate Student

Many of the programs involve close cooperation between 2
or more principal investigators. The name listed in the
summary is the faculty member with prime responsibility
for the program.




Programs Concerned with the Chemistry of the Metal/Coating

Interface

(5)

(6)

(7)

Determination of the Acidity of Iron Oxide Surfaces

Principal Investigator: Frederick M. Fowkes,
Professor of Chemistry

Associate: Sara Joslin, Graduate Student

Ion Exchange Properties of Iron Surfaces

Principal Investigator: Gary W. Simmons,
Professor of Chemistry

Associate: Bruce Beard, Graduate Student

The Use of the Laser Raman Microprobe in Studies of
the Metal/Coating Interface

Principal Investigator: Eugene M. Allen,
Professor of Chemistry

Associate: André Sommer, Graduate Student

Note: The instrument has been assembled and test spectra
have been generated. No substantive results have
been obtained by the end of the present report
period.

Programs Concerned with the Properties of the Coating

(8)

Cathodic Electrodeposition of Epoxy-Curing Agent Latex
Mixtures

Principal Investigator: M. S. El~Aasser, Associate
Professor of Chemical Engineering

Associates: C. C. Ho, Visiting Scientist
0. Shaffer, Technical Associate
K. Earhart, Research Associate
J. A. Hadley, Graduate Student
A. Humayun, Graduate Student

B R R Y T
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Programs Concerned with the Properties of the Coating,Contd.

(9) Drying and Curing of Epoxy Films

Principal Investigator: M. S. El-Aasser, Associate

=
3 J Professor of Chemical Engineering
1 Associates: J. W. Vanderhoff, Professor of Chemistry
C. Silebi, Assistant Professor of Chemical
3 Engineering

1 Babatunde E. Aremu, Graduate Student
Ata-Ur Rahman, Graduate Student

(10) Detection of Aggregated Water in Polymer Coatings

Principal Investigator: Henry Leidheiser, Jr.,
Professor of Chemistry

] Associate: Douglas Eadline, Graduate Student

(11) Pigment-Binder Interactions in Corrosion Protecting Films

Principal Investigator: John A. Manson,
Professor of Chemistry

Associates: Michael Heffelfinger, Graduate Student
A. Tiburcio, Graduate Student

(12) Electron Optical Studies of Organic Coatings

Principal Investigator: David A. Thomas, Professor of
Metallurgy and Materials Engineering

Associate: Yale West, Graduate Student

Programs Related to the Surface Properties of Iron Oxides from
the Standpoint of Their Presence at the Steel/Organic Coating

Interface and Their Use as Pigments

(13) Preparation of Iron Oxide Sols by Aqueous Precipitation
and by Dispersion

Principal Investigator: J. W. Vanderhoff,
L Professor of Chemistry

. Cantow, Visiting Scientist

. Bennetch, Consultant

. Shaffer, Technical Associate
Huang, Graduate Student

. Kang, Graduate Student

. Timmons, Graduate Student

Agsociates:

oEHoNsE
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Programs Related to the Surface Properties of Iron Oxides from :
the Standpoint of Their Pregence at the Steel/Organic Coating ;

Interface and Their Use as Pigments, Contd.

(14) Mdéssbauer Studies of Iron Oxides

Principal Investigator: Gary W. Simmons,
Professor of Chemistry

Associate: S. Musié, Visiting Scientist

(15) Characterization of the Surface Properties of Iron Oxides

Principal Investigator: F. J. Micale, Associate
Professor of Chemistry

-
|
'!

Associates: C. C. Yu, Graduate Student
J. Lavelle, Technician

l
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SECTION 3

A Summary of the Experimental Results Obtained during the
Period, September 1, 1980-August 31, 1981

A detailed summary of 14 of the 15 component programs that
compose the overall program is presented in SECTION 4. This
section represents a consolidation of all the research carried
out during the past year in an executive-summary style. It is
an attempt to give an overview of the program and to weld the
individual tasks into a coherent whole.

Corrosion beneath an organic coating is electrochemical in
nature with some areas of the metallic substrate serving as
cathode and other areas serving as anode. The anodic regions

tend to be smaller than the cathodic regions in the early stages

of corrosion but the cathodic areas are specially damaging to
the protective nature of the coating because they lead to de-
lamination. Thus, the phenomenon of cathodic delamination is
important in (a) understanding the corrosion process and (b)
understanding the factors that control delamination when cath-
odic protection is superimposed on the protective coating as an
additional safeguard against corrosion in damaged areas.

Cathodic delamination of a coating, damaged with a pin
prick, is a function of the nature of the electrolyte, the
concentration of the electrolyte, the amount of dissolved oxy-
gen in the electrolyte, the cathode potential, the temperature,
the metal, the surface treatment given to the metal before the
application of the coating, the type of coating, and the thick-
ness of the coating. The critical factor in the delamination
process is the rate at which the species, water, oxygen, cation,
and electrons arrive at the periphery of the delaminating front.
The catalytic activity of the surface for the cathodic reaction,
HyO + 1/205 + 2e” = 20H™, is another important factor. Any of
these species, as well as the catalytic activity of the surface,
may be involved in the rate controlling step. The organic
coating also plays an important role since the reactant species
reach the delaminating front largely by diffusion through the
coating. Five practical means exist for minimizing cathodic
delamination: (1) No bare metal, or superficially oxidized
metal, should be present at the coating/substrate interface.

(2) There should exist at the coating/substrate interface a
layer which is a very poor conductor of electrons. (3) The
interfacial layer at the coating/substrate interface should be
a poor catalyst for the cathodic reaction. (4) The boundary
between the substrate and the coating should be rough in order
to provide a tortuous path for lateral diffusion. (5) The
interfacial region should be resistant to alkaline attack.




s e It ol W S 05 1 " TV, A 0 Lo MO 2 o F R e

The importance of the cathodic reaction that occurs under
the coating in the rate of deterioration of polymer-coated
metals indicates that control of the cathodic reaction is a
practical means to extend the lifetime of the coating. Previous
work has shown that pretreatment of zinc (galvanized steel) in
solutions containing cobalt or nickel ions leads to an altered
oxide on the surface of zinc such that the surface was a poor
substrate for the cathodic oxygen reduction reaction. Work
during the present report period has identified another system
in which there is striking inhibition of the oxygen reduction
reaction on zinc. Samples of chromated zinc were subjected to
cathodic treatment in 0.5M NaCl for short periods of time.
These cathodically-treated samples were catalytically inactive
for the oxygen reduction reaction. The activity was restored
by continued immersion in the NaCl solution for an hour or
more.

Microscopic studies have been initiated of the early stages
of corrosion using a transparent coating (polybutadiene) on a
steel substrate immersed in flowing water or salt solution.
Corrosion was hastened by contaminating the surface with KHSO4
before application of the coating. The corrosion reaction
first became visible in one hr. Areas delineated by optical
reference rings appeared in an annulus around the contamination
spot. These areas grew in diameter with time. The cathodic
and anodic areas were separate and could be distinguished be-
cause of the blue color that was associated with the anodic
areas. Information about liquid volume in the corrosion zone,
changes in location of anodes and cathodes with time, earliest
stages of coating delamination, and secondary processes that
occur was obtained by time lapse photography.

Electrical methods are beginning to be accepted as a useful
tool for studying organic coatings. Such methods, when properly
used, provide information about the amount of water in the coat-
ing, the glass transition temperature of the coating, the
presence of conductive paths in the coating and corrosion of
the metal substrate. The electrical studies during the past
vear have focused on the use of impedance techniques to provide
information about the coating integrity as a function of time
of exposure to an aggressive electrolyte. Different coatings
have different impedances and the impedance is a function of
the coating thickness. 1In order to normalize the results so
that different types and thicknesses of coatings could be com-
pared, the data were treated in the following way. The ratio
of the imaginary and real components (Tangent 6) of the complex
impedance was plotted as a function of time. Coatings in which
there is little or no deterioration exhibit Tangent 6 values of
the order of 1. When the coating deteriorates and corrosion
begins, the value of Tangent 6 drops by several orders of ,
magnitude. The method appears to be a candidate for predicting
the lifetime of coating systems on bare metal. It remains to
be determined if the method is applicable to systems in which
the metal surface has been phosphated or chromated.

