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FOREWORD 

The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but  reproduced  the  submitted 
by the authors in camera-read
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

THERE A R E T H R E E C R I T I C A L S T E P S in obtaining satisfactory performance 
from corrosion protective materials: design of the device, component, or 
structure; selection of materials for the intended application; and control of 
the manufacturing process or application conditions. The principal concern 
of the present volume is evaluating and selecting materials for use in 
corrosive environments. Intelligent materials selection requires a thorough 
understanding of protection and failure mechanisms and relies on the 
availability of appropriate test methodology  Papers concerning these topics 
make up the bulk of this volume
materials or unexpected applications of polymeric corrosion-protective 
materials. 

The symposium on which this book is based was organized to provide a 
forum for discussion of recent advances in the use of polymeric materials in 
corrosion control. Most of the papers presented in the symposium are 
included in this volume. Several chapters have been added. These include an 
introductory overview as well as separate review chapters on how organic 
coating systems protect against corrosion, on mechanisms of adhesion loss of 
organic coatings, and on the interfacial chemistry of adhesion loss in 
aggressive environments. 

This volume provides a slice-in-time view of the progress in the science 
and technology of polymeric materials for corrosion control. The editors 
hope it will prove thought provoking and will contribute to a continuing 
discussion within the polymeric materials community on improved methods 
for achieving corrosion control. 

The editors wish to express their appreciation to Ford Motor Company 
and to Glidden Coatings and Resins Division, SCM Corporation, for 
support during organization of the symposium and preparation of this 
volume. Special thanks are due Cathy Ciarrocchi and Diane DeSimone for 
their secretarial assistance. 

R A Y A.  D I C K I E 

Ford Motor Company 
Dearborn, MI 48121 

F. Louis FLOYD 

Glidden Coatings and Resins Division 
SCM Corporation 
Strongsville, OH 44136 
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1 
Polymeric Materials for Corrosion Control: 
An Overview 

Ray A. Dickie1 and F. Louis Floyd2 

1Ford Motor Company, Dearborn, MI 48121 
2Glidden Coatings and Resins Division, SCM Corporation, 16651 Sprague Road, 
Strongsville, OH 44136 

Polymeric materials are widely used to control the 
corrosion of metals, both to maintain appearance and 
to prevent loss of structural integrity. In this 
chapter, the fundamentals of metallic corrosion are 
briefly reviewed. Methods of studying corrosion, 
and of evaluating the performance of polymeric 
materials used in corrosion protection, are out
lined. Factors that influence the corrosion 
protective performance of polymeric materials are 
discussed, and some of the research needs and 
important unsolved problems are highlighted. 

The economic costs and environmental impact of m e t a l l i c c o r r o s i o n are 
w e l l known, and need not be discussed i n depth here. I t has been 
estimated (1) t h a t the t o t a l cost of c o r r o s i o n i n the U n i t e d States 
may be as much as 4% of the gross n a t i o n a l product, and that about 15% 
of the t o t a l cost might be avoidable through the economic use of 
a v a i l a b l e technology. Most st u d i e s of c o r r o s i o n and i t s e f f e c t s 
understandably concentrate on the cosmetic and s t r u c t u r a l e f f e c t s of 
m e t a l l i c c o r r o s i o n ; most of the papers i n the present volume f a l l i n t o 
t h i s category. I t should be noted, however, t h a t m e t a l l i c c o r r o s i o n 
and the products of m e t a l l i c c o r r o s i o n can d e l e t e r i o u s l y a f f e c t the 
p r o p e r t i e s of non-metallic m a t e r i a l s , p a r t i c u l a r l y at j o i n t s between 
metals and non-metals. There are a l s o environmental degradation 
phenomena that can a f f e c t n o n - m e t a l l i c m a t e r i a l s such as p l a s t i c s , 
composites and glass d i r e c t l y ; some of these phenomena resemble 
m e t a l l i c c o r r o s i o n processes i n the e f f e c t s observed on appearance and 
s t r u c t u r a l i n t e g r i t y . Several papers i n t h i s volume deal w i t h 
c o r r o s i o n e f f e c t s on adhesive j o i n t s and n o n - m e t a l l i c m a t e r i a l s . 

The present chapter begins w i t h a b r i e f overview of m e t a l l i c 
c o r r o s i o n and mechanisms of c o r r o s i o n c o n t r o l . Methods of e v a l u a t i n g 
polymer performance and el e c t r o c h e m i c a l c h a r a c t e r i z a t i o n techniques 
are discussed. B a r r i e r and adhesion aspects of c o r r o s i o n c o n t r o l are 
reviewed, and some c r i t i c a l issues needing f u r t h e r study are o u t l i n e d . 

0097-6156/ 86/ 0322-0001 $06.00/ 0 
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2 POLYMERIC MATERIALS FOR CORROSION CONTROL 

M e t a l l i c C o r r o s i o n 

M e t a l l i c c o r r o s i o n has been the subject of many textbooks and sc h o l 
a r l y compendia (e.g., 2-4), and a number of i n t r o d u c t o r y treatments 
d e a l i n g w i t h c o r r o s i o n and c o r r o s i o n p r o t e c t i o n are a l s o a v a i l a b l e 
(e.g., 5-7). In t h i s context, the term " c o r r o s i o n " r e f e r s to the 
chemical degradation of a metal by i t s environment. The r e a c t i o n s are 
most o f t e n heterogeneous redox r e a c t i o n s and occur at the metal-envir
onment i n t e r f a c e . The anodic r e a c t i o n i s t y p i c a l l y the o x i d a t i o n of 
the metal; the cathodic r e a c t i o n i s r e d u c t i o n of a non-metal, t y p i c a l 
l y oxygen. I f the product of the metal o x i d a t i o n forms a t i g h t and 
adherent f i l m , the c o r r o s i o n process may be s e l f - l i m i t i n g . I f the 
products of the c o r r o s i o n r e a c t i o n are s o l u b l e i n the c o r r o s i v e 
medium, or are permeable to i t , then m e t a l l i c c o r r o s i o n can proceed. 
Cor r o s i o n i s o f t e n represented i n terms of a simple e l e c t r o c h e m i c a l 
model. The anodic and cathodic h a l f r e a c t i o n s of the c o r r o s i o n c e l l 
may occur at adjacent o
the e l e c t r i c a l c i r c u i t i
the c o r r o d i n g metal and i o n i c conduction w i t h i n the aqueous e l e c t r o 
l y t e . In n a t u r a l c o r r o s i o n , i t i s common f o r the s i t e s of the anodic 
and cathodic c o r r o s i o n r e a c t i o n s to become more or l e s s widely 
separated. I n such cases, the anodic s i t e s tend to become a c i d i c and 
the cathodic s i t e s tend to become b a s i c . These changes i n pH can be 
l a r g e , and can have ser i o u s i m p l i c a t i o n s f o r the performance of 
polymeric m a t e r i a l s . 

The c o r r o s i o n of i r o n i s one of the most widespread and techno
l o g i c a l l y important examples of m e t a l l i c c o r r o s i o n . I n the presence 
of water and oxygen, the c o r r o s i o n of i r o n proceeds to form a compli
cated mixture of hydrated i r o n oxides and r e l a t e d species; a complete 
d e s c r i p t i o n i s beyond the scope of the present d i s c u s s i o n , and the 
i n t e r e s t e d reader i s r e f e r r e d to the p r e v i o u s l y c i t e d general r e f e r 
ences on c o r r o s i o n as w e l l as to the w e l l known d e s c r i p t i o n s of 
e l e c t r o c h e m i c a l e q u i l i b r i a i n aqueous s o l u t i o n given by Pourbaix (8, 
9). I r o n i s a base metal, subj e c t to c o r r o s i o n i n aqueous s o l u t i o n s . 
In the presence of o x i d i z i n g s p e c i e s , i r o n surfaces can be p a s s i v a t e d 
by the formation of an oxide l a y e r ; i f the oxide l a y e r formed i s 
imperfect, r a p i d c o r r o s i o n may occur. In si m p l e s t form, the r e a c t i o n 
of i r o n to form i r o n oxide can be w r i t t e n as: 

4 Fe + 2 H 20 +3 0 2 -> 2 Fe 20 3.H 20 

The f i r s t step i n the c o r r o s i o n process i s the d i s s o l u t i o n of i r o n to 
form f e r r o u s i o n : 

Fe -> F e + + + 2 e" 

In general, the pH decreases at s i t e s of anodic d i s s o l u t i o n due to 
h y d r o l y s i s r e a c t i o n s such as: 

F e + + + H 20 -> FeOH + + H + 

The cathodic r e a c t i o n s commonly observed are the e v o l u t i o n of hydrogen 
and the r e d u c t i o n of oxygen; hydrogen e v o l u t i o n i s k i n e t i c a l l y favored 
under a c i d i c c o n d i t i o n s , w h i l e oxygen r e d u c t i o n i s k i n e t i c a l l y favored 
under n e u t r a l and b a s i c c o n d i t i o n s . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. DICKIE A N D FLOYD Overview 3 

H30+ + e" -> 1/2 H 2 + H 20 ( a c i d s o l u t i o n s ) 

H 20 + e" -> 1/2 H 2 + OH" ( n e u t r a l / b a s i c s o l u t i o n s ) 

1/2 0 2 + H30 + + 2 e" -> 3 H 20 ( a c i d s o l u t i o n s ) 

1/2 0 2 + H 20 + 2 e" -> 2 OH' ( n e u t r a l / b a s i c s o l u t i o n s ) 

The pH at cathodic s i t e s tends to increase due to the production of 
hydroxide i o n and/or consumption of hydrogen i o n . 

I t i s i n t e r e s t i n g to c o n t r a s t the behavior of i r o n w i t h that of 
aluminum. Aluminum i s a very base metal; yet aqueous s o l u t i o n s i n the 
n e u t r a l pH range that are q u i t e aggressive toward i r o n o f t e n have 
l i t t l e e f f e c t on aluminum. In the presence of a c i d s o l u t i o n s , 
aluminum d i s s o l v e s w i t h the formation of A l + ^ i o n s , w h i l e under 
a l k a l i n e c o n d i t i o n s , i t d i s s o l v e s as aluminate i o n s  A10 "  Over the 
mid-range of pH from abou
oxide tends to form. Th
depend on the c o n d i t i o n s under which i t i s formed, and the c o r r o s i o n 
performance of aluminum tends to be dominated by the performance of 
the oxide l a y e r . C e r t a i n s o l u t i o n species, n o t a b l y c h l o r i d e , can 
d i s r u p t the oxide l a y e r and cause l o c a l i z e d p i t t i n g . C o n t r o l and 
m o d i f i c a t i o n of the aluminum surface oxide l a y e r has been e x t e n s i v e l y 
s t u d i e d , and i s of p a r t i c u l a r importance i n the p r o t e c t i o n of aluminum 
su b s t r a t e s . 

Mechanisms of Corr o s i o n C o n t r o l 

C o r r o s i o n can be c o n t r o l l e d by i s o l a t i o n of the metal from the 
c o r r o s i v e environment; by suppression of the anodic d i s s o l u t i o n of 
metal; and by suppression of the corresponding cathodic r e a c t i o n . 
I s o l a t i o n of c o r r o s i o n prone metals from c o r r o s i v e environments i s 
probably the most general mechanism of the c o r r o s i o n p r o t e c t i o n 
a f f o r d e d by p a i n t f i l m s , s e a l e r s , and s i m i l a r polymer-based m a t e r i a l s . 
E f f e c t i v e i s o l a t i o n r e q u i r e s t h a t polymeric m a t e r i a l s have good 
b a r r i e r p r o p e r t i e s and remain adherent i n the presence of water and 
the products of m e t a l l i c c o r r o s i o n . B a r r i e r p r o p e r t i e s and adhesion 
aspects of c o r r o s i o n c o n t r o l are discussed i n d e t a i l i n subsequent 
s e c t i o n s . 

The anodic d i s s o l u t i o n of metal can be suppressed by lowering the 
p o t e n t i a l so t h a t o x i d a t i o n of the metal i s thermodynamically impos
s i b l e ; t h i s i s the p r i n c i p l e of cathodic p r o t e c t i o n of s t e e l . 
Cathodic p r o t e c t i o n r e l i e s on e i t h e r an e x t e r n a l source of e l e c t r i c 
c u r r e n t or c o u p l i n g of the metal to be p r o t e c t e d w i t h a more a c t i v e 
metal (e.g., s t e e l i s p r o t e c t e d by c o u p l i n g to z i n c ) . With the 
exception of some z i n c - c o n t a i n i n g organic coatings a p p l i e d to s t e e l , 
cathodic p r o t e c t i o n i s not a major mechanism of p r o t e c t i o n by poly
meric m a t e r i a l s . The mechanism of a c t i o n of z i n c c o n t a i n i n g coatings 
has been the subject of some disagreement. Pa r t of the e f f e c t i v e n e s s 
of z i n c pigmented coatings may be due to the formation of z i n c 
c o r r o s i o n products a f t e r an i n i t i a l p e r i o d of t r u e cathodic protec
t i o n . The a c t i o n of the z i n c compounds formed has been v a r i o u s l y 
a s c r i b e d to a b l o c k i n g of the pores of the f i l m and to p a s s i v a t i o n of 
the surface. The e v a l u a t i o n (using impedance methods, see a l s o Ref. 
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4 POLYMERIC MATERIALS FOR CORROSION CONTROL 

10) and m o d i f i c a t i o n of z i n c pigmented coatings are discussed i n t h i s 
volume by Szauer and Miszczyk. The chemistry of z i n c - r i c h and 
modified z i n c - r i c h coatings were a l s o discussed by Fawcett i n the 
symposium on which t h i s book i s based. The paper was not made 
a v a i l a b l e f o r i n c l u s i o n i n t h i s volume, but the p r e p r i n t v e r s i o n i s 
a v a i l a b l e (11). 

Suppression of the anodic r e a c t i o n can be achieved by the use of 
o x i d i z i n g i n h i b i t o r s ; e s s e n t i a l l y , the i n h i b i t o r i s c a l l e d upon to 
form (and maintain) an impervious and p a s s i v a t i n g oxide f i l m on the 
surface of the metal. I f the oxide f i l m formed i s imperfect, however, 
i t i s p o s s i b l e f o r r a p i d l o c a l i z e d c o r r o s i o n to take place. In the 
case of aluminum, i n h i b i t o r s can be used to s t a b i l i z e the oxide f i l m 
a g ainst h y d r a t i o n , as discussed i n t h i s volume by Matienzo et a l . 
Organic coatings designed f o r c o r r o s i o n p r o t e c t i o n of f e r r o u s metals 
o f t e n i n c o r p o r a t e metal chromâtes as o x i d i z i n g i n h i b i t o r s . The use of 
i n h i b i t o r s i n c o a t i n g s , and the requirements f o r an i d e a l i n h i b i t o r , 
have been discussed by L e i d h e i s e
t h i s volume and elsewher
i n h i b i t i n g pigments i s open to question: the binders used f o r p a i n t s 
c o n t a i n i n g c o r r o s i o n i n h i b i t i n g pigments must be somewhat water 
permeable f o r the pigments to work, at l e a s t p a r t i a l l y v i t i a t i n g the 
b a r r i e r e f f e c t of the c o a t i n g . 

Adsorption i n h i b i t o r s act by forming a f i l m on the metal surface. 
The a c t i o n of t r a d i t i o n a l o i l - b a s e d red l e a d p a i n t formulations 
presumably i n v o l v e s the formation of soaps and the p r e c i p i t a t i o n of 
complex f e r r i c s a l t s that r e i n f o r c e the oxide f i l m . There has been 
s u b s t a n t i a l i n t e r e s t i n recent years i n development of replacements 
f o r lead-based and chromate-based i n h i b i t o r systems. Adsorption 
i n h i b i t o r s based on polymers have been of p a r t i c u l a r i n t e r e s t . In 
t h i s volume, Johnson et a l . and Eng and I s h i d a d i s c u s s i n h i b i t o r s f o r 
copper; 2-undecylimidazole i s shown to be e f f e c t i v e i n a c i d media, 
where i t suppresses the oxygen r e d u c t i o n r e a c t i o n almost completely. 
P o l y v i n y l i m i d a z o l e s are shown to be e f f e c t i v e o x i d a t i o n i n h i b i t o r s f o r 
copper at e l e v a t e d temperatures. A l s o i n t h i s volume, Chen discusses 
the use of N-(hydroxyalkyl)acrylamide copolymers i n c o n j u n c t i o n w i t h 
phosphate-orthophosphate i n h i b i t o r systems f o r c o o l i n g systems. 

In many i n d u s t r i a l c o a t i n g a p p l i c a t i o n s , i n o r g a n i c conversion 
coatings are used as surface pretreatments f o r metals. Such t r e a t 
ments t y p i c a l l y r e s u l t i n the formation of an i n s o l u b l e metal chromate 
or phosphate on the metal surface. The e f f e c t i v e n e s s of z i n c phos
phate conversion coatings has been r e l a t e d to t h e i r r o l e i n sup
p r e s s i n g the cathodic r e d u c t i o n of oxygen (14). Bender et a l . (15) 
have reviewed the l i t e r a t u r e e x t e n s i v e l y . The performance of i n o r 
ganic conversion c o a t i n g systems i s dependent on bath composition and 
d e p o s i t i o n c o n d i t i o n s , on the i n i t i a l c o n d i t i o n of the s u b s t r a t e , and 
on the f i n a l r i n s e or post-treatment used. In t h i s volume, L i n d e r t 
and Maurer discus s a novel f i l m - f o r m i n g organic post-treatment f o r 
i n o r g a n i c phosphate conversion coatings. Agarwala discusses a 
modified chromate conversion c o a t i n g f o r aluminum. 

Methods of E v a l u a t i n g Polymer Performance 

Performance Tests. The u n d e r l y i n g goal of c o r r o s i o n t e s t i n g i s 
g e n e r a l l y the p r e d i c t i o n of s e r v i c e performance, whether d i r e c t l y f o r 
a device or system, or i n d i r e c t l y i n the design or f o r m u l a t i o n of a 
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1. DICKIE A N D FLOYD Overview 5 

new m a t e r i a l or process. The u l t i m a t e t e s t i s performance i n the 
intended a p p l i c a t i o n ; a c l o s e second i s exposure of t e s t panels to the 
normal s e r v i c e environment. T e s t i n g based on n a t u r a l exposure i s , of 
course, time consuming, and a l a r g e number of l a b o r a t o r y t e s t methods 
have been developed to assess aspects of polymer p r o p e r t i e s and 
c o r r o s i o n p r o t e c t i o n system performance. Performance t e s t s g e n e r a l l y 
i n v o l v e exposure of a system, component, or t e s t piece to a simulated 
or a c c e l e r a t e d c o r r o s i o n environment; e v a l u a t i o n of r e s u l t s i s 
t y p i c a l l y based on an assessment of the type and extent of c o r r o s i o n 
f a i l u r e . Property t e s t s g e n e r a l l y i n v o l v e the measurement of a 
s i n g l e , i s o l a b l e , m a t e r i a l property, or of a change i n m a t e r i a l 
property w i t h exposure to an aggressive environment. E v a l u a t i o n of 
r e s u l t s i s t y p i c a l l y i n terms of a c o r r e l a t i o n w i t h performance t e s t s 
or f i e l d performance data. 

The fundamental problems of a c c e l e r a t e d performance t e s t i n g are 
the s e l e c t i o n of appropriate t e s t c o n d i t i o n s , and the determination 
and v a l i d a t i o n of a c c e l e r a t i o
should be s e l e c t e d to a c c e l e r a t
and p h y s i c a l processes e q u a l l y . The determination of a c c e l e r a t i o n 
f a c t o r s t y p i c a l l y r e q u i r e s , and hence poses the same problems as, 
performance t e s t s under n a t u r a l exposure c o n d i t i o n s . 

Organic coatings are commonly evaluated u s i n g s a l t water immer
s i o n , s a l t fog or spray, modified s a l t exposure t e s t s (e.g., s a l t fog 
w i t h added SO2), and v a r i o u s c y c l i c exposure t e s t s . Humidity exposure 
and water immersion, and, f o r many a p p l i c a t i o n s , p h y s i c a l r e s i s t a n c e 
t e s t s (adhesion, impact r e s i s t a n c e , etc.) are w i d e l y used p r e l i m i n a r y 
t e s t s . Standard methods f o r most of these t e s t s are given i n compila
t i o n s of standard t e s t s such as the Annual Book of ASTM Standards 
(16). Test methods have been e x t e n s i v e l y reviewed (e.g., 17-23). 

Despite t h e i r long and common use, none of the popular l a b o r a t o r y 
c o r r o s i o n t e s t s are e n t i r e l y s a t i s f a c t o r y . The use of standard 
l a b o r a t o r y t e s t s to e s t a b l i s h comparative rankings of the c o r r o s i o n 
performance of d i f f e r e n t m a t e r i a l s i s e s p e c i a l l y s u s c e p t i b l e to e r r o r . 
In one recent study, f o r example, the r e s u l t s of e x t e r i o r exposure and 
standard l a b o r a t o r y t e s t s were used to compare c o r r o s i o n i n h i b i t i v e 
primers (24); i t was found tha t standard s a l t fog t e s t s showed 
s u b s t a n t i a l d i f f e r e n c e s i n p a i n t performance tha t were not observed 
under f i e l d exposure c o n d i t i o n s . C y c l i c exposure t e s t s have been 
proposed tha t incorporate periods of exposure to humidity, s a l t water 
immersion, temperature c y c l i n g , and d i r t (25, 26); such t e s t s are 
s u b s t a n t i a l l y more complicated than conventional l a b o r a t o r y t e s t s , but 
i n some cases give b e t t e r agreement w i t h c o r r o s i o n performance i n 
s e r v i c e . C y c l i c exposure t e s t s have a l s o been a p p l i e d to precoated 
s t e e l s , both w i t h and without p a i n t coatings (27.). The mechanism of 
f a i l u r e i n c y c l i c exposure t e s t i n g has been the subje c t of some 
d i s c u s s i o n . Standish (2£) argues that the c y c l i c t e s t allows cor
r o s i o n products l i k e those observed i n s e r v i c e to form under the 
c o a t i n g ; such c o r r o s i o n products are t y p i c a l l y not observed i n s a l t 
spray. Jones (29) has a l s o discussed the formation of a bulky oxide 
l a y e r . Elsewhere i n t h i s volume, D i c k i e discusses surface a n a l y t i c a l 
r e s u l t s on the c y c l i c immersion f a i l u r e of organic coatings on 
phosphated s t e e l s u b s t r a t e s ; delamination of the c o a t i n g i s found to 
be a s s o c i a t e d w i t h d i s s o l u t i o n of the conversion c o a t i n g . This r e s u l t 
i s c o n s i s t e n t w i t h observations of van Ooij (30) on locus and mechan
ism of c o a t i n g delamination on phosphated s t e e l . 
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E l e c t r o c h e m i c a l C h a r a c t e r i z a t i o n Techniques. Since c o r r o s i o n i s an 
e l e c t r o c h e m i c a l process, i t i s not s u r p r i s i n g t h a t a considerable 
amount of work has been reported over the years on e l e c t r i c a l and 
e l e c t r o c h e m i c a l techniques f o r the study of the c o r r o s i o n process. 
L e i d h e i s e r (31) and Szauer (32, 33) have provided good reviews of the 
p r i n c i p a l techniques. Walter has r e c e n t l y provided a review of DC 
e l e c t r o c h e m i c a l t e s t s f o r p a i n t e d metals (34)· Both AC and DC methods 
have been employed to study a v a r i e t y of i s s u e s r e l a t e d to c o r r o s i o n 
and c o r r o s i o n p r o t e c t i o n . DC techniques are e s p e c i a l l y u s e f u l f o r 
studying substrate processes, w h i l e AC impedance techniques are most 
u s e f u l f o r studying processes r e l a t i n g to coated substrates and the 
performance of c o a t i n g s . 

DC techniques inc l u d e measurement of DC r e s i s t a n c e , determination 
of p o l a r i z a t i o n behavior, and measurement of p o l a r i z a t i o n r e s i s t a n c e . 
Coating r e s i s t a n c e has been c o r r e l a t e d w i t h c o r r o s i o n performance by a 
number of workers. As summarized by L e i d h e i s e r (31)  the r e s u l t s of 
s e v e r a l independent i n v e s t i g a t i o n
below about 10^ ohm/cm^
un d e r - f i l m c o r r o s i o n . P a r a l l e l DC r e s i s t a n c e measurements on t h i n 
f i l m metal substrates have been used to study the d e t e r i o r a t i o n of 
coated metals; the technique s u c c e s s f u l l y detected the e f f e c t s of 
water a f t e r m i g r a t i o n to the coating/metal i n t e r f a c e (3j>) . 

P o l a r i z a t i o n methods i n v o l v e changing the p o t e n t i a l (or current) 
of a c o r r o d i n g system i n both the anodic and cathodic d i r e c t i o n s while 
monitoring c u r r e n t (or p o t e n t i a l ) . By manipulating the r e s u l t i n g 
i n f o r m a t i o n , an understanding of the c o r r o s i o n process can be obtain
ed. For example, Beese (36) has used the l i n e a r p o l a r i z a t i o n tech
nique to develop i n f o r m a t i o n r e l a t e d to c o r r o s i o n i n beer and beverage 
cans tha t are coated w i t h an organic enamel. Such i n f o r m a t i o n was 
u l t i m a t e l y employed to develop improved coatings f o r the container. 
Groseclose et a l . (37) employed an anodic p o l a r i z a t i o n technique to 
q u a n t i f y the q u a l i t y and v a r i a b i l i t y of both c o l d r o l l e d and hot 
r o l l e d s t e e l s . This i n f o r m a t i o n was used to a c c u r a t e l y p r e d i c t the 
r e l a t i v e s a l t spray performance of the subsequently coated s t e e l s , and 
evaluate the e f f e c t of abrasive p o l i s h i n g and s a n d b l a s t i n g of the 
s u b s t r a t e . The p o l a r i z a t i o n r e s i s t a n c e method w i d e l y used f o r 
studying metal c o r r o s i o n has a l s o been a p p l i e d to p a i n t e d metals. In 
p r i n c i p l e , the p o l a r i z a t i o n r e s i s t a n c e i s i n v e r s e l y p r o p o r t i o n a l to 
the c o r r o s i o n r a t e of the metal. For coated metals, the method i s 
complicated by the c o r r e c t i o n f o r ohmic p o t e n t i a l drop, d i f f u s i o n 
l i m i t a t i o n s , and changes i n f i l m p r o p e r t i e s under the a p p l i e d poten
t i a l (32). 

AC techniques are h i g h l y v a r i e d , but tend to converge upon the 
use of impedance spectroscopy. In recent p u b l i c a t i o n s , Hubrecht et 
a l . (38), M a n s f i e l d and Kendig (39), and Kendig et a l . (40) have 
reviewed the a p p l i c a t i o n of impedance spectroscopy to c o a t i n g systems. 
By examining the AC impedance of the coated system as a f u n c t i o n of 
frequency, u s e f u l i n f o r m a t i o n i s obtained regarding both the b a r r i e r 
p r o p e r t i e s of the c o a t i n g and the c o r r o s i o n s u s c e p t i b i l i t y of the 
s u b s t r a t e . Under proper c o n d i t i o n s , i n f o r m a t i o n can be e x t r a c t e d 
r e l a t i n g to the i n t e r f a c i a l l a y e r as w e l l . Information can a l s o be 
e x t r a c t e d r e l a t i v e to the presence of water and ions i n p a i n t f i l m s as 
shown by L i n d q v i s t (41). A good example of the l a t t e r has been given 
by Padget and Moreland (42). In most cases, b a r r i e r p r o p e r t i e s of 
coatings are u l t i m a t e l y found to be h i g h l y important to the prevention 
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of c o r r o s i o n of the s u b s t r a t e . In t h i s p a r t i c u l a r case, i t was a l s o 
shown that the presence of a b a r r i e r f i l m seems to augment the 
formation of a s t r o n g l y passive l a y e r at the i n t e r f a c e between the 
c o a t i n g and the s u b s t r a t e . An i n t e r e s t i n g a p p l i c a t i o n of electrochem
i c a l techniques i n v o l v e s the c h a r a c t e r i z a t i o n of z i n c r i c h p a i n t s . 
Fernandez-Prini and K a p i s t a (43) and L i n d q v i s t et a l . (44) describe 
both DC and AC techniques f o r c h a r a c t e r i z i n g z i n c r i c h coatings i n 
such a way t h a t subsequent s a l t spray t e s t i n g i s r a t i o n a l i z e d . 

The present volume contains a number of papers r e l a t i n g to the 
i s s u e of e l e c t r o c h e m i c a l t e s t i n g . M o r c i l l o et a l . compare the r e s u l t s 
of AC impedance measurements w i t h a c c e l e r a t e d and outdoor exposure 
t e s t r e s u l t s . V i j a y a n r e p o r t s the use of AC impedance t e s t i n g to 
study the e f f e c t s of v a r i o u s components of the phosphating p r e t r e a t -
ment process, p a i n t t h i c k n e s s , and t e s t v a r i a b l e s on subsequent s a l t 
spray r e s u l t s . Moreland and Padget update t h e i r work on AC impedance 
as i t p e r t a i n s to the study of the passive l a y e r which forms between a 
b a r r i e r c o a t i n g and a s t e e
d e s c r i b e t h e i r use of D
s a l t spray data as a f u n c t i o n of post-bake temperature of UV cured 
c o a t i n g s . Eden and co-workers describe t h e i r s t u d i e s i n v o l v i n g 
e l e c t r o c h e m i c a l noise measurements to study c o r r o s i o n as i t pro
gresses. The authors' p o s i t i o n i s t h a t the c o a t i n g breakdown/failure 
on a s t e e l s u b s t r a t e i s accompanied by a change i n the e l e c t r o c h e m i c a l 
noise s i g n a l , which gives a r a p i d i n d i c a t i o n of the s t a t e of the 
c o a t i n g . Lomas et a l . describe t h e i r novel work w i t h harmonic 
a n a l y s i s , combined w i t h AC impedance t e s t i n g i n an attempt to detect 
c o r r o s i o n of t h i c k l y coated s u b s t r a t e s . 

B a r r i e r Aspects of Cor r o s i o n C o n t r o l 

The r e l a t i v e importance of the b a r r i e r f u n c t i o n of organic coatings i n 
c o r r o s i o n p r o t e c t i o n has been debated f o r years. I t i s c l e a r t h a t , i f 
a m e t a l l i c s u b s t r a t e c o u l d be completely i s o l a t e d from i t s environ
ment, no c o r r o s i o n would occur. The degree to which a p r o t e c t i o n 
system bars oxygen, water, and ions from the s u b s t r a t e would seem 
l i k e l y to be a measure of the e f f e c t i v e n e s s of the system i n prevent
i n g c o r r o s i o n . 

H i s t o r i c a l l y , a number of d i f f e r e n t t h e o r i e s regarding the r o l e 
of the b a r r i e r f u n c t i o n i n c o r r o s i o n p r o t e c t i o n have emerged. Studies 
by Mayne and h i s co-workers (45-49), Bacon et a l . (50), and Cherry 
(51) i n d i c a t e d t h a t n e i t h e r the p e r m e a b i l i t y of water nor the permea
b i l i t y of oxygen cou l d be the r a t e determining f a c t o r i n c o r r o s i o n 
c o n t r o l by organic c o a t i n g s , since n e i t h e r was s u f f i c i e n t l y low to 
provide e f f e c t i v e i s o l a t i o n of the m e t a l l i c s u b s t r a t e . P r o t e c t i o n was 
a t t r i b u t e d to the h i g h e l e c t r i c a l r e s i s t a n c e and low i o n i c permeabil
i t y of coatings t h a t a f f o r d e d good p r o t e c t i o n . To v a r y i n g extents, 
Guruviah (52), Bauman (53), and Kresse (54) disagreed w i t h the e a r l i e r 
workers regarding the l i m i t s of oxygen and water p e r m e a b i l i t y i n 
f i l m s . Haagen.and Funke (55, 56) agreed w i t h Guruviah and Bauman that 
oxygen p e r m e a b i l i t y was the c o n t r o l l i n g f a c t o r ; they observed that 
water p e r m e a b i l i t y was the determining f a c t o r f o r the l o s s of adhe
s i o n , but not f o r c o r r o s i o n . 

More r e c e n t l y , workers i n the f i e l d have recognized the probable 
need f o r a m u l t i p l e parameter model to understand the c o r r o s i o n 
p r o t e c t i o n process. Funke (57) proposed a model based on water 
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p e r m e a b i l i t y , oxygen p e r m e a b i l i t y , and adhesion under hig h humidity 
c o n d i t i o n s . The model was used to r a t i o n a l i z e the rank order of s a l t 
spray r e s u l t s of seven d i f f e r e n t e l e c t r o c o a t i n g systems. No mathemat
i c a l treatment of the data was o f f e r e d . F l o y d et a l . (58, 59) 
introduced a mathematical a n a l y s i s of a wide range of p r o p e r t i e s i n 
comparison w i t h s a l t spray r e s u l t s . A b a r r i e r mechanism f o r c o r r o s i o n 
c o n t r o l was p o s t u l a t e d . This technique was a l s o a p p l i e d to Funke 1s 
e a r l i e r data, w i t h a s i m i l a r r e s u l t . The model was f u r t h e r elaborated 
to take i n t o account the existence of an e l e c t r o c h e m i c a l component i n 
the model as a back-up to the primary b a r r i e r component. Floyd et a l . 
f u r t h e r observed th a t no adequate c h a r a c t e r i z a t i o n of t h i s e l e c t r o 
chemical i n t e r a c t i o n between p a i n t and s u b s t r a t e e x i s t e d . 

The p e r m e a b i l i t y of polymer systems i s i n f l u e n c e d by the proper
t i e s of the polymer, by the presence of pigments or f i l l e r s , and by 
the i n t e r a c t i o n between polymer and f i l l e r s . Hulden and Hansen (60) 
have r e c e n t l y reviewed water permeation i n c o a t i n g s  R e g u l a r i t y of 
s t r u c t u r e , c r y s t a l l i n i t y
give low p e r m e a b i l i t y .
r e s u l t i n g i n reduced p e r m e a b i l i t y , but r e s u l t s presented i n t h i s 
volume by Muizebelt and Heuvelsland suggest th a t c r o s s - l i n k d e n s i t y 
may be i r r e l e v a n t i n t h i s respect. As Funke notes elsewhere i n t h i s 
volume, some of the f a c t o r s t h a t c o n t r i b u t e to low p e r m e a b i l i t y may 
i n t e r f e r e w i t h adhesion; i n p a r t i c u l a r , p o l a r f u n c t i o n a l groups appear 
to be e s s e n t i a l to a c h i e v i n g good adhesion, but are l i k e l y to increase 
p e r m e a b i l i t y and c o n t r i b u t e to water s e n s i t i v i t y . 

Pigmentation can have a profound e f f e c t on p e r m e a b i l i t y . The use 
of b a r r i e r pigments has been suggested as an a l t e r n a t i v e to the use of 
a c t i v e i n h i b i t i v e pigments, many of which are o b j e c t i o n a b l e on 
environmental grounds (13). Flake shaped pigments are p a r t i c u l a r l y 
e f f e c t i v e , but pigment geometry i s not the only important f a c t o r . I f 
water can accumulate at the pigment-binder i n t e r f a c e , as e v i d e n t l y 
happens i n the case of mica, water ab s o r p t i o n tends to increase w i t h 
pigment volume c o n c e n t r a t i o n and, although p e r m e a b i l i t y i s s t i l l 
reduced by i n c o r p o r a t i o n of the pigment, the e f f e c t i s much smaller 
than w i t h , f o r example, comparable loadings of aluminum f l a k e (13). 
The i n f l u e n c e of i n e r t pigments on p e r m e a b i l i t y and c o r r o s i o n protec
t i v e p r o p e r t i e s has been reviewed b r i e f l y by Hulden and Hansen (60), 
and has been discussed i n a number of papers by Kresse (e.g., 61, 62). 
The mechanism of a c t i o n of i n e r t b a r r i e r pigments i s commonly s t a t e d 
to be to increase the d i f f u s i o n pathway to the s u b s t r a t e ; i t i s a l s o 
p o s s i b l e t h a t pigments may tend to b l o c k or prevent the formation of 
pathways f o r d i r e c t i o n i c conduction to the s u b s t r a t e . 

I n t e r f a c i a l and Adhesion Aspects of Cor r o s i o n C o n t r o l 

Basic Mechanisms of Adhesion: Acid-Base I n t e r a c t i o n s . The understand
in g of polymer adhesion has been g r e a t l y advanced i n recent years by 
the r e c o g n i t i o n of the c e n t r a l r o l e of acid-base i n t e r a c t i o n s . The 
concept of an a c i d was broadened by G. N. Lewis to i n c l u d e those 
atoms, molecules, or ions i n which at l e a s t one atom has a vacant 
o r b i t a l i n t o which a p a i r of e l e c t r o n s can be accepted. S i m i l a r l y , a 
base i s regarded as an e n t i t y which possesses a p a i r of e l e c t r o n s 
which are not already i n v o l v e d i n a covalent bond. The products of 
acid-base i n t e r a c t i o n s have been c a l l e d c o o r d i n a t i o n compounds, 
adducts, acid-base complexes, and other such names. The concept that 
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a c i d s and bases vary i n t h e i r a b i l i t y to i n t e r a c t w i t h one another was 
introduced by Pearson i n 1968 (63, 64). He introduced the concept of 
p o l a r i z a b i l i t y of the a c i d or base u n i t , d e s c r i b i n g i t on a h a r d - s o f t 
s c a l e . Hard ac i d s are those of h i g h e l e c t r o n e g a t i v i t y and low 
p o l a r i z a b i l i t y . S o f t a c i d s , i n c o n t r a s t , are l a r g e i n s i z e , have high 
p o l a r i z a b i l i t y , and low e l e c t r o n e g a t i v i t y . For the purposes of t h i s 
book, i t i s important to remember that hard acids r e a c t most r e a d i l y 
and form the strongest complexes w i t h hard bases, w h i l e s o f t acids 
r e a c t most r e a d i l y and form the strongest complexes w i t h s o f t bases. 

Drago and co-workers introduced an e m p i r i c a l c o r r e l a t i o n to 
c a l c u l a t e the enthalpy of adduct formation of Lewis a c i d s and bases 
(65). I n 1971, he and h i s co-workers expanded the concept to a 
c o m p u t e r - f i t t e d set of parameters th a t a c c u r a t e l y c o r r e l a t e d over 200 
e n t h a l p i e s of adduct formation (66). These parameters were then used 
to p r e d i c t over 1200 e n t h a l p i e s of i n t e r a c t i o n . The parameters Ε and 
C are l o o s e l y i n t e r p r e t e d to r e l a t e to the degree of e l e c t r o s t a t i c and 
covalent nature of the i n t e r a c t i o
model was used to g e n e r a l i z
h a r d - s o f t acid-base model and render i t more q u a n t i t a t i v e l y accurate. 

I n 1975, Sorensen (67) used the acid-base i n t e r a c t i o n concept to 
r a t i o n a l i z e c o l o r s t r e n g t h , g l o s s , and f l o c c u l a t i o n p r o p e r t i e s of 
c o a t i n g systems having binders of d i f f e r i n g acid-base c h a r a c t e r i s t i c s . 
Anomalies that appear when u s i n g s o l u b i l i t y parameter concepts were 
s u c c e s s f u l l y e x p l a i n e d by the acid-base concept. Drago et a l . (68) 
were s t a r t i n g to address the issue of c o r r e c t i o n s to the s o l u b i l i t y 
parameter concept u s i n g t h i s technique at about the same time. A good 
review of the subject was w r i t t e n i n 1978 by Jensen (69). The 
a p p l i c a t i o n of acid-base i n t e r a c t i o n s to the phenomenon of adhesion 
was discussed by Jensen at an ACS meeting i n 1981 (70). Fowkes and 
co-workers had already been d i s c u s s i n g the competitive a b s o r p t i o n of 
polymers onto pigment surfaces i n the context of acid-base i n t e r a c 
t i o n s by t h i s time (e. g., 71). 

Manson (72) expanded the concept to the s o l i d s t a t e by observing 
tha t the s t r e n g t h of composite m a t e r i a l s a l s o depended upon the 
acid-base i n t e r a c t i o n between continuous and d i s p e r s e d phases. More 
d i r e c t l y , Vanderhoff et a l . (73) addressed the i s s u e of adhesion of 
polymeric m a t e r i a l s to corroded s t e e l . They synthesized e i g h t 
c o r r o s i o n products of i r o n , and used the i n t e r a c t i o n scheme developed 
by Fowkes and Manson f i r s t to c h a r a c t e r i z e the i r o n c o r r o s i o n products 
as Lewis ac i d s or bases and then to s e l e c t polymer v e h i c l e s f o r 
p r a c t i c a l c o a t i n g systems. Such r e s u l t s were employed to enhance the 
adhesion of epoxy systems to substrates which were predominantly i r o n 
oxide i n nature. A good overview of these is s u e s was presented by 
Fowkes i n 1983 (74). 

Fowkes and co-workers a l s o c l e a r l y demonstrated t h a t the p h y s i c a l 
i n t e r a c t i o n of polymers w i t h neighboring molecules was determined by 
only two kinds of i n t e r a c t i o n s : London d i s p e r s i o n f o r c e s and Lewis 
acid-base i n t e r a c t i o n s (75). C a l c u l a t i o n s based on t h i s concept were 
shown to c o r r e c t many of the problems inherent i n the s o l u b i l i t y 
approach. They were a l s o able to use the concept to study the 
d i s t r i b u t i o n of molar heats of a b s o r p t i o n of v a r i o u s polymers onto 
f e r r i c oxides, and thereby more a c c u r a t e l y d e s c r i b e d the requirements 
f o r adequate adhesion to s t e e l substrates (7j>) . In the symposium on 
which t h i s book i s based, Fowkes summarized work showing that the 
p o l a r i n t e r a c t i o n s between polymers and metal surfaces that are 
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important to adhesion are e n t i r e l y of Lewis acid-base character. 
C a l o r i m e t r i c and i n f r a - r e d s p e c t r o s c o p i c methods f o r determining the Ε 
and C constants f o r polymers and metal oxides were presented. The 
f u l l manuscript was not made a v a i l a b l e f o r p u b l i c a t i o n i n t h i s volume, 
and the reader i s t h e r e f o r i n v i t e d to c o n s u l t the p r e p r i n t manuscript 
(77). 

Role of Adhesion i n Cor r o s i o n P r o t e c t i o n . Many of the t h e o r i e s 
regarding the mechanism of c o r r o s i o n f a i l u r e suggest t h a t the l o s s of 
adhesion precedes the onset of c o r r o s i o n , and i s t h e r e f o r e of c r i t i c a l 
importance i n understanding the process; Parker and Gerhart (78) 
considered adhesion to be c r u c i a l to c o r r o s i o n performance. For 
organic c o a t i n g s , the s t r e n g t h of the adhesive bond between c o a t i n g 
and s u b s t r a t e does not appear to be the c r i t i c a l i s s u e ; what does 
appear to be important i s t h a t during and a f t e r environmental exposure 
the c o a t i n g should be able to withstand the f o r c e s a p p l i e d to i t i n 
i t s intended a p p l i c a t i o n
adversely a f f e c t e d by exposur
(79) found t h a t the adhesive s t r e n g t h of a wide v a r i e t y of coatings 
dropped from 20 to 40 MPa to 5 to 15 MPa i n a d i r e c t p u l l - o f f t e s t 
a f t e r exposure to humid environments. The i n i t i a l (dry) bond strength 
was not a good p r e d i c t o r of performance. Haagen and Funke (56) 
observed t h a t good p r o t e c t i o n was obtained i f wet adhesion was good, 
even i f the p a i n t was h i g h l y water permeable. The importance of 
adhesion to c o r r o s i o n p r o t e c t i o n i s f u r t h e r discussed i n t h i s volume 
and elsewhere (80) by Funke. 

Mechanisms of adhesion l o s s under v a r i o u s exposure c o n d i t i o n s 
have been e x t e n s i v e l y s t u d i e d . A survey i s given elsewhere i n t h i s 
volume by L e i d h e i s e r , and s p e c i f i c examples of adhesion l o s s are 
d i s c u s s e d i n d e t a i l by Thornton et a l . , Maeda et a l . , and Troyk et 
a l . , among others. A c o u s t i c emission has been used to study c o a t i n g 
adhesion and the e f f e c t s of water immersion on coatings on water (see, 
e- g-» 81-83)· In t h i s volume, Callow and Scantlebury d i s c u s s the 
p o s s i b i l i t y of u s i n g a c o u s t i c emission as a monitoring t o o l to 
i n v e s t i g a t e corrosion-induced debonding. 

Modern surface a n a l y t i c a l methods have l e d to much more d e t a i l e d 
understanding of the i n t e r f a c i a l chemistry of adhesion l o s s processes. 
Surface a n a l y t i c a l s t u d i e s of i n t e r f a c i a l chemistry are reviewed i n 
t h i s volume by D i c k i e ; i n t h i s paper, as i n a recent paper by C a s t l e 
and Watts (84), i t i s concluded that no s i n g l e chemical mechanism 
adequately accounts f o r a l l of the observed behavior. In the simplest 
cases, l o s s of adhesion appears to i n v o l v e displacement by water. 
Displacement of coatings by c o r r o s i o n generated hydroxide, chemical 
degradation of the organic c o a t i n g , and chemical a t t a c k on the 
u n d e r l y i n g substrate surface or conversion c o a t i n g have a l s o been 
observed. Further examples of i n t e r f a c i a l s t u d i e s are given i n t h i s 
volume by Maeda et a l . , and a d i s c u s s i o n of the r e a c t i o n s i n conver
s i o n coatings during c o r r o s i o n has been given by van Ooij (30). 

A r e l a t e d but l i t t l e s t u d i e d area of adhesion and c o r r o s i o n 
p r o t e c t i o n i n v o l v e s the chemical e f f e c t s of metal substrates on 
coatings and other polymeric m a t e r i a l s and conversely of polymeric 
m a t e r i a l s on metals. In the c u r i n g of c e r t a i n a i r - o x i d i z i n g coatings 
on s t e e l , f o r example, r e d u c t i o n of f e r r i c to f e r r o u s species i n the 
surface metal oxide, s u b s t a n t i a l t h i n n i n g of the oxide, and o x i d a t i o n 
of the c o a t i n g m a t e r i a l have been reported to occur i n the i n t e r f a c i a l 
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r e g i o n . These phenomena have been s t u d i e d by i n f r a - r e d and X-ray 
ph o t o e l e c t r o n s p e c t r o s c o p i c techniques, and are discussed i n t h i s 
volume by Nguyen and Byrd and by D i c k i e . The s t o r e d components used 
to make polyurethane foams are subject to long term chemical degrada
t i o n ; the degradation products have been a s s o c i a t e d w i t h the c o r r o s i o n 
of storage c o n t a i n e r s . Wischmann discusses the problem, and suggests 
f o r m u l a t i o n changes f o r improved performance. 

Adhesives and s e a l e r s can be an important p a r t of a t o t a l 
c o r r o s i o n p r o t e c t i o n system. S t r u c t u r a l bonding procedures and 
adhesives f o r aluminum, polymer composites, and t i t a n i u m are w e l l 
e s t a b l i s h e d i n the aerospace i n d u s t r y . S t r u c t u r a l bonding of s t e e l i s 
g a i n i n g i n c r e a s i n g prominence i n the appliance and automotive indus
t r i e s . The d u r a b i l i t y of adhesive bonds has been discussed by a 
number of authors (see, e.g., 85)· The e f f e c t s of aggressive environ
ments on adhesive bonds are of p a r t i c u l a r concern. M i n f o r d (86) has 
presented a comparative e v a l u a t i o n of aluminum j o i n t s i n s a l t water 
exposure; Smith (87) ha
hydrothermal s t r e s s ; D r a i
presented r e s u l t s on the e f f e c t s of water on performance of v a r i o u s 
adhesive/substrate combinations. In t h i s volume, the d u r a b i l i t y of 
adhesive bonds i n the presence of water and i n c o r r o s i v e environments 
i s d iscussed by Matienzo et a l . , G o s s e l i n , and Holubka et a l . The 
e f f e c t s of aggressive environments on adhesively bonded s t e e l s t r u c 
tures have a number of features i n common w i t h t h e i r e f f e c t s on coated 
s t e e l , but the mechanical requirements p l a c e d on adhesive bonds add an 
a d d i t i o n a l l e v e l of c o m p l i c a t i o n . 

E f f e c t s of Polymer Composition on C o r r o s i o n C o n t r o l 

Polymer composition poses not one but many c r i t i c a l i s sues f o r the 
development of m a t e r i a l s f o r c o r r o s i o n c o n t r o l . As o u t l i n e d i n 
previous s e c t i o n s of t h i s chapter, the elements of molecular design 
f o r good adhesion, good b a r r i e r p r o p e r t i e s , and e f f e c t i v e use of 
pigments i n organic coatings are o f t e n i n c o n f l i c t . There does not 
appear to be a u n i f y i n g t h e o r e t i c a l b a s i s on which these c o n f l i c t i n g 
f a c t o r s can be r e s o l v e d , and an e m p i r i c a l b a l a n c i n g of p r o p e r t i e s 
remains an e s s e n t i a l p a r t of new product development f o r c o r r o s i o n 
c o n t r o l . I t i s not s u r p r i s i n g t h a t the d e t a i l s of composition 
c r i t i c a l to performance o f t e n remain p r o p r i e t a r y or appear only i n the 
patent l i t e r a t u r e . 

In a d d i t i o n to the customary d e s i r e f o r improved m a t e r i a l 
performance, the development of new m a t e r i a l s has, i n recent years, 
been shaped by the demand f o r n o n - p o l l u t i n g or e c o l o g i c a l l y n e u t r a l 
m a t e r i a l s . R e s t r i c t i o n s on s o l v e n t emissions from i n d u s t r i a l and 
maintenance p a i n t s , and l i m i t a t i o n s on lead-based and chromate 
c o r r o s i o n - i n h i b i t i v e pigments has had a major impact on c o r r o s i o n 
p r o t e c t i v e m a t e r i a l technology. In the f i e l d of organic c o a t i n g s , 
there has been major emphasis on water-borne and s o - c a l l e d h i g h s o l i d s 
c o a t i n g s . H i l l and Wicks (90) have discussed design c r i t e r i a f o r high 
s o l i d s c o a t i n g s ; a recent book on r e a c t i v e oligomers discusses a 
number of polymer systems of i n t e r e s t i n h i g h s o l i d s coatings (91). A 
v a r i e t y of water-soluble and w a t e r - d i s p e r s i b l e r e s i n s have been 
des c r i b e d i n the l i t e r a t u r e (e.g., 90-96); the T e c h n i c a l Committee of 
the New England S o c i e t y f o r Coatings Technology has p u b l i s h e d a s e r i e s 
of a r t i c l e s on the design of waterborne coatings f o r the c o r r o s i o n 
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p r o t e c t i o n of s t e e l (97-99). The development and commercial imple
mentation of anodic and, subsequently, of cathodic e l e c t r o d e p o s i t i o n 
coatings binders f o r e l e c t r o d e p o s i t i o n have made p o s s i b l e major 
improvements i n the c o r r o s i o n p r o t e c t i o n of appliances and motor 
v e h i c l e s . The chemistry of binders f o r e l e c t r o d e p o s i t i o n has been 
reviewed by Schenk et a l . (100) and by Kordomenos and Nordstrom (101): 
the cathodic e l e c t r o d e p o s i t i o n process has been dis c u s s e d by Wismer et 
a l . (102). 

In the present volume, s e v e r a l papers deal w i t h unique m a t e r i a l s 
or a p p l i c a t i o n s : Schreiber describes work on plasma-deposited f i l m s 
from o r g a n o - s i l i c o n e and i n o r g a n i c (SiN) s t a r t i n g m a t e r i a l s . Moreland 
and Padget di s c u s s s t u d i e s of a c h l o r i n e - c o n t a i n i n g v i n y l a c r y l i c 
copolymer tha t i s a p p l i e d as an a c i d i c aqueous f o r m u l a t i o n and that 
promotes i n s i t u formation of a p r o t e c t i v e f i l m . White and L e i d h e i s e r 
d i s c u s s c o a t i n g r e s i n s f o r the p r o t e c t i o n of s t e e l exposed to s u l f u r i c 
a c i d ; Hojo et a l . , the behavior of epoxy and p o l y e s t e r r e s i n s i n 
a l k a l i n e s o l u t i o n . Dreyfu
designed to p r o t e c t glas
d i s c u s s s t r u c t u r e - p r o p e r t y r e l a t i o n s h i p s i n t i n - b a s e d a n t i - f o u l i n g 
p a i n t s . 

The p r o t e c t i o n of m i c r o e l e c t r o n i c s from the e f f e c t s of humidity 
and c o r r o s i v e environments presents e s p e c i a l l y demanding requirements 
on p r o t e c t i v e coatings and encapsulants. S i l i c o n e polymers, epoxies, 
and imide r e s i n s are among the m a t e r i a l s t h a t have been used f o r the 
e n c a p s u l a t i o n of m i c r o e l e c t r o n i c s . The p h y s i o l o g i c a l environment to 
which implanted medical e l e c t r o n i c devices are exposed poses an 
e s p e c i a l l y c h a l l e n g i n g p r o t e c t i o n problem. In t h i s volume, Troyk et 
a l . o u t l i n e the demands placed on such systems i n medical a p p l i c a 
t i o n s , and d i s c u s s the p r o p e r t i e s of a v a r i e t y of s i l i c o n e - b a s e d 
encapsulants. 

C r i t i c a l Issues 

A t o p i c a l symposium provides a forum f o r the review and updating of 
work i n a given f i e l d , and provides an o p p o r t u n i t y to i d e n t i f y 
c r i t i c a l i s s u e s . The e d i t o r s of t h i s volume would l i k e to suggest 
t h a t the f o l l o w i n g issues are among those needing a d d i t i o n a l study: 

Systems. C o r r o s i o n i s u s u a l l y s t u d i e d i n an i s o l a t e d f a s h i o n i n the 
l a b o r a t o r y , but i n p r a c t i c e i s c l e a r l y the r e s u l t of i n t e r a c t i n g 
systems i n the environment. Studies need to be conducted on the way 
i n which the component p a r t s of c o r r o d i n g systems i n t e r a c t under 
a c t u a l environmental c o n d i t i o n s , and on the way i n which the compon
ents of the environment i n t e r a c t w i t h the t o t a l c o r r o d i n g system. 
This would suggest not only design work f o r c o r r o s i o n p r o t e c t i o n 
systems, but a l s o a d d i t i o n a l work on the sensing and monitoring of 
c o r r o s i o n i n r e a l h o s t i l e environments. 

Methods. To observe tha t c o r r o s i o n t e s t i n g i n the l a b o r a t o r y f r e 
quently f a i l s to p r e d i c t what happens i n r e a l - w o r l d environments i s to 
admit tha t the mechanisms c o n t r o l l i n g c o r r o s i o n i n such environments 
are not understood, even at t h i s l a t e date of study. Mechanism-based 
t e s t methods f o r monitoring c o r r o s i o n are needed tha t w i l l provide 
r e l i a b l e and r a p i d p r e d i c t i o n of s e r v i c e l i f e f o r corrosion-suscep
t i b l e systems. I t i s expected th a t s t a t i s t i c a l a n a l y s i s w i l l p l a y a 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. DICKIE A N D FLOYD Overview 13 

l a r g e r o l e i n any such e f f o r t , s ince the f a i l u r e modes observed o f t e n 
vary w i d e l y w i t h i n a s t a t i s t i c a l d i s t r i b u t i o n . Such a r e c o g n i t i o n has 
l e d to the development of s t a t i s t i c a l methods f o r the d e s c r i p t i o n of 
mechanical f a i l u r e of m a t e r i a l s , and i t i s suggested tha t a s i m i l a r 
e f f o r t would bear f r u i t i n the a n a l y s i s of c o r r o s i o n phenomena. 

P a i n t s . Epoxies and cathodic e l e c t r o c o a t s represent major advances i n 
the f i e l d of c o r r o s i o n c o n t r o l by organic c o a t i n g s . The performance 
of these coatings represents a p l a t e a u which has not been departed 
from i n over a decade. A great deal of a t t e n t i o n has been devoted to 
i n t e r f a c i a l processes i n c o r r o s i o n over the l a s t s e v e r a l years, yet 
c o n t r o l of these processes remains an e l u s i v e g o a l . I t i s conceivable 
t h a t , i f means can be found to c o n t r o l i n t e r f a c i a l f a i l u r e processes, 
a new generation of coatings can be developed t h a t w i l l e s t a b l i s h a 
con s i d e r a b l y higher p l a t e a u of performance. Conversion coatings and 
surface treatments may p l a y a v i t a l r o l e i n t h i s development

P l a s t i c s . P a r t of the
substr a t e s f o r metals can be a t t r i b u t e d to a d e s i r e to avoid the 
process of m e t a l l i c c o r r o s i o n and subsequent f a i l u r e . R e l a t i v e l y 
l i t t l e a t t e n t i o n has been c a l l e d to the p o s s i b l e f a i l u r e modes of 
p l a s t i c s under environments considered c o r r o s i v e to metals. More 
extensive work should be conducted on the d u r a b i l i t y and l i f e expec
tancy of p l a s t i c and composite m a t e r i a l s under end-use environments. A 
f u r t h e r c o n s i d e r a t i o n i s the p o t e n t i a l f o r polymer degradation by the 
products of metal c o r r o s i o n i n h y b r i d s t r u c t u r e s comprising metal and 
polymer components. Since i t i s expected that coatings w i l l continue 
to be used to p r o t e c t p l a s t i c and composite s u b s t r a t e s , a n c i l l a r y 
programs need to be conducted on the mechanisms by which coatings can 
p r o t e c t such s u b s t r a t e s . 

Adhesives. I n many a p p l i c a t i o n s , there are s u b s t a n t i a l f u n c t i o n a l and 
economic reasons to p r e f e r adhesive bonding over mechanical f a s t e n i n g 
of metals, of p l a s t i c s , and of mixed-substrate j o i n t s . The r o l e of 
c o r r o s i o n i n the f a i l u r e of adhesive bonds i s t h e r e f o r e becoming an 
i n c r e a s i n g l y c r u c i a l one. The performance demands pla c e d on adhesive 
bonds by the combination of mechanical l o a d i n g and aggressive environ
ments are p a r t i c u l a r l y severe, and i t i s c l e a r t h a t s t u d i e s i n v o l v i n g 
combined mode t e s t i n g need to be g r e a t l y expanded. I t i s a n t i c i p a t e d 
t h a t i n f o r m a t i o n developed i n the study of adhesives and the study of 
coatings should i n t e r - r e l a t e i n a s u f f i c i e n t l y s t r o n g f a s h i o n that 
both f i e l d s w i l l b e n e f i t from such s t u d i e s . 
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Alternating Current Impedance and Underfilm 
Darkening Studies on Acidic Water-Based Anticorrosive 
Paints 

P. J. Moreland and J. C. Padget 

Imperial Chemical Industries PLC, Mond Division, Technical Department, P.O. Box 8, 
The Heath, Runcorn, Cheshire, England 

The protective properties and interface reactions on 
mild steel substrates of an acidically formulated 
(pH5) water-borne paint based upon a chlorine 
containing vinyl acrylic copolymer have been 
examined using a variety of techniques. Traditional 
electrochemical polarisation curves as well as ac 
impedance studies were used to investigate the 
corrosion process in "wet" formulations associated 
with the occurrence or absence of "flash rusting". 
Investigation of an underfilm darkening phenomenon 
observed upon exposure testing of some similarly 
formulated coatings and associated with excellent 
long term protective performance are also presented. 
An arrest in a corrosion process, after some period 
involving insignificant metal loss was observed, 
evidenced the formation of a protective interface 
film. The characterisation of the film showed that 
its properties were in accord with the recognised 
protective performance of the coating system. 

An a c r y l a t e modified v i n y l c h l o r i d e - v i n y l i d e n e c h l o r i d e l a t e x 
copolymer ( H a l o f l e x 202) has been developed i n our l a b o r a t o r y (1,2) 
s p e c i f i c a l l y f o r the preparation of water-borne a n t i - c o r r o s i v e 
primer p a i n t s . This c a r e f u l l y designed copolymer, h e r e a f t e r 
r e f e r r e d to as a c h l o r i n e - c o n t a i n i n g v i n y l a c r y l i c copolymer, 
e x h i b i t s a low water vapour p e r m e a b i l i t y (detached f i l m ) of 
approximately 100 f o l d l e s s than that of t y p i c a l a c r y l i c l a t e x 
polymers intended f o r the preparation of a n t i - c o r r o s i v e primers, 
and when formulated i n t o paint i s capable of g i v i n g e x c e l l e n t 
a n t i - c o r r o s i v e performance on smooth and bl a s t e d s t e e l . 
Chloropolymer l a t i c e s d i f f e r from other l a t i c e s i n that they 
undergo a deh y d r o c h l o r i n a t i o n r e a c t i o n at a l k a l i n e pH; the higher 
the pH the higher the r a t e of de h y d r o c h l o r i n a t i o n . Thus when such a 
l a t e x i s formulated i n t o a paint at the t y p i c a l paint pH (7-9) 
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there i s a downward d r i f t i n pH and an increase i n c h l o r i d e ion 
c o n c e n t r a t i o n i n the aqueous phase. A l t h o u g h the r a t e o f 
d e h y d r o c h l o r i n a t i o n can be reduced by reducing the c h l o r i n e content 
of the polymer, i n our experience t h i s r e d u c t i o n i s at the expense 
of both the b a r r i e r p r o p e r t i e s and the a n t i - c o r r o s i v e performance. 
We have shown that the r a t e of d e h y d r o c h l o r i n a t i o n of the high 
c h l o r i n e content copolymer i s n e g l i g i b l y small at pH ^ 4.5. 
Accordingly a c i d i c paint formulations were developed (1,3) (see 
Appendix), which e x h i b i t e d very l i t t l e change i n pH or c h l o r i d e ion 
concentrations during storage. Such a c i d i c paint fomulations 
r e q u i r e the dispersed components ( i e polymer and pigment 
p a r t i c l e s ) to be s t r o n g l y s t e r i c a l l y s t a b i l i s e d i f they are to 
remain c o l l o i d s t a b l e . Ethylene oxide-propylene-ethylene oxide 
block copolymers were found to be p a r t i c u l a r l y s u i t a b l e as they 
increased the r a t e and extent of l a t e x p a r t i c l e coalescence due to 
a surface p l a s t i c i z a t i o n effect(£)  without downgrading the b a r r i e r 
p r o p e r t i e s or a n t i - c o r r o s i v
ac impedance study on t h i
Although a c i d i c paint formulations based on the c h l o r i n e - c o n t a i n i n g 
v i n y l a c r y l i c l a t e x copolymer give e x c e l l e n t a n t i - c o r r o s i v e 
performance, they do e x h i b i t two unusual features not present i n 
the corresponding a l k a l i n e formulations : 

a) The extent of f l a s h r u s t i n g on g r i t b l a s t e d m i l d s t e e l during 
the "wet" f i l m c o n d i t i o n p r o g r e s s i v e l y d e c r e a s e s w i t h 
decreasing pH, being extensive at pH ^7 and being very s l i g h t 
at pH '<5; t h i s e f f e c t i s , i n our experience, i r r e s p e c t i v e of 
l a t e x chemical type. 

b) When a p p l i e d to a m i l d s t e e l s u b s t r a t e , some a c i d i c p a i n t s (eg 
pH 4.5) e x h i b i t a darkening e f f e c t at the i n t e r f a c e between 
the substrate and the dry f i l m . This underfilm darkening i s 
v i s u a l l y observable on detatching the d r i e d f i l m from the 
s u b s t r a t e . The time taken f o r t h i s darkening to develop v a r i e s 
according to exposure c o n d i t i o n s ; being longer f o r example 
during n a t u r a l exposure than during the ASTM s a l t spray t e s t . 