-9-




The adherence of a coating to a metal substrate or to pig-
ments or fillers in the coating is presumed to be determined by
the interaction of acidic and basic sites at the interface.
Efforts to quantify the acidity of iron oxide surfaces are be-
ing made by measuring the adsorption from organic solvents of
compounds such as pyridine. Such adsorption measurements have
been made on Fe304 and a-Fe;03 using flow calorimetry. It was
found that traces of water in the pyridine competed with the
pyridine for surface sites. The surface energies of Fe40,4 and
Fe;03, whose surfaces were largely devoid _of adsorbed water,
were very similar, i.e., 80 and 83 erg/cmz, respectively. i

Auger spectroscopy and X-ray photoelectron spectroscopy
are being utilized to characterize the sites on metal surfaces
that may be available for adhesive bonding. The technique is
simple in concept but difficult in execution. Steel, surfaced
in a standard way, is immersed in a medium, the pH of which is
closely controlled, and the amount of a constituent in the
medium present on the surface is determined. One of the
systems that has been studied extensively is the exchange of
‘ potassium ions with surface hydroxyls on an oxidized steel
i surface. The amount of potassium up-take by the steel surface
‘ increases dramatically in the pH range of 10-11. The K, for

the hydrated iron oxide on steel is calculated to be 10.8.
; This number may be important in selecting polymers that have
! the maximum adhesion to steel surfaces. The major difficulty
; in generating information about additional systems is the
perturbing influence of carbon contamination.

Most of the critical questions regarding the performance
of organic coatings in protecting a metal from corrosion relate
to the chemistry of the interfacial region and the homogeneity
of the coating. Techniques are being sought for carrying out
chemical studies in a non-destructive manner. Two candidate
techniques, infrared spectroscopy and Raman spectroscopy, were
considered and the latter technique was selected because of
the availability of a new instrument which utilizes a laser
source and generates information from an area of 1 um2. A
laser microprobe has been purchased and will be applied to
studies of the coating and the coating/substrate interface.

o Preliminary experiments indicate that the instrument has the
g required capabilities.

One of the coating methods which is exhibiting good corro-
sion protection performance is cathodic electrocoating in which
the polymeric material is deposited on the cathode when a voltage
is applied across an aqueous dispersion in the electrolysis
chamber. A coherent coating is obtained after baking. The
procedure has proven so effective that 85% of the automobiles
manufactured have some portion of the vehicle electrocoated.
| The kinetics of the cathodic electrocoating of epoxy-polyamine
mixtures have been studied with the purposes of (a) understand-
ing better the electrodeposition process and (b) developing

-10-




electrocoats of the same epoxy-polyamine that can be prepared
from an organic solvent. Data have been generated on the mass
of polymer deposited per unit time, the coulombic efficiency,
the effect of the magnitude of the current and applied voltage,
the temperature of the cathode, and the epoxy/amine ratio.

! The character and properties of organic coatings are de-
i pendent in no small measure on the manner in which the coating
dries. This statement is particularly pertinent to coatings
that are formed from dispersions (latexes). The mechanism of
drying of coatings is thus important in understanding the pro-
tective nature of a coating. A gravimetric technique was used
to measure the evaporation rate of water or organic solvent
from thin films cast from epoxy—~amine systems on flat glass
plates. Drying conditions were 10-52% relative humidity, 0-76
: cm/sec air velocity, and 25-40°C. The drying rates were calcu-
] lated from the weight loss and determination of the wet por-
1 1 tions of the film. The drying rates of the solvent-based
systems ranged from 4.5 x10~3 at the beginning of the drying
3 operation to 0.5 x10~5 g/cm-sec per g. moisture content at the
' end of the experiment. The agueous-based systems were charac-
. terized by an initially relatively low and constant rate
) (1 x10-3 g/cm2-sec per g. moisture content) followed by an in-
creased flux of the order of 104 g/cm2-sec per g. moisture
content. The drying behavior of an aqueous-based solubilized
system was intermediate between those of the solvent-based
and aqueous-based systems. An explanation of the reasons for
the differences observed in the drying characteristics of the
different systems was given based on the phenomenon of skin-
formation.

Corrosion beneath an organic coating is dependent on the
presence of an aqueous phase at the interface. Without an
agueous phase the electrochemical corrosion process does not

4 occur. Capacitance measurements have proven to be a useful
- method to detect the amount of water taken up by a coating
‘ exposed either to a humid environment or to an electrolyte.
However, these measurements do not distinguish between water
that is dispersed throughout the coating in a gas-like form
from water that has aggregated to form a condensed phase.
, Techniques are thus being sought that will differentiate be-
. tween dispersed (or mobile) water and aggragated water. Since
ligquid phase water exhibits a relaxation at high frequencies
which is not exhibited by gaseous water, it has been decided
to explore high frequency (109 c/sec) dielectric measurements
in the hope that the two different forms of water can be dif-
ferentiated when they are present in an organic coating.
Equipment to make such measurements based on time domain
spectroscopy has been assembled and computer programs for data
handling have been developed.

Coatings based on zinc pigments are recognized as being
among the most effective in protecting steel against corrosion.
3 Zinc concentrations in a polymer in the range of 85-96% are

-11-
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typically used. The corrosion mechanism, which is based on a
combination of galvanic protection of the steel and the corro-
sion inhibitor properties of zinc compounds formed on exposure
to an aggressive environment, is generally accepted. Important
gaps in our knowledge exist in quantitative characterization of
the zinc/polymer interaction since a strong interaction is im-
portant in restricting liquid water ingress that might occur at
breaks in the bond. Studies of mechanical behavior, curing and
drying properties, and electronmicroscopic appearance indicate
that the adhesion between zinc and an epoxy matrix is usually,
but not always, low. Corrosion protection will probably be
maximized by minimizing acid/base interaction between the zinc
and the polymer.

Electron microscopic examinations were made of epoxy coat-
ings subjected to different corrosive environments. The weakest
point of the epoxy matrix appeared to be in those areas which
were in contact with the metal surface or in contact with a
filler particle. This observation was independent of the formu-
lation or the cure conditions. This conclusion was based on
exposure of epoxy coatings to 0sO4 or to strong hydrochloric
acid.

Studies of iron oxides were performed with the hope that a
better knowiedge of the surface character of iron oxides might
be helpful in improving the adherence of organic coatings to
a steel surface and might be helpful in designing systems for
use in painting slightly oxidized or rusted steel. Commercial
materials and colloidal sols prepared in the laboratory were
used.

Iron corrosion products are amphoteric, i.e., their sur-
faces comprise both acidic and basic groups as determined by
adsorption of basic polymethyl methacrylate and acid chlorinated
polyvinyl chloride. The proportion of acidic and basic groups
varied significantly from one compound to another. All iron
oxides studied to date adsorb substantial proportions of Epon
1001F and Emerez 1511.

A long range program has been initiated to study the nature
of the corrosion products formed on steel exposed to the atmos-
phere. As background information for this study and other studies
involving iron oxides, it was decided to accumulate information
on oxides prepared by simple hydrolysis. Agqueous solutions of
ferric sulfate, ferric chloride, and ferric nitrate were heated
at 90°C and the products that formed were studied as a function
of time using M&ssbauer spectroscopy. Mechanisms of formation
of the oxides were proposed and the Mdssbauer parameters of the
oxides and hydroxyoxides were determined.

Commercial and synthetic iron oxides were characterized by ﬁ
gas adsorption, thermal treatment, and electrophoretic measure- i
ments. Both a-Fe,03 and Fe,0, have surfaces that are hydrophilic I
in nature. No evidence for dehydroxylation of the a-Fe04 !

-12-
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' surface was noted at activation temperatures up to 400°C. The
' concentration of water molecules adsorbed on a-Fe,04 decreased
: from 8.46 molecules/100 A2 for the sample activated at 25°C
! to 5.38 molecules/100 A2 for the sample activated at 400°C.

1 Electrophoretic measurements were made on iron oxides prepared
by hydrolysis at 90°C and the isoelectric point was determined. <
The isoelectric points of the pure compounds agreed with those :
determined previously on commercial materials and mixtures of ‘
two components yielded values that were calculable from the

percentage composition and knowledge of the isoelectric points
of the pure components.

——— o b e
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Program #l. The Mechanism for the Cathodic Delamination
of Organic Coatings from a Metal Surface

ABSTRACT

A detailed mechanism of cathodic delamination is
presented which takes into account the reactants and
how they get to the delaminating front. Oxygen and
water pass through the organic coating whereas cations,
at least in part, reach the front by lateral diffusion.
Five means for minimizing cathodic delamination are
suggested: (1) No bare metal, or superficially oxi-
dized metal, should be present at the coating/sub-
strate interface. (2) There should exist at the
coating/substrate interface a layer which is a very
poor conductor of electrons. (3) The interfacial
layer at the coating/substrate interface should be
a poor catalyst for the cathodic reaction. (4) The
boundary between the substrate and the coating should
be rough in order to provide a tortuous path for
lateral diffusion. (5) The interfacial region should
be resistant to alkaline attack.