An important point to note i s that the underfilm darkening i s 
not associated with any f a l l o f f i n f i l m performance i n terms 
of adhesion, cross-cut u n d e r c u t t i n g , b l i s t e r i n g or 
e x f o l i a t i o n . 

The o b j e c t i v e of the work described i n t h i s paper i s t o o b t a i n an 
understanding of the above two e f f e c t s . 

The r o l e played by f o r m u l a t i o n pH during the "wet" f i l m c o n d i t i o n s 
present during f l a s h r u s t i n g can be s t u d i e d using e l e c t r o c h e m i c a l 
techniques such as p o t e n t i a l monitoring, dc potentiodynamic 
scanning and ac impedance s i n c e the presence of s o l u b l e ions i n the 
paint aqueous phase gives r i s e to adequate c o n d u c t i v i t y . The 
s u b s t r a t e darkening which can take place beneath dry paint f i l m s 
was s t u d i e d by both an e l e c t r i c a l r e s i s t a n c e method and an i r o n 
pick-up method (to measure i n t e r f a c e metal l o s s ) , ac impedance and 
conventional a c c e l e r a t e d performance t e s t s (to c h a r a c t e r i s e 
p r o t e c t i v e performance of the coatings) and the nature of the 
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underfilm darkening was chemically c h a r a c t e r i s e d using a range of 
modern surface a n a l y s i s techniques. 

Experimental 

Substrates, P a i n t s and Coatings. Both f l a s h r u s t i n g and underfilm 
darkening s t u d i e s exployed a white, pH 4.5, primer f o r m u l a t i o n (see 
Appendix), designated as Standard, based upon H a l o f l e x 202, a 
c h l o r i n e - c o n t a i n i n g v i n y l a c r y l i c l a t e x . A z i n c phosphate f r e e 
f o r m u l a t i o n , designated as Non-Standard, of pH6 was prepared by 
s u b s t i t u t i o n of z i n c phosphate f o r barytes. The comparison p a i n t s 
were a commercial b u t y l acrylate-methyl methacrylate water borne 
primer, formulated at pH 9, and a solvent based c h l o r i n a t e d rubber 
primer. 

The p a i n t s were spra  a p p l i e d to a numbe  of s u b s t r a t e s  Two 
coatings gave a f i n a l dr
For ac impedance s t u d i e
b l a s t e d c o l d r o l l e d s t e e l p l a t e s . For i n t e r f a c e metal-loss s t u d i e s 
by e l e c t r i c a l r e s i s t a n c e the coatings were a p p l i e d to 10 micron Fe 
f o i l s (99.85 p u r i t y ) , a dhesively attached by A r a l d i t e 2003 epoxy 
paste on one s i d e to g r i t b l a s t e d g l a s s p l a t e s . 

G r i t (A1 20 3) b l a s t e d m i l d s t e e l Q panels, spray coated on both 
s i d e s , were used f o r i r o n pick-up s t u d i e s . S i m i l a r panels were used 
f o r chemical c h a r a c t e r i s a t i o n . 

Measurement Techniques. DC p o l a r i s a t i o n curves on f r e s h l y abraded 
m i l d s t e e l i n bulk p a i n t s were determined using a t r a d i t i o n a l 
3-electrode potentiodynamic technique. A 50 ml c e l l employed a d i s c 
m i l d s t e e l e l e c t r o d e (area 0.33 cm 2), saturated calomel reference 
and platinum counter e l e c t r o d e . P o l a r i s a t i o n curves were made at a 
scan r a t e of 2V/Hr between -950 to -450 mV vs see. 

AC impedance measurements were a l s o made i n bulk p a i n t s . A Model 
1174 S o l a r t r o n Frequency Response Analyser (FRA) with a Thompson 
p o t e n t i o s t a t developed ac impedance data between 10 KHz and 0.1 Hz 
at the c o n t r o l l e d c o r r o s i o n p o t e n t i a l E c. The c i r c u i t has been 
described i n the l i t e r a t u r e ( 5 ) . 

In u nderfilm darkening s t u d i e s , ac impedance data was obtained f o r 
coated g r i t - b l a s t e d s t e e l panels exposed to 3% NaCl using the FRA 
i n a 2-electrode setup(_4). 

The e l e c t r i c a l r e s i s t a n c e (ER) method to monitor p h y s i c a l changes 
i n an e l e c t r i c a l l y conducting m a t e r i a l i s w e l l known(6). 10 cm χ 
2.5 cm coated i r o n f o i l s of 10 micron thickness were e l e c t r i c a l l y 
r e s i s t a n c e m o n i t o r e d d u r i n g exposure t o v a r i o u s c o r r o s i v e 
environments to f o l l o w metal thickness l o s s at the paint/metal 
i n t e r f a c e . The c i r c u i t shown i n Figure 1 allowed f o i l r e s i s t a n c e 
increase AR, which i s d i r e c t l y r e l a t e d to metal thickness l o s s Ad 
according to Equation ( 1 ) , to be determined w i t h i n 0.003 microns. 

AR = - R t Ad ( 1 ) 
d o 
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where Rfc = f o i l r e s i s t a n c e at time t and d Q = i n i t i a l t h i c k n e s s . 

The r e s i s t a n c e was determined by measuring the voltage drop across 
the f o i l caused by passage of a b r i e f c o n t r o l l e d current of 100 
mA. 
A micro computer system allowed voltage and current measurements to 
be synchronised plus data log g i n g and averaging of measurements. 
Alongside each "measurement" f o i l was a " c o n t r o l " f o i l , coated wi t h 
paint plus a p r o t e c t i v e epoxy c o a t i n g , which d i d not corrode and 
allowed r e s i s t a n c e measurements to be normalised. 

Results and D i s c u s s i o n 

F l a s h Rusting (Bulk Paint and "Wet" F i l m S t u d i e s ) . The moderate 
c o n d u c t i v i t y (50-100 ohm-cm) of the water borne paint formulations 
allowed both dc potentiodynamic and ac impedance s t u d i e s of m i l d 
s t e e l i n the bulk p a i n t
measurements at the p o t e n t i o s t a t i c a l l
p o t e n t i a l s i n d i c a t e d depressed s e m i - c i r c l e s with a Warburg 
d i f f u s i o n low frequency t a i l i n the Nyquist p l o t s (Figure 2). These 
measurements at 10, 30 and 60 minute exposure times, showed the 
presence of a r e a c t i o n i n v o l v i n g both charge t r a n s f e r and mass 
t r a n s f e r c o n t r o l l i n g processes. The charge t r a n s f e r impedance θ was 
r e a d i l y obtained from e x t r a p o l a t i o n of the s e m i - c i r c l e to the 
f r e a l ? a x i s at low frequencies. The t r a n s f e r impedance increased 
w i t h exposure time i n a l l cases. 

At 60 minutes o n l y , dc potentiodynamic curves were determined from 
which the c o r r o s i o n current I c was obtained by e x t r a p o l a t i o n of the 
anodic T a f e l slope to the c o r r o s i o n p o t e n t i a l . The anodic T a f e l 
s l o p e b a was g e n e r a l l y between 70 to 80 mV whereas the cathodic 
curve continuously increased to a l i m i t i n g d i f f u s i o n c u r r e n t . The 
curves supported impedance data i n i n d i c a t i n g the presence of 
charge t r a n s f e r and mass t r a n s f e r c o n t r o l p r o c e s s e s . The 
measurements at 60 minutes i n d i c a t e d a l i n e a r r e l a t i o n s h i p 
between I and Θ" 1 of s l o p e 21mV. T h i s c o n f i r m e d t h a t charge 
t r a n s f e r impedance could be used to provide a measure of the 
c o r r o s i o n r a t e at intermediate exposure times and these values are 
summarised i n Table 1. 
Table I shows that the c o r r o s i o n r a t e i n the Standard pH 4.5 paint 
was l a r g e r than that i n the Non-Standard ( z i n c phosphate f r e e ) 
paint at pH 6, with a l l r a t e s decreasing with time. The r a t e s 
decreased with f u r t h e r increase of paint pH to 8. The increased 
tendency of f l a s h r u s t i n g with increase of pH from 6 to 8 was, 
t h e r e f o r e , a s s o c i a t e d with lower substrate c o r r o s i o n c u r r e n t s . 
Comparison between Non-Standard and Standard paint adjusted to pH 
6 w i t h NH3 showed l i t t l e d i f f e r e n c e i n c o r r o s i o n r a t e s implying 
that pH was more i n f l u e n t i a l than the presence of z i n c phosphate at 
t h i s pH. Adjustment of the Non-Standard paint with \{2S0^ to an 
equivalent pH 4.5 of the Standard paint showed good agreement 
between c o r r o s i o n r a t e s . This r e s u l t a l s o i n d i c a t e d pH to be more 
i n f l u e n t i a l than the presence or absence of z i n c phosphate wit h 
regard to c o r r o s i o n c u r r e n t s . The absence of f l a s h r u s t i n g at pH 
4.5 i s t h e r e f o r e a s s o c i a t e d with higher c o r r o s i o n c u r r e n t s . 
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Ρ = Potentiostat (1 volt±0.01%) 
V = Voltmeter (±0.01%) 
A = Ammeter (±0.04%) 

Figure 1. C i r c u i t f o r e l e c t r i c a l r e s i s t a n c e measurement of f o i l s . 
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Figure 2. Nyquist p l o t f o r mi l d s t e e l i n standard paint. 
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T a b l e I . Summary o f E l e c t r o c h e m i c a l D a t a i n B u l k P a i n t s 

23 

Paint pH Ε (see) Corrosion Rate** Θ* I b 
c c a 

(inch/ y r χ 10 3) 
v o l t 10 min 30 min 60 min (ohm) μΑ mV 

1-STANDARD 4.6 -0.68 14.9 10.6 9.6 3100 6 80 
2-NON-STANDARD 6.0 -0.69 7.9 7.1 6.5 4600 3 80 
1-pH adjust (NH 3) 6.0 -0.67 8.3 6.2 5.9 5100 4. .5 70 
2-pH adjust (NH 3) 8.0 -0.71 3.3 3.2 3.1 9500 1 60 
2-pH adjust ( H 2 S 0 J 4.5 -0.67 14.9 10.6 9.9 3000 6 110 

*Θ i s the charge t r a n s f e  impedanc  0.33 2 e l e c t r o d
at 60 minutes. 
**Corrosion Rate = Β/Θ wher

In cooperative s t u d i e s with Sykes and Lewis(7), p o t e n t i a l - t i m e 
measurements were determined on g r i t b l a s t e d s t e e l panels coated 
w i t h "wet" f i l m s of Standard and Non-Standard P a i n t s . At pH5 the 
a c t i v e c o r r o s i o n p o t e n t i a l r e l a t i n g to an oxide f r e e c o n d i t i o n i s 
r a p i d l y e s t a b l i s h e d (Figure 3). However, at pH 7 a passive or 
"oxide-covered" p o t e n t i a l i s i n i t i a l l y e x h i b i t e d , which a f t e r a 
slow decay, undergoes a r a p i d decrease to the ox i d e - f r e e f i l m 
p o t e n t i a l . The i n t e r p r e t a t i o n of these phenomena i s that at pH 5 
the m a j o r i t y of the su r f a c e , o r i g i n a l l y being oxide covered 
metal, r a p i d l y s u f f e r s general d i s s o l u t i o n at a negative f i l m - f r e e 
p o t e n t i a l . At pH 7 the m a j o r i t y of the surface i s oxide covered but 
the embedded i r o n g r i t i s more a c t i v e and undergoes l o c a l 
d i s s o l u t i o n . This l o c a l i s e d d i s s o l u t i o n gives r i s e to i s o l a t e d r u s t 
spots ( i e f l a s h r u s t i n g ) by the process described l a t e r . L o c a l i s e d 
g r i t p a r t i c l e d i s s o l u t i o n e v e n t u a l l y appears to lead to r e d u c t i v e 
d i s s o l u t i o n of the surrounding oxide-covered metal and as s o c i a t e d 
r.apid decrease of c o r r o s i o n p o t e n t i a l . 

I t i s th e r e f o r e b e l i e v e d that at pH 6 and greater the c o r r o s i o n 
process i s l o c a l i s e d and l a r g e l o c a l concentrations of fe r r o u s i r o n 
are achieved. At pH 6 the o x i d a t i o n to f e r r i c i r o n i s very r a p i d 
(8) and p r e c i p i t a t i o n of Fe(0H) 3 occurs to e x h i b i t l o c a l i s e d 
c o r r o s i o n or " f l a s h - r u s t " spots. At pH 5 and below a small but 
f i n i t e uniform d i s s o l u t i o n of the i r o n substrate occurs. However, 
i n t h i s pH range the o x i d a t i o n of the fe r r o u s d i s s o l u t i o n product 
to f e r r i c ion i s considerably slower, by almost 1000 times, and 
hence " f l a s h r u s t i n g " i s not observed. 

Underfilm Darkening 

These s t u d i e s were conducted to examine the nature and behaviour of 
subs t r a t e d i s c o l o u r a t i o n observed on m i l d s t e e l coated with the 
St a n d a r d f o r m u l a t i o n p a i n t upon exposure t o a g g r e s s i v e 
environments. 
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E l e c t r i c a l Resistance - I n t e r f a c e Metal Loss. Figure 4 shows the 
e l e c t r i c a l r e s i s t a n c e increase and corresponding f o i l t h i c k n e s s 
l o s s determined f o r the three coating systems during constant 
immersion i n 3% NaCl. The pH 9 a c r y l i c c o a t i n g showed a marked f o i l 
t h i c k n e s s l o s s of 4 microns w i t h i n 20 days which continued with 
exposure and was accompanied by v i s u a l gross d e t e r i o r a t i o n with 
surface r u s t i n g and b l i s t e r i n g . However, the pH 4.5 c h l o r i n e 
c o n t a i n i n g v i n y l - a c r y l i c c o a t i n g e x h i b i t e d much smalle r metal l o s s , 
which approached an a r r e s t a f t e r the f i r s t 10 days exposure. The 
c o a t i n g showed some l o c a l i s e d r u s t spots a f t e r the longer period of 
50 days. The c h l o r i n a t e d rubber co a t i n g e x h i b i t e d no metal l o s s i n 
the 50 days and no d i s c o l o u r a t i o n or r u s t spots were observed. 
A l t e r n a t e immersion exposure gave s i m i l a r behaviour (Figure 5) to 
constant immersion (Figure 4). 

From the metal l o s s determinations i t was p o s s i b l e to construct the 
mean c o r r o s i o n r a t e - tim
systems. From Figure 6
l o s s process i n the c h l o r i n e - c o n t a i n i n g v i n y l - a c r y l i c system 
q u i c k l y a r r e s t s w i t h i n 12 days exposure, and the o v e r a l l metal l o s s 
at 50 days i s only of the order of 0.75 micron. The a c r y l i c system 
shows no such a r r e s t and indeed the c o r r o s i o n r a t e increases with 
time to d e s t r u c t i o n of the f o i l . 

The low metal l o s s f i g u r e s f o r the c h l o r i n e c o n t a i n i n g v i n y l 
a c r y l i c system noted above were s u p p o r t e d by a n a l y t i c a l 
measurements of i r o n pick-up i n coatings on g r i t b l a s t e d Q panels. 
Under constant immersion i n 3% NaCl the i r o n pick-up, equivalent to 
0.13 micron metal l o s s , remained v i r t u a l l y unchanged a f t e r 14 days 
over the 63 days exposure. However, the a c r y l i c system had an 
equivalent metal l o s s of 0.55 micron at 14 days which increased 
s t e a d i l y to 1.43 microns at 63 days. 

AC Impedance. The g r i t b l a s t e d panels used i n these s t u d i e s were 
i d e n t i c a l to t e s t panels used to compare coating performance by 
t r a d i t i o n a l methods. AC impedance data i n the form of Nyquist 
p l o t s i s shown i n F i g u r e 7 f o r the c h l o r i n e - c o n t a i n i n g 
v i n y l - a c r y l i c c o a t i n g exposed under a l t e r n a t e exposure to 3% NaCl 
over 51 days. The i n i t i a l impedance was high at > 10 8 ohm on 10 
cm 2, but the apparent f i l m r e s i s t a n c e decreased upon exposure and 
e x h i b i t e d a minimum between 9 and 23 days exposure. The f i l m ' s 
behaviour can be modelled as a Randies equivalent RC c i r c u i t i n 
which i o n i c f i l m r e s i s t a n c e R decreased and f i l m capacitance C 
increased with exposure time up to 9 days. The depressed semi 
c i r c u l a r behaviour at 4 and 9 days i n d i c a t e d a d i s p e r s i o n i n the 
time constant RC f o r the f i l m . Between 9 and 23 days i t i s evident 
that the f i l m r e s i s t a n c e increased and continued to do so up to the 
51 day measurement. S i m i l a r behaviour was obtained f o r t h i s type of 
c o a t i n g under constant immersion c o n d i t i o n s (Figure 8) though the 
recovery to higher impedance at 51 days was not as marked. In a l l 
cases, even at minimum impedance values the f i l m r e s i s t a n c e was 
high at > 5 χ 10 7 ohms on u n i t area and compared favourably with 
the r e s i s t a n c e c r i t e r i o n f o r a p r o t e c t i v e c o a t i n g (9). 
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Figure 4. F o i l r e s i s t a n c e changes-constant immersion 3% NaCl. 
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Figure 5. F o i l r e s i s t a n c e changes-alternate immersion i n 3% NaCl. 
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Figure 6. Mean c o r r o s i o n rate-time curves. 
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Figure 8. Nyquist p l o t s - c h l o r i n e c o n t a i n i n g v i n y l a c r y l i c 
c o ating c o n s t a n t l y immersed i n 3% NaCl. 
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The i n i t i a l decrease i n i o n i c f i l m r e s i s t a n c e and increase i n 
capacitance can be as s o c i a t e d with e i t h e r NaCl e l e c t r o l y t e or water 
entry i n t o the f i l m . From ER measurements t h i s period i s ass o c i a t e d 
with a metal l o s s process at the substrate s u r f a c e . However, 
between 9 to 23 days the i o n i c f i l m r e s i s t a n c e i n c r e a s e s , which i s 
ass o c i a t e d with an a r r e s t i n metal l o s s at the subst r a t e surface i n 
ER measurements. I t appears, t h e r e f o r e , that with the knowledge of 
an u n d e r f i l m d a r k e n i n g phenomenon o c c u r r i n g a t t h e 
su b s t r a t e / c o a t i n g i n t e r f a c e , a f i l m of a p r o t e c t i v e ( i e passive or 
high i o n i c r e s i s t a n c e ) nature i s produced during exposure. 

As shown i n Figure 9 the impedance of the a c r y l i c c o a t i n g 
immediately showed low values which d i d not increase. The co a t i n g 
showed marked r u s t i n g and e x f o l i a t i o n . C h l o r i n a t e d rubber coatings 
m a i n t a i n e d a h i g h i m p e d a n c e s i m i l a r t o t h a t o f t h e 
c h l o r i n e - c o n t a i n i n g v i n y l - a c r y l i c coatings though the development 
of a pinhole a f t e r lon
i n Figure 9. 

The three c o a t i n g systems were a l s o exposed to hot s a l t spray. In 
t h i s case, i t appeared that the minimum impedance of the 
c h l o r i n e - c o n t a i n i n g v i n y l - a c r y l i c c o a t i n g occurred w i t h i n the f i r s t 
5 hours exposure and t h e r e a f t e r the impedance remained high (>10 7 

ohms). This behaviour i s probably due to f a s t entry of e l e c t r o l y t e 
and/or water i n t o the f i l m under the more aggressive c o n d i t i o n s to 
form an i n t e r f a c e f i l m . As i n previous experiments the a c r y l i c 
c o a t i n g had low impedance (<1000 ohm) which d i d not increase, and 
c h l o r i n a t e d rubber r e t a i n e d a high impedance throughout (>10 8 ohm) 
unless a pinhole developed. 

Acrylic 

2E9 2E8 2E7 

10 cnr Area 

Figure 9. Nyquist - a c r y l i c and c h l o r i n a t e d rubber coatings 
a l t e r n a t i v e l y immersed i n 3% NaCl. 
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Chemical C h a r a c t e r i s a t i o n . Chemical c h a r a c t e r i s a t i o n of the 
underfilm darkening beneath c h l o r i n e - c o n t a i n i n g v i n y l - a c r y l i c f i l m s 
was sought using a v a r i e t y of techniques on the substrate surface 
as w e l l as the backside of s t r i p p e d f i l m s . The substrates were g r i t 
b l a s t e d and p l a i n m i l d s t e e l Q panels exposed up to 98 days i n hot 
s a l t spray and examined w i t h i n hours of removal. 

XRD i d e n t i f i e d Fe30h plus paint c o n s t i t u e n t s of BaSO u, T i 0 2 and 
Zn3(?0li)2 together with a l e s s i d e n t i f i a b l e major phase (7.7A, 
2.68A, 2.36A). This phase i s now b e l i e v e d to be a member of a c l a s s 
of compounds r e f e r r e d to as the p y r o a u r i t e group. These compounds 
have the general formula: 

Μ χ R y ( 0 H ) 2 x + 3 y _ 2 z (A*-) Z.2H 20 

where M i s a d i v a l e n t c a t i o n , R i s a t r i v a l e n t c a t i o n and A i s an 
anion, commonly C0^ 2~,
The members of t h i s grou
which p y r o a u r i t e has the f o r m u l a Mg 6 F e 2 ( 0 H ) 1 6 (CO)^ 3 H 20. The 
l a y e r s t r u c t u r e of such compounds allows the accommodation of a 
v a r i e t y of anions and c a t i o n s (1_0) and the l a r g e number of 
hydroxyl groups may provide a b u f f e r i n g c a p a c i t y . This b u f f e r i n g 
c a p a c i t y has been recognised as a probable i n f l u e n t i a l f a c t o r i n 
the p r o t e c t i v e property afforded by s i m i l a r h y d r o t a l c i t e type 
f i l m s on aluminium i n sea water ( JJ_). The b u f f e r i n g p r o p e r t i e s 
could a l s o c o n s t r a i n l o c a l i s e d attack and promote l a t e r a l movement 
of the c o r r o s i o n process and f i l m formation. 

SEM s t u d i e s supported the above i n observation of p l a t e l e t type 
c r y s t a l s c o n t a i n i n g Fe and CI (by EDAX). ESCA revealed l i t t l e 
d e t a i l but SIMS i d e n t i f i e d a number of hydroxy and_oxychloride 
species i n c l u d i n g Fe(0H)+, Fe0+, FeO-, FeOCl- and FeCl^ to support 
the presence of c h l o r i d e i n the p y r o a u r i t e type f i l m . LIMA 
i n d i c a t e d a number Fe 0 + peaks wit h χ as y as high as 2 or 3 

χ y 
whereas χ and y are g e n e r a l l y 2 f o r FeOOH. 

Conclusions 

F l a s h r u s t i n g e x h i b i t e d i n n e u t r a l to a l k a l i n e water borne 
formulations appears to occur through a l o c a l i s e d c o r r o s i o n 
process probably i n v o l v i n g g r i t " a c t i v i t y " present from b l a s t i n g , 
e i t h e r d i r e c t l y or i n d i r e c t l y , i n an e l e c t r o c h e m i c a l process. At 
such pH the r a p i d o x i d a t i o n of f e r r o u s to f e r r i c ion produces 
intense l o c a l p r e c i p i t a t i o n of f e r r i c hydroxide evidenced as 
f l a s h - r u s t spots. The process can be e l i m i n a t e d by f o r m u l a t i n g at 
a lower pH, eg pH 4.5 which gives r i s e to a uniform c o r r o s i o n 
process at the substrate s u r f a c e . I t has been shown that a 
c h l o r i n e c o n t a i n i n g v i n y l a c r y l i c c o a t i n g can be s a t i s f a c t o r i l y 
formulated at t h i s pH. Under t h i s c o n d i t i o n , o x i d a t i o n to f e r r i c 
ion with subsequent p r e c i p i t a t i o n does not occur and hence f l a s h 
r u s t i n g i s not observed. 
I t appears that under aggressive c o r r o s i v e c o n d i t i o n s e l e c t r o l y t e 
may enter the f i l m and s t i m u l a t e c o r r o s i o n but the c h l o r i n e 
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c o n t a i n i n g v i n y l a c r y l i c c o a t i n g q u i c k l y promotes formation of a 
p r o t e c t i v e f i l m , as evident by ER, ac impedance and i r o n pickup 
measurments, with i n s i g n i f i c a n t o v e r a l l metal l o s s . Indeed, ac 
impedance measurements on t y p i c a l s ubstrate surfaces i n d i c a t e d f i l m 
r e s i s t a n c e s t o remain very high even during formation of the 
i n t e r f a c e f i l m . The long term p r o t e c t i v e f i e l d performance 
behaviour of such co a t i n g r e f l e c t s the p r o t e c t i v e character of t h i s 
system. However, water borne systems formulated at pH 7-9 eg 
conventional a c r y l i c s are both capable of producing f l a s h r u s t i n g 
during c o a t i n g and incapable of producing i n - s i t u p r o t e c t i v e f i l m s 
i n the presence of c o r r o s i v e environments. 
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Appendix 

Primer Formulation Based on Chl o r i n e Containing V i n y l Acrylic 
Latex 

Ingredient % w/w 

V i n y l A c r y l i c Copolymer 
( H a l o f l e x 202) 59.7 

Non-ionic block copolymer 3.1 
su r f a c t a n t 

Hydroxy-propyl methyl 0.2 
c e l l u l o s e 

Ingredient % w/w 

Micronised Zinc Phosphate 5.8 

Micronised barytes 15.6 

Titanium d i o x i d e 2.6 

Water 10.8 

De-foamer 0.2 pH 5 

Bu t y l g l y c o l 2.0 Pigment volume 
concentration 20 

The name Haloflex is a trademark, the property of Imperial Chemical 
I n d u s t r i e s PLC. 
R E C E I V E D March 5, 1986 
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Harmonic Analysi
as a corrosion monitoring test following the original 
theoretical work by Meszaros. This study looks at 
the possibility of using this technique to enhance 
the accuracy of Impedance based corrosion rate 
measurements on painted metal electrodes. A series 
of 12 chlorinated rubber coated specimens (of 2 
different formulations) have been allowed to degrade 
under immersion for over 3 years and exhibit a 
variety of defects. This paper aims to show whether 
a combination of Harmonic Analysis and Impedance 
tests, can give a realistic ranking of the degree of 
degradation. Some specimens have remained intact 
and the Impedance measurements are purely capacitive, 
such specimens do not exhibit a stable rest potential 
and no additional information can be obtained from 
Harmonic Analysis. Those specimens showing certain 
forms of corrosion attack, give corrosion rates that 
are determinable using both techniques. In other 
instances, the results obtained are widely divergant. 

The use of the impedance technique i n the study of polymer coated 
s t e e l , has been thoroughly described elsewhere (1). The present 
paper compares t h i s technique w i t h that of harmonic a n a l y s i s , 
o r i g i n a l l y proposed by M e s z a r o s T h e authors have presented 
p r e l i m i n a r y data using the l a t t e r technique (3) wherein the e a r l y 
stages of polymer breakdown have been s t u d i e d . The current 
paper extends t h i s work to polymers which have been immersed f o r a 
considerable p e r i o d of time. The harmonic method gives i n f o r m a t i o n 
not a v a i l a b l e from the impedance technique i n the T a f e l slopes and 
the c o r r o s i o n current are d i r e c t l y measurable. A b r i e f summary 
of the harmonic method and the equations used are given below. 

A small s i n u s o i d a l p e r t u r b a t i o n i s a p p l i e d p o t e n t i o s t a t i c a l l y 
to the system under i n v e s t i g a t i o n and the r e s u l t i n g current sine 
wave i s analysed i n terms of i t s second and t h i r d harmonics (±2 and 
13), i i being the fundamental. The c o r r o s i o n current i s c a l c u l a t e d 
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from the f o l l o w i n g equation: 

c o r r _JL 

S 48 >Λΐ. i - i 2
2 

and the T a f e l slopes a and c from equations of the type shown below. 

where U = ο 
magnitude of the 
p e r t u r b i n g sine 
wave. 

Experimental 

12 c h l o r i n a t e d rubber coate
aluminium f l a k e d pigmen
o r i g i n a l l y 6 panels, cut i n h a l f a f t e r p a i n t i n g . D e t a i l s of the 
p r e p a r a t i o n and masking l e a v i n g an exposed pa i n t area of 34 cm^, 
are given elsewhere W. The panels were immersed i n a r t i f i c i a l 
sea water f o r 1042 days as part of a separate s e r i e s of experiments. 

Harmonic a n a l y s i s was c a r r i e d out on the specimens 7 days a f t e r 
the impedance measurements i n order to a l l o w the specimens to 
s e t t l e down again. An Ono Sokki CF 910 dual channel FFT analyser 
was used i n conjunction w i t h a p o t e n t i o s t a t (Thompson M i n i s t a t 251) 
to hold the specimen at i t s r e s t p o t e n t i a l and to provide the low 
frequency sine wave p e r t u r b a t i o n . The second channel was used to 
measure the harmonic content of the r e s u l t i n g current. The Ono 
Sokki produces a d i g i t i a l l y generated high p u r i t y sine wave at a 
chosen frequency, i n t h i s i n s t a n c e , 0.5 Hz. The t o t a l harmonic 
content of the input sine wave was l e s s than 0.45% measured over 
10 harmonics. Only the f i r s t 3 harmonics are used to c a l c u l a t e the 
c o r r o s i o n current. 

For each specimen an average over 122 c y c l e s were taken, but 
because of the high impedances present, a p e r t u r b i n g v o l t a g e of 115 
mV was used. This i s somewhat higher than the t h e o r e t i c a l value 
a r r i v e d at by Meszaros(2) but necessary because of the low l e v e l of 
harmonic s i g n a l from the specimens. The v i s u a l appearance of each 
elec t r o d e was noted f o r comparison w i t h the e l e c t r o c h e m i c a l data. 

Results and D i s c u s s i o n 

For c e r t a i n specimens, no s t a b l e r e s t p o t e n t i a l could be measured 
and f o r these e l e c t r o d e s , the p o t e n t i a l was held at -610 mV (SCE) 
designated by @. 

I t can be seen from Table 1 that a l l those specimens which could 
not support a s t a b l e r e s t p o t e n t i a l , a l s o showed impedance p l o t s 
that were of a purely c a p a c i t i v e type. This impedance was a l s o 
obtained from other specimens of both pigmentation, which e x h i b i t e d 
s t a b l e r e s t p o t e n t i a l s (A12 & G6). The diameters of the s e m i c i r c l e s 
(given as R s c) are a l l l a r g e , c l a s s i c a l l y i n d i c a t i v e of h i g h l y 
r e s i s t i v e f i l m s and no c o r r o s i o n r e a c t i o n . Regardless of whether 
the p l o t i s purely c a p a c i t i v e or shows s e m i c i r c u l a r behaviour, the 
capacitance values may be a t t r i b u t e d to that r e s u l t i n g from the 

1 - 1 1 χ + 4 i 2 

3a 2U i Ιο c o r r 1 
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polymer f i l m i t s e l f . With the exception of G4, which gave an 
anomalous value of 320 pF/cm 2. 

Table 1. Impedance and Rest P o t e n t i a l Data 

Specimen P o t e n t i a l Impedance (Ohms cm2) Capacitance 
(SCE) p l o t Rsc pF/cm 2 

A l 1 -390 
^ 1E8 

5.6E7 18 

2 -505 L 1 E 7 
- -

3 -590 
l ^ - 3E7 

1.8E7 35.5 

4 -640 2.2E6 — . 

5 -631 
4 E 5 

6 (3-610 L1E7 
— 36.6 

Grey 1 (§-610 L1E7 
— 35.8 

2 @-610 — 31.7 

3 (a-610 L1E7 
— 44.6 

4 -550 
^ 2E5 

1.6E5 320 

5 @-610 L1E7 
- 53.3 

6 -680 L1E7 
— — 

I t can be seen that i t was again d i f f i c u l t to o b t a i n r e s u l t s from 
specimens where no s t a b l e r e s t p o t e n t i a l could be measured. The 
harmonic cu r r e n t s i n a l l cases were low and f o r c e r t a i n specimens 
were of the same order as the d i s t o r t i o n r e s u l t i n g from the input 
sine wave. The T a f e l slopes obtained were i n general anomalously 
high and the c o r r o s i o n r a t e s v a r i e d over s e v e r a l orders of magnitude. 

As the impedance and harmonic a n a l y s i s techniques gave d i f f e r e n t 
types of data from each other, a d i r e c t comparison between Tables 1 
and 2 i s d i f f i c u l t . However, i t should be anoted that G4 gave both 
s e m i c i r c u l a r behaviour and a reasonably high c o r r o s i o n r a t e . This 
s i m i l a r i t y i s a l s o true f o r A14 and A15. A l l and A13 showed 
smaller but s t i l l measurable c o r r o s i o n r a t e s , together w i t h 
s e m i c i r c u l a r impedance behaviour and the absolute values measured 
v a r i e d s i m i l a r l y as before. 

Any e l e c t r o c h e m i c a l technique that could be employed as a means 
of r a p i d c o a t i n g degradation assessment should i d e a l l y be able to 
c o r r e l a t e w i t h the a c t u a l observable degradation. The v i s u a l 
appearance of the specimens i s o u t l i n e d i n Table 3. This 
appearance has been r e l a t i v e l y s t a b l e f o r the past 600 days. 
I t may be seen from t h i s t a b l e that of the A l f l a k e pigmented 
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Table 2. Harmonic A n a l y s i s Data 

Specimen P o t e n t i a l Fundamental 
(SCE) ( F i r s t har

monic (mV) 

Second 
Harmonic 

(mV) 

T h i r d 
Harmonic 

(mV) 

i 
c o r r 
(uA) 

b 
a 

b 
c 

Input 
sine wave - 117 .01 .01 - - -A l 1 -390 15.9 .58 .17 .18 275 204 

2 -505 6.57 .2 .15 .005 171 145 
3 -590 87.15 .24 .12 4.69 724 666 
4 -640 5.58E3 181 15 135 706 393 
5 -630 366 .4 .2 17.6 1025 986 
6 @ 610 - - - - - -Grey 1 @ 610 - - - - - -2 @ 610 
3 @ 610 2
4 -550 1.003E3 1.8 1.4 30.9 742 569 
5 @ 610 - - - - - -6 -680 161.4 .42 .11 7.3 984 907 

Table 3. V i s u a l Appearance of Specimens 

Specimen D e s c r i p t i o n 

A l 

Grey 

1 
2 
3 
4 
5 
6 
1 
2 
3 
6 
5 
4 

l x l m m + l x 3 m m diameter orange spots 
2 χ 1 mm diameter black spots 
2 χ 2 mm diameter orange spots 
Orange " r o s e t t e " 1.5 cm t o t a l diameter 
no c o r r o s i o n 

P a i n t b l i s t e r e d , very r u s t y 

specimens, A14 e x h i b i t e d extreme breakdown i n the form of a 
c o r r o s i o n r o s e t t e , w h i l s t G4 had b l i s t e r e d and s u f f e r e d considerable 
c o r r o s i o n a t t a c k . The remaining specimens e i t h e r showed no 
observable degradation or e x h i b i t e d s m a l l , s t a b l e and therefore 
r e l a t i v e l y i n s i g n i f i c a n t p o int s i t e a t t a c k . 

Comparison between the impedance and harmonic data shows that 
the r o s e t t e was detectable i n the impedance data by the emergence 
of Warburg type behaviour at low frequencies although no q u a n t i f i a b l e 
data as to the r a t e of t h i s r e a c t i o n could be obtained. In the 
harmonic data, the c o r r o s i o n r a t e was the highest of those measured, 
at 135 uA. 
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Conclusions 

I t can be seen that f o r severe l y degraded specimens, both the 
harmonic a n a l y s i s and impedance techniques are capable of d e t e c t i n g 
the presence of gross c o r r o s i o n . The harmonics method provides a 
reasonable e s t i m a t i o n of the c o r r o s i o n r a t e when the impedance 
data e x h i b i t s Warburg type behaviour. For l e s s s e v e r e l y degraded 
specimens, e s p e c i a l l y those e x h i b i t i n g b l i s t e r a t t a c k , the impedance 
method i s not as s u c c e s s f u l as the harmonic a n a l y s i s technique. 
Where very l i t t l e c o r r o s i o n a t t a c k has occurred, n e i t h e r method i s 
capable of p r o v i d i n g r e l i a b l e q u a n t i t a t i v e data. The non-applicab
i l i t y i n c e r t a i n instances of the impedance technique as a monitoring 
t o o l has been reported p r e v i o u s l y . Further experience w i t h the 
harmonic a n a l y s i s technique may be capable of r e f i n i n g the r e s u l t s 
obtained. 
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Application of Electrochemical Noise Measurements 
to Coated Systems 

D. A. Eden1, M . Hoffman1, and B. S. Skerry2 

1Corrosion and Protection Centre, University of Manchester Institute of Science and 
Technology, Sackville Street, Manchester, M60 1QD, England 

2Sherwin Williams Company Research Center, 10909 South Cottage Grove Avenue, 
Chicago, IL 60628 

This pape  applicatio
electrochemical techniques to studies of 
paint films on steel substrates exposed to 
aqueous environments. 

Simultaneous monitoring of the self
-generated electrochemical potential and cur
rent noise using analogue and digital tech
niques has been evaluated as a tool for moni
toring coating performance. These data ob
tained have been compared with those from 
a.c. impedance techniques. 

Laboratory measurement procedures used 
for electrochemical data acquisition and 
analysis during the monitoring exercise are 
outlined, and particular emphasis is placed 
on the electrochemical noise techniques. 
Electrochemical current noise has been moni
tored between two identical electrodes and 
the potential noise between the 'working' 
electrodes and a reference electrode. 

Digital noise measurements have been 
obtained by use of a microcomputer control
ling the sampling rate of a sensitive digital 
voltmeter employed to measure the potential 
or current fluctuations. The subsequent 
analysis of the derived time records is des
cribed. 

Analogue noise measurements have been 
made using high gain amplifier/ filter cir
cuits which permit examination of low fre
quency fluctuations on a 'real-time' basis. 

E l e c t r o c h e m i c a l noise monitoring techniques have been used 
prev i o u s l y i n studies of co r r o s i o n processes o c c u r r i n g on 
metals i n a v a r i e t y of environments. I n i t i a l l y , work was 
d i r e c t e d towards the monitoring of p o t e n t i a l noise f l u c t u a -
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t i o n s , and was used p a r t i c u l a r l y i n the i d e n t i f i c a t i o n of the 
onset of l o c a l i s e d attack ( i . e . p i t t i n g or c r e v i c e type a t 
tack) Q-.3] . Current noise measurements have been used i n the 
studies of e l e c t r o c r y s t a l l i s a t i o n [4] and p i t t i n g [5] with the 
specimens being h e l d under p o t e n t i o s t a t i c c o n t r o l . 

Recent work [ 6 ,_7 ] has been d i r e c t e d towards the simulta
neous monitoring of p o t e n t i a l and current noise, where the 
current noise s i g n a l i s generated by coupling two nominally 
i d e n t i c a l e l e c t r o d e s with a zero r e s i s t a n c e ammeter (ZRA), and 
the p o t e n t i a l noise of the couple i s monitored with respect to 
a reference electrode. In t h i s manner no e x t e r n a l l y a p p l i e d 
s i g n a l i s r e q u i r e d . 

The p o t e n t i a l noise s i g n a l provides information per
t a i n i n g to the type of attack, whereas the current noise pro
v i d e s data which i n d i c a t e the r a t e of c o r r o s i o n and the type 
of attack. When used i n p a r a l l e l  the two noise measurements 
may be used to estimat
i n t e r f a c e being examined

When a p p l i e d to coated metals, the f l u c t u a t i o n s observed 
i n the current noise s i g n a l are generally low i n magnitude 
with the b a s e l i n e of d e t e c t i o n e s s e n t i a l l y being l i m i t e d by 
the s e n s i t i v i t y of the e l e c t r o n i c i n t e r f a c e . For the studies 
c i t e d , the lower l i m i t of the current noise s i g n a l i s some 10 
pico-amps. 

For the purposes of t h i s study the responses of a v a r i e t y 
of i n t a c t and d e f e c t i v e coatings were monitored and the r e 
s u l t s are compared with a.c. impedance data. 

The a.c. impedance technique i s u s e f u l f o r monitoring 
changes o c c u r r i n g i n coated systems, and the various types of 
response may be summarised b r i e f l y as f o l l o w s : 

a) I n t a c t coatings (no pores) very high impedance produces 
almost purely c a p a c i t i v e response, d i f f i c u l t y i n e s t i 
mating d.c. component of r e s i s t a n c e . 

b) Intact coatings (as (a)), with water uptake capacitance 
increases due to d i e l e c t r i c constant changes. 

c) Coatings with minor defects u s u a l l y produce well defined 
response with r e s i s t i v e as w e l l as c a p a c i t i v e components. 

d) Coatings with major defects show response i n which com
pl e x behaviour i s observed, the coating response moving 
to higher frequencies due to smaller values of r e s i s 
tance, and i n a d d i t i o n , charge t r a n s f e r and d i f f u s i o n 
e f f e c t s may become evident. 

Instrumentation 

D i g i t a l e l e c trochemical noise. The d i g i t a l instrumentation 
used f o r the noise studies comprised the f o l l o w i n g : 

A Hewlett Packard HP85 Microcomputer 
A Hewlett Packard 3478A D i g i t a l Voltmeter 

A "custom b u i l t " m u l t i p l e x e r 

A schematic diagram f o r the experimental set up i s i l l u s t r a t e d 
i n Figure 1. 
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Multiplexer and 
Zero Resistance 
Ammeter 

8 sets of 
inputs 

Microprocessor 

To working 
electrodes 

*To reference electrode 

Figure 1. Schemati
using multiplexed e l e c t r o d e s

The input m u l t i p l e x e r was designed t o allow multi-channel 
c a p a b i l i t y and was configured to monitor both p o t e n t i a l and 
current noise f l u c t u a t i o n s s e q u e n t i a l l y on a maximum of eight 
p a i r s of samples. 

The sampling r a t e of the d i g i t a l voltmeter (DVM) was con
t r o l l e d by the microprocessor and channel s e l e c t i o n f o r moni
t o r i n g was obtained by u t i l i s i n g a pulse output from the DVM. 

Time records of the coupling current and p o t e n t i a l f o r 
the respective samples were obtained and stored f o r f u r t h e r 
a n a l y s i s . 

Analogue electrochemical noise. Analogue instrumentation 
monitoring low frequency noise i n a s p e c i f i e d bandwidth was 
used f o r the analogue measurements. The schematic diagram 
(Figure 2) i l l u s t r a t e s the ba s i c c o n f i g u r a t i o n of the i n s t r u 
mentation. The rms values of the noise s i g n a l s were logged 
and sent as a 0 - 10V s i g n a l to a conventional chart r e c o r 
der. The s i g n a l s e n s i t i v i t y corresponding to the f u l l s c a l e 

To workina electrodes 

Zero 
Resistance 
Ammeter 

High 
Impedance 
Buffer 

To reference electrode 

F i l t e r 

Recorder 

Figure 2. System f o r analogue current and p o t e n t i a l noise 
monitoring. 
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response of the chart recorder was 1uV minimum (OV output) to 
10mV (10V output) covering four decades at 2.5V per decade. 

The current noise s i g n a l was monitored by using a s e n s i 
t i v e , low noise zero r e s i s t a n c e ammeter (ZRA) to couple p a i r s 
of i d e n t i c a l electrodes; the ZRA a c t i n g as a current to v o l 
tage converter. T h i s derived p o t e n t i a l s i g n a l was then fed 
i n t o a p o t e n t i a l noise monitor. 

A.c. impedance. Impedance measurements were made using a 
S o l a r t r o n 1250 frequency response analyser under computer con
t r o l using a Hewlett Packard HP85 microcomputer and commer
c i a l l y a v a i l a b l e software. The coatings were studied i n the 
three electrode mode using a Thompson M i n i s t a t . Figure 3 i l 
l u s t r a t e s schematically the experimental arrangement. 

Figure 3. Working arrangement f o r 3 electrode electrochemical 
impedance s t u d i e s . 

Ssmple p r e p a r a t i o n 

For the purposes of t h i s study a v a r i e t y of coatings a p p l i e d 
to mild s t e e l substrates were used. The coatings were chosen 
t o provide a range of p r o t e c t i o n from poor to e x c e l l e n t . The 
coatings studied were: 

1. Polyurethane (unpigmented) 

2. Polyurethane (pigmented) 

3. Bitumen 
3. Bitumen over z i n c r i c h p a i n t 

1 coat ~ 40μπι 
2 coats ~ 80urn 
1 coat ~ 45um 
2 coats ~ 90μπι 
1 coat ~ 20um 
1 coat ~ 20μπι 

Expérimental 

P l a s t i c c e l l s of dimensions 5 χ 5 χ 7.5cms were f i x e d to the 
coated specimens using s i l i c o n e rubber sealant. The s i l i c o n e 
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rubber was allowed to cure f o r a t l e a s t two days p r i o r to f i l 
l i n g with e l e c t r o l y t e . Three per cent sodium c h l o r i d e s o l u 
t i o n i n demineralised water was added to the c e l l s which were 
prepared as i d e n t i c a l p a i r s . Coupling between the p a i r s of 
ele c t r o d e s was achieved using a sodium chloride/agar s a l t 
bridge. P o t e n t i a l s of the specimens were monitored using 
s i l v e r / s i l v e r c h l o r i d e reference e l e c t r o d e s . A platinum 
counter electrode was introduced i n t o i n d i v i d u a l c e l l s when 
monitoring the a.c. impedance response. A t y p i c a l c e l l ar
rangement i s shown i n Figure 4. 

Platinum e lec t rode 

Reference e lec t rode 

NaCl/Agar s a l t bridge 

C e l l 

— Coated 

specimen 

Figure 4. C e l l arrangement f o r electrochemical s t u d i e s . 

During the p e r i o d of immersion of the samples i n sodium 
c h l o r i d e e l e c t r o l y t e , electrochemical noise measurements were 
made u s i n g the e l e c t r o n i c apparatus p r e v i o u s l y described. The 
time records obtained were analysed using s t a t i s t i c a l t e c h 
niques to derive mean, standard d e v i a t i o n and c o e f f i c i e n t of 
variance. 

The derived value of p o l a r i s a t i o n r e s i s t a n c e was evalu
ated from the r a t i o of the standard d e v i a t i o n of the p o t e n t i a l 
noise s i g n a l to the standard d e v i a t i o n of the current noise 
s i g n a l , i . e . : 

OV 
o i 

Data i s presented g r a p h i c a l l y to i l l u s t r a t e the v a r i a t i o n i n 
d.c. p o t e n t i a l ^ F i g u r e 5) mean d.c. coupling current, i 
(Figure 6) and — τ « Rp (Figure 7) with time. 

T y p i c a l anaîogue noise t r a c e s are i l l u s t r a t e d i n Figures 
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-0.5 

15 Time 
(days) 

Figure 5. Potential vs time for coated specimens in 37c NaCl. 
Key: · , bitumen;A> Zn rich + bitumen;Q , polyurethane, one 
coat (unpigmented); ψ , polyurethane, two coats (unpigmented); 
0, polyurethane, one coat (pigmented); and X, polyurethane, 
two coats (pigmented). 

-5 

Time (days) 

Figure 6. Log i vs time for coated specimens in 3% 
Key: same as for Figure 5. 
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8 and 9. Impedance data f o r t y p i c a l c e l l s are presented i n 
Figures 10, 11 and 12. 

D i s c u s s i o n 

From the data obtained f o r the d i f f e r e n t specimens i t can be 
seen that there i s s i g n i f i c a n t l y d i f f e r e n t behaviour between 
the poor, porous coatings (bitumen) and the polyurethane p a i n t 
samples. Of the polyurethane samples only one showed any e v i 
dence of c o r r o s i o n beneath the c o a t i n g during the duration of 
the t e s t and t h i s was an unpigmented s i n g l e coat specimen. 

Potent ia l 
(rms) 

L 1mV . 

I IOOuV J" 

10pV 

ο 
Time (hours) 

Current 
(rms) 

1uA . 

L 100nA 

10nA 

Figure 8. Analogue p o t e n t i a l and current noise traces f o r 
bitumen on m i l d s t e e l . Day 1. 
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poten t i a l 
(rms) 

Current 
(rms) 

- 1mV - - 1nA -

- 100μν - - 100pA -

. 10μν . . 10pA . 

Figure 9 . Analogue p o t e n t i a l and current noise traces f o r 
polyurethane 2 coats unpigmented. Day 2. 

Z Imaginary (ohms) 

15000 
Ζ Real (ohms) 

Ζ Imagi nary (ohms) 
500 r -

1000 
Ζ Real (ohms) 

Figure 10. Nyquist p l o t s f o r bitumen coated mild s t e e l . 
Day 0 and Day 50. 
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Z Imoglnory (ohms) 

150000 
Ζ Real (ohme) 

Ζ Imaginary (ohms) 

300 400 
Ζ Real (ohme) 

Figure 11. Nyquist p l o t s f o r z i n c r i c h and bitumen on m i l d 
s t e e l . Day 0 and Day 50. 

Even so, the low frequency impedance as derived from the noise 
measurements was s t i l l two to three orders of magnitude higher 
than the bitumen coated system. The b e t t e r coatings e x h i b i t e d 
low frequency impedances some four to f i v e orders of magnitude 
higher than the bitumen. 

The d.c. p o t e n t i a l s , however, only i n d i c a t e d whether the 
material being studied was i n a c o r r o s i o n regime, both the 
bitumen and unpigmented s i n g l e coat polyurethane assumed very 
s i m i l a r p o t e n t i a l s over the p e r i o d of the t e s t , even though 
the c o r r o s i o n r a t e s were gr o s s l y d i f f e r e n t . 

The impedance data i l l u s t r a t e d i n Figures 10, 11 and 12 
have been chosen to i l l u s t r a t e the widely d i f f e r i n g behaviour 
of the d i f f e r e n t c o a t i n g systems. 

In Figure 10, which shows the impedance behaviour of the 
bitumen coating on mild s t e e l , i t i s apparent that at day 0, 
the c o a t i n g i s immediately showing signs of major d e f e c t i v e 
areas, with the impedance response being governed by what ap
pear to be d i f f u s i v e e f f e c t s . The response at high f r e 
quencies probably being due to the c o a t i n g i t s e l f . The r e s i s 
tance of the system at t h i s stage i s greater than 15000 
ohms. After 50 days' exposure, the impedance response has 
changed to one i n d i c a t i n g charge t r a n s f e r and d i f f u s i o n ef
f e c t s with a r e s i s t a n c e greater than 1000 ohms. In compari
son, the behaviour of the bitumen coating on z i n c r i c h p a i n t 
(Figure 11) i n d i c a t e s that at day 0, the coating i s showing 
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2 Imaginary (ohms) 

100000 r 

50000 

50000 

50000 
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200000 
Ζ Real (ohme) 

50000 100000 
Ζ Real (ohme) 

Figure 12. Nyquist p l o t s f o r polyurethane (1 coat) unpig
mented system a f t e r 50 days, i l l u s t r a t i n g c oating breakdown on 
Panel B. 

minor defects with an impedance of some 150,000 ohms t y p i c a l 
of a coating response, although e x h i b i t i n g a free c o r r o s i o n 
p o t e n t i a l (-806mV), which i s i n d i c a t i v e of a porous coating. 
After exposure f o r 50 days t h i s system i s showing t o t a l l y d i f 
f e r e n t behaviour with charge t r a n s f e r and d i f f u s i o n e f f e c t s 
becoming much more evident. 

Figure 12 i l l u s t r a t e s the d i f f e r e n c e i n impedance be
haviour between the two samples of unpigmented polyurethane 
( a p p l i e d a t ~ 40um) a f t e r 50 days exposure. Panel A gave a 
response i n d i c a t i v e of a good, i n t a c t coating (almost p u r e l y 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



46 POLYMERIC MATERIALS FOR CORROSION CONTROL 

c a p a c i t i v e ) , whereas panel Β was showing signs of breakdown, 
with an estimated r e s i s t a n c e of some 75,000 ohms. 

With the noise techniques, both analogue and d i g i t a l , no 
e x t e r n a l l y a p p l i e d s i g n a l i s required, and measurement of the 
f l u c t u a t i o n s around the f r e e c o r r o s i o n p o t e n t i a l provides a l l 
the information. Hie noise technique i s u s e f u l i n that i t 
allows a f a i r l y r a p i d estimation of the electrochemical im
pedance of the system being studied, whereas, with f o r i n 
stance, a.c. impedance techniques, very o f t e n the minimum f r e 
quency studied i s s t i l l not low enough to provide s u f f i c i e n t 
information t o allow an accurate estimation of the impedance. 

With electrochemical noise measurements the d.c. poten
t i a l of two coupled i d e n t i c a l electrodes i s governed by the 
sample with the lowest impedance. I t i s t h i s lower value of 
impedance which i s monitored by the noise technique, i . e . t h a t 
of the worst c o a t i n g o

For the systems studied
the mean l e v e l of coupling  appear y 
u s e f u l as a means of studying high impedance systems, but t h i s 
can cause problems i f the current f l u c t u a t e s around zero and 
changes p o l a r i t y . Generally, i t would appear to be a b e t t e r 
approach to u t i l i s e the value of standard d e v i a t i o n of the 
current s i g n a l as a measure of c o r r o s i o n r a t e . The c o e f f i 
c i e n t of variance f o r the current s i g n a l gives some i n d i c a t i o n 
of the s t a b i l i t y of the d.c. coupling current. 

If we consider the analagous noise equations derived f o r 
e l e c t r o n i c components at the low frequency end of the spec
trum, one of the equations used to describe the noise i s : 

1 
V = Κχ/— . I . Rs (1) η r d.c. 

where : 
l"d.c. = d.c. current flowing through device 
Rs = source r e s i s t a n c e 
Kl = constant 
f = frequency 

Correspondingly the equation f o r the current noise i s : 

I = K i / J . I . „ (2) n A f d.c. 

If we u t i l i s e the above equations to describe the low f r e 
quency noise s i g n a l s observed with electrochemical systems, i t 
i s apparent t h a t the p o t e n t i a l noise s i g n a l w i l l provide i n 
formation p e r t a i n i n g to the value of the Stern Geary constant 
since: 

=r — 
c o r r R 

Ρ 

c o r r o s i o n c u r r e n t 
Stern Geary constant 
p o l a r i s a t i o n r e s i s t a n c e 

where: 
i c o r r 
Β 
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and hence: Vn = K^/* . Β 

whereas the current noise s i g n a l w i l l provide information re
l a t i n g to the c o r r o s i o n r a t e . I t i s t h e r e f o r e , not s u r p r i s i n g 
t h a t the low frequency p o t e n t i a l noise s i g n a l s only tend to 
vary over a few decades, whereas the current noise s i g n a l s may 
vary over many orders of magnitude. 

Conclusions 

1. Electrochemical noise measurements have shown great pro
mise as a monitoring t o o l i n studies of corroding metals 
i n a v a r i e t y of environments. 

2. The a p p l i c a t i o n of these s e n s i t i v e techniques to evaluate 
the performance of coated specimens would appear to be 
appropriate f o r th
a l s o f o r the monitorin
t i o n . Since the noise s i g n a l s are generated by the 
specimens themselves c o a t i n g f a i l u r e i s accompanied by a 
change i n the electrochemical noise s i g n a l which gives a 
r a p i d i n d i c a t i o n of the s t a t e of the coating. S t a t i s 
t i c a l a n a l y s i s of the data provides a r a p i d method of 
a s s e s s i n g the noise l e v e l s without the n e c e s s i t y f o r 
t r a n s p o s i t i o n of the data i n t o the frequency domain by, 
f o r instance, FFT techniques. 

3. Simultaneous monitoring of current and p o t e n t i a l noise 
and d e r i v a t i o n of low frequency values of impedance a l 
lows, i n some instances, d i r e c t comparison with p o l a r i s a 
t i o n r e s i s t a n c e values derived from, f o r example, a.c. 
impedance techniques. 

Literature Cited 
1. Hladky, Κ., and Dawson, J.L., Corr. Sci 22, p317 (1981). 
2. Hladky, Κ., and Dawson, J.L., ibid, 23, p231 (1982). 
3. Dawson, J.L, Hladky, Κ., and Eden, D.A., Paper presented 

at "On line Monitoring of Continuous Process Plant", 
London, June 1983. 

4. Bindra, P., Fleischmann, Μ., Oldfield, J.W. and Singleton, 
D., Discussion of Faraday Soc. 56 (1974). 

5. Williams, D.E., Westcott, C., Fleischmann, Μ., Passivity 
of Metals and Semi Conductors, p217-228, Elsevier Science 
publishers, Ed. M. Froment. 

6. Farrell, D.M., Cox, W.M., Stott, F.H., Eden, D.A., Dawson, 
J.L., and Wood, G.C., High Temperature Technology Vol. 3, 
No. 1, February 1985. 

7. John, D.G., Hladky, Κ., Eden, D.A., and Dawson, J.L., 
Paper presented at Research Sciences Symposium 
NACE/Corrosion 84, New Orleans, April 1984. 

RECEIVED March 6, 1986 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5 
Electrochemical Characterization of Photocured 
Coatings 

R. Bartoszek-Loza and R. J. Butler 

Research and Development Laboratory, The Standard Oil Company, 4440 Warrensville 
Center Road, Cleveland, OH 44128 

Correlations were observe
solvent-borne, high nitrile
coatings are well known for their barrier properties. The 
compositions were applied to Bonderite 40 coated steel panels and 
photocured at room temperature. Dramatic increases in rust rating 
were observed upon post-thermal treatment of N-vinyl pyrrolidone
-based photocured coatings. Furthermore, the open circuit potentials 
of these coatings correlate with salt spray data over a broad 
postbake temperature range (25°C-220°C). The same trends were 
observed for gamma-butyrolactone-based coatings although the extent 
was not as dramatic. This indicates that electrochemical 
measurements can be utilized to systematically characterize 
photocured high nitrile polymer-based coatings. 

Metallic corrosion is an electrochemical process associated with the 
flow of current between surface sites having a difference in 
electrochemical potential. The assessment and evaluation of organic 
coatings to prevent metal corrosion has traditionally been 
accomplished through salt fog testing (ASTM B-117) and long term 
exposure tests in particular service environments. Electrochemical 
techniques have often been considered (1), but are not routinely 
employed in practice. 

Absolute c o r r e l a t i o n s between s e r v i c e performance and 
electrochemical measurements do not appear f r e q u e n t l y i n the 
l i t e r a t u r e . Based on 300 t e s t systems, Bacon and coworkers ( 2 ) , 
c o r r e l a t e d electrochemical r e s i s t a n c e with exposure time. Recently, 
M i l l s (3) a l s o observed a c o r r e l a t i o n between s a l t fog c o r r o s i o n and 
electrochemical r e s i s t a n c e . We have found open c i r c u i t p o t e n t i a l 
measurements t o be extremely useful f o r the r o u t i n e e v a l u a t i o n of 
h i g h - n i t r i l e polymer-based photocured c o a t i n g s . 

Organic coatings f u n c t i o n as e i t h e r i n h i b i t o r s , s a c r i f i c i a l 
c o a t i n g s or b a r r i e r s (4). While i n h i b i t o r and s a c r i f i c i a l c o a t ings 
p r o t e c t the s u b s t r a t e from d e t e r i o r a t i o n by p r e f e r e n t i a l c o r r o s i o n 
of the c o a t i n g system, b a r r i e r coatings f u n c t i o n by i s o l a t i n g the 
su b s t r a t e from the c o r r o s i v e environment. High n i t r i l e polymers are 
known t o possess high r e s i s t a n c e to water and oxygen permeation (5). 

0097-6156/ 86/ 0322-0048$06.00/ 0 
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These b a r r i e r p r o p e r t i e s are bel i e v e d t o r e s u l t from s t r o n g , compact 
-CN d i p o l e s . Close packing of the polymer chain produces powerful 
i n t e r m o l e c u l a r f o r c e s (6). 