INTRODUCTION

Areas of a metal surface covered with an organic coating
may become sufficiently cathodic to catalyze the cathodic re-
action beneath the coating. This cathodic nature may be pur-
posely induced or it may be corrosion induced because of
separation of the anodic and cathodic areas. The cathodic
reaction, or the products of the cathodic reaction, adversely
affect the bond between the coating and the substrate and the
coating separates from the metal [1-3]. Such separation is
termed "cathodic delamination" and is the subject of this

paper.

Cathodic delamination has special pertinence to systems
such as ships, pipelines, and underground structures which are
cathodically protected and there is an ASTM test (4] which ap-
praises the resistance of coating/substrate systems to cathodic
delamination. The blistering of paint on vehicles or metallic
structures exposed to the atmosphere often is caused by an in-
jury to the coating such that the substrate is exposed. The
exposed area becomes the anode and the adjoining area becomes
the cathode. The spread of the corrosion and the blistering
of the paint is a consequence of the cat’ *‘- 4~lamination that

|
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occurs and is followed by incursion of water and salts on al-
ternate wetting and drying during service. A standard test [5]
is also used to appraise the sensitivity of coating/substrate
systems to this type of deterioration. The coating is scratched 1
through to the substrate and the scribed panel is then exposed
in a salt spray cabinet. The distance of creepback from the
scribe during a fixed time period is used as a comparative meas-
ure when ranking different systems.

——

We have been interested in cathodic delamination since the
paper with Kendig in 1976 [6]. The present paper has as its
, purpose to outline a detailed mechanism for cathodic delamination
2 based largely on work done in our laboratory ([6-14] and, to a
o lesser extent, on work done elsewhere. Some early views have
i been modified on the basis of new information.

1 EXPERIMENTAL METHOD

b Three different types of coatings were used. Unpigmented

R polybutadiene coatings were prepared from Budium RK-662 from
DuPont applied with a centrifugal applicator and cured at 200° r

for 20 min. In the case of coatings thicker than 20 um, the

coating was applied in 15 um increments and was cured after each

application. The infrared spectra of the uncured and the cured

coatings have been published [14].

e ——

The alkyd system was applied in the form of two layers of
primer and up to 4 layers of topcoat. Each layer was 25-30 um
in thickness. A drying time of 24 hrs was used between each
coat and the multicoat system was dried at room temperature for
not less than 2 weeks before immersion in electrolyte. The com-
positions of the primer (Rust-~Oleum 7773) and the topcoat (Rust-
Oleum satin white 7791) were as follows:

Primer
& Pigment 44.6%
D Silicates 15.6%
P Yellow iron oxide 7.6%
A TiO, 2.7%
F Calcium borosilicate 18.2%
g Bentonite clay 0.5%
. Vehicle 55.4%
, Linseed Phenolic alkyd resin 20.1%
Aliphatic hydrocarbons 32.6%
Driers and Additives 2.7%
-16-
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Topcoat

Pigment 53.5%
Silicates 34.7%

TiOp 16.7%
Bentonite clay 0.1%
Tinting colors 2.0%

Vehicle 46.5%
Soya/menhaden alkyd resin 17.2%
Aliphatic hydrocarbons 28.8%

Driers and additives 0.5%

The epoxy system was generally applied in two layers to
obtain the desired thickness. Drying time between each layer
and before use was 7 days. The formulation was standardized
in military specification MIL-P-24441/1 (ships) on September 27,
1971. The formulation consists of two components that were
mixed 1:1 by volume (1.17:1 by weight) of components A and B.
The compositions were as follows:

Component A

% by weight
Thixotrope (Thixatrol ST) 0.4
Polyamide (Genamid 2000) 1.7
Polyamide adduct (Versamid 280B75) 23.5
Magnesium silicate 42.0
Titanium dioxide 8.4
Butyl alcohol 22.2
Copper phthalocyanine blue 0.084
Yellow iron oxide 1.7
Component B
Thixotrope (Thixatrol ST) 0.5
Epoxy resin 49.4
Magnesium silicate 9.9
Naphtha 25.5
Diatomaceous silica 14.8

The methods of applying the cathode potential and determin-
ing the range of the delamination have been described previously
[10]. Polarization curves were determined using a PAR 350 Cor-
rosion Measurement Console and a Model K47 Corrosion Cell system
and the procedure was that outlined in ASTM G5-72.

Some experiments were carried out in which the environment
at a purposely-applied defect in the coating was different from
that to which the majority of the coating was exposed. A sche-
matic diagram of the arrangement is shown in Figure 1. A

-17=
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Defect in Coating Substrate Metol

Pigure 1. Experimental arrangement utilized in order
to expose the coated substrate to two dif-
ferent environments, one inside the cylinder
and the other outside the cylinder. Cap was
only used when atmosphere in cylinder was
controlled.
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i cylinder, 12 mm in diameter, was fabricated from polyethylene
. tubing and the end was polished flat. It was cemented to the

1 coating with an additional layer of coating applied after the

g coated metal had dried. Electrolyte was placed in the cylinder
F after a defect had been scribed in the coating within the cylin-
‘ J der. The environment external to the cylinder varied depending
" on the experiment being performed.

[ Two different lots of steel were utilized during the re-

' search, both of which were kindly furnished by Bethlehem Steel.
The first, called Lot #l, was 0.73 mm thick and the second,
called Lot #), was 0.41 mm thick. No effort is made to dis-
tinguish between these two lots in the text since all compara-
tive cxperiments were carried out on steel of the same lot.

The analysis of the surface of the steel, on the basis of Auger
spect:ruscopy utilizing peak-to-peak intensities and the sensi-
tivity factor for each element, is given in Table I.

- — — m— e . -

i Table I

Surface Analysis of Steels Utilizing Auger Spectroscopy

|
a
; Lot #1 Lot #2

F i Abrasively Abrasgively

As-Received Polished As-Received Polished

Iron 23.1% 34.7% 17.6% 24.9%
Oxygen 44.4 46.5 35.9 46.2
Sodium - 3.2 - -
Chlorine 0.3 0.4 - -
Nitrogen 2.0 2.5 1.4 -
Carbon 29.1 11.9 44.0 28.0
Potassium 0.8 0.4 0.8 0.9
Sulfur 0.3 0.4 0.4 -

It should be emphasized that this analysis should be considered
qualitative.

: Unless otherwise stated, all panels were abrasively polish-
- ed with silicon carbide paper, #240 grit, while wetted with dis-
- tilled water. The grit and metal particles were removed with a
: paper tissue and the panel was rinsed with hot water, with ace-

tone, and again with hot water. Final rinsing was done with
acetone. The panels were dried in air and immediately coated.

|
s
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CATHODIC DELAMINATION PROCESS

Relation to Electrochemical Properties of Metal Surface.
It is generally believed [6,15] that the major driving force for
cathodic delamination in corrosion processes in the presence of
air is the cathodic reaction, H,0 + 1/20, + 2e” = 20H". When
an applied potential is used, the important reaction may be
28* + 2e” = H,, if the driving force is sufficient. Figure 2
shows a typical cathodic polarization curve for steel in 0.5M
NaCl saturated with air. The regions of dominance of the two
cathodic reactions are noted on the figure and the cathodic
polarization curve for hydrogen evolution in the absence of
oxygen is shown by the dotted line. It is apparent from this
figure that at a potential of -0.8 v the dominant reaction is
oxygen reduction and at potentials more negative than -1.0 v
the dominant reaction is hydrogen evolution. Polarization at
-0.8 v of polymer-coated steel containing a defect in the ab-
sence of oxygen leads to no significant delamination from the
defect, whereas in the presence of air there is significant
delamination.

Studies indicate that the pH beneath the organic coating
where the cathodic reaction occurs is highly alkaline, as the
cathodic equations indicate. Ritter [16] has recently reported
that the pH at the delaminating edge is greater than 14 as
measured by pH-sensitive electrodes inserted through the metal
substrate from the back side. Other studies which integrate
the pH over a larger volume of liquid beneath the coating yield
values of 10-12. Cathodic polarization curves on steel in 0.5M
NaCl at pH values of 6.5, 10, and 12.5 are approximately the
same [17] suggesting that the cathodic behavior beneath the
coating may be rationalized in terms of the cathodic polariza-
tion curve that is applicable at the exposed defect.

The pH at the Delaminating Front. The cathodic reaction
which occurs at the delaminating front generates hydroxyl ions
which appear to be a major destructive influence on the organic
coating/substrate bond. The value of the pH at the delaminating
front is determined by the following factors which are discussed
here.