M e t a l l i c c o r r o s i o n can be c h a r a c t e r i z e d by two elect r o c h e m i c a l 
q u a n t i t i e s , c u r r e n t and p o t e n t i a l . The c u r r e n t a s s o c i a t e d with a 
s i n g l e e l e c t r o d e r e a c t i o n on a metal sur f a c e i s r e l a t e d t o the 
p o t e n t i a l of the metal by: 

Ε = a + b (l o g I) 

where Ε i s the p o t e n t i a l ( v o l t s ) , I i s the cu r r e n t (amps) and a and 
b are constants (7). At e q u i l i b r i u m , a l l anodic and cathodic 
r e a c t i o n s proceed a t an equal, f i n i t e r a t e . The net c u r r e n t flow i s 
zero. The voltage corresponding t o t h i s zero net cu r r e n t i s the 
open c i r c u i t or c o r r o s i o n p o t e n t i a l . As a p p l i e d voltage i s changed, 
the r e s u l t i n g c u r r e n t can be recorded t o produce a p o l a r i z a t i o n 
curve (8) . 

Electrochemical E v a l u a t i o n of Corrosion P r o t e c t i o n by Organic 
Coatιngs 

In 1979, L e i d h e i s e r (9) reviewed the use of c o r r o s i o n p o t e n t i a l 
measurements with regards t o the p r e d i c t i o n of c o r r o s i o n a t meta I -
organic c o a t i n g i n t e r f a c e s . Wolstenholme had l a s t reviewed t h i s 
l i t e r a t u r e i n 1970 (10). Work in the 1930-1940's focused on the 
magnitude of the c o r r o s i o n p o t e n t i a l and how i t changed with time 
(11-14). Negative p o t e n t i a l s with respect t o uncoated s u b s t r a t e s 
were i n d i c a t i v e of c o r r o s i o n beneath the c o a t i n g . P o s i t i v e 
p o t e n t i a l s with respect t o uncoated s u b s t r a t e s were i n d i c a t i v e of 
the absence of c o r r o s i o n . 

Anomalous cases were noted in which t h i s g e n e r a l i z a t i o n d i d not 
hold. These very e m p i r i c a l measurements were f o l l o w e d by more 
thorough s t u d i e s (15). Thin p a i n t f i l m s with very low e l e c t r i c a l 
r e s i s t a n c e show a c t i v e c o r r o s i o n p o t e n t i a l s which become more 
p o s i t i v e as the p a i n t f i l m was increased i n t h i c k n e s s . Shapes of 
the p o t e n t i a I/time curves were misleading as a guide t o u l t i m a t e 
c o a t i n g p r o t e c t i v e p r o p e r t i e s . 

Kendig and L e i d h e i s e r (16) e l e c t r o c h e m i c a I l y evaluated t h i n (9 
micron) polybutadiene coatings on s t e e l . They concluded t h a t 
movement of the c o r r o s i o n p o t e n t i a l i n the noble d i r e c t i o n was 
i n d i c a t i v e of an in c r e a s i n g cathodic/anodic s u r f a c e area r a t i o . 
Oxygen and water penetrate the co a t i n g t o produce the cathodic 
r e a c t i o n a t the meta I/coating i n t e r f a c e . 

Expérimenta I 

The e l e c t r o n i c components f o r the measurements c o n s i s t e d of EG&G 
Model 173 P o t e n t i o s t a t equipped with slow sweep opti o n (0.1 mv/sec) 
and EG&G Model 376 Logarithmic Current Converter. An EG&G Model 175 
Univ e r s a l Programmer s u p p l i e d the waveform f o r running the 
p o l a r i z a t i o n experiment. The output from the electrometer of the 
173 and the log output of the 376 were connected t o a Hewlett-
Packard Model 7035B X-Y Recorder and the p o t e n t i a l p l o t t e d versus 
log c u r r e n t . 
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Open c i r c u i t p o t e n t i a l s ( p o t e n t i a l a t zero current) were 
recorded a f t e r a p e riod of 10 minutes a t which p o i n t the readings 
were constant f o r ca. 5 seconds. Sign conventions described i n ASTM 
G5-72 (17) are used t o r e p o r t the data. P o l a r i z a t i o n curves were 
obtainecT~250 mv anodic and cathodic t o the open c i r c u i t p o t e n t i a l . 

The e l e c t r o l y t e s o l u t i o n was 0.5M NaCI ( d i s t i l l e d water) as 
described in ASTM G5-72. A l l p o t e n t i a l s are reported r e l a t i v e t o a 
s a t u r a t e d calomel e l e c t r o d e (SCE). A conventional three compartment 
c o r r o s i o n c e l l was used. A p o l y t e t r a f I u o r o e t h y l e n e s l e e v e i n s e r t e d 
through the 24/40 j o i n t holds the t e s t specimen with a known 
geometric s u r f a c e area of the specimen exposed t o s a l t s o l u t i o n . An 
0-ring i n the j o i n t e l i m i n a t e s the i n f l u e n c e of edge e f f e c t s . 
E l e c t r i c a l connection i s made t o the t e s t sample with a s p r i n g 
loaded wire i n contact with the rear (unexposed) s i d e of the 
specimen. A g r a p h i t e rod introduced through the top of the c e l l 
served as the counter e l e c t r o d e  A saturated calomel e l e c t r o d e
with c i r c u i t completed throug
approximately 1 mm fro

A l l ni t r i l e - b a s e d coatings reported in t h i s study weçe a p p l i e d 
t o Bonderite 40 coated s t e e l (B40) panels (150-300 mg/ft z i n c 
phosphate pretreatment; The Parker Company). A commercial high 
n i t r i l e polymer (Barex 210) was employed as the base r e s i n . N-
vinyI p y r r o l i d o n e ( A l d r i c h ) and gamma-butyrolactone ( A l d r i c h ) were 
employed as r e a c t i v e d i l u e n t s . 

A l l organic coated B40 panels were photocured f o r the same 
length of time ensuring the same amount of cure. Panels were then 
baked a t temperatures ranging from 40°C t o 220 C ( i n 10 C 
increments) f o r 5, 10 or 15 minutes. Two 5/16" d i s c s were punched 
from each panel f o r electrochemical a n a l y s i s . They were placed in 
the T e f l o n c e l l holder described above. The organic coated B40 
panel edges were then masked and placed under the s a l t fog 
environment f o r 24 hours. Corrosion performance was evaluated using 
ASTM D 610-68 (18). A r a t i n g of 10 was given f o r no a p p r e c i a b l e 
r u s t . A r a t i n g of 0 was given f o r 100% r u s t i n g . The s c a l e i s 
l o g a r i t h m i c between the two extreme endpoints. 

Resυ I t s 

Bonderite 40 - Open C i r c u i t P o t e n t i a l Measurements 

Twelve d i f f e r e n t Bonderite 40 coated s t e e l (B40) panels were 
examined t o provide a s t a t i s t i c a l l y v a l i d value f o r the open c i r c u i t 
p o t e n t i a l . T h e i r average r e s t p o t e n t i a l was -0.578 V (vs. SCE) with 
an average d e v i a t i o n of 20 mv. A f t e r recording the open c i r c u i t 
p o t e n t i a l , p o l a r i z a t i o n curves were obtained (Figure 1 ) . 

Corrosion Resistance of the Photocured Coatings 

The c o a t i n g compositions c o n t a i n i n g 25 weight percent Barex 210 
r e s i n (B210) i n e i t h e r N-vinyl p y r r o l i d o n e (NVP) or gamma-
butyro lactone (GBL) were a p p l i e d t o the B40 panels and photocured a t 
room temperature. The c o r r o s i o n r e s i s t a n c e (18) f o r these two 
systems was v a s t l y d i f f e r e n t . The B40 panels showed 100% r u s t i n g 
(an ASTM r u s t r a t i n g of 0) a f t e r 24 hours s a l t f og exposure. The 
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l o g CURRENT 

Figure 1. P o l a r i z a t i o n curve f o r Bonderite 40 coated s t e e l 
panels. 
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B210/GBL system showed no r u s t (an ASTM r u s t r a t i n g of 10) a f t e r 24 
hours exposure. However, approximately 50% s u r f a c e r u s t (an ASTM 
r u s t r a t i n g of 1) was observed f o r the B210/NVP system. 

Post-Thermal Treatment of the Photocured Coatings 

A f t e r the B210 systems were post-thermally t r e a t e d , they were 
assessed e l e c t r o c h e m i c a I l y and by 24 hour exposure t o the s a l t fog 
environment. Post thermally t r e a t e d B40 panels show no dependence 
of post thermal treatment temperature on e i t h e r c o r r o s i o n 
performance ( a l l panels showed 100% r u s t i n g ) or open c i r c u i t 
p o t e n t i a l (Figure 2 ) . 

For the B210/NVP system, l i t t l e change in r u s t r a t i n g occurred 
as the post-thermal treatment temperature increased from 40 C t o 
90 VC (F igure 2 ) . At temperatures greater than 90°C, the r u s t r a t i n g 
increased, reaching a maximum a t 140°C, decreased t o a minimum a t 
170 C, then increased again
the thermally t r e a t e d sample
same behavior was observed. That i s , the r e s t p o t e n t i a l tracked the 
r u s t r a t i n g with the same minimum and maximum. T h i s behavior was 
observed independent of the time (5, 10 or 15 min) t h a t the sample 
was heated. 

Exposure of the B210/CBL post-thermally t r e a t e d system t o the 
s a l t fog environment f o r 24 hours gave no r u s t i n g of any of the 
panels. A l l panels had a r u s t r a t i n g of 10. When the open c i r c u i t 
p o t e n t i a l s were p l o t t e d (Figure 3 ) , minor changes in p o t e n t i a l were 
observed which p a r a l l e l e d the B210/NVP system. 

Pi s c u s s i on 

In a search f o r r e l i a b l e a c c e l e r a t e d t e s t methods f o r determining 
c o a t i n g performance, electrochemical techniques have o f t e n been 
explored. The c o r r o s i o n r e s i s t a n c e of a coated s t e e l panel i s a 
composite of the s t e e l q u a l i t y , i t s s u r f a c e f i n i s h and the q u a l i t y 
of the c o a t i n g . For t h i s reason, Bonderite 40 coated s t e e l panels 
were included i n our work. They were employed p r i m a r i l y to a i d in 
the i n t e r p r e t a t i o n of the e l e c t r i c a l measurements f o r the n i t r i l e -
based photocured samples. 

S a l t Fog Corrosion Resistance 

The 24 hour s a l t fog c o r r o s i o n r e s i s t a n c e f o r the photocured 
B210/NVP and B210/GBL systems were v a s t l y d i f f e r e n t . Using NVP as 
a d i l u e n t , 50% r u s t i n g of the sample was seen, w h i l e the GBL d i l u e n t 
showed no r u s t i n g . T h i s d i f f e r e n c e i s a t t r i b u t e d t o the inherent 
water s o l u b i l i t y of p o l y v i n y l p y r r o l i d o n e (19). 

Previous work has shown t h a t thermally cured high ni t r i l e 
polymer coatings have good thermal r e s i s t a n c e (20). Thus, the 
B210/NVP photocured panels were then heated in an attempt t o improve 
t h e i r performance. The 24 hour r u s t r a t i n g of these thermally 
t r e a t e d t e s t panels v a r i e d depending on the temperature of the 
treatment (Figure 2 ) . 
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Figure 2. Changes i n open c i r c u i t p o t e n t i a l (OPC) and r u s t 
r a t i n g (RR) w i t h temperature f o r post-thermally t r e a t e d 
Bonderite 40 coated s t e e l (B40) panels and Barex 210/N-
v i n y l p y r r o l i d o n e (B210/NVP) photocured coatings on B40 panels. 
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Figure 3. Changes i n open c i r c u i t p o t e n t i a l (OPC) w i t h tempera
ture f o r post-thermally t r e a t e d B40 panels, Barex 210/N-
v i n y l p y r r o l i d o n e (B210/NVP) and Barex 210/gamma-butyrolactone 
(B210/GBL) photocured coatings on B40 panels. 
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Open C i r c u i t P o t e n t i a l Measurements 

The open c i r c u i t p o t e n t i a l represents the p o t e n t i a l of the system 
taken a f t e r approximately a 10 minute e q u i l i b r a t i o n p e r i o d . In 
a d d i t i o n t o open c i r c u i t p o t e n t i a l measurements, p o l a r i z a t i o n curves 
were run f o r each sample. I t was hoped a c o r r e l a t i o n could be seen 
between the v i s u a l assessment of c o r r o s i o n and p o l a r i z a t i o n . 
U n f o r t u n a t e l y , only open c i r c u i t p o t e n t i a l s could be c o r r e l a t e d with 
performance. Therefore, no attempts were made t o c o r r e l a t e the 
c o r r o s i o n c u r r e n t de n s i t y or the shapes of the p o l a r i z a t i o n curves 
with performance. 

The open c i r c u i t p o t e n t i a l i s the sum of a l l p o s s i b l e anodic and 
cathodic r e a c t i o n s of the system. In the most ide a l case, there are 
at l e a s t four pathways t o complete the e l e c t r i c a l c i r c u i t between 
the s o l u t i o n and the metal s u b s t r a t e t o b r i n g about c o r r o s i o n : 

A. through the organic c o a t i n g and phosphate pretreatment 
B. through the phosphat

in the organic c o a t i n g
C. through the organic c o a t i n g where there i s a pinhole i n the 

phosphate pretreatment. 
D. through a pinhole in both the organic c o a t i n g and phosphate 

pretreatment. 
While d e f i n i t i v e weights cannot be placed on each f a c t o r , a 

b e t t e r understanding of t h e i r i n f l u e n c e can be made by c o n s i d e r i n g 
the t h i c k n e s s of the system components. Using an average d e n s i t y 
value of 3.335 g/cm f o r z i n c phosphate (hopeite) and assuming a B40 
panel coverage of 150-300 mg/ft , the z i n c phosphate conversion 
c o a t i n g t h i c k n e s s can range from 0.53-1.07 microns. The t h i c k n e s s 
of the B210/NVP and B210/GBL systems ranged from 2.5-5.0 microns. 
O v e r a l l , t h i s i s a very t h i n system and r a p i d completion of the 
electr o c h e m i c a l c i r c u i t i n a very s h o r t time period i s v i a b l e . 

Based on the l i t e r a t u r e , the c o r r e l a t i o n between open c i r c u i t 
p o t e n t i a l r u s t r a t i n g and temperature was unexpected. To r u l e out 
the f a c t t h a t the open c i r c u i t p o t e n t i a l measurements d i d not simply 
represent changes in the phosphated s u b s t r a t e due t o temperature, 
B40 panels were a l s o subjected t o heat treatment. As shown i n 
Figu r e 2, no dependence of the open c i r c u i t p o t e n t i a l on post-
thermal treatment temperature i s observed. T h i s suggested t h a t the 
open c i r c u i t p o t e n t i a l measurements r e f l e c t e d changes a t the 
coating/B40 panel i n t e r f a c e and not i n the B40 panel alone. 

N o b i l i t y and the Degree of Corrosion Resistance 

High n i t r i l e photocured coatings on B40 coated s t e e l panels e x h i b i t 
c o r r o s i o n r e s i s t a n c e when t h e i r open c i r c u i t p o t e n t i a l s are e i t h e r 
more noble or le s s noble than the B40 coated s t e e l panel (Figure 3 ) . 
At f i r s t , we assumed t h a t enhanced n o b i l i t y should g i v e r i s e t o 
enhanced c o r r o s i o n r e s i s t a n c e , i . e . the g a l v a n i c s e r i e s . 

Groseclose (21) used anodic p o l a r i z a t i o n t o e l e c t r o c h e m i c a l l y 
r a t e uncoated s t e e l . I t was necessary t o employ a s p e c i f i c 
e l e c t r o l y t e (lOmM NaCI/25 mM sodium t e t r a f I u o r o b o r a t e ) and 
el e c t r o c h e m i c a I l y cleaned c o l d r o l l e d s t e e l . Two d i f f e r e n t l o t s of 
s t e e l with i d e n t i c a l primer e x h i b i t e d g r o s s l y d i f f e r e n t s a l t f o g 
performance. The bottom halves (uncoated) of the same panel t e s t e d 
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i n the s a l t spray was electrochemica11y t e s t e d . In g e n e r a l , the 
"good" l o t of s t e e l panels e x h i b i t e d p a s s i v a t i o n ( i . e . nearly 
constant current) over most of the 250 mv anodic scan. The "poor" 
l o t e x h i b i t e d l o s s of p a s s i v a t i o n . Examination of the r e s p e c t i v e 
r e s t p o t e n t i a l s i n d i c a t e d the "poor" s t e e l l o t had more noble r e s t 
p o t e n t i a l s than the "good" s t e e l l o t . 

Our electrochemical work d i f f e r e d d r a s t i c a l l y from the 
Groseclose work i n t h a t polymer coated metal samples were employed. 
Furthermore, we found t h a t coatings can have c o r r o s i o n r e s i s t a n c e 
when t h e i r r e s t p o t e n t i a l s are e i t h e r more noble (B210/NVP) or l e s s 
noble (B210/GBL) than the uncoated s u b s t r a t e . L e i d h e i s e r (22,23) 
examined z i n c phosphate pretre a t e d panels with automotive primer 
a f t e r 10 days exposure t o the s a l t spray. The s t a r t and f i n i s h r e s t 
p o t e n t i a l s of the samples with good p a i n t performance were 
c o n s i s t e n t l y more negative than those samples with poor p a i n t 
performance: 

E s t a r t ( v o l t s > Efinish(™ l t s> 

Poor samples -0.566 -0.757 
Good samples -0.629 -0.770 

The e f f e c t was more pronounced a t the s t a r t i n g p o t e n t i a l than a t the 
f i n i s h p o t e n t i a l . L e i d h e i s e r suggested t h a t the best performance i s 
obtained when the cathode/anode sur f a c e area r a t i o i s the same as 
the uncoated metal. Inadequate performance i s obtained when the 
cathode/anode area r a t i o becomes l a r g e r . Our work agrees with 
L e i d h e i s e r ' s hypothesis. The B210/GBL coa t i n g s have r e s t p o t e n t i a l s 
l e s s noble than the B40 coated s t e e l panels and perform best i n the 
s a l t fog environment. 

Rust Rating - Temperature C o r r e l a t i o n 

F i g u r e 2 was separated i n t o four regions: Region I (room temperature 
t o 90°C), Region I I (100°C-120°C), Region I I I (130°C-170°C) and 
Region IV (170 C and above). 

In Region I , heat has no e f f e c t . In Region I I , the enhancement 
in performance can be explained by changes in polymer matrix 
c r y s t a l I i n i t y . Glass t r a n s i t i o n temperatures f o r the homopolymer 
c o n s t i t u e n t s of the B210/NVP matrix range from 86°C t o 105 C. T h i s 
increase in amorphous nature of the matrix should r e s u l t i n a more 
tortuous path f o r water and ion permeation and increase the 
c o r r o s i o n r e s i s t a n c e of the c o a t i n g . 

In Region I I I , the maximum in the r u s t r a t i n g i s observed. The 
maximum i s p o s s i b l e due t o the combined changes i n the organic 
c o a t i n g matrix and the B40 panel. P o l y v i n y l p y r r o l i d o n e becomes 
water i n s o l u b l e when heated t o 150°C due t o c r o s s I i n k i n g (19). 
Recent evidence a l s o suggests t h a t p o l y v i n y l p y r r o l i d o n e i t s e l f may 
a c t as a c o r r o s i o n i n h i b i t o r (24). As the temperature i s increased, 
f u r t h e r c r o s s I i n k i n g may r e s u l t in the buildup of s t r e s s i n the 
c o a t i n g . I f cohesive breakdown were t o occur, a pathway f o r water 
and ion permeation becomes a v a i l a b l e . 
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With regards t o the conversion coated s u b s t r a t e , W i t t e l (25) 
observed t h a t a t temperatures greater than 140°C, t e t r a h y d r a t e z i n c 
phosphates lose p a r t of t h e i r water of hydration. I t i s l i k e l y 
t h a t the water of hydration l i b e r a t e d i n the phosphate 
r e c r y s t a 1 1 i z a t i o n process has a negative e f f e c t on the adhesion of 
the polymer matrix t o the B40 panel. 

In Region IV, performance again increases. C r y s t a I l o g r a p h i c 
transformations in phosphate conversion coatings a t 180 C are known 

n i t r i l e c y c l i z a t i o n may be important a t these higner temperatures. 
C y c l i z a t i o n i s b e l i e v e d t o enhance b a r r i e r p r o p e r t i e s of high 
n i t r i l e polymers (27,28,29). 

Rust Rating - Open C i r c u i t P o t e n t i a l - Temperature C o r r e l a t i o n 

The open c i r c u i t p o t e n t i a l data f o r the B210/NVP system m i r r o r s the 
behavior of the r u s t r a t i n g
p l a u s i b l e e x planation o
as f o l l o w s . As temperature i s increased, the composition of the 
var i o u s oxides and hydroxides which make up the z i n c phosphate 
conversion layer and the base i r o n oxide layer undergo changes. 
These compositional changes are r e f l e c t e d i n the changing open 
c i r c u i t p o t e n t i a l s . 

In terms of n o b i l i t y , the open c i r c u i t p o t e n t i a l s f o r the 
B210/NVP system a t a l l temperatures are more p o s i t i v e than the B40 
panels. The open c i r c u i t p o t e n t i a l s f o r the B210/GBL system a t a l l 
temperatures are g e n e r a l l y more negative than the B40 panels. The 
open c i r c u i t p o t e n t i a l trends f o r the B210/GBL system mimic the 
B210/NVP system. However, the e f f e c t s are not as pronounced. We 
propose t h a t i n the GBL system there i s a reduction i n the 
cathode/anode area r a t i o as suggested by L e i d h e i s e r (16). 

In c o n c l u s i o n , we have shown t h a t a simple, f a s t , 
e l e c t r o c h e m i c a l measurement, the open c i r c u i t p o t e n t i a l , can be 
extremely useful i n assessing the e f f e c t of d i l u e n t f o r high n i t r i l e 
photocured c o a t i n g s . Further work i s underway t o e l u c i d a t e the 
underlying reasons behind the temperature induced changes observed 
in c o r r o s i o n performance. 
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Alternating Current Impedance: Utility in Evaluating 
Phosphate Coating, Phosphorus-Chromium Rinse, 
and Paint Performance 
C. P. Vijayan, D. Noël, and J.-J. Hechler 
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75, Boulevard de Mortagne, Boucherville  Quebec  Canada J4B 6Y4 

Surface preparation methods are related to impedance 
behavior of painted aluminum-killed 1006 steel in a 3 
weight percent sodium chloride solution. Variation of 
phosphating time, anodic phosphating, phosphochromic 
rinse, paint thickness, temperature of test solution 
and immersion time are studied using two different 
types of paints. For porous coatings, the beneficial 
effects of phospho-chromic rinse is confirmed. 
Decrease in coating resistance and increase in 
capacitance are observed with increasing time of immer
sion as well as with increasing test temperature. Pro
gress in deterioration is indicated by the appearance 
of Warburg-type behavior. Good protection is obtained 
by phosphating for 5 minutes. 

S i m p l i c i t y and r e l i a b i l i t y of operation make AC impedance measure
ments a t t r a c t i v e as a technique i n the ev a l u a t i o n of co a t i n g 
i n t e g r i t y . As opposed to c l a s s i c a l s a l t spray t e s t , a n a l y s i s times 
are s h o r t e r w i t h the AC impedance technique and q u a n t i t a t i v e data 
are obtained p e r m i t t i n g r e l e v a n t mechanistic i n f o r m a t i o n to be 
der i v e d . Impedance t e s t methods are l i k e l y to f i n d many a p p l i 
c a t i o n s i n the r e s o l u t i o n of unsolved p r a c t i c a l problems U_). 

Various p u b l i c a t i o n s have appeared i n recent years regarding 
the a p p l i c a t i o n of AC impedance and p o l a r i z a t i o n r e s i s t a n c e t e s t 
methods i n the study of surface m o d i f i c a t i o n s such as o x i d a t i o n , 
p a s s i v a t i o n , cathodic d e p o s i t i o n , coatings and the study of co r r o 
s i o n r e a c t i o n s (2-8). A n a l y s i s of impedance data provides clues 
regarding the mechanism of r e a c t i o n s l i k e l y to be ta k i n g place at 
d i f f e r e n t i n t e r f a c e s i n the system (9,10). E l e c t r i c a l e quivalent 
c i r c u i t s proposed, i n c o r p o r a t i n g impedance corresponding to e l e c 
t r o l y t e / s u r f a c e c o a t i n g as w e l l as surface coating/metal s u r f a c e , 
are of great h e l p i n e v a l u a t i n g and improving the nature of 
coatings (11-17). They are a l s o u s e f u l i n determining compatible 
coating/environment combinations· 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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In the present work, s t e e l surfaces p o l i s h e d , phosphated and 
painted are studied using AC impedance technique i n order to 
evaluate the p r o t e c t i o n e f f i c i e n c y of a commercial phosphating 
s o l u t i o n . The AC impedance behavior of painted metal has been 
c o r r e l a t e d w i t h the immersion time i n the phosphating s o l u t i o n and 
wi t h the d e s i r a b i l i t y of a phospho-chromic r i n s e (18-23). A 
comparison of the impedance behavior of two d i f f e r e n t types of 
commercial paints i s made f o r various durations of immersion i n 
sodium c h l o r i d e s o l u t i o n at room temperature, and a l s o f o r various 
temperatures at a given d u r a t i o n of immersion. 

Mechanistic analyses proposed by G a b r i e l l i et a l (25) and 
Sl u y t e r s (26) are made use of i n understanding the r e s u l t s obtained 
i n t h i s work. 

THEORETICAL 

An examination of th
d i s s o l u t i o n and f o r th
enables the rate-determining step of the c o r r o s i o n r e a c t i o n to be 
i d e n t i f i e d . I t i s then p o s s i b l e to s e p a r a t e l y study the r a t e 
determining step i n order to f i n d a s u i t a b l e i n h i b i t o r or a 
s u i t a b l e surface c o a t i n g . 

Bockris et a l (24) proposed a two step mechanism f o r i r o n 
d i s s o l u t i o n i n v o l v i n g an adsorbed intermediate species ( F e 0 H ) a d s . 

k i 
Fe + OH- = ^ ( F e 0 H ) a d s + e 

( F e 0 H ) a d s — + (Fe0H) + + e 
k 2 

In the bulk of the s o l u t i o n , the r e a c t i o n 

k 3 
(FeOH)+ — ^ Fe** + OH" 

takes place but i t i s not considered to intervene i n the e l e c t r o d e 
k i n e t i c s . 

This mechanism can be r e l a t e d to the formal d i s s o l u t i o n model 
proposed by G a b r i e l l i et a l (25) i n terms of f a r a d a i c impedance. 

I f χ represents the surface c o n c e n t r a t i o n of - ( F e 0 H ) a d s i t 
can be shown that 

1 - F I k x f (1-*) - ( k _ 1 ' - k 2 ' ) l T - ( k ^ f k . r k 2 ) Ζ 
F 

k 

and 
χ = k 1/(k 1+k_ 1+k 2) 

dx _ k i ' d - x ) - (k-χ· - k 2
f ) x 

dE k 1+k- 1+k 2+j w3 
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where Z F - f a r a d a i c impedance; F = Faraday constant; k - rat e 
constants; k f s s d e r i v a t i v e s of rat e constants w i t h respect to the 
p o t e n t i a l , Ε; ω * 2wf where f i s the frequency i n Hz; 8 - constant 
coupling the surface c o n c e n t r a t i o n of (F e 0 H ) a ( j s and the f r a c t i o n 
a l surface coverage. 

The appearance of c a p a c i t i v e or i n d u c t i v e impedance depends 
e s s e n t i a l l y on the value of the rat e constants. Low frequency 
loops, i n a general case, are a l l very s e n s i t i v e to the pH of the 
e l e c t r o l y t e . The d i f f e r e n t time constants are a t t r i b u t e d to the 
r e l a x a t i o n of surface coverage by a corresponding number of reac
t i o n i n t ermediates. 

Rehbach and Sl u y t e r s (26) suggest the f o l l o w i n g general 
expression f o r impedance Ζ (-Ζ* + j Z l f ) 

R +aa>~i - 1 fwC (R +σω~*) 2 +a2C +σω"^Ί 

(σω ic +1)
d l d l ct 

wit h σ - σ 0 + σ Γ; - ohmic c e l l r e s i s t a n c e ; R c t - charge 
t r a n s f e r r e s i s t a n c e ; σ β Warburg c o e f f i c i e n t ; σ 0, σ Γ - separate 
Warburg c o e f f i c i e n t s f o r o x i d i s e d and reduced s p e c i e s ; C ^ i -
double l a y e r capacitance. 

For given values of double l a y e r capacitance C ^ i , s o l u t i o n 
r e s i s t a n c e R^ and Warburg c o e f f i c i e n t σ, pl o t s of - Z , f versus Z ? 

have been made f o r s e l e c t e d values of charge t r a n s f e r r e s i s t a n c e , 
Rct (26). I t i s observed that at smaller values of R^ (~10 
Ω cm ) r e l a x a t i o n due to R c t ~ c d l and Warburg d i f f u s i o n behavior 
are both c l e a r l y seen. 

The a n a l y s i s proposed by G a b r i e l l i (25) does not take d i f 
f u s i o n e f f e c t s i n t o c o n s i d e r a t i o n . However, t h i s model together 
with the d i s s o l u t i o n mechanism proposed by Bockris show how r e l a 
t i v e v a r i a t i o n s i n the values of rate constants can give r i s e to 
d i f f e r e n t types of Nyquist diagrams. In other words, i t i s p o s s i 
ble to evaluate r a t e constants f o r a p a r t i c u l a r system by l o o k i n g 
at the Nyquist diagram i f the experiment has properly been 
designed. 

In systems where d i f f u s i o n phenomena are of s i g n i f i c a n c e , the 
mechanistic study i s f a c i l i t a t e d by using the general expression 
f o r impedance Ζ (26). This equation shows f o r instance how the 
Warburg c o e f f i c i e n t can be evaluated by conducting impedance 
stu d i e s at very low frequencies. These c o e f f i c i e n t s i n turn enable 
the e v a l u a t i o n of d i f f u s i o n c o e f f i c i e n t s f o r the d i f f u s i n g s p e c i e s . 

Thus i t appears that by i n c o r p o r a t i n g parameters such as pore 
r e s i s t a n c e and coating capacitance to the e x i s t i n g t h e o r e t i c a l im
pedance model d e a l i n g w i t h metal d i s s o l u t i o n one would obtain v a l u 
able o v e r a l l i n f o r m a t i o n (14,27). Complemented by r e s u l t s from r e 
gular immersion and s a l t spray t e s t s i t should be p o s s i b l e to f i n d 
s a t i s f a c t o r y s o l u t i o n s to c o r r o s i o n problems of coated metals ( 9 ) . 

A g e n e r a l i s e d model of e l e c t r i c a l e q u i valent c i r c u i t f o r 
painted surfaces has been considered i n many of the recent p u b l i c a 
t i o n s . Googan (2) used i t to study v i n y l coatings f r e e of defects 
and coatings c o n t a i n i n g d e f e c t s . E l e c t r o c o a t i n g s were a l s o 
evaluated. Musiani et a l (27) i n t h e i r i n v e s t i g a t i o n of mild s t e e l 
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coated w i t h e l e c t r o c h e m i c a l l y synthesised polyoxyphenylenes used an 
e l e c t r i c a l e q u i valent c i r c u i t i n c o r p o r a t i n g elements such as 
coa t i n g capacitance C c and pore r e s i s t a n c e R p 0 r e e C e r t a i n 
samples showed f a s t e r c o r r o s i o n rates probably due to poor adhesion 
to the metal s u b s t r a t e . Conversion or pseudo-conversion 
phosphating which forms a p r o t e c t i v e l a y e r on the base metal 
u s u a l l y improves the f i n a l performance of paints by i n c r e a s i n g the 
contact area and thus adhesion and reducing b l i s t e r i n g and 
underskin c o r r o s i o n . 

Piens (9) suggested a s i m i l a r equivalent c i r c u i t s l i g h t l y 
modifying the i n c o r p o r a t i o n of e l e c t r o l y t e r e s i s t a n c e . C h l o r i n a t e d 
rubber pigmented wi t h i r o n oxide was a p p l i e d to sand-blasted 
s t e e l . Impedance measurements were taken a f t e r 24 hours of immer
s i o n i n 0.5M NaCl, at the c o r r o s i o n p o t e n t i a l . Two c a p a c i t i v e 
s e m i - c i r c l e s covering the frequency range 10 5 to 280 Hz and 280 Hz 
to 0.28 Hz were obtained  The l i n e a r s e c t i o n l y i n g between 0.28 Hz 
and 10" 2 Hz i s c h a r a c t e r i s t i

The values of C
of s e n s i b i l i t y of a coa t i n g to water. Their v a r i a t i o n enables one 
to compare vari o u s coatings as water b a r r i e r s . 

The r e s i s t a n c e Rpore o f a c o a t i n g i s o f t e n so high that the 
impedance diagram i s no longer a complete s e m i - c i r c l e , but rat h e r 
an arc i n t e r s e c t i n g the o r i g i n of the axes at high f r e q u e n c i e s . In 
such case, the values f o r Rpore a n d c c measured at a given 
frequency are used to evaluate c o a t i n g s . These values are 
in f l u e n c e d by water a b s o r p t i o n , the i n f l u e n c e being pronounced at 
lower frequencies. 

Parameters such as ageing, i n f l u e n c e of pigment c o n c e n t r a t i o n 
and i n f l u e n c e of coalescence of emulsion paints can a l s o be studied 
using AC impedance t e s t methods. 

Mansfeld and Kendig 05) evaluated d i f f e r e n t surface 
pretreatments of s t e e l and aluminum a l l o y s . They suggest the usage 
of curve f i t t i n g methods such as CIRFIT program i n order to 
overcome the d i f f i c u l t i e s posed by experimental data s c a t t e r . 
Their study of phosphated and coated s t e e l i n d i c a t e s the appearance 
of a Warburg-type impedance at longer exposure times. A slope of 
-1/2 or -1/4 i s observed i n the Bode pl o t w i t h a corresponding 
phase angle maximum of 45° or 22.5°. These behaviors perhaps 
represent r e s p e c t i v e l y s e m i - i n f i n i t e l i n e a r d i f f u s i o n and 
s e m i - i n f i n i t e d i f f u s i o n i n pores. 

Padget and Moreland (11) showed that f i l m s cast from 
c h l o r i d e - c o n t a i n i n g v i n y l a c r y l i c l a t e x copolymers e x h i b i t e d low 
uptake of l i q u i d water and ions when the degree of p a r t i c l e 
coalescence was high. AC impedance measurements supplemented by 
s a l t spray and outdoor exposure r e s u l t s showed a r e l a t i o n s h i p 
between the permeation c h a r a c t e r i s t i c s and the a n t i c o r r o s i v e 
performance of l a t e x f i l m s and l a t e x p a i n t s , and showed the 
advantages to be gained by using low p e r m e a b i l i t y c h l o r i n e 
c o n t a i n i n g polymer. 

D e t e r i o r a t i o n of the coatings was found to pass through a 
s e r i e s of stages each c h a r a c t e r i z e d by i t s own d i s t i n c t i v e Nyquist 
p l o t . In the f i r s t stage, the impedance diagram had l i t t l e curva
ture and corresponded to a high impedance value. The p l o t then 
became curved due to the ingress of ions i n t o the c o a t i n g , f i l m 
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r e s i s t a n c e f e l l p r o g r e s s i v e l y u n t i l r a t e c o n t r o l l i n g d i f f u s i o n 
processes were apparent and the f i l m had a very low impedance. 

Coal t a r epoxy and p l a s t i c i z e d c h l o r i n a t e d rubber laquer 
coated on mild s t e e l were studied by Scantlebury et a l (28). 
Impedance p l o t s show a gradual decrease i n the value of R c t and 
the onset of Warburg-type behavior w i t h i n c r e a s i n g immersion time 
i n 3 weight percent sodium c h l o r i d e s o l u t i o n . Appearance of an 
i n d u c t i v e loop when the c o a l - t a r epoxy had a pin-hole was c l e a r l y 
demonstrated. 

The present study deals w i t h two types of paints a p p l i e d on 
phosphated s t e e l , the i n f l u e n c e of temperatures upto 90 °C and 
immersion times upto 10 days. The r e s u l t s obtained are analyzed i n 
the l i g h t of published i n f o r m a t i o n b r i e f l y described i n t h i s 
s e c t i o n . An e l e c t r i c a l e quivalent c i r c u i t s i m i l a r to the one used 
by Musiani et a l (27) i s considered s u i t a b l e f o r the a n a l y s i s . 

EXPERIMENTAL 

AC impedance system 368 (EG&G PARC, P r i n c e t o n , NJ) w i t h Fast 
F o u r i e r Transform a n a l y s i s was used along with a p o t e n t i o s t a t EG&G 
model 273. The p o t e n t i o s t a t was coupled to an Apple 11+ computer 
through an IEEE-488 i n t e r f a c e . A frequency range of 0.01 Hz to 10 5 

Hz was used f o r many of the experiments. The e l e c t r o l y t e used was 
a 3 weight percent sodium c h l o r i d e s o l u t i o n and was prepared using 
ACS c e r t i f i e d chemicals and deionized water. 

Aluminum-killed 1006 s t e e l sheet (Sidbec-Dosco, Contrecoeur, 
Québec, Canada) was cut to 1 cm X 1 cm s i z e , soldered to a copper 
w i r e , embedded i n epoxy, polished to 600 g r i t , washed r e s p e c t i v e l y 
i n tap-water, methanol and deionized water, d r i e d i n a stream of 
a i r and was then preserved i n a d e s i c c a t o r . D e t a i l s of phosphating 
(Oxy-Plus 84 DRS, L a b o r a t o i r e Brabant Inc., V i l l e S t - P i e r r e , 
Québec, Canada), r i n s i n g and p a i n t i n g (Tremclad Rust P a i n t , Tremco 
L t d . , Toronto, Ontario, Canada) used i n the f i r s t set of specimens 
are shown i n Table I . Painted specimens were d r i e d f o r 2 days at 
room temperature. The average thickness of s i n g l e l a y e r paint was 
20 ]im f o r these specimens as measured using an instrument NEO-DERM, 
Model 179-711 (Mitutoyo Mfg. Co. L t d . , Tokyo, Japan). Impedances 
of coated specimens were measured a f t e r 4 hours of immersion i n 3% 
NaCl at the required temperature. 

Coated specimens were placed i n an open t h r e e - e l e c t r o d e 
e l e c t r o c h e m i c a l c e l l . A f t e r 4 hours of immersion at ambient 
temperature, o p e n - c i r c u i t p o t e n t i a l s were noted and impedance 
measurements were made on d u p l i c a t e samples. Specimens were te s t e d 
i n a s a l t spray t e s t cabinet (ASTM Bl17-73) f o r 1, 17 and 96 hours 
r e s p e c t i v e l y and t h e i r surfaces photographed i n order to c a l c u l a t e 
the percentage of surface covered by corroded spots and b l i s t e r s 
(ASTM D610-68). 

Table I I shows the d e t a i l s of preparation f o r the second set 
of 10 painted s t e e l specimens. A polyurethane paint (Marinox SR-2, 
Mabraco I n t e r n a t i o n a l , 20 des Navigateurs, Québec, Canada) along 
w i t h an i n i t i a l c oating of an aluminum c o n t a i n i n g paint 
(prépolymère d'aluminium, Mabraco I n t e r n a t i o n a l ) was the second 

type of paint system used i n t h i s study. 
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The method of preparation f o r the second type of paint con
s i s t e d of mechanical p o l i s h i n g , c l e a n i n g , phosphating f o r 5 minutes 
w i t h Oxy-Plus 84 DRS s o l u t i o n , d rying f o r 30 minutes without r i n s 
i n g , a p p l i c a t i o n of one l a y e r of precoat followed by a i r d r y i n g f o r 
4 hours at room temperature and a p p l i c a t i o n of one l a y e r of Marinox 
SR-2 paint followed by c u r i n g f o r 8 days at room temperature. 

P o l a r i z a t i o n r e s i s t a n c e , R p, of specimens #25 and #27 was 
measured as a f u n c t i o n of immersion time using Corrosion Console 
350A (EG&G PARC, Pr i n c e t o n , NJ). 

A l l specimens a n o d i c a l l y phosphated were i n i t i a l l y p olished to 
600 g r i t , cleaned and immersed i n the phosphating s o l u t i o n Oxy-Plus 
84 DRS, before applying a p o t e n t i a l of +0.8V/SCE. This p o t e n t i a l 
corresponds to the passive zone i n the cyclovoltammogram obtained 
f o r the t e s t s t e e l i n the phosphating s o l u t i o n . * 

RESULTS AND DISCUSSION 

Table I shows the d e t a i l
w i t h the c a l c u l a t e d values of t o t a l r e s i s t a n c e R and e f f e c t i v e 
capacitance C. For specimens w i t h i n i t i a l mechanical surface 
p r e p a r a t i o n , the Nyquist impedance plo t shows the c h a r a c t e r i s t i c 
s e m i c i r c u l a r behavior wi t h a r e s i s t a n c e of the order of 1800 Ω cm 2 

and a capacitance of about 40 yF cm . As d i f f e r e n t surface t r e a t 
ments are incorporated on a s e q u e n t i a l b a s i s , the complex plane 
diagram shows a gradual e v o l u t i o n . 

Comparison of the capacitance values of specimens phosphated 
f o r 5 minutes and 30 minutes r e s p e c t i v e l y and r i n s e d i n phospho-
chromic s o l u t i o n (specimens #6 and #8) w i t h a non-phosphated s p e c i 
men (#1) shows values of the same order of magnitude i . e . 20 and 32 
yF cm" as compared to 40 yF cm""2. On the other hand, the s p e c i 
mens #7 and #9 which are phosphated f o r 5 and 30 minutes r e s p e c t i 
v e l y but not r i n s e d , show higher values of capacitance per u n i t 
surface i n the m i l l i f a r a d range. Since these specimens are not 
r i n s e d a f t e r phosphating and since the phosphating s o l u t i o n con
t a i n s a p r o p r i e t a r y i n h i b i t o r , perhaps a c e r t a i n amount of the 
i n h i b i t o r i s re t a i n e d on the surface causing t h i s change i n c a p a c i 
tance. 

S i m i l a r trend i s observed i n specimens coated wi t h one l a y e r 
of paint (specimens #10, #12, #14, #16) but prepared w i t h and 
without r i n s i n g . The concl u s i o n holds a l s o f o r specimens coated 
with two l a y e r s of p a i n t . Resistance values are seen to be higher 
f o r specimens that have been washed w i t h phospho-chromic s o l u t i o n 
a f t e r phosphating. Since the r i n s i n g s o l u t i o n i s supposed to s e a l 
the openings e x i s t i n g between phosphate c r y s t a l s (19), i t i s l o g i 
c a l that specimens subjected to r i n s i n g show higher r e s i s t a n c e 
values ( i . e . l e s s tendency f o r e f f e c t i n g charge t r a n s f e r 
reactions)· 

On comparing the r e s u l t s of specimens subjected to r i n s i n g 
with phospho-chromic s o l u t i o n but having same paint thickness (#10 
and #14) i t i s seen that phosphating f o r 30 minutes does not pro
vide any appreciable b e n e f i t . The same i s true on comparing s p e c i 
mens #11 and #15. 

I f one looks at specimens #12 and #16 the conclusions made 
above regarding non-rinsed specimens ho l d . The same i s true f o r 
specimens #13 and #17 which are al s o non-rinsed but have two l a y e r s 
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of p a i n t . These r e s u l t s thus appear to i n d i c a t e that prolonged 
phosphating does not provide appreciable a d d i t i o n a l b e n e f i t from 
the point of view of the c o r r o s i o n r e a c t i o n l i k e l y to take place at 
the metal s u r f a c e . Since paint adhesion on t h i c k e r phosphate f i l m s 
i s of poor q u a l i t y and since there i s no s i g n i f i c a n t improvement i n 
impedance behavior due to t h i c k e r phosphate l a y e r s , i t appears that 
only a t h i n phosphate co a t i n g should be used whenever p o s s i b l e . 

Double l a y e r paint provides a d d i t i o n a l p r o t e c t i o n s i n c e such 
coatings would be l e s s porous than s i n g l e l a y e r p a i n t . I t i s a l s o 
noted that i n a l l specimens that are not r i n s e d there i s a tendency 
to show i n d u c t i v e loops i n the impedance p l o t . I t i s not c l e a r i f 
t h i s i s due to the adsorption of i n h i b i t o r on s t e e l surface or due 
to the formation of oxides or due to increased p o r o s i t y (28). 

Many specimens (#1, #6, #8, #10 and #12) al s o show the 
i n i t i a t i o n of Warburg impedance behavior at the lower end of the 
frequency range covered i n t h i s study

Specimens that wer
withdrawn a f t e r 1, 17
these specimens was rated as per ASTM procedure D610-68 which i s a 
measure of the surface c l e a r l y attacked or showing formation of 
b l i s t e r s (Table I ) . Here again i t i s noted that the conclusions 
made e a r l i e r hold good: phosphated non-rinsed specimens behave 
poorly as compared to r i n s e d specimens, thus e s t a b l i s h i n g the 
n e c e s s i t y of phos pho-chromic s o l u t i o n r i n s e . S a l t spray t e s t 
r e s u l t s do a l s o i n d i c a t e that phosphating f o r 30 minutes does not 
provide any appreciable improvement as compared to 5 minutes 
phosphating. 

Impedance measurements taken on specimens a f t e r 96 hours 
exposure to s a l t spray show a combination of R-C and Warburg 
d i f f u s i o n behavior. This i s i n agreement wit h the observation 
elsewhere (9,11). 

Tests conducted on specimens phosphated f o r 5 minutes but 
provided w i t h a d d i t i o n a l paint thickness using Tremclad or Marinox 
SR-2 are summarized i n Table I I . Specimens (#18) r i n s e d w i t h 
phospho-chromic s o l u t i o n show higher values of r e s i s t a n c e and lower 
values of capacitance w i t h respect to non-rinsed specimens (#20) 
both having 80 urn of paint t h i c k n e s s . 

Specimen #19 tested f o r impedance a f t e r exposure to s a l t spray 
t e s t s shows a low charge t r a n s f e r r e s i s t a n c e of 4300 Ω cm 2 and a 
f a i r l y high double l a y e r capacitance of 316 yF cm""2. This shows 
the increased tendency of NaCl s o l u t i o n to penetrate the paint f i l m 
exposed to s a l t spray t e s t . The capacitance i s even higher f o r 
specimen #21 prepared w i t h no phospho-chromic r i n s e . 

I t i s c l e a r on analyz i n g the r e s u l t s obtained from specimens 
#18 and #19 as w e l l as from #20 and #21 that f i l m degradation and 
coating i n t e g r i t y can be followed more e f f i c i e n t l y by impedance 
measurements than by s a l t spray t e s t i n g (Table I I and Figures 1 and 
2). 

Results of impedance t e s t s conducted on specimens with the 
polyurethane paint always showed capacitance i n the pF cm"* range, 
i n s p i t e of no r i n s i n g o peration being c a r r i e d out. The 
re s i s t a n c e s are i n the 10 -10 Ω cm range. 

AC impedance measured using a few specimens a n o d i c a l l y phos
phated and painted w i t h Tremclad or Mar inox paint are shown Table 
I I and Figures 3 and 4. Cyclovoltammetry i n d i c a t e d a notable f a l l 
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TABLE I . RESULTS OF AC IMPEDANCE AND SALT SPRAT TESTS 
FOR DIFFERENT SURFACE TREATMENTS 

Spec. 
# 

Details of surface treatment 
and coating (a) 

R 
(Gem 2) 

C 
(F cm"2) 

rust 
grade (d) 

1 Mechanical p o l i s h i n g + no addi
t i o n a l treatment 

1800 40x10" 6 

-
6 5min. phosphating (b) + r i n s e 

(c) 
8000 2 0 x l 0 - 6 -

7 5min. phosphating + no r i n s e 460 l x l O - 3 -
8 30min. phosphatin

9 30min. phosphating + no r i n s e 280 0.32xl0- -
10 5min. phosphating + r i n s e + 

20 ym paint 
4.5X101* 10x10" 6 9 

11 5min. phosphating + r i n s e + 
40 ym paint 

4 . 5 x l 0 5 l x l O " 6 9 

12 5min. phosphating + no r i n s e + 
20 ym paint 

3.0x10** 20x10" 6 1 

13 5min. phosphating + no r i n s e + 
40 ym paint 

2 . 2 x l 0 5 4x10" 6 4 

14 30min. phosphating + r i n s e + 
20 ym paint 

5.0X101* 20x10" 6 9 

15 30min. phosphating + r i n s e + 
40 ym paint 

2 . 5 x l 0 5 l x l O " 6 9 

16 30min. phosphating + no r i n s e + 
20 ym 

8000 50x10" 6 1 

17 30min. phosphating + no r i n s e + 
40 ym 

4.0X101* 3x10" 6 3 

a) A l l specimens are mechanically polished to 600 g r i t . 

b) Specimens are phosphated using a commercial s o l u t i o n , Oxy-Plus 
84 DRS, received from L a b o r a t o i r e Brabant Inc., V i l l e 
S t - P i e r r e , Québec, Canada. 

c) D i l u t e s o l u t i o n of phospho-chromic a c i d mixture i s used f o r the 
r i n s i n g o p e r a t i o n . 

(d) A higher rust grade number i n d i c a t e s b e t t e r p r o t e c t i o n against 
c o r r o s i o n . 
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TABLE II. RESULTS OF AC IMPEDANCE MEASUREMENTS 
MADE ON SAMPLES WITH THICKER COATINGS 

Spec. 
# 

Details of surface treatment 
and coating (a) 

E c o r r 
(V/SCE) 

R 
( Ω α· 2) 

C 
(F am-2) 

18 5min.phosphating + r i n s e + 80 ym 
paint (Tremclad) 

-0.114 1 . 5 x l 0 7 3.2x10" 9 

19 5min. phosphatin
paint (Tremclad)
spray t e s t 

20 5min. phosphating + no r i n s e + 
80 um paint (Tremclad) 

-0.509 7.0X101* 14x10" 6 

21 5min. phosphating + no r i n s e + 
80 um paint (Tremclad) + lOOh. 
s a l t spray t e s t 

-0.502 3 . 5 x l 0 3 724x10" 6 

22 5min. phosphating + no r i n s e + 1 
precoat + 1 Marinox SR-2 coat 
(100 um coating) 

-0.126 8 . 0 x l 0 7 50x10" 1 2 

23 5min. phosphating + no r i n s e + 1 
precoat + 1 Marinox SR-2 coat + 
lOOh s a l t spray t e s t 

-0.173 l. O x l O 9 32x10- 9 

24 5min. anodic phosphating* + r i n s e 
+ 32 um paint (Tremclad) 

-0.601 l . l x l O 1 * 40x10- 6 

25 30min. anodic phosphating* + 
r i n s e + 24 ym paint (Tremclad) 

-0.599 2.3x10** 32x10" 6 

26 5min. anodic phosphating* + r i n s e 
+ 1 precoat + 1 Marinox SR-2 coat 
(170 ym coating) 

-0.170 8 . 0 x l 0 7 160x10- 1 2 

27 30min. anodic phosphating* + 
r i n s e + 1 precoat + 1 Marinox 
SR-2 coat (160 ym coating) 

-0.285 2 . 0 x l 0 8 3 1 6 x l 0 " 1 2 

* See tex t f o r d e t a i l s . 
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Figure 1. Bode plots f o r specimens #18 ( · ) and #20 ( 
See Table I I f o r d e t a i l s . 
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Figure 2. Nyquist plots f o r specimens #19 ( # ) and #21 ( • ). 
See Table I I f o r d e t a i l s . 
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See Table I I f o r d e t a i l s . 
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i n the anodic current beyond +0.5 V/SCE i n the phosphating s o l u t i o n 
Oxy-plus 84 DRS. However, anodic phosphating at +0.8 V/SCE f o r 5 
and 30 minutes r e s p e c t i v e l y d i d not produce any improvement i n the 
ulti m a t e performance of painted specimens i n s p i t e of the 
b e n e f i c i a l aspects of t h i s process c i t e d i n l i t e r a t u r e (29,30). 

AC impedance measurements taken on the same specimen at d i f 
f e r e n t temperatures i n the range 25-90 °C are shown i n Table I I I . 
A specimen wi t h no surface treatment other than mechanical 
p o l i s h i n g shows Cdi*40yF cm""2 at 25°C but the value increases 
a p p r e c i a b l y w i t h i n c r e a s i n g temperature. The values of R c t f o r 
d i f f e r e n t specimens (#28,#29) show a systematic decrease w i t h 
i n c r e a s i n g temperature whereas the values of C ^i show a system
a t i c i n c r e a s e . Figures 5 and 6 show the e v o l u t i o n of impedance 
p l o t s as a f u n c t i o n of temperature. In a d d i t i o n to the v a r i a t i o n 
i n the values of R ^ and C d l, i t i s no t i c e d that the Warburg-

TABLE III. AC IMPEDANCE MEASUREMENTS 
AT DIFFERENT TEMPERATURES 

Spec. 
# 

Details of surface 
Treatment and coating 

Temp. 
(°C) 

E c o r r 
V/SCE 

R 
(Gem 2) 

C 
(F cm"2) 

28 5min. phosphating + r i n s e 
+ 40 ym paint (Tremclad) 
4h. immersion i n 3% NaCl 
at room temperature 

25 
45 
65 
90 

-0.588 
-0.587 
-0.580 
-0.545 

2.1X1011 

7000 
5000 
3000 

63xio-«; 
166x10- 6 

2 5 1 x l 0 " 6 

550x10- 6 

29 5min. phosphating + no 
r i n s e + 1 precoat + 1 
Marinox SR-2 coat 
4h. immersion i n 3% NaCl 
at room temperature 
(100 ym coating) 

25 
45 
65 
90 

-0.126 
-0.534 
-0.612 
-0.708 

8 . 0 x l 0 7 

6 . 5 x l 0 5 

β.ΟχΙΟ1* 
5.0x1ο1* 

0.50x10- 9 

2.5x10- 9 

1 6 x l 0 - 9 

400x10""9 

30 5min.phosphating + r i n s e + 
40 ym paint (Tremclad) 
4h immersion i n 3% NaCl 
at 45°C. 

45 -0.586 1.2x1ο1* 25 1 x l 0 - 6 

31 5min. phosphating + r i n s e 
+ 40 ym paint (Tremclad) 
4h. immersion i n 3% NaCl 
at 65°C. 

65 -0.438 3500 398x10" 6 

32 5min. phosphating + r i n s e 
+ 40 ym paint (Tremclad) 
4h immersion i n 3% NaCl 
at 90°C. 

90 -0.450 2060 83 2 x l 0 " 6 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



POLYMERIC MATERIALS FOR CORROSION CONTROL 

2000 3000 4000 

Z' (ohm cm2) 

6000 

Figure 5a. Nyquist p l o t s f o r specimens #28 at d i f f e r e n t 
temperatures. See Table I I f o r d e t a i l s . Legend: 
25°C ( · ); 45°C ( • ); 65°C ( ο ) and 90°C ( • ). 

1000 

800 

600 I-· 
ε 
ο 
ε 
Ο, 400 

Ν 200 

0 

-
Ι-' -· · · 

• 
• 
• 

Λ ο " ο " ο · • 
ι I ι I 9 I ι I ι I ι 

I ι I ι I . I , 

200 400 600 800 1000 1200 1400 1600 1800 2000 

Z' (ohm cm2) 

Figure 5b. Enlargement of the i n i t i a l p o r t i o n of Figure 5a. 
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Figure 6a. Nyquist plots for specimens i d e n t i c a l l y prepared but 
immersed i n 3% NaCl f o r 4 hours at the temperature of 
impedance measurement. See Table I I I f o r d e t a i l s . 
Legend: specimen #28 ( · ), # 30 ( • ); #31 ( ο ) 
and #32 ( • ). 
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Figure 6b. Enlargement of the i n i t i a l portion of Figure 6a. 
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type behavior at low frequencies g r a d u a l l y become more prounonced 
at higher temperatures. 

Figure 5 has been obtained from a specimen (#28) maintained at 
25 °C f o r 4 hours i n 3% NaCl s o l u t i o n before t a k i n g impedance 
measurements. The temperature was then r a i s e d to the d e s i r e d value 
f o r each step. 

In the case of Figure 6 separate specimens i d e n t i c a l l y 
prepared were i n d i v i d u a l l y maintained at 25,45,65 and 90°C f o r 4 
hours before impedances were measured at the p a r t i c u l a r tempera
t u r e . The v a r i a t i o n i n impedance as shown i n Figures 5 and 6 w i t h 
temperature appears to be l o g i c a l . An increase i n temperature 
decreases the r e s i s t a n c e but increases the capacitance. In Figure 
6, specimen #30 i s an exception i n that the impedance at 45°C i s 
higher than that at 25°C. This i s perhaps caused by unknown e r r o r s 
i n manipulation. 

I t i s remarked that specimens maintained at 65°C and 90°C f o r 
4 hours show lower r e s i s t a n c e
the specimen was maintaine
temperature r a i s e d to 65°C and then to 90°C. This i s a l s o l o g i c a l 
because maintenance at a higher temperature f o r a longer time 
causes a c c e l e r a t e d degradation. 

Figure 7 shows the impedance p l o t s as a f u n c t i o n of tempera
ture obtained using a specimen having the polyurethane paint 
c o a t i n g . The r e s i s t a n c e i s of the order of 10 5 Ω cm 2 and the 
capacitance i s i n the nanofarad range. Higher values of r e s i s t a n c e 
and very low values of capacitance show the b e t t e r p r o t e c t i o n 
o f f e r e d by t h i s type of paint at a l l of the temperatures s t u d i e d . 

Apparent a c t i v a t i o n energies f o r the degradation r e a c t i o n was 
c a l c u l a t e d using specimens #28 and specimens #30, #31 and #32. A 
value of ~7 kcal/mol was obtained. This e v a l u a t i o n was based on 
the v a r i a t i o n of r e s i s t a n c e as a f u n c t i o n of temperature. A 
s i m i l a r value was obtained a l s o with specimen #11 (Table I ) a f t e r 
i t was exposed to s a l t spray t e s t (100 hours). 

When a t h i c k c oating (-100-160 um) of polyurethane paint i s 
ap p l i e d (e.g. specimen #29), the a c t i v a t i o n energy i s of the order 
of 26 kcal/mol. This i n d i c a t e s the higher energy b a r r i e r presented 
by a non-porous c o a t i n g . 

Figure 8 presents the impedance behavior of polyurethane-
painted specimen a f t e r 4 hours of immersion and a f t e r 10 days of 
immersion. The impedance spectrum does not show any appreciable 
v a r i a t i o n . Further i n f o r m a t i o n on the behavior of the Tremclad and 
the Marinox systems (specimens #25 and #27) f o r immersion times 
upto 10 days i s given i n Table IV. The v a r i a t i o n i n c o r r o s i o n 
p o t e n t i a l i s not very systematic but the changes i n C^]^ R c t 
and R p appear to f o l l o w a l o g i c a l t r e nd. For the Tremclad 
c o a t i n g , the r e s i s t a n c e decreases and capacitance increases w i t h 
immersion time. This i n d i c a t e s i n c o r p o r a t i o n of e l e c t r o l y t e i n t o 
the paint f i l m . For the polyurethane c o a t i n g , the r e s i s t a n c e stays 
i n the 10 Ω cm range and the capacitance i n the 400 pF cm" range 
i n d i c a t i n g r e s i s t a n c e to e l e c t r o l y t e i n c o r p o r a t i o n i n t o the f i l m . 

The r e s u l t s are i n concordance with published i n f o r m a t i o n 
a v a i l a b l e regarding coating d e t e r i o r a t i o n . I t was confirmed that a 
f a l l i n R c t as w e l l as the appearance of Warburg-type of behavior 
at low frequencies, e s p e c i a l l y at higher temperatures, i s c l e a r l y 
an i n d i c a t i o n of l a c k of p r o t e c t i o n . A properly prepared surface 
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Figure 7. Bode p l o t s f o r specimen #29: i n f l u e n c e of 

temperature.See Table I I I f o r d e t a i l s . Legend: 25°C 
( · ); 45°C ( • ); 65°C ( Q ) and 90°C ( • ). 
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Figure 8. Bode p l o t s f o r specimen #27: i n f l u e n c e of immersion 
time. See Table IV f o r d e t a i l s . Legend: 4 h ( t ); 
10 days ( • ). 
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TABLE IV· AC IMPEDANCE AND DC POLARIZATION 
RESISTANCE MEASUREMENTS (25°C) 

Spec. 
# 

Immersion 
time (h.) 

E c o r r 
V/SCE 

R 
(flcm 2) 

C 
(F cm"2) 

Rp 
(Ω cm2) 

25 4 -0.599 2.3 χ 10* 32 χ 10"6 > 10 5 

24 -0.708 - - 7.4 χ 10* 

48 -0.70

72 -0.732 - - 5.4 χ 10* 

96 -0.734 - - 4.4 χ 10* 

168 -0.585 - - 3.4 χ 10* 

192 -0.589 - - 4.5 χ ΙΟ* 

216 -0.574 - - 4.0 χ 10* 

240 -0.578 - 398 χ 10" 6 3.0 χ 10* 

27 4 -0.122 2 χ 10 8 316 χ 1 0 - 1 2 >10 5 

24 -0.234 - - >10 5 

48 -0.410 - - >105 

72 -0.442 3.4 χ 10 7 320 χ 1 0 - 1 2 >105 

120 -0.404 4.0 χ 10 7 794 χ 1 0 - 1 2 >10 5 

144 -0.382 5.0 χ 10 7 200 χ 10" 1 2 >10 5 

168 -0.412 4.0 χ 10 7 631 χ 1 0 " 1 2 >10 5 

192 -0.310 1.6 χ 10 7 320 χ 1 0 - 1 2 >10 5 

216 -0.290 5.0 χ 10 7 320 χ ΙΟ" 1 2 >10 5 

240 -0.278 5.0 χ 10 7 251 χ Ι Ο - 1 2 >10 5 
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provided with a t h i c k polyurethane c o a t i n g shows good performance. 
The economic aspects of the problem and the investment i n v o l v e d i n 
such paint systems need of course to be taken i n t o c o n s i d e r a t i o n . 

CONCLUSION 

1) AC impedance measurements enable the determination of charge 
t r a n s f e r r e s i s t a n c e and double l a y e r capacitance and other 
parameters r e l a t e d to coated systems. 