(1) The rate at which the cathodic reaction occurs. The
rate, as discussed elsewhere in this report, 1s dependent upon
the availability of reactants and the catalytic activity of the
surface. The rate determines how many hydroxyl ions are gener-
ated per unit time, but the pH is determined by volume effects.

(2) The shape of the delaminating front. The hydroxyl ions
are generated at the metal surface and are furnished to the aque-
ous phase. If the angle between the substrate and the coating

-20-




‘uoyjveal uorInjoad usboapiy

ay3 sjuesexdex jeyl °9AIno uorjezyaerod ay3l jo uoylaxod 89yl

3o uotjetodex3ixa 9yl sjussaxdax auyy poIIocd °TOBN WS'O
pojeise uj [9938 103 ISAIND uotjezyierod ofuweuipoyrjuajod °Z 2InbTd

SMIZENGO! g0l 400 01 01 01 g0l 200
¥ - oo 1-
% .92+ M2 - 00k 1~
UoNIoRY  WOUNIOQ . _
b
]
—¥— - 000 1 -
,/’
Hoz= 92¢%2/1 + O%H Seo !
voyoey  {uounwog T e
4 - 009" 0-
g9=id ‘D% NGO [
- go2 " o-
| 51784




- T T T T e

is small, the effective volume is small and the pH will be high.
If the angle is large, the effective volume of the agqueous phase
will be greater and the pH will be substantially lower.

(3) The rate of diffusion of hydroxyl ions away from the
delaminating front. The rate of dissipation of the hydroxyl
ions away from the region in which they are formed is also a
critical factor in determining the pH. This dissipation rate
will be determined to scme extent by the thickness of the liquid
layer immediately behind the delaminating front since diffusion
is slower when the dimensions of the layer are small multiples
of the ionic diameter.

(4) Buffering reactions. In the cases of aluminum, iron,
and tin, hydrolysis reactions at high pH generate hydrogen ions
which may neutralize the hydroxvls generated. Typical reactions
include:

Al,03 + H,0 = 2A10, + 2H'
- - +
= = +
Sno, + HZO = Sn0; + 2H

Other possible buffering reactions include reaction with the
polymer with net loss of hydroxyl ions or buffering by environ-
mental constituents.

Mechanism of Delamination. All the evidence presently
available indicates that the cathodic delamination process oc-
curs because of the high pH generated by the cathodic reaction.
The real question is what is the consequence of a high pH on
the interface. The evidence suggests that the strong alkaline
environment may attack the oxide at the interface or may attack
the polymer. Attack of the oxide has been seen by Ritter (18]
using ellipsometric techniques in the case of polybutadiene
coatings on steel.

Slight oxidation of the steel surface occurs during oxida-
tive curing of the polybutadiene coatings and the surface de-
velops a faint straw color easily seen through the transparent
coating. As delamination proceeds, the straw color disappears
and the metallic appearance of iron becomes visible. This ob-
servation suggests that the oxide film is destroyed by the
alkaline environment but it does not answer the question of
whether the destruction is the cause of the delamination or is
a result of exposure to the highly alkaline medium after de-
lamination has occurred.

-22-~
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Surface analysis techniques in the hands of Dickie and
colleagues [19] give clear evidence that carboxylated species
are present at the interface as a result of hydroxyl ion at-
tack of the polymer. Dickie [20] has also recently shown that
coatings more resistant to alkaline attack exhibited better
performance when scribed and submitted to salt spray.

The Pourbaix diagrams for metals in aqueous solution [21]
are a useful source of information on the stability ranges of
various species. The metals of interest in the present study
all have soluble species at high pH within the potential range
of interest. These soluble species are: iron, HFeO, ; tin,
HSnOz' and SnO3~; zinc, HZnO,~ and Zn0£=; cobalt, %CoOQ’;
aluminum, AlO;~; copper, HCuO,” and CuOj .

It is proposed that the major mechanism for the delamina-
tion process is the solubilization of the thin oxide coating at
the interface between the organic coating and the metal. The
dissolution of the oxide breaks the bond between the coating
and the substrate metal and the high pH leads to localized at-
tack on the polymer at the interface. The presence of oxidized
organic species on the metal surface after delamination has oc-
curred may be the result of a posteriori adsorption of oxidized
species or may be the result of islands of organic left on the
surface. The XPS technique used in Reference {19] illuminates
a large area and spatial resolution is lacking to determine if
the organic material is present over the entire surface or is
island-like in nature.

Reactants and How They Get to the Reaction Zone.

Water. The coatings used in this study are permeable to
water as shown by conventional measurements. The water perme-
ability of the three coatings was determined by the use of
aluminum Payne cups. Two methods were utilized: (A) the cups
were filled with distilled water, the free film was used as a
cover, and the environment exterior to the cup was maintained

at approximately 50% relative humidity through the use of a
saturated solution of Ca(NO;),; (B) the interior of the cup was
filled with silica gel so as %o maintain 0% relative humidity,
the free film was used as a cover, and the environment exterior
to the film was maintained at 50% relative humidity with the
saturated solution of Ca(NO;). The results of these experiments
are summarized in Table II. It has been hypothesized previously
f10] that the water reactant for the oxygen reduction reaction
reaches the reaction zone by diffusion through the coating.
Evidence has now been obtained to support this hypothesis.

The experimental design shown in Figure 1 was applied to
the question of the importance of water transmission through
the coating in the delamination process. Three different types
of experiments were carried out. Steel panels were coated with

-23-
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Table II

Water Permeability at Room Temperature of Polybutadiene,
Epoxy, and Alkyd Coatings to Water as Determined
through the Use of Aluminum Payne Cups

! Coating Water Permeability

| Method A Method B
Polybutadiene 0.004 mg-cm/cmz-day 0.003 mg-cm/cmz/day

‘ Epoxy 0.005 0.001

; Alkyd 0.007 0.004

the polybutadiene coating, 33-36 um thick, or the epoxy coating,

40-47 uym thick. The cylinder surrounded a defect approximately
; 7 mm in diameter. The cylinder was filled with 0.5M KC1l and the
: coating external to the cylinder was exposed either to distilled
; water, 100% relative humidity, or 50% relative humidity. Delam-
, ination proceeded from the defect and the amount of delamination
| was determined after 100-200 hrs of exposure. Information on
; the two coatings is summarized in Table III. In the cases of

fable III

The Effect of Water Concentration External to
Coating on the Rate of Delamination from a
Defect Exposed to 0.5M KCl

Environment External

to Cylinder Delaminatjion Rate

_ Type of Coating Containing KCl in cm</hr
:'1 Polybutadiene Distilled Water 0.093
100% RH 0.080
50% RH 0.047
Epoxy Distilled Water 0.065
100% RH 0.048
50% RH <0.009

~24-
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both the polybutadiene and the epoxy coatings the rate was
greatest when the coating external to the cylinder was exposed
to liquid water, was an intermediate value when exposed to 100%
relative humidity, and was the lowest when exposed to 50% rela-
tive humidity. Since all systems had water available from the
KC1 solution at the defect and since the rate decreased with
F the water concentration above the coating, it is apparent that
1 the delamination process is sensitive to water transmitted
through the coating. The lower rate of delamination of the
epoxy coating than the polybutadiene coating is probably a
consequence of the thicker epoxy coating.

It is not known if water transmission through the coating

i is exclusively as an uncharged species or if 3 certain fraction

j of the water migrates as a cation such as H;0 . The cathodic

‘ nature of the delaminating front may favor the transmission of
water associated with an ion with a positive charge. Ruggieri
and Beck [22] have speculated that the proton is the major charge
carrier in the conduction of charge through a polyurethane
coating.

Lina g

g Oxygen. At cathodic potentials where the reaction, H,0 +

; 1/202 + 2e~ = 20H", is the dominant one, no significant delami-

] nation occurs when oxygen is excluded from the system [10].

! Additional experiments that confirm this conclusion have been

: carried out in deaerated 0.5M KCl using an epoxy paint on a
steel substrate. No delamination occurred in the absence of
oxygen. The question then arises, how does the oxyven reach
the delaminating region? 1Is it through t#® zoating, or lateral-
ly from the liquid in contact with the defect? The following
experiments were designed to answer this question.

In the first set of experiments, steel panels were coated
with the epoxy paint to yield a dry film thickness of 55-59 um
and the experimental arrangement shown in Figure 1 was used.