2) Decrease i n charge t r a n s f e r r e s i s t a n c e and increase i n double 
l a y e r capacitance i s observed with i n c r e a s i n g time of immer
s i o n or with i n c r e a s i n g t e s t temperature and gives i n f o r m a t i o n 
on the degree of p r o t e c t i o n e f f i c i e n c y of a co a t i n g . 

3) Appearance of Warburg-type behavior shows that d i f f u s i o n 
phenomena become predominant i n some coatings as t h e i r 
d e t e r i o r a t i o n progresses

4) Longer phosphatin
vide any appreciabl

5) Phospho-chromic r i n s e has a b e n e f i c i a l e f f e c t on the l i f e of a 
coated s u r f a c e . 

6) S t e e l surface phosphated f o r 5 minutes, r i n s e d and provided 
with a polyurethane coating shows good r e s i s t a n c e to 3% NaCl 
s o l u t i o n . 
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Evaluation of Coating Resins for Corrosion Protection 
of Steel Exposed to Dilute Sulfuric Acid 
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Three types of coatings--a vinyl ester, a polyester 
and four epoxies--were coated on steel and exposed to 
0.1M H 2 S O 4 at 60°C. Measurements of corrosion poten
tial , AC conductance, tensile adhesion and weight gain 
were made on the coated substrates after 1000 hours of 
exposure, and the values were compared with the ob
served corrosion of the steel substrate. The best 
correlation of parameter values with corrosion was 
found with conductance. Corrosion potential did not 
show a consistent relationship, and weight gain and 
tensile adhesion showed no correlation with corrosion. 
It was concluded that the most important properties for 
coatings to be used in acid media are low permeability 
and resistance to degradation by acid. The vinyl es
ter, a bisphenol A epoxy cured with an aliphatic amine, 
and a novolac epoxy cured with a mixed aromatic/cyclo
aliphatic amine provided the best corrosion protection. 
The saturated polyester and a bisphenol A epoxy cured 
with a polyamide amine showed significant deterioration 
in acid and corrosion of the underlying steel. Two 
novolac epoxies cured with aromatic amines showed in
termediate performance. 

T h e m e c h a n i s m f o r t h e i n i t i a l c o r r o s i o n o f s t e e l i n n e u t r a l o r 
a l k a l i n e s o l u t i o n s i s g e n e r a l l y a c c e p t e d as t h e o x i d a t i o n o f i r o n 
f r o m t h e m e t a l l i c s t a t e t o t h e f e r r o u s i o n : 

Fe - F e " " + 2 e " ( 1 ) 

w i t h t h e a t t e n d a n t r e d u c t i o n r e a c t i o n b e i n g t h e f o r m a t i o n o f h y 
d r o x i d e i o n f r o m o x y g e n and w a t e r [ 1 J : 

1 / 2 0 2 + H 2 0 + 2e~ - 2 0 H " ( 2 ) 

0097-6156/86/0322-0077S06.00/0 
© 1986 American Chemical Society 
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A v a r i e t y o f t e c h n i q u e s has b e e n d e v e l o p e d t o m e a s u r e t h e c o n d i t i o n 
o f a c o a t i n g s o t h a t some e v a l u a t i o n o f i t s p r o t e c t i v e a b i l i t y c a n 
be made. Many o f t h e s e a r e b a s e d on e l e c t r o c h e m i c a l m e a s u r e m e n t s 
[ 2 ] . T h e f o u r t e c h n i q u e s u s e d i n t h i s s t u d y a r e ( 1 ) c o r r o s i o n 
p o t e n t i a l , ( 2 ) AC c o n d u c t a n c e , ( 3 ) t e n s i l e a d h e s i o n , and ( 4 ) w e i g h t 
g a i n . 

The c o r r o s i o n p o t e n t i a l i s d e t e r m i n e d by t h e p o t e n t i a l a t w h i c h t h e 
a n o d i c a n d c a t h o d i c r e a c t i o n s o c c u r a t t h e s a m e r a t e [ 3 ] . T h e AC 
c o n d u c t a n c e i s a m e a s u r e o f t h e e a s e w i t h w h i c h c h a r g e i s t r a n s m i t 
t e d t h r o u g h t h e c o a t i n g [ 4 ] . The a d h e s i v e s t r e n g t h o f t h e c o a t i n g 
t o t h e s t e e l s u r f a c e i s a f f e c t e d b y r e a c t i o n s o c c u r r i n g a t t h e 
i n t e r f a c e . The w e i g h t g a i n o f c o a t i n g s has b e e n s t u d i e d by F u n k e 
and Haagen [ 5 ] who h a v e s h o w n t h a t a w e i g h t g a i n e x c e e d i n g t h a t o f 
a f r e e f i l m i n d i c a t e s a n a c c u m u l a t i o n o f w a t e r a t t h e i n t e r f a c e 
[5]. 

T h e s e t e c h n i q u e s a r e f r e q u e n t l
c o a t i n g s i n n e u t r a l s o l u t i o n s and e n j o y s p o r a d i c s u c c e s s , d e p e n d i n g 
p r i m a r i l y on t h e t y p e and t h i c k n e s s o f c o a t i n g b e i n g s t u d i e d . 

T h e m e c h a n i s m o f s t e e l c o r r o s i o n i n a c i d s o l u t i o n s , h o w e v e r , i s 
d i f f e r e n t f r o m t h a t i n n e u t r a l s o l u t i o n s i n t h a t t h e r e d u c t i o n 
r e a c t i o n i s t h e f o r m a t i o n o f h y d r o g e n f r o m h y d r o g e n i o n : 

2 H + + 2e~ + H 2 ( 3 ) 

P r e v i o u s w o r k i n t h i s l a b o r a t o r y h a s e s t a b l i s h e d t h a t f o r e p o x y and 
f 1 u o r o p o l y m e r c o a t i n g s e x p o s e d t o d i l u t e s u l f u r i c a c i d , t h e r e i s 
m o v e m e n t o f a c i d t h r o u g h t h e c o a t i n g t o t h e s t e e l s u r f a c e s o t h a t 
E q u a t i o n 3 i s t h e p r e d o m i n a n t r e d u c t i o n r e a c t i o n [ 6 ] . 

B e c a u s e o f t h i s d i f f e r e n c e i n c o r r o s i o n m e c h a n i s m i n a c i d s o l u t i o n , 
t h e u s e f u l n e s s o f t h e f o u r e v a l u a t i o n t e c h n i q u e s d i s c u s s e d a b o v e 
may b e d i f f e r e n t t h a n i n n e u t r a l s o l u t i o n s . T h e p u r p o s e o f t h i s 
w o r k w a s t o e v a l u a t e t h e s e f o u r t e c h n i q u e s f o r p r e d i c t i n g t h e 
b e h a v i o r o f c o a t i n g r e s i n s i n a c i d s o l u t i o n s . I n a d d i t i o n , t h e 
a b i l i t y o f s e v e r a l d i f f e r e n t t y p e s o f c o a t i n g r e s i n s t o p r o t e c t 
s t e e l a g a i n s t c o r r o s i o n i n a c i d s o l u t i o n was e v a l u a t e d . 

E x p e r i m e n t a l 

The f o l l o w i n g c o a t i n g r e s i n s w e r e u s e d : ( 1 ) a v i n y l e s t e r ( D e r a -
k a n e 4 7 0 f r o m Dow C h e m i c a l ) ; (2) a p o l y e s t e r ( A t l a c 3 8 2 - 0 5 AC f r o m 
I C I ) ; and ( 3 ) f o u r e p o x y r e s i n / h a r d e n e r c o m b i n a t i o n s . The d e t a i l s 
o f t h e r e s i n s and h a r d e n e r s u s e d a r e s h o w n i n T a b l e I. One o f t h e 
e p o x y / h a r d e n e r c o m b i n a t i o n s was r e p r e s e n t e d by m a t e r i a l s f r o m t w o 
s o u r c e s . 

The c o a t i n g s w e r e a p p l i e d t o o n e s i d e o f a s t e e l s u b s t r a t e by means 
o f a s p r a y g u n f o r t h e l o w e r v i s c o s i t y c o a t i n g s , o r b y d o c t o r 
b l a d i n g w i t h an a d j u s t a b l e G a r d n e r k n i f e f o r t h e h i g h e r v i s c o s i t y 
m a t e r i a l s . A c a s t i n g t e c h n i q u e w a s a l s o u s e d i n w h i c h a k n o w n 
v o l u m e o f t h e c o a t i n g m a t e r i a l was p o u r e d i n t o a known a r e a d e f i n e d 
by h e a v y t a p e and was a l l o w e d t o s p r e a d w h i l e on a l e v e l s u r f a c e . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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T h e c o a t i n g s w e r e c u r e d i n t w o s t e p s : f i r s t , a r o o m t e m p e r a t u r e 
e x p o s u r e f o r a t l e a s t f i v e h o u r s t o a l l o w a n y s o l v e n t p r e s e n t t o 
e v a p o r a t e a n d / o r t h e r e s i n t o g e l a n d , s e c o n d , an e l e v a t e d t e m p e r a 
t u r e c u r e . T h e v i n y l e s t e r , p o l y e s t e r a n d e p o x i e s w e r e b a k e d a t 
6 0 ° C f o r 4 - 1 6 h o u r s . The c o a t i n g t h i c k n e s s a f t e r c u r i n g was m e a 
s u r e d w i t h a m i c r o m e t e r , s u b t r a c t i n g t h e s u b s t r a t e t h i c k n e s s . The 
t h i c k n e s s o f t h e c o a t i n g s r a n g e d f r o m 6 t o 12 m i l s ( 1 5 0 - 3 0 0 urn) and 
i s s h o w n f o r e a c h t y p e i n T a b l e I. 

The s u b s t r a t e s w e r e c o l d r o l l e d , l o w - c a r b o n SAE 1010 s t e e l , 32 m i l s 
( 0 . 8 mm) t h i c k (Q P a n e l s ) . T h e y w e r e s a n d b l a s t e d on b o t h s i d e s t o 
a 6 pm p r o f i l e w i t h s i l i c a s a n d . No f u r t h e r c l e a n i n g was d o n e . A 
c i r c u l a r d i s k 3 . 3 3 cm i n d i a m e t e r was p r e p a r e d f r o m a l a r g e r c o a t e d 
p a n e l w i t h a p u n c h a n d d i e s e t . T h e d i s k w a s p l a c e d o n a 1 2 5 m l 
w i d e m o u t h s c r e w - c a p p o l y p r o p y l e n e b o t t l e , u s i n g a r u b b e r g a s k e t t o 
m a k e a t i g h t s e a l , w i t h t h e c o a t e d s i d e f a c i n g t h e i n s i d e o f t h e 
b o t t l e . The d i s k and g a s k e
f r o m w h i c h t h e c e n t r a l
c o a t e d ) s i d e o f t h e s t e e l s u b s t r a t e w a s e x p o s e d . T h e b o t t l e w a s 
i n v e r t e d and h a l f f i l l e d w i t h 0.1 M H 0 S O 4 t h r o u g h a h o l e d r i l l e d i n 
t h e b o t t o m o f t h e b o t t l e i n o r d e r t o c o n t a c t t h e a c i d w i t h t h e 
c o a t i n g . The i n v e r t e d b o t t l e was p l a c e d i n an o v e n a t 6 0 ° C . 

The c o r r o s i o n p o t e n t i a l was m e a s u r e d by p u t t i n g a s a t u r a t e d c a l o m e l 
e l e c t r o d e / s a l t b r i d g e i n t o t h e s o l u t i o n t h r o u g h t h e h o l e i n t h e 
b o t t o m o f t h e p l a s t i c b o t t l e a n d c o n t a c t i n g t h e b a c k s i d e o f t h e 
s u b s t r a t e t o c o m p l e t e t h e c i r c u i t as s h o w n i n F i g u r e 1. A K e i t h l e y 
600A e l e c t r o m e t e r was u s e d f o r t h e m e a s u r e m e n t . The AC c o n d u c t a n c e 
w a s d e t e r m i n e d b y i n s e r t i n g a c a r b o n r o d i n t o t h e s o l u t i o n a n d 
m e a s u r i n g t h e c o n d u c t a n c e a t 2 kHz f r e q u e n c y and 2 0 0 mv p o t e n t i a l 
w i t h an E x t e c h M o d e l 4 4 0 D i g i t a l C o n d u c t i v i t y M e t e r . The c o n d u c 
t a n c e v a l u e s w e r e c o n v e r t e d t o s p e c i f i c c o n d u c t i v i t y by m u l t i p l y i n g 
by t h e t h i c k n e s s and d i v i d i n g by t h e a r e a ( 5 c m 2 ) . 

The a d h e s i o n was m e a s u r e d by f a s t e n i n g a l e a d a n c h o r o f known a r e a 
( 2 . 8 4 c m 2 ) t o t h e c o a t i n g w i t h a c y a n o a c r y l a t e a d h e s i v e ( L o c t i t e 
4 1 4 ) and a f t e r c u r i n g , p u l l i n g i t o f f n o r m a l t o t h e s u r f a c e w i t h a 
D i l l o n t e n s i l e t e s t e r . The f o r c e t o r e m o v e t h e c o a t i n g was d i v i d e d 
b y t h e a r e a o f a t t a c h m e n t t o c o n v e r t i t t o a n o r m a l i z e d t e n s i l e 
a d h e s i o n v a l u e . 

The w e i g h t g a i n was m e a s u r e d by w e i g h i n g t h e c o a t e d d i s k a f t e r i t 
was r e m o v e d f r o m t h e p l a s t i c b o t t l e , f o l l o w i n g a w a t e r r i n s e and 
r e m o v a l o f s u r f a c e w a t e r . 

T h e c o a t i n g a n d s u b s t r a t e w e r e o b s e r v e d t h r o u g h t h e h o l e i n t h e 
b o t t l e d u r i n g t h e e x p o s u r e t o t h e a c i d . S i n c e t h e c o a t i n g s w e r e 
t r a n s p a r e n t , i t w a s p o s s i b l e t o o b s e r v e a n y v i s i b l e c o r r o s i o n 
o c c u r r i n g o n t h e s t e e l s u b s t r a t e . T h e c o r r o s i o n p r o d u c t s o n t h e 
s t e e l w e r e g r a y o r b l a c k , e x c e p t w h e n t h e c o a t i n g b l i s t e r e d a n d 
s o m e r u s t i n g w a s s e e n . A s c o r r o s i o n p r o g r e s s e d d u r i n g t h e a c i d 
e x p o s u r e , t h e s t e e l s u r f a c e g r a d u a l l y d a r k e n e d f r o m t h e 
i n i t i a l l i g h t g r a y o f t h e o r i g i n a l s a n d b l a s t e d s u r f a c e t o an a l m o s t 
b l a c k s u r f a c e . T h e e x t e n t o f c o r r o s i o n w a s e s t i m a t e d f r o m t h e 
a m o u n t o f d a r k e n i n g o b s e r v e d on t h e s t e e l s u r f a c e . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
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R e s u l t s 

F i g u r e 2 s u m m a r i z e s t h e v a l u e s o b t a i n e d f o r t h e f o u r m e a s u r e m e n t s 
on t h e s e v e n c o a t i n g s a f t e r e x p o s u r e t o 0.1 M H 0 S O 4 a t 6 0 ° C f o r 1 0 0 0 
h o u r s . The o r d i n a t e s h o w s t h e v a l u e s m e a s u r e c f f o r e a c h o f t h e f o u r 
t e c h n i q u e s , a n d t h e a b c i s s a r e p r e s e n t s t h e a m o u n t o f c o r r o s i o n 
o b s e r v e d o n t h e s t e e l u n d e r e a c h o f t h e c o a t i n g s a f t e r t h e a c i d 
e x p o s u r e , w i t h t h e a m o u n t o f o b s e r v e d c o r r o s i o n d e c r e a s i n g f r o m 
l e f t t o r i g h t . 

The c o r r o s i o n p o t e n t i a l s show a g e n e r a l t r e n d o f i n c r e a s i n g v a l u e s 
w i t h d e c r e a s i n g s u b s t r a t e c o r r o s i o n , w i t h t h e e x c e p t i o n o f t h e 
p o l y e s t e r a n d t h e n o v o l a c e p o x y c u r e d w i t h an a r o m a t i c / c y c l o a l i -
p h a t i c a m i n e . 

T h e s p e c i f i c AC c o n d u c t i v i t y v a l u e s s h o w a g e n e r a l l y d e c r e a s i n g 
v a l u e w i t h d e c r e a s i n g s u b s t r a t
n o v o l a c e p o x y c u r e d w i t
o n e o f t h e c o a t i n g s t h a t a l s o d i d n o t f i t i n t o t h e t r e n d f o r t h e 
c o r r o s i o n p o t e n t i a l v a l u e s . 

The t e n s i l e a d h e s i o n v a l u e s show no c o r r e l a t i o n w i t h t h e e x t e n t o f 
c o r r o s i o n ; t h e b i s p h e n o l A e p o x y c u r e d w i t h a p o l y a m i d e a m i n e 
s h o w e d b l i s t e r i n g , w h i c h r e p r e s e n t s a c o m p l e t e l o s s o f a d h e s i o n . 
T h e p o l y e s t e r s h o w e d c o h e s i v e f a i l u r e a t l e s s t h a n 1 0 0 0 h o u r s o f 
e x p o s u r e , s o a t r u e a d h e s i o n v a l u e c o u l d n o t b e d e t e r m i n e d . T h e 
o t h e r e p o x i e s a n d t h e v i n y l e s t e r a l l had v a l u e s i n t h e 1 5 0 - 2 0 0 p s i 
r a n g e , w i t h no a p p a r e n t r e l a t i o n s h i p t o t h e a m o u n t o f c o r r o s i o n . 

W e i g h t c h a n g e d a t a w e r e o b t a i n e d f o r o n l y f o u r o f t h e s e v e n c o a t 
i n g s , and t h o s e d a t a s h o w e d no c o r r e l a t i o n w i t h t h e e x t e n t o f s t e e l 
s u b s t r a t e c o r r o s i o n . T h e p o l y e s t e r s h o w e d a w e i g h t l o s s , r a t h e r 
t h a n a w e i g h t g a i n , p r o b a b l y d u e t o a n a t t a c k a n d d i s s o l u t i o n o f 
t h e e p o x y by t h e a c i d . 

I t s h o u l d be n o t e d t h a t t h e e l e c t r o c h e m i c a l m e a s u r e m e n t s ( c o r r o s i o n 
p o t e n t i a l and c o n d u c t i v i t y ) f o r t h e t w o n o v o l a c e p o x i e s c u r e d w i t h 
a n a r o m a t i c a m i n e f r o m d i f f e r e n t s o u r c e s s h o w e d g o o d a g r e e m e n t , 
a l t h o u g h t h e t e n s i l e a d h e s i o n a n d w e i g h t g a i n v a l u e s w e r e n o t a s 
r e p r o d u c i b l e . 

D i s c u s s i o n 

The b e s t p e r f o r m i n g c o a t i n g s w e r e t h e v i n y l e s t e r , t h e b i s p h e n o l A 
e p o x y c u r e d w i t h an a l i p h a t i c a m i n e , and a n o v o l a c e p o x y c u r e d w i t h 
a m i x e d a r o m a t i c / c y c l o a l i p h a t i c a m i n e . The s a t u r a t e d p o l y e s t e r , 
and a b i s p h e n o l A e p o x y c u r e d w i t h a p o l y a m i d e a m i n e s h o w e d s i g n i f 
i c a n t d e t e r i o r a t i o n o f t h e c o a t i n g m a t e r i a l i n t h e a c i d , and c o r r o 
s i o n o f t h e u n d e r l y i n g s t e e l . T w o t y p e s o f n o v o l a c e p o x i e s c u r e d 
w i t h a r o m a t i c a m i n e s s h o w e d i n t e r m e d i a t e p e r f o r m a n c e . 

O n l y o n e o f t h e f o u r t e c h n i q u e s — t h e c o n d u c t i v i t y — s h o w e d any c o r 
r e l a t i o n w i t h t h e o b s e r v e d e x t e n t o f c o r r o s i o n . The l a c k o f c o r r e 
l a t i o n o f t h e t e n s i l e a d h e s i o n v a l u e s w i t h c o r r o s i o n i s a r e s u l t o f 
t h e f a c t t h a t t h e m e t h o d i n t e g r a t e s a d h e s i o n l o s s a t t h e s u b s t r a t e 
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i n t e r f a c e and t h e c o h e s i o n l o s s d u e t o d e t e r i o r a t i o n o f t h e p o l y m e r 
b y a c i d . A l s o , t h e c o r r o s i o n o f t e n i s l o c a l i z e d a n d t h e a r e a 
a t t a c k e d i s a s m a l l f r a c t i o n o f t h e t o t a l i n t e r f a c i a l a r e a . T h e 
w e i g h t g a i n i s n o t a r e l i a b l e m e a s u r e o f c o r r o s i o n p r o t e c t i o n 
b e c a u s e t h e r e may b e an a t t a c k a n d s o l u b i l i z a t i o n o f t h e c o a t i n g 
m a t e r i a l i t s e l f ( a s o c c u r r e d w i t h t h e p o l y e s t e r ) , s o t h a t t h e 
o b s e r v e d c h a n g e i n w e i g h t w i l l be t h e n e t r e s u l t o f a w e i g h t l o s s 
f r o m s o l u b i l i z a t i o n a n d a w e i g h t g a i n f r o m w a t e r a n d a c i d e n t r y 
i n t o t h e c o a t i n g . T h e o n l y w a y t o s e p a r a t e t h e t w o e f f e c t s i s t o 
m e a s u r e t h e w e i g h t c h a n g e o c c u r r i n g w i t h a f r e e f i l m o f t h e c o a t i n g 
a n d a s s u m e i t w i l l b e t h e s a m e a s a c o a t i n g o n a s u b s t r a t e ; t h i s 
was t h e t e c h n i q u e u s e d by F u n k e [ 5 ] . T h e r e i s much more l i k e l i h o o d 
o f a t t a c k o f c o a t i n g m a t e r i a l s i n a c i d s o l u t i o n s b e c a u s e o f i n 
c r e a s e d r a t e s o f h y d r o l y s i s r e a c t i o n s a t l o w pH*s. 

T h e i n t e r p r e t a t i o n o f c o r r o s i o n p o t e n t i a l has a l w a y s been d i f f i 
c u l t . W o l s t e n h o l m e [ 3 ]
n o t a n u n a m b i g u o u s i n d i c a t o
C e r i s o l a a n d B o n o r a [ 7 ] d e s c r i b e d t h e m e a s u r e m e n t a s o n e w i t h no 
q u a n t i t a t i v e r e l a t i o n s h i p t o a m o u n t o f c o r r o s i o n . T h e r e s u l t s 
s h o w n i n F i g u r e 2 c o n f i r m t h e q u e s t i o n a b l e v a l u e o f p o t e n t i a l 
m e a s u r e m e n t s i n c o r r e l a t i o n s w i t h t h e c o r r o s i o n o f an u n d e r l y i n g 
s u b s t r a t e . 

The c o a t i n g c o n d u c t a n c e , on t h e o t h e r h a n d , has b e e n r e p o r t e d by a 
n u m b e r o f p e o p l e t o b e r e l a t e d t o t h e e x t e n t o f c o r r o s i o n u n d e r a 
c o a t i n g [ 8 - 1 1 ] . The c o n d u c t a n c e , e i t h e r AC o r DC, i s a f u n c t i o n o f 
t h e a m o u n t o f c h a r g e t h a t c a n p a s s t h r o u g h t h e c o a t i n g a n d t h i s 
a m o u n t o f c h a r g e i s a f u n c t i o n o f t h e a m o u n t o f a q u e o u s p h a s e i n 
t h e c o a t i n g t h a t p e r m i t s c h a r g e m o t i o n . 

T h u s , i n a c i d s o l u t i o n i t a p p e a r s t h a t a n i m p o r t a n t p r o p e r t y o f a 
c o a t i n g f o r c o r r o s i o n p r o t e c t i o n i s i t s p e r m e a b i l i t y t o a c i d . T h i s 
v a r i a t i o n i n p e r m e a b i l i t y i s t h o u g h t t o b e t h e r e a s o n f o r t h e 
d i f f e r e n c e i n b e h a v i o r o f c o a t i n g s o b s e r v e d d u r i n g e x p o s u r e t o a c i d 
e n v i r o n m e n t s [ 1 2 J . The p e r m e a b i l i t y i s a l s o a f f e c t e d by t h e d e g r a 
d a t i o n o f t h e c o a t i n g as c a u s e d by r e a c t i o n w i t h t h e a c i d . 

C o n c l u s i o n s 

O f t h e f o u r t e c h n i q u e s s t u d i e d f o r e v a l u a t i n g c o a t i n g s on s t e e l f o r 
c o r r o s i o n c o n t r o l ( c o r r o s i o n p o t e n t i a l , c o n d u c t a n c e , a d h e s i o n a n d 
w e i g h t g a i n ) , t h e m o s t u s e f u l was c o n d u c t a n c e . C o r r o s i o n p o t e n t i a l 
d i d n o t show a c o n s i s t e n t r e l a t i o n s h i p , and w e i g h t g a i n and t e n s i l e 
a d h e s i o n s h o w e d no c o r r e l a t i o n w i t h c o r r o s i o n . 

The b e s t p e r f o r m i n g c o a t i n g s s t u d i e d w e r e a v i n y l e s t e r , a b i s p h e 
n o l A e p o x y c u r e d w i t h an a l i p h a t i c a m i n e , a n d a n o v o l a c e p o x y 
c u r e d w i t h a m i x e d a r o m a t i c / c y c l o a l i p h a t i c a m i n e . A s a t u r a t e d p o l y 
e s t e r , and a b i s p h e n o l A e p o x y c u r e d w i t h a p o l y a m i d e a m i n e s n o w e d 
s i g n i f i c a n t d e t e r i o r a t i o n i n t h e a c i d and c o r r o s i o n o f t h e u n d e r 
l y i n g s t e e l . T w o t y p e s o f n o v o l a c e p o x i e s c u r e d w i t h a r o m a t i c 
a m i n e s s h o w e d i n t e r m e d i a t e p e r f o r m a n c e . 
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8 
Comparison of Laboratory Tests and Outdoor Tests 
of Paint Coatings for Atmospheric Exposure 
M . Morcillo1, J. Simancas1, J. M . Bastidas1, S. Feliu1, C. Blanco2, and F. Camón2 

1Centro Nacional de Investigaciones Metalúrgicas, Ciudad Universitaria, 28040-Madrid, 
Spain 

2Instituto Nacional de Técnica Aeroespacial "Esteban Terradas," Torrejon de Ardoz, 
Madrid, Spain 

Many accelerate
devised to determine the s u s c e p t i b i l i t y of 
paint films to breakdown by atmospheric 
weathering, however, the demand for a 
generally applicable test ex i s t s . In this 
study di f ferent typ i ca l paint systems have 
been subjected to various natural environments 
and laboratory tests (DEF-1053 Method No. 26, 
ASTM G53-77, Salt Spray and Electrochemical 
Impedance Measurements). The results i n d i 
cate that electrochemical impedance measure
ments provide a sat i s factory corre la t ion 
with the behaviour of paint coatings as 
evaluated by v i sua l examination. In addi 
t i o n , i t appears that, in certa in cases, 
data obtained by this technique w i l l allow 
predict ion of the metal l ic corrosion under
neath the paint coating when no changes in 
the appearance of the coating can be exter
n a l l y observed. 

In p r a c t i c e , most p a i n t c o a t i n g s e x h i b i t some r e d u c t i o n i n 
p r o t e c t i v e p r o p e r t i e s d u r i n g t h e i r s e r v i c e l i f e . P a i n t 
c o a t i n g s exposed t o the atmosphere undergo a p r o g r e s s i v e 
d e g r a d a t i o n which u l t i m a t e l y r e s u l t s i n complete l o s s of 
p r o t e c t i v e a c t i o n . T h i s d e g r a d a t i o n i s a t t r i b u t a b l e t o a 
number of en v i r o n m e n t a l f a c t o r s , the most important b e i n g 
atmospheric c o n t a m i n a t i o n , u l t r a v i o l e t l i g h t , m o i s t u r e , 
and temperature f l u c t u a t i o n s . 

I t i s e x t r e m e l y i m p o r t a n t t o p r e d i c t c o a t i n g s e r v i c e 
l i f e w i t h some degree of c e r t a i n t y . C l e a r l y , the best 
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assesment of a c o a t i n g ' s p r o t e c t i v e e f f i c i e n c y i s p r o 
longed exposure t o the proposed s e r v i c e c o n d i t i o n s 
combined w i t h r e g u l a r i n s p e c t i o n s at predetermined time 
i n t e r v a l s . However, as the u s e f u l l i f e of the o r g a n i c 
c o a t i n g s under atmospheric exposure i s o f t e n i n excess of 
ten y e a r s , i t i s not always r e a l i s t i c t o t e s t new 
developments u n t i l they have f a i l e d i n s e r v i c e . 
Consequently a c c e l e r a t e d t e s t are ne c e s s a r y t o determine 
the s u s c e p t i b i l i t y of p a i n t f i l m s t o breakdown by 
weathering or o t h e r c l i m a t i c f a c t o r s . Many a c c e l e r a t e d 
l a b o r a t o r y t e s t s have been d e v i s e d f o r t h i s purpose. 

A r t i f i c i a l Weathering T e s t s . P r o g r e s s i n t h i s area has 
been ac h i e v e d as chemist
of the d e g r a d a t i o n mechanism
Si n c e a d i r e c t r e l a t i o n s h i p between the i n t e n s i t y of 
s u n l i n g h t and the r a t e of d e t e r i o r a t i o n of p a i n t seemed 
to e x i s t , an i n t e n s e l i g h t source was c o n s i d e r e d to be 
the primary p r e r e q u i s i t e t o s i m u l a t e or a c c e l e r a t e the 
d e g r a d a t i o n of polymers i n the l a b o r a t o r y . 

P r e s e n t l y , t h e r e i s a gre a t number of apparatus and 
methods f o r a c c e l e r a t i n g w e a t h ering i n the l a b o r a t o r y 
(DEF - 1053 No 26, ASTM G23 Carbon-arc t y p e , ASTM G26 
xenon-arc t y p e , ASTM G53 f l u o r e s c e n t UV-Condensation type, 
e t c . ) . However, even though these d e v i c e s e x i s t , i t i s 
d i f f i c u l t t o o b t a i n r e p r o d u c i b l e r e s u l t s . Hence, the 
r a t h e r p e s s i m i s t i c statement of Papenroth (1_) : "A general 
a c c e l e r a t e d w e a t h e r i n g method which i s v a l i d i n a l l cases 
does not e x i s t today and t h e r e w i l l never be one". 

A c c e l e r a t e d w e a t h ering t e s t s are performed i n special 
t e s t chambers a l l of which are s i m i l a r i n t h a t a coated 
specimen i s exposed i n a c o n t r o l l e d environment containing 
a h i g h i n t e n s i t y u l t r a v i o l e t l i g h t source and a f a c i l i t y 
f o r s p r a y i n g water onto the t e s t s u r f a c e s . 