A 7 mm defect was formed in the coating within the cylinder.
Air-saturated 0.5M KC1l was placed in the cylinder and a second 1
liquid with different oxygen solubility was placed exterior to 1
the cylinder. The liquids used and the oxygen solubilities are
summarized in Table IV and the delamination rate as a function
o of the oxygen solubility of the liquid exterior to the cylinder
o is given in Figure 3. All experiments were run for 79.4 hr and !
: the total delamination was measured after this time. '

The data in Figure 3 clearly show that the rate of delami-
nation decreases as the oxygen concentration in the liquid ex-
terior to the cylinder decreases. Thus some of the oxygen
furnished to the delaminating zone must come through the coat-
ing. However, extrapolation of the line to zero oxygen solu-
bility still yields a finite delamination rate suggesting that
some of the oxygen is furnished laterally from the defect in
the case of the epoxy coatings. Confirmation of this conclu-
sion is obtained from an experiment in which the 0.5M KCl in

-25-
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Table IV

Oxygen Solubility of Liquids in Experiments
Summarized in Figures 3 and 4

Liquid Exterior to Oxygen Solubility
Cylinder at 25°

Distilled Water 5.78 cm3/L

0.125M LiCl 5.63

0.125M sucrose 5.40

0.125M CaCl, 5.08

0.5M sucrose 4.39

0.5M KC1 4.18

0.5M CaCl, 3.71

2M KCl 3.21

1M sucrose 3.20

0.125M NH,Cl 2.31

2M sucrose 1.84

0.25M NH4C1 1.16

1M NH4Cl 0.07

16% NaHSO4 0

the cylinder was deaerated with argon and sealed and the dis-
tilled water exterior to the cylinder was open to the air. No
delamination beyond the cylinder occurred under these conditions
in a 98 hr period.

In the second set of experiments, steel panels were coated
with polybutadiene in two steps to yield coatings approximately
45 um thick. The cylinder was filled with aerated 0.5M KCl and
the liquid exterior to the cylinder was a solution listed in
Table IV. The delamination was corrosion induced by the defect
within the cylinder and no external potential was applied. The
data obtained from this set of experiments are summarized in
Figure 4. It will be noted that the delamination rate was very
low when the oxygen content in the external cylinder was low
and was appreciable when the oxygen content was high. The lack
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Delamination Rate in mm/hr
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Oxygen solubiity of solution in cmL at 25°
Figure 4. The rate of delamination at the corrosion potential of
polybutadiene coatings, 45 um thick, on steel substrates
as a function of the oxygen solubility in the solution
in which the panel was immersed. See Table IV for liquids
used in this study.
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of perfect agreement is probably to be expected because factors
other than oxygen solubility may be involved. For example, the

concentrated solutions may change the activity of water and the

concentrated solution of sucrose may have enough impurities that
act as oxygen scavengers to reduce the oxygen concentration to a
low value.

Cations for Charge Neutralization. The cathodic reaction
that occurs under the coating generates OH™ ions. Charge bal-
ance is maintained by diffusion of cations to the site of OH™
generation. Metal cations instead of hydrogen ions must be a
major 4iffusing species since the pH under the coating is high.
The diffusion of cations to the reaction zone is also shown by
the following experiment. Delamination of an epoxy coating
from a defect was permitted to occur in aerated 0.5M KCl at the
corrosion potential. The coating was removed, the agqueous
phase was allowed to dry, and the surface was analyzed by Auger
spectroscopy at a point remote from the defect. The relative
amounts of the elemental species at this point were:

Iron 13.5 at. &
Oxygen 37.1
Sodium 1.5
Chlorine 1.9
Nitrogen 2.6
Carbon 19.3
Potassium 23.7
Sulfur 0.4

The potassium/chlorine ratio was 12.5, thus indicating the pref-
erential diffusion of cations to the cathodic, delaminating
region.

The critical importance of the cation is shown by the data
given in Table V. The rate of delamination from a defect, 7 mm
in diameter, was determined at the corrosion potential in the
system shown in Figure 1, in which the agqueous solution was
present in the cylinder and distilled water was present exteri-
or to the cylinder. The substrate in all cases was abrasively
polished steel and the coating was a two-layer epoxy, 50-65 um
thick. It will be noted from Table V that the 5 sodium salts
vielded approximately the same delamination rates and the rates
were very different for the ammonium, calcium, and magnesium
salts. The low rate of delamination in the case of 0.5M NaOH
is probably a consequence of the low rate of corrosion at the
defect and the consequent low driving force for the reaction.

Cations may be provided by two paths: (a) through the
aqueous phase immediately at the coating/substrate interface or
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Table V

Rate of Delamination of Epoxy Coatings on Steel
with 0.5M Aqueous Solutions at the Defect and
Distilled Water Exterior to the Defect in
System Shown in Figure 1

Solution Delamination Rate in mm2/hr
NaF 4.4

NaCl 3.8

NaBr 3.9

NaI 3.7

Na2504 2.9

NaOH 0.7

NH,C1 0.2

CaCl, 0

MgCl, 0.9

(b) through the coating from liquid exterior to the interface.
Prior to the experiments described below, the evidence to dis-
tinguish between (a) and (b) was conflicting.

Much effort was devoted to determining ionic uptake but
the difficulties are legion. One set of experiments is men-
tioned because it does show that ions penetrate the coating
when the coating is made the cathode. The experimental design
was the following. Panels, 9.5 x9.5 cm, were coated and were
clamped to the other end. The cell was filled with aerated 2M
NaCl, the two steel panels were electrically coupled externally,
and the system was allowed to stand for 20 days. At the end of
this time the panel was wiped clean with tissue and the panel
was subjected in another glass cell to circulated triply dis-
tilled water. Samples of the liquid were removed periodically
and the sodium content of the solution was determined periodi-~
cally using the flame emission technique of Murray [23]. Re-
sults are given in Table VI. The data with the alkyd coating
had a consistent time dependence sufficient to permit calcula-
tion of a desorftion coefficient by the method of Murray. A
value of 2x10-15 cm2/sec was obtained after exposure to 2M NaCl
and 2 x10-12 cm?/sec after exposure to 0.1M NaCl.

A major effort must be expended in order to determine the
ionic permeability of the coatings. The data reported are in-
dicative of the fact that sodium ions do penetrate into the
coating under conditions where the coated metal is polarized
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Table VI

Sodium Desorption from Coatings on Steel after Exposure
to 2M NaCl for 20 Days While Coupled to a Bare Steel
Panel cf Equal Surface Area

Concn. of Na in Circulating
Distilled Water during Desorption

Coating Thickness
After 1 hr After 312 hr
Polybutadiene 32 um 2.3 ppm 5.6 ppm
Polybutadiene 36 1.0 5.1
Epoxy 71 13.8 18.0
Epoxy 51 16.2 14.5
Alkyd 93 4.2 29.0
Alkyd 94 4.9 27.0

very slightly in the cathodic direction.

The delamination rate of polybutadiene coatings on steel is
linearly related to the diffusion coefficient of LiCl, NaCl, KCl,
CsCl, and CaCl2 (see Fig. 5) in agqueous solution [10]. This
observation suggested that the supply of cations was provided
through the aqueous phase at the interface, although the pres-
ence of aqueous pathways through the coating could not be ruled
out. The strong dependence of the rate of cathodic delamination
on coating thickness [17] suggested that the rate of diffusion
of reactants through the coating was the important variable. The
inability to interpret these experiments adequately was the
motivating force for the following experiments.

Panels were exposed for 174 hr in the arrangement outlined
in Figure 1 and the delamination exterior to the central vessel
was determined. Data for various combinations of liquids are
summarized in Table VII. It will be noted that no delamination
occurred, except a minor amount with panel I, when the defect
was in contact with distilled water. On the other hand, when
the defect was in contact with a salt solution the delamination
rate was significant and the delamination extended out beyond
the region which was in contact with the salt solution. These
experiments prove conclusively that the cations are supplied to
the delaminating front through the aqueuous phase at the inter-
face under the conditions used.
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A similar set of experiments was carried out with applied
potentials such that the cathode potential was either -0.8 or
-1.2 v. These data are summarized in Table VIII. With the ex-
ception of the anomalous results shown in the last entry of the
table, delamination occurred rapidly when 0.5M KCl was at the
defect and distilled water was exterior to the cylinder. De-
lamination did@ not occur when distilled water was at the defect
and 0.5M KC1l was exterior to the cylinder.

. In all cases studied to date the delaminated area is linear-
ly related to time at a constant potential. This relationship
can be derived under the following assumptions:

(1) The rate of delamination is determined by the rate at
which the cathodic reaction occurs. When the coating is thin
and the surface is active catalytically, the rate is determined
by the rate of lateral diffusion of cations from the defect area
to the delaminating front.

{2) The concentration of the cation at the defect (Cb) is
the same as that in the bulk solution.

(3) The concentration of the cation at the delaminating
front is zero.

(4) The alkali metal ion concentration under the coating
changes linearly from the defect to the delaminating front.

(5) The cations reach the delaminating front by diffusion
governed by Fick's Law:

+ _ +
Fy = D(dcM /dr) (1)

where F,' is the cation flux, D is the diffusion coefficient,

C + is the concentration of the alkali metal cation, and r is
tﬂe linear distance from the defect.

{(6) There exists a liquid layer beneath the coating from
the defect to the delaminating front.

. The thickness of the ligquid layer near the delaminating
front is 4 and the radius of the delaminated region is R. The
cation diffusion rate at time T, MM+, is thus given by:

+ + +
MM = FM A= 2‘n'RdFM . (2)

The cation concentration, CM+ at a distance r from the defect
based on assumption 4 is

Cy' (r) = =(Ch/RIT + Cp (3)
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+
dc,, /dr = -C, /R . (4)

Substituting (4) in (1)

+—_ - —
Fy = -D(-C, /R) = D(C,/R) . (5)

Substituting (5) in (2) gives

MM+ = 27RA[D(C,/R)] = 2DC, & . (6)
The total amount of cation diffusion from time t = 0 to t =T
can be expressed as:
T
My, = f 21DC @ dt - 2 DC AT . (7)
(o)

The total amount of cation existing in the electrolyte between
the coating and the substrate is

— +
M. = f 2n1r ch dr (8)
R

My = f 21r A[(-Cp/K)r + C ldr , (9)
(o]

which on integration yields,

= 2
MT =7/3 dCbR » (10)
equating with (7)
2 _
/3 dCbR = 2nDdeT (11)
Area delaminated = 6nDT (12)

Thus under the above assumptions, the delaminated area is a
linear function of time T. The equation also allows the calcu-
lation of the rate of delamination and such data are given in
the last column of Table IX. The calculated values are too
high by factors of 17-200 indicating that the diffusion of the
cations to the reaction zone is not rate limiting under the
conditions of these experiments.
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Effect of Film Thickness. It has previously been shown
in the case of polybutadiene coatings that the rate of delami-
nation decreases with an increase in film thickness in the
range of 10-20 um. The thickness range covered with polybuta-
diene is limited because of the difficulty in getting uniform
oxidative curing with thick polybutadiene coatings. It was
thus decided to determine the effect of film thickness with
the commercial alkyd coating. All studies were carried out in
0.5M NaCl at a cathodic potential of -0.8 v. The delamination
rates were determined at times up to 136 hrs. Representative
data for a film thickness of 142 um are given in Figure 6. As
described previously [17], the intersection of the linear por-
tion of the curve with the X axis is termed the "delay time".
The delamination rates as a function of film thickness are sum-
marized in Figure 7, where it will be noted that the delamina-
tion rate dropped to a low value when the thickness of the top-
coat only exceeded 90 um. The delamination rate of the primer
plus topcoat did not change greatly with film thickness when
the thickness exceeded 50 um. The primer alone exhibited much
better resistance to delamination than the topcoat alone.

The square root of the delay time is plotted vs. the film
thickness in Figure 8. A linear relationship with an inter-
section of approximately 25 um is obtained.

Electrons. An essential reaction in the cathodic reaction
is the electron. The concentration (or rate of supply) of elec-
trons at the delaminating front is an important variable. Cover-
ing the metal surface with a non-conducting layer, such as
phosphate, reduces the availability of electrons for the cathodic
reaction [11]. The representation of the electron availability
at various locations within the delaminated region is the polar-
ization curve. As stated previously, the cathodic polarization
curve for steel in air-saturated 0.5MNaCl is essentially the
same over a pH range of 6.5 to 12.5 and the discussion below
assumes that the polarization behavior is independent of pH over
the range of concern.

Immediately at the defect the potential is that character-
istic of the applied potential and the potential at the delam-
inating front has an unknown value somewhat negative to the
corrosion potential. The value of the potential becomes less
negative continuously from the applied potential to the value
at the delaminating front. Under the assumption that there is
sufficient oxygen in the liquid adjacent to the delaminated
region, the rate of the cathodic reaction at each point will be
determined by the polarization curve for air-saturated conditions.
However, the exact potential at all points within the delaminated
region is unknown.

Figure 9 represents the extremes of three types of polari-
zation curves that are observed on metals whose behavior during
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cathodic treatment has been studied. Point A on each curve
represents the potential at the defect and Point B represents
the assumed potential at the delaminating front. Curve (1)
has the shape of the polarization curve of aluminum in 0.5M
NaCl. The surface is not active for the oxygen reduction re-
action and the rate of delamination is low as indicated by the
location of Point B. Curve (2) is a hypothetical curve some-
what comparable to the polarization curve for tin in 0.5M
NaCl. The curve has a steep slope such that the current densi-
ty falls off greatly with increase in potential. Thus the
current density at the delaminating front is low. Curve (3)
is typical of iron and copper in 0.5M NaCl. The oxygen re-
duction reaction is catalyzed over a wide potential region and
the current density remains the same over a considerable po-
tential range. Cathodic delamination occurs at a relatively
rapid rate because the current density at Point B is high
relative to comparable points on curves (1) and (2).

The effect of the nature of the polarization curve on the
delamination rate is shown clearly in the case of thin poly-
butadiene coatings on copper, steel, and tin substrates. Cop-
per and steel show very similar polarization curves in 0.5M
Nagl open to the air [17], and the delamlnatlon rate is 0.016

/hr in the case of copper and 0.02 cm 2/hr in the case of
steel when the cathode potential is -0.8 v. The rate of de-
lamination of the polybutadiene coating on tin, on the other
hand, is very low at the same potential. This fact is under-
standable in terms of the idealized polarization curve for tin
shown in Figure 9. The current density at this potential is
approximately an order of magnitude less and the current densi-
ty falls off exponentially as the potential decreases radially
from the defect. The current at the delaminating front is thus
much less in the case of tin than in the cases of copper and
steel and the delamination rate is much less.

Catalytic Activity of Surface for Cathodic Reaction. The
shapes of the cathodic polarization curves for copper and steel
in air-saturated 0.5M NaCl indicate that the cathodic reaction
at -0.8 v. is limited by a diffusion process—the rate at which
oxygen can reach the electrode surface. At a potential of
-0.8 v. it is thus not possible to increase the rate of the
reaction by increasing the catalytic activity of the substrate
since the maximum rate is limited by oxygen diffusion to the
interface. We have been forced, therefore, to concentrate at-
tention on catalytic deactivation of the surface.

Several pieces of evidence are already available that show
that the rate of delamination from a surface that has low cata-
lytic activity is indeed low:

(1) As discussed earlier, delamination at potentials
several hundred mv. cathodic to the corrosion potentials from
both aluminum and tin surfaces is a result of the low activity
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of these surfaces at this potential.

(2) Zinc surfaces inactivated by pretreatment in a cobalt-
containing solution show lower delamination rates than untreated
surfaces [12]. This behavior is explicable in terms of the |
lower cathodic activity [24].

(3) Surfaces that have been phosphated show low rates of
delamination [10]. This result is in accord with the lowered
activity of phosphated surfaces for oxygen reduction [25].

Thus the rate of delamination can be decreased by inactivating
the surface so that it is ineffective in catalyzing the oxygen
reduction reaction.

Effect of Temperature. Data have previously been present-
ed [13] on the effect of temperature on the cathodic delamina-
tion of polybutadiene coatings on a galvanized steel substrate
immersed in 0.5M NaCl. These data yielded an activation energy
for the delamination process of 9,500 cals/mole. Unfortunately,

i the available data are not sufficient for use in determining

; the rate-controlling step. The value is in the high range for

: the diffusion of counterions in ion exchange polymers [26], it

: is considerably higher than the value for the diffusion of NaCl

1 in aqueous solution, 4100 cal/mole [27] and is lower than the

i value of 17,000 cal/mole [28] obtained for ionic conductivity
in cellulose acetate which had been soaked in 0.1M NaCl. The
only conclusion possible at the present time is that the value
of 9,500 cal/mole is consistent with a rate controlling step
that involves diffusion.

How to Minimize Cathodic Delamination. Many commercial

painted metals are specially processed to minimize cathodic

delamination. The metal surface is modified chemically by a

process known colloquially as "pretreatment". These pretreat-

ments are characteristically based on phosphates, silicates

and chromates, and major companies have developed around pro-

prietary processes that have received wide utilization. Most
3 of the processes have been discovered empirically and changes
) in the process with time have been largely incremental rather
than revolutionary. Environmental pressures, cost pressures,
and raw materials availability are necessitating changes in
pretreatment formulas and entirely new systems are needed. The
purpose of the following comments is to outline the character-
istics of the interfacial region at the organic coating/sub-
strate boundary that will withstand cathodic delamination. Five
characteristics are selected for discussion.

i (1) No bare metal, or superficially oxidized metal, should
be present at the coating/substrate interface. Slightly oxi-
dized metals such as copper, zinc and steel are good catalysts
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for the oxygen reduction reaction. Since the destructive com-
ponent in the delamination process is the hydroxyl ion, the
rate of formation of hydroxyls should be minimized. Any layer
at the metal surface should completely cover the metal.

(2) There should exist at the coating/substrate interface
a layer which is a very poor conductor of electrons. Electrons
for the cathodic reaction are furnished either by an external
power supply or by the anodic half of the corrosion reaction.
If the electron supply to the interface can be minimized, the
reaction rate will be reduced. A non-metallic interfacial
layer with poor electron conductive properties is desirable.

(3) The interfacial layer at the coating/substrate inter-
face should be a poor catalyst for the cathodic reaction. The
two common cathodic reactions, Ho0 + 1/207 + 2e~ = 200 and
2HY + 2™ = Hy, are both catalyzed reactions that do not occur
readily in the absence of a solid. The first reaction occurs
most easily on oxidized metals and the latter reaction most
easily on bare metal surfaces. Both reactions result in a
local increase in pH and both play a role in cathodic delamin-
ation. The relative importance of each reaction is dependent
upon the potential as well as the nature of the surface.

The interfacial layer should have a chemical nature such
that it is inactive catalytically for both the above reactions.
Hydroxyl ion generation will not occur if the surface is
inactive.

(4) The boundary between the substrate and the coating
should be rough. It is standard practice to improve substrate/
organic coating adherence by roughening the surface, either by
abrasive or chemical attack or by the formation of a reaction
product which has a high surface area. A rough surface, how-
ever, has another good characteristic to reduce cathodic
delamination. It provides a tortuous path for the diffusion of
cations to the site of the hydroxyl ion generation. The es-
sential ingredients for the oxygen reduction reaction are
(a) water, (b) oxygen, (c) electrons, (d) a catalytically
active surface, and (e) cations to provide local charge balance
for the hydroxyl ions. It has been shown herein that cathodic
delamination in NaCl solution occurs as a consequence of lateral
diffusion of sodium cations beneath the coating. Any surface
structure that lengthens the path for cation diffusion or makes
more difficult the migration of cations to sites of possible
hydroxyl ion generation will reduce the rate of the oxygen
reduction reaction.

(5) The interfacial region should be resistant to alkaline
attack. The delamination process occurs as a consequence of
the attack on the surface of the metal and/or the organic coat-
ing at the interface. Both components of the interfacial
region are probably attacked and which occurs at the faster
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is a function of the particular system. The ideal inter-
facial region will include an alkali~-resistant coating on the
metal and an organic material that is very resistant to
hydrolysis or other type of attack by aqueous alkali.
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Program #2. Corrosion Control by Inhibition of the
Cathodic, Oxygen-Reduction Reaction

It has been proposed previously that the corrosion rate of
zinc may be reduced by decreasing the activity of the surface
for the cathodic reaction [l1]. This proposal was followed by
observations that indicated that predipping zinc in dilute solu-
tions of Co(II) or Ni(II) salts decreased the catalytic activity
of the zinc surface for the cathodic reaction in aerated NaCl
solution [2]. A lower rate of corrosion resulted. We report
herein another example of substantial inhibition of the cathodic
reaction on zinc using a chromate pretreatment followed by cath-
odic treatment in NaCl solution at -1.6 v vs SCE.

Commercial samples of galvanized steel were used. No
significant differences in behavior were observed among differ-
ent lots of galvanized steel that were used for comparative
purposes in some experiments. All measurements reported herein
were made in 3% sodium chloride solution adjusted to pH 5.4 and
exposed to air. The counterelectrode was graphite and it was
maintained in a vessel separated from the measurement cell by a
fritted glass disc. The pH of the liquid in the measurement
cell increased to the order of 7-10 during the experiments but
independent experiments carried out in this pH range indicated
that pH was not a major varjable in the interpretation of results.
Polarization measurements were carried out using a PAR 350 Corro-
sion Console and a standard cell assembly. The electrodes were
in the form of rectangular pieces, the edges, backside, and con-
tacting wire of which were coated with_an epoxy cement. The ex-
posed surface area of zinc was 2.25 cm“.

Samples were abrasively polished with aluminum oxide, edge
coated with the epoxy, and then exposed in a 10% solutzon of a
proprietary chromating solution known as Granodine® 90 at pH
1.5 for 60 seconds. The pretreated samples were washed with
distilled water and immediately immersed in 3% NaCl solution
and allowed to stand for 10 min before the polarization was
initiated.

A typical set of experiments is summarized in Figure 1. The
first cathodic scan yielded a higher cathodic current density
than obtained on zinc not pretreated in Granodine® [1], sugges-
tive of the fact that some species on the surface was consuming
electrons. The peaks between -1.2 and -1.3 v on the negative-
direction scans are probably due to the reduction of zinc oxide,
as per prior observation [1]. The scan direction was reversed
at -1.6 v and the lower catalytic activity of the reduced sur-
face was noted up to a potential of -1.28 v. At potentials less
negative than -1.28 v, the zinc surface behaved anodically and

® - Registered Trademark, Amchem Products, Inc.
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an oxide presumably formed on the surface. The potential con-
trol was terminated at -1.1 v and the specimen was allowed to
remain in the NaCl solution for 10 min, during which time the
corrosion potential drifted from -1.1 v to -1.0 v. A second
potential scan in the cathodic direction was initiated and it
will be noted that the activity of the surface was decreased
one order of magnitude in the vicinity of the corrosion po-
tential. The prior cathodic treatment greatly decreased the
cathodic activity of the zinc surface.

e ann

Repeated experiments of the same type yielded curves es-
sentially the same as that for the second scan so long as the
; sample remained in the NaCl solution for no more than 20 min y
% after the applied potential was removed. Longer exposure
. times caused the cathodic curve to move to higher current
values until after several hr of exposure, the curve was es-
3 sentially identical to the first scan.

i Experiments of the similar t%pe carried out in 3% NaCl with-
out pretreatment in the Granodine™ solution yielded curves such
as those shown in Figure 2. The cathodic activity of the zinc

; surface was approximately the same before and after cathodic

polarization at -1.6 v, and up to 1 order of magnitude higher

than that observed for the second and third runs in Figure 1.

Unsuccessful attempts were made to understand the chemistry
of the zinc surface before and after cathodic treatment at -1.6v
using surface analysis techniques. The elemental composition,
largely chromium, zinc and oxygen, was readily determined but
no correlation between composition or valence state and cata-
lytic activity was extractable from the data. It is our impres-
sion that exposure of the sample to air and to washing prior to
insertion into the spectrometer yielded a steady~state condition,
reflective of the observation that the cathodic polarization
curves obtained after long exposure to the NaCl solution were
similar.

Attempts were made without complete success to duplicate
the behavior of the proprietary solution using standard chromate
solutions. Since our objective was to pursue the concept of
cathodic inhibition of zinc, rather than the develorment of an
- improved pretreatment solution, we felt it unnecessary to develop
- a formula which could be published.

In summary, a zinc surface pretreated in a commercial chro-
mating solution exhibits low catalytic activity for the cathodic
reaction in 3% NaCl solution after electrolytic reduction at
-1.6 v. A higher catalytic activity is regenerated after expo-
sure of the surface to aerated NaCl solution for times in excess
of 10 min. These experiments provide additional support for the
view that corrosion control of zinc is possible by appropriate
control of the composition of the zinc surface with consequent
control of the kinetics of the cathodic reaction. It is inter-
esting to point out that commercial electrogalvanized steels

| :
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with claimed higher corrosion resistance include chromium as an
alloying agent [3].
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Program #3. Optical Studies of Corrosion
under Organic Coatings

i This section is based primarily on work
performed by the senior investigator while

3 on leave from Lehigh at the Building Materi- ‘

als Group of the National Bureau of Standards, ;

August 1980 to July 1981. !

; Experimental Method and Initial Results

{ l Light microscopy has received limited use in the study of
blistering and corrosion under organic coatings [1-3], but the
new method described here permits direct and continuous obser-
vation of these processes.

A simple corrosion apparatus has been constructed that
operates on the stage of a light microscope. The corrosion test
| cell is shown schematically in Figure 1. It consists of a 10 mm
diameter cell formed from a 3 mm thick layer of silicone rubber
placed on a coated steel specimen. Aerated water or salt solu-
tion flows through the cell at a rate of 0.1 to 0.2 ml/min,
through an inlet and outlet of hypodermic tubing molded into
the cell. The cell volume is about 0.2 ml, so this flow rate
is slow enough to give smooth flow but it is sufficient to sup-
Ply a large excess of the dissolved oxygen required for corro-
sion. The cell is enclosed by a microscope cover glass.

The specimens are observed continuously in a metallurgical
(reflected light) microscope by a 10X objective lens with a
working distance of 7.6 mm, which provides ample space for the
test cell. Glare from the several reflecting surfaces present
is overcome by using polarized illumination and an analyzer set
15 to 20° from the crossed position. Observation with complete-
. ly crossed polars is also helpful in revealing some of the cor-
' rosion phenomena. Photography was eventually automated to ob-
o tain pairs of 35 mm color slides, bright and dark (crossed
: polars), at time intervals of one to several hours. Tests
typically were carried out for two to four days, often followed
by continued exposure to near-100% relative humidity.

Specimens were prepared from cold-rolled, low-carbon steel.
The surface was wet ground through 600-grit abrasive paper,
. washed thoroughly in acetone, distilled water, and ethanol, and
j then warm-air dried. Polybutadiene was selected as a coating
because it is moderately permeable to both water and oxygen [4].
The material used, DuPont's Budium RK 662, was applied by a draw
bar or wire-wound rod and then cured at 200°C for 25 min in a
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circulating air oven, to dry thicknesses of about 15 to 30 um.
The cured system is golden yellow in color, but otherwise trans-
parent. Two types of "defects" were introduced in the coated
specimens. First, a salt contamination spot was placed on the
steel before coating, by drying of a 0.01 uf drop of dilute
KHSO4 solution to give a spot about 0.6 mm (600 um) in diameter,
with a calculated average thickness of 0.1 um. Second, con-
taminated coating areas were punctured with a needle to make a
hole about 60 um in diameter.

The experimental observations are in general accord with
the events included by Masters and Pommersheim in their initial
mathematical modeling of corrosion under coatings [5]: perme-
ation of water and oxygen through the coating to the steel,
blister formation and growth, and the initiation of corrosion.
Most of the observations are qualitative, although some measure-
ments have been made and others will be possible in the future.
An example of a simple measurement in the microscope is coating
thickness. At high magnification, typically with a 40X objective
lens, the depth of focus is small and one can focus successively
on the steel surface and on the top surface of the coating
(actually on microscopic dirt specks that unavoidably settle on
the surface). The coating thickness is the difference in focal
positions, Ah, multiplied by the refractive index, n, or t =nAh.
The refractive index was measured to be 1.549, significantly
higher than the literature values of 1.515 to 1.526 [6], so the
true thickness is 55% larger than the apparent thickness.

Observations will be described mainly for KHSO, contamina-
tion spots under the polybutadiene coating, but similarities
will be pointed out when the coating is punctured in an uncon-
taminated area. The "data" are mainly color micrographs, which
cannot be readily reproduced here, so the schematic drawing of
Figure 2 will aid i1n visualizing the results summarized in the
following steps:

(1) In an environment of aerated distilled water, the con-
tamination spot becomes visible within one hour. This is at-
tributed to enhanced image contrast from refractive index gradi-
ents during transient water permeation. The equilibrium solu-
bility of water in the coating is probably less than 2% [7,8].

(2) within 2 to 3 hours, areas delineated by optical interfer-
ence rings appear in an annulus around the contamination spot.
Typical diameters of these areas are 80 to 200 um, and they
slowly increase in size, often merging to form larger areas.
Subsequent observations suggest that these areas result from
the beginning of the cathodic reaction as part of a localized
electrochemical corrosion cell.

(3) within several hours, crossed polars show slight but
definite changes in the contamination spot, usually in one or i
F two rounded areas that are 100 to 300 um in diameter. These :
develop gradually into prominent blue spots that are the anodes
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in the electrochemical cell, similar to the appearance of the
moving anode in filiform corrosion [9-~12].

(4) The anodes develop perceptible depth, which becomes
readily recognizable as a blister by about 50 hours. The anodes
and blisters are in fact coincident and result from solution of
the contaminant in water that has permeated. This creates an
osmotic gradient that drives water into the blister and makes
it grow. At present, blister height can be measured accurately
only after removal of the specimen from the test cell, after 50
to 100 hours. A typical height is 10 um (about half the coating
thickness). The liquid volume in a blister is then calculated
to be about 0.0002 uf, which is approximately the quantity re-
quired to dissolve all the KHSO4 under the blister. Thus, in
its early development the blister containg a saturated solution
of KHSO4, which is acidic and readily dissolves the anodic
product Fett,

(5) There is often a "breakthrough" of the anode outside
the original contamination spot, enlarging the anode and the
area of the blister. The breakthrough may be caused by two
factors: osmotic pressure in the blister, and the tendency of
the adjacent cathodic reactions to break the bond at the
coating~steel interface (cathodic delamination) [4]. With
prolonged exposure to high humidity after the conclusion of the
test in the microscope, repeated breakthroughs occur, thus
spreading the corrosion.

(6) Iron oxides gradually form, at the periphery of the
original contamination spot or immediately around an anode.
Oxide formation results from the proximity of the anodic and
cathodic reaction products, and the precipitation of hydrated
oxides when they meet. The "rust” that is formed is often a
striking yellow or red color but is readily observed only when
glare is eliminated completely by crossed polars.

(7) The corrosion processes described above proceed very
slowly after about 25 hours. The slow rate is probably a con-
sequence of the fact that the cathodic reaction is rate con-
trolling because of the limited amount of oxygen permeating
the coating and because the OH™ concentration rapidly builds
up except where iron oxides can form. The importance of oxygen
was demonstrated gqualitatively by a test in which the water was
saturated with oxygen; anodic action and rust formation were
about twice as fast as with air. In another test the water was
saturated with nitrogen, largely excluding oxygen; blisters
formed as usual, but anodic action was greatly diminished.

(8) When a specimen is tested in aerated NaCl solution
(0.1 molar), the phenomena are similar to those described al-
ready, but faster. This increased rate is attributed to the
availability of sodium cations that permeate the coating and
act as counter ions for the OH™ ions produced at the cathodes.
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The explanation remains to be verified by microanalysis on coat-
ings stripped after the test, but the mechanism has been found
in other cathodic delamination experiments [13].

(9) When a coating is punctured and then tested in NaCl
solution, the bare steel exposed at the puncture is immediately
anodic. Cathodic areas develop quickly around the puncture and
rust forms (Fig. 3). Within 20 hours, however, anodic action
spreads adjacent to the puncture, apparently where some cathodic
areas shift to become anodic. A growing annulus of cathodic
delamination is apparent, but cathodic blisters with heights
of a few um continue to exist within the annulus. After the
test, the coating can be easily stripped from the anodic and
surrounding cathodic areas.

(10) All of the processes described above are localized
and take place entirely under the coating, which remains intact.
Elsewhere the coating and steel appear unaffected, although the
coating must become saturated with water and oxygen. Eventually
corrosion is noticed at some additional sites, for reasons that
are not yet known.

Further Research

Preparations are underway for detailed study of cathodic
delamination by light microscopy supplemented by SEM, EDX, and
other techniques. The corrosion test cell will be modified to
protect the steel cathodically, either by contact with an active
zinc anode or by an applied potential. The anodic oxidation of
the steel will thereby be suppressed, and the light microscopy
will be concentrated on observation and measurement of the
cathodic process.

Exploratory EDX analysis on coatings taken from other
cathodic delamination tests on this project show that ions
from the electrolyte can be detected in the coating at or near
the coating-steel interface. In the new experiments, detailed
correlation should be possible with the position of the delami-
nation front, by stripping the coating at various positions as
observed by light microscopy. Various electrolytes will be
used as in previous experiments [4], such as LiCl, NaCl, KCl
and CsCl.

A problem in the interpretation of the mechanism of cathod-
ic delamination is that ions may reach the delaminating front
either by diffusion through the coating or by migration along
the delaminated interface from the original coating defect. It
may be possible to distinguish the operative mechanism with
substrate salt contamination as reported in the previous
section. For example, if KHSO4 contamination is used and the
electrolyte is a CsCl solution, EDX analysis should readily
distinguish which cation is present at the delamination front.
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Thus it appears that the microscopy method being developed
here can contribute to clarifying the mechanism of the very
important phenomenon of cathodic delamination.
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Program #4. Electrical Properties of Organic Coatings
- and Relationship to Corrosion
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INTRODUCTION

i For years organic coatings have been used to protect metals
from corrosive environments. The degree of protection provided
| by such coatings can be attributed to several factors: the
‘ permeability to environmental elements (oxygen, water, and ionsj,
, a