A c c e l e r a t e d C o r r o s i o n T e s t s . There are as many as a 
dozen methods ( s a l t f o g , K e s t e r n i c h , e t c . ) t h a t are 
c u r r e n t l y b e i n g used t o i n v e s t i g a t e c o r r o s i o n r e s i s t a n c e 
of c o a t i n g systems and a need t o develop a b e t t e r and 
more dependable method to p r e d i c t i n - u s e s e r v i c e . A 
severe drawback of a l l these t e s t s i s t h a t t h e i r r e s u l t s 
o f t e n compare u n s a t i s f a c t o r i l y w i t h p r a c t i c a l e x p e r i e n c e . 
One reason f o r the d i s c r e p a n c i e s i s assumed t o be the 
v a r i a b i l i t y of n a t u r a l exposure c o n d i t i o n s . A c c o r d i n g l y , 
c y c l i c t e s t i n g procedures have been developed w i t h which 
exposure c o n d i t i o n s , e s p e c i a l l y temperature and h u m i d i t y , 
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are s i s t e m a t i c a l l y v a r i e d . R e s u l t s o b t a i n e d w i t h such 
c y c l i c t e s t s agree much b e t t e r w i t h p r a c t i c a l performance 
than those from c o n s t a n t c o n d i t i o n test. However at present 
t h e r e i s no s i n g l e a c c e l e r a t e d t e s t which c o r r e l a t e s s a 
t i s f a c t o r i l y w i t h a c t u a l l o n g term performance i n any 
environment; the demand f o r a g e n e r a l l y a p p l i c a b l e c o r r o 
s i o n t e s t e x i s t s (2) . 

E l e c t r o c h e m i c a l C o r r o s i o n T e s t s . E l e c t r o c h e m i c a l p r o c e 
dures are v e r y w e l l e s t a b l i s h e d f o r i n v e s t i g a t i n g the 
c o r r o s i o n b ehaviour of pure m e t a l s , a l l o y s and m e t a l l i c 
c o a t i n g s . The a p p l i c a t i o n of these te c h n i q u e s to p a i n t 
c o a t i n g s i s , however, f a r l e s s common. I t was disappoi n t 
i n g t o f i n d t h a t u  t  1 973 (3) e l e c t r o c h e m i c a l test  d i d 
not p r o v i d e much u s e f u
was f u l l y j u s t i f i a b l e a decade ago when d.c. e l e c t r o c h e
m i c a l methods were almost e x c l u s i v e l y used, the p i c t u r e 
seems t o have changed r a d i c a l l y when re c e n t r e s u l t s ob
t a i n e d by a.c. impedance measurements are examined. The 
advantage of these impedance measurements over the c l a 
s s i c a l t e s t s mentioned i s i t s non d e s t r u c t i v e n a t u r e ; i n 
a d d i t i o n , c o r r o s i o n and c o a t i n g damage may be determined 
p r i o r t o i t s v i s u a l m a n i f e s t a t i o n . T h i s c o i n c i d e s w i t h 
the present t r e n d towards the development of methods 
which enable e a r l y p r e d i c t i o n of the p a i n t c o a t i n g p e r 
formance, even b e f o r e the occ u r r e n c e of any s u b s t a n t i a l 
changes i n i t s appearance. 

E x p e r i m e n t a l 

Test samples have been prepared from a 3 mm h o t - r o l l e d 
s t e e l sheet which showed an i n t a c t m i l l s c a l e (Degree A 
of Swedish Standards, SIS-055900). T h e r e a f t e r they were 
shot b l a s t e d w i t h S-280 t o reach the ASa3 s t a n d a r d , p r i o r 
t o the a p p l i c a t i o n of the p a i n t c o a t i n g . Surface p repa
r a t i o n Β St 2 was o b t a i n e d by w i r e b r u s h i n g a s t e e l sheet 
of Grade Β o b t a i n e d i n t u r n by o x i d a t i o n of Grade A sheet 
i n a contaminant f r e e atmosphere. In "Table I . " , the 
c h a r a c t e r i s t i c s of the p a i n t s used i n t h i s study are 
shown. 

To study the e f f e c t of contaminants ( c h l o r i d e s and 
su l p h a t e s ) at the i n t e r f a c e m e t a l / c o a t i n g , a set ofpanels 
( s u r f a c e A Sa 3) was prepared and dosed w i t h s o l u t i o n s of 
NaCl and Fe S 0 4 i n d i s t i l l e d water and methanol. Subse
q u e n t l y , two p a i n t systems ( c h l o r i n a t e d rubber and p o l y u 
rethane) were a p p l i e d on these contaminated s u r f a c e s . 
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Table I . C h a r a c t e r i s t i c s of p a i n t systems. 

Paint 
System 

System 
Designation Primer Undercoat Topcoat 

Total 
Thickness 

(μη) 

Oil/Alkyd 0/A INTA — INTA 90-120 
164103 16421 8 

Alkyd A INTA — INTA 80-110 
164201 16421 8 

Chlorinated CR INTA INTA INTA 80-100 
Rubber 164705 164701A 164704A 
Vinyl V INTA INTA INTA 100-120 

Polyurethane Ρ RENFE 03.323 .125 120-1 50 
Epoxy/Polyur, E/P MIL RENFE « 03.323.125 90-120 

C-82407 

The f o l l o w i n g t e s t s were used: 
1 . N a t u r a l w e a t h e r i n g t e s t s i n v o l v i n g d i f f e r e n t environ

ments: r u r a l , urban, i n d u s t r i a l and marine. At 
present o n l y r e s u l t s f o r two years of f i e l d exposure 
are a v a i l a b l e . 

2. A r t i f i c i a l w e a t h e r i n g t e s t s i n c l i m a t i c chambers i n 
accordance w i t h the f o l l o w i n g s p e c i f i c a t i o n s : 

2.1. DEF-1053 Method No. 26. A l t e r n a t i v e r u n n i n g of car
bon a r c s i n 6-hour p e r i o d s , w i t h a chamber tempera
t u r e of about 402C. In*between carbon arc opera
t i o n a l p e r i o d s , d e i o n i z e d water s p r a y i n g w i t h a r e 
s i s t i v i t y over 300.000JX.cm 2. T e s t i n g p e r i o d : 
3500 hours. 

2.2. ASTM G53. Condensation (44^C) and c o o l i n g (65 QC) 
c y c l e s were used of 4-hour d u r a t i o n each, w i t h a 
0.5 hour i n between. An u l t r a v i o l e t r a d i a t i o n was 
c o n t i n u o u s l y produced. T e s t i n g p e r i o d : 2300 hours. 

3. S a l t Spray (fog) t e s t (ASTM Β 117) w i t h a t e s t i n g 
p e r i o d of 3200 hours. 

4. Impedance diagram t e c h n i q u e . The p o l a r i z a t i o n c e l l 
c o n s i s t e d i n a t r a n s p a r e n t p l a s t i c tube t h a t was 
adhered t o the p a i n t s u r f a c e by means of a s i l i c o n e 
s e a l e r . The tube c o n t a i n e d d i s t i l l e d water and a 
25 cm 2 p l a t i n i z e d t i t a n i u m sheet, which was used as 
a u x i l i a r y e l e c t r o d e . Measurements were made w i t h 
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the double e l e c t r o d e t e chnique (4) and the h e l p of a 
H.P. 4800-A V e c t o r Impedance Meter, over a frequency range 
of 50 KH Z t o 5 H z. 

R e s u l t s and D i s c u s s i o n 

Regular i n s p e c t i o n s of r u s t i n g and b l i s t e r i n g grades shown 
on p a i n t e d s u r f a c e s were c a r r i e d out. F a i l u r e was evalua
te d a c c o r d i n g to ASTM D610 and ASTM D 714 s t a n d a r d s . The 
r e s u l t s o b t a i n e d are g i v e n i n "Tables I I and I I I . " As i s 
apparent, no v i s i b l e damage was observed on ASa 3 s t e e l 
p a n els ("Table I I I " . ) a f t e r two y e a r s ' t e s t exposure t o 
the v a r i o u s atmospheres. The s a l t f o g t e s t , enabled us 
to arrange the d i f f e r e n t p a i n t system  a c c o r d i n  t  th
exposure time e l a p s e
c u l a r r a t i n g l e v e l . We have chosen r u s t Grade 8 ( 0 . 1 % 
r u s t ) s i n c e i t i s a r e a s o n a b l y accepted i n d i c a t o r i n 
t h i s type of s t u d i e s . I t was seen t h a t systems Ρ and E/P 
remain u n a l t e r e d a f t e r 3200 hours t e s t i n g . The r e m a i n i n g 
systems f a i l at s h o r t e r t e s t t i m e s . 

With r e g a r d t o the ASTM G 53 and DEF-1052-26 a c c e l e 
r a t e d w e a t h e r i n g t e s t s , no c l o s e agreement was observed 
between them. Whereas i n the ASTM G53 t e s t the CR and V 
systems show r u s t p o i n t s at 800-1000 hours, i n the 
DEF-1053-26 t e s t both systems keep i n almost p e r f e c t 
c o n d i t i o n . However, i n t h i s t e s t the 0/A and A systems 
are the o n l y ones which show a s l i g h t c o r r o s i o n at 1900 
hours. In e i t h e r of the two cases o n l y a s l i g h t c o r r o s i o n 
i s i n v o l v e d which does not reach Grade 8 i n the ASTM range. 

Of the BSt2 s t e e l p a nels under atmospheric exposure 
("Table I I " . ) o n l y the CR system shows e a r l y r u s t spots 
(6-12 months). A f t e r the f i r s t 3-6 months, r u s t b l i s t e r s 
appear on the p a i n t s u r f a c e . L a t e r these b l i s t e r breaks 
due t o a c c u m u l a t i o n of c o r r o s i o n p r oducts i n s i d e them. 
The r u s t Grade i s h i g h e r as i s the atmospheric c o r r o s i v i t y 

With t h i s p a i n t system (CR) l a b o r a t o r y t e s t s c o r r e 
l a t e q u i t e w e l l w i t h the r e s u l t s i n the atmosphere. So, 
i n the s a l t f o g chamber the worst p a i n t performance i s 
shown by t h i s system, which i s a l s o the o n l y one t h a t 
shows s l i g h t r u s t i n g i n the ASTM G 53 t e s t . The DEF-1053 
t e s t promotes b l i s t e r i n g i n t h i s system, as w e l l as i n 
the 0/A,A and V systems. 

When making an o v e r a l l e x a m i n a t i o n of "Tables I I . 
and I I I . " t o c o r r e l a t e the r e s u l t s o b t a i n e d i n the l a b o 
r a t o r y w i t h those i n the n a t u r a l environments, we are 
face d w i t h the problem of the s h o r t time e l a p s e d i n the 
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l a t t e r i n order t o reach s i g n i f i c a n t d i f f e r e n c e s among the 
d i f f e r e n t p a i n t systems. Among the v a r i o u s t e s t s c a r r i e d 
out, the s a l t spray t e s t i s the one t h a t best c o r r e l a t e s 
w i t h atmospheric exposure. A p p a r e n t l y i t i s the most 
a g g r e s i v e of a l l t e s t s , and the o n l y a c c e l e r a t e d corrosion 
t e s t i n comparison w i t h the r e m a i n i n g ones c o n s i d e r e d 
s p e c i f i c a l l y as a c c e l e r a t e d weathering t e s t s . 

In the a c c e l e r a t e d weathering t e s t s some of the 
systems showed a c e r t a i n d e g r a d a t i o n (changes i n c o l o u r 
and/or b r i g h t n e s s , c h a l k i n g , e t c . ) which have not been 
i n c l u d e d i n t a b l e s s i n c e they were not c o n s i d e r e d of i n 
t e r e s t f o r our purpose. However, such t e s t s provide per
haps the most u s e f u l i n f o r m a t i o n f o r e v a l u a t i n g these 
type of degradation.
perhaps the most s u i t a b l
the c o a t i n g system i t s e l f , but such t e s t s do not always 
o f f e r an a c c u r a t e i n d i c a t i o n of the c o r r o s i o n p r o t e c t i o n 
p r o v i d e d by the c o a t i n g . These methods are not by them
s e l v e s c o r r o s i o n t e s t s and are o n l y l i k e l y to cause s i g 
n i f i c a n t s u r f a c e d e t e r i o r a t i o n of the p a i n t c o a t i n g (6,7). 

E l e c t r o c h e m i c a l impedance measurements were used to 
determine the e f f e c t of a c c e l e r a t e d w e a t h e r i n g of the 
p a i n t c o a t i n g on the c o r r o s i o n of the s t e e l s u b s t r a t e . 
F i g u r e s 1 and 2 g i v e the impedance diagrams at d i f f e r e n t 
times f o r the v a r i o u s p a i n t systems c a r r i e d out on non 
weathered c o a t i n g s (N.W.) and on c o a t i n g s a f t e r weathering 
by means of the ASTM G 53 and DEF-1053- 26 t e s t s f o r 2300 
and 3500 h r s , r e s p e c t i v e l y . In accord w i t h the v i s u a l 
o b s e r v a t i o n s , the CR and V systems i n the ASTM G 53 t e s t 
and 0/A and A systems i n the DEF-1053 -26 t e s t , show a 
diagram i n a s e m i c i r c l e form, which i n d i c a t e s the e x i s -
tance of paths or channels of e l e c t r o l y t e p e n e t r a t i o n 
a c r o s s the f i l m p e r m i t i n g the movement of the c h e m i c a l 
s p e c i e s t o and from the metal s u b s t r a t e ( c o r r o s i o n , d i f f u 
s i o n , e t c . ) ( 8 ) . The o t h e r systems i n d i c a t e a p a i n t f i l m 
i n p e r f e c t c o n d i t i o n and the impedance diagram takes the 
shape of a s t r a i g h t l i n e f orming a c e r t a i n angle w i t h the 
i m a g i n a r y a x i s . T h i s response i s s i m i l a r t o t h a t of a 
c a p a c i t o r , w i t h phase angles near to 90^ and v e r y h i g h 
v a l u e s of the impedance modulus. Thus, t h i s measuring 
tech n i q u e r e v e a l s q u i t e s a t i s f a c t o r i l y the c o r r o s i o n da
mage observed by the naked eye on p a i n t e d s u r f a c e s . 

E f f e c t of P o l l u t a n t s on the M e t a l / P a i n t I n t e r f a c e . "Table 
I I I . " gives the results of d i f f e r e n t t e s t s c a r r i e d out on CR 
f i l m s a p p l i e d to r u s t e d s t e e l s u r f a c e s (BSt 2) or surfaces 
contaminated w i t h NaCl and FeSO^. In the case of r u s t 
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o r NaCl contaminants the s a l t f o g t e s t r e s u l t s , i n p a r t i 
c u l a r "hours t o r u s t Grade 8", show a q u i t e a c c e p t a b l e 
r e l a t i o n s h i p w i t h the outdoor exposure r e s u l t s . The dan
gerous e f f e c t of the presence of r u s t or NaCl on the me
t a l / p a i n t i n t e r f a c e can be d e t e c t e d q u i t e e a r l y . However, 
the presence of s u l p h a t e s i n the s a l t f o g t e s t promotes 
an important c o r r o s i o n of the s u b s t r a t e unobserved i n the 
n a t u r a l exposure t e s t s , at l e a s t , d u r i n g the f i r s t two 
y e a r s of e x p e r i m e n t a t i o n . 

The ASTM G 53 t e s t a l s o shows, though not so c l e a r l y , 
the e f f e c t of the c h l o r i d e contaminant on the i n t e g r i t y 
of the p a i n t . The DEF-1053 -26 t e s t however does not 
seem t o be s e n s i t i v e t o the presence of t h i s m e t a l l i c co
r r o s i o n a c c e l e r a t o r

The impedance diagram
the presence of the o x i d e which was d e t e c t e d v i s u a l l y on 
t e s t p a n e l s exposed t o the e f f e c t of the ASTM G 53 t e s t . 
These diagrams move away from the almost c a p a c i t i v e beha
v i o u r and show, i n p a r t i c u l a r , when c h l o r i d e contamina
t i o n i s i n v o l v e d , a s m a l l e r s e m i c i r c l e d i a m e t e r , the 
h i g h e r the s a l i n e c o n t a m i n a t i o n on the i n t e r f a c e . 

In a l l the p a i n t systems t e s t e d i n the atmosphere, 
the presence of the c h l o r i d e contaminant at i t s h i g h e s t 
c o n c e n t r a t i o n , causes the appearance of s m a l l b l i s t e r s . 
Such b l i s t e r s may i n time b u r s t due to the o x i d e built-up 
i n s i d e them, as was seen i n the case i n the CR system 
("Table I I I . " ) In the Ρ system ("Table I I I . " ) , the b l i s 
t e r i n g seen w i t h the t h i r d l e v e l of c h l o r i d e s c o n t i n u e s 
a f t e r two y e a r s ' outdoor exposure, w i t h o u t r u s t coming 
through the c o a t i n g . T h i s same e f f e c t i s a l s o seen i n 
s a l t f o g t e s t p a n e l s , but i t does not appear i n those 
t e s t specimens s u b j e c t e d to a c c e l e r a t e d w e a t h e r i n g t e s t s . 

A v e r y important q u e s t i o n i s whether the impedance 
measurements y i e l d i n f o r m a t i o n about the d e t e r i o r a t i o n 
p rocess sooner than i s o b t a i n e d by v i s u a l e x a m i n a t i o n . 
With t h i s i n mind i t i s i n t e r e s t i n g to comment upon some 
of the r e s u l t s o b t a i n e d (_8) w i t h the CR system and shown 
i n F i g u r e 4. Together w i t h the impedance diagrams f o r 
the v a r i o u s c o n t a m i n a t i o n l e v e l s s t u d i e d (0, 20, 100 and 
500 mg/m2 N a C l ) , photographs are i n c l u d e d i n i t showing 
the c o n d i t i o n of the t e s t panels a f t e r the t e s t s i n d i s 
t i l l e d water (231 days) and i n a r u r a l atmosphere (2 
y e a r s ) . The diagram f o r the h i g h e s t c h l o r i d e l e v e l 
(500 mg/m2) shows the most advanced stage ( s m a l l e r semi
c i r c l e diameter) which corresponds to marked o x i d a t i o n 
i n the t e s t p a n e l s . Diagrams c o r r e s p o n d i n g t o l e s s e r 
amounts of contaminants, a l t h o u g h they are found at lower 
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and weathered c o a t i n g s i n a c c e l e r a t e d chambers. 
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development s t a g e s , do not seem to be i n agreement w i t h 
the appearance of the p a i n t e d s u r f a c e , which i s as yet 
undamaged. One may ask whether such diagrams are ahead 
of time w i t h r e g a r d to imminent d e t e r i o r a t i o n of the paint 
c o a t i n g . The l a p s e of f u r t h e r i n v e s t i g a t i o n / t e s t time 
i s needed to answer t h i s q u e s t i o n . 

C o n c l u s i o n s 

E l e c t r o c h e m i c a l impedance measurements p r o v i d e a q u i t e 
s a t i s f a c t o r y c o r r e l a t i o n w i t h the behaviour of p a i n t 
c o a t i n g s as e v a l u a t e d by v i s u a l e x a m i n a t i o n . There are 
w e l l founded hopes t h a t , i n c e r t a i n c a s e s , d a t a o b t a i n e d 
by t h i s measuring method w i l l  enabl  th  m e t a l l i
c o r r o s i o n underneat
when no changes i n the appearance of the c o a t i n g can as 
yet be e x t e r n a l l y observed. 
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9 
Degradation of Organic Protective Coatings on Steel 

Tinh Nguyen and W. Eric Byrd 

Building Materials Division, National Bureau of Standards, Gaithersburg, M D 20899 

The application of reflection/absorption Fourier 
transform infrared spectroscopy (FTIR-RA) for studying 
the degradation of two types of coatings on steel after 
exposure to an 40°C/80% RH environment is presented in 
this paper. FTIR-RA results indicate the occurrence 
of bond weakening, dehydration and bond scissions of 
amine-cured epoxy after exposure. On the other hand, 
the polybutadiene coating shows not only bond weakening 
but also extensive degradation which results in the 
formation of various oxidized products and losses in 
unsaturation. The characterization of complex molecules 
formed during the oxidation and degradation by FTIR-RA 
offers a powerful means for studying the degradation 
processes of protective coatings on steel. 

M e t a l l i c c o r r o s i o n i s estimated to cost the U.S. more than $100 
b i l l i o n annually (1)· Polymeric coatings are w i d e l y used to prolong 
the s e r v i c e l i f e of corrosion-prone s u b s t r a t e s . However, these 
coatings can undergo p h y s i c a l and chemical changes under s e r v i c e 
c o n d i t i o n s that reduce t h e i r e f f e c t i v e n e s s . Chemical changes 
which occur at the metal/coating i n t e r f a c e are p a r t i c u l a r l y important 
i n the degradation processes. Part of our o v e r a l l task i n p r e d i c t i n g 
the s e r v i c e l i f e of p r o t e c t i v e coatings i s to gain a b e t t e r under
standing of the degradation mechanisms l e a d i n g to adhesion f a i l u r e 
and to c o r r o s i o n of the protected metal beneath the c o a t i n g . 

F o u r i e r transform i n f r a r e d spectroscopy has been shown to be an 
ex c e l l e n t t o o l f o r surface and i n t e r f a c e s t u d i e s ( 2 ) . In t h i s 
paper, the a p p l i c a t i o n of r e f l e c t i o n / a b s o r p t i o n F o u r i e r transform 
i n f r a r e d spectroscopy (FTIR-RA) f o r studying the degradation of 
amine-cured epoxy and polybutadiene coatings on c o l d - r o l l e d s t e e l 
a f t e r exposure to a warm, humid environment i s reported. 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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EXPERIMENTAL 

M a t e r i a l s 

The amine-cured epoxy used was from a fo r m u l a t i o n c o n t a i n i n g : 
100 parts of epoxy r e s i n (Epon 1001, S h e l l Chemical Co.), 6 parts of 
di e t h y l e n e t r i a m i n e , and 3 parts of bu t y l a t e d urea formaldehyde 
( f l o w - c o n t r o l l e d agent). A l l components were at 12.5% i n g l y c o l 
ether/xylene (50/50, w/w) s o l u t i o n s . The epoxy and f l o w - c o n t r o l l e d 
agent were premixed together as the base component, which was 
mixed w i t h the c u r i n g agent j u s t before c o a t i n g . The polybutadiene 
was Budium RKY662 (Dupont) i n petroleum d i s t i l l a t e s o l v e n t . The 
c o l d - r o l l e d s t e e l samples were low-carbon SAE 1010, of the s i z e 
25 χ 25 χ 0.8 mm. (Trade names are given s o l e l y to i n d i c a t e exper
imental m a t e r i a l s and equipment used and not to recommend a 
p a r t i c u l a r product). 

Specimen Pr e p a r a t i o n 

S t e e l substrates were mechanically p o l i s h e d ( f i n a l p o l i s h i n g was 
wit h a lym diamond p a s t e ) , r i n s e d repeatedly w i t h water and 
methanol, blown dry w i t h hot a i r , and sto r e d i n a d e s i c c a t o r before 
use (but not more than 3 days). The d r i e d substrate specimens were 
immersed i n methanol f o r 2 hours, then washed w i t h acetone 
immediately p r i o r to applying the c o a t i n g s . Both methanol and 
acetone were ACS grade reagents. The coatings were a p p l i e d by 
f l o o d i n g the s u b s t r a t e w i t h r e s i n s o l u t i o n s and spin n i n g them h o r i 
z o n t a l l y at 3500 RPM f o r 30 s usi n g a p h o t o r e s i s t spinner. I n i t i a l 
f i l m thicknesses of 1.8ym f o r the epoxy and of 2.0μπι f o r the p o l y 
butadiene were measured using a scanning s p e c t r o s c o p i c r e f l e c t e d 
l i g h t microscope. The unaged FTIR-RA s p e c t r a were c o l l e c t e d a f t e r 
c u r i n g f o r 3 weeks at room c o n d i t i o n s . A l l specimens were then 
exposed i n a 40°C and 80% RH chamber. Aged samples were removed 
from the chamber at various time i n t e r v a l s f o r IR a n a l y s i s . F i l m 
thicknesses of the aged samples were not measured. 

FTIR-RA Spectra 

Spectra were obtained using a 60 SX N i c o l e t FTIR spectrometer 
and a Barnes v a r i a b l e angle specular r e f l e c t i o n accessory. The 
spectrometer was equipped w i t h a nitrogen-cooled mercury cadmium 
t e l l u r i d e d etector and was co n s t a n t l y purged wi t h dry a i r to minimize 
the e f f e c t of moisture. The instrument was a l s o equipped w i t h a 
l a s e r i n t e r f e r o m e t e r to in s u r e wave length accuracy. A l l s p e c t r a 
were the r e s u l t of 1000 co-additions and taken at 4 cm"1 r e s o l u t i o n 
using s i n g l e r e f l e c t i o n at an i n c i d e n t angle of 45 degrees. A l l 
spectra are shown i n the absorbance mode and have been r a t i o e d 
against the spectrum of a s i l v e r reference m i r r o r . 

RESULTS AND DISCUSSIONS 

Degradation of Amine-Cured Epoxy Coating on Cold-Rolled S t e e l 

FTIR-RA spe c t r a of the amine-cured epoxy c o a t i n g on c o l d - r o l l e d 
s t e e l before and a f t e r exposure at 40°C and 80% RH are shown i n 
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Figure 1. The assignments of FTIR-RA spectra of unaged epoxy f r e e 
and coated f i l m s on s t e e l have been given p r e v i o u s l y ( 3 ) . I t should 
be noted that t h i s aged specimen e x h i b i t e d extensive f i l i f o r m 
c o r r o s i o n a f t e r 7 months exposure. Figures 2 show the s p e c t r a l 
changes at d i f f e r e n t exposure per i o d s . These s p e c t r a have been 
normalized f o r the b a s e l i n e s h i f t r e s u l t i n g from the r e f l e c t i o n 
change of the s t e e l s u b s t r a t e due to exposure and c o r r o s i o n . 
Figure 2a shows that aging of amine-cured epoxy i n the t e s t e n v i r o n 
ment r e s u l t e d i n a s h i f t to higher frequency of the OH maximum at 
3401 cm - 1 and an increase i n i n t e n s i t i e s of the band at 3560 
cm""1. Chen et a l . , (4) a l s o noted a s h i f t to higher frequency 
due to thermal degradation of the OH band i n trimethoxyboroxine-
cured epoxy c o a t i n g on aluminum. On the other hand, Harrod (5) 
observed progressive s h i f t s to higher frequency of the OH band 
maxima of amine-cured epoxy w i t h i n c r e a s i n g temperature and a t t r i 
buted the s h i f t to the change from long range to short range 
Η-bonding of both the O-
of t h i n f i l m s on s t e e l an
no strong i n t e r a c t i o n between the amine-cured epoxy and the s t e e l 
s u b s t r a t e . Thus, the s h i f t to higher frequency of the OH maximum 
at 3401 cm""1 of amine-cured epoxy on s t e e l exposed to a c o r r o s i v e 
environment i s a t t r i b u t e d to the weakening of the Η-bonds w i t h i n 
the epoxy c o a t i n g i t s e l f . The i n t e n s i t y i ncrease at the 3560 cm""1 

band i n d i c a t e d that nonassociated OH groups were formed during 
exposure. 

The bands at 1041 and 1085 cm - 1 (C-0 s t r e t c h i n g ) broadened and 
increased i n i n t e n s i t y (Figure 2c) i n d i c a t i n g the formation of more 
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Figure 1. FTIR-RA s p e c t r a of amine-cured epoxy coa t i n g on 
c o l d - r o l l e d s t e e l before and a f t e r exposure to 40°C and 80% RH 
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Figure 2. Normalized FTIR-RA spectra of amine-cured epoxy 
c o a t i n g on c o l d - r o l l e d s t e e l exposed to 40°C and 80% RH f o r 
d i f f e r e n t times. Reproduced, w i t h permission, from Ref. 3 
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OH groups during exposure. Despite the gradual i n c r e a s e i n the C-0 
region and the r e d u c t i o n of the epoxide groups (915 cm"1 band) to 
form OH, the i n t e n s i t y i n the OH region remains unchanged. This i s 
probably due to dehydration, e i t h e r through chemical r e a c t i o n or 
l o s s of sorbed water. Dehydration has been i d e n t i f i e d as 
the major r e a c t i o n and water has been i d e n t i f i e d as a major product 
of the degradation at low temperatures of amine-cured epoxy (7,8)· 
The decreases i n the i n t e n s i t i e s of the bands at 1516 cm"1 ( O C 
of the benzene r i n g ) and 1179 cm"1 (C-C s t r e t c h i n g of isopropy-
l i d e n e ) suggest that the bisphenol-A s t r u c t u r e of the coated epoxy 
has degraded as w e l l . The presence of Ν i n the cured epoxy makes 
i t very s u s c e p t i b l e to n u c l e o p h i l i c chain breaking and a l l y l - N 
bond s c i s s i o n s ; both of these r e a c t i o n s r e s u l t i n l o s s of the 
aromatic r i n g s (7,10). On the other hand, the l o s s of isopropy-
l i d e n e group may be explained by i t s low bond energy ( 8 ) . Although 
t h i s group i s more s t a b l e than the cure l i n k a g e i n amine-cured 
epoxy ( 9 ) , i t i s the l e a s
and undergoes degradatio

There i s a l s o a n o t i c e a b l e increase i n i n t e n s i t y of the a r y l - 0 
band at 1223 cm" 1, e s p e c i a l l y i n the e a r l y aging stages. This 
i n d i c a t e s some a s s o c i a t i o n , probably through Η-bonding, between the 
Ν or OH group and the phenyl ether. I t i s known that i n t e r a c t i o n 
not only s h i f t s the frequency but a l s o increases the i n t e n s i t i e s of 
an IR band (11) · The a s s o c i a t i o n between Ν and 0 was evidenced by 
IR spectroscopy (12) and the i n t e n s i t y i ncrease of the 1240cm"1 
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Figure 3. FTIR-RA spectra of polybutadiene c o a t i n g on c o l d -
r o l l e d s t e e l before and a f t e r exposure to 40°C and 80% RH 
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band of anhydride-cured epoxy exposed to moisture was a t t r i b u t e d t o 
the i n t e r a c t i o n of water molecules w i t h the phenyl ether (13). 

Degradation of Polybutadiene Coating on Cold-Rolled S t e e l 

FTIR-RA s p e c t r a of a i r - c u r e d polybuladiene c o a t i n g on c o l d - r o l l e d 
s t e e l before and a f t e r exposure to a 40°C and 80% RH environment 
are presented i n Figure 3· The composition of t h i s polybutadiene 
and the assignments of i t s FTIR-RA sp e c t r a were presented elsewhere 
( 3 ) . Extensive c o r r o s i o n was observed i n the 7-month exposed 
specimen. The cured but unaged specimen o x i d i z e d e x t e n s i v e l y , as 
evidenced by the presence of OH groups i n the 3150-3650 cm""1 r e g i o n 
and carbonyl groups i n the 1650-1800 cm"1 r e g i o n . The normalized 
sp e c t r a (Figure 4) show considerable changes i n the polybutadiene 
c o a t i n g r e s u l t i n g from the exposure. The maximum of the OH s t r e t c h 
i n g (3150-3650 cm"1) s h i f t e d to higher frequency as a r e s u l t of 
exposure (Figure 4a), an
the Η-bonds of the co a t i n
were observed f o r the C-0 bending band at 582 cm"1 (Figure 3 ) . 
The i n t e n s i t i e s of the bands at 1182 cm"1 ( e s t e r C-0) and 1060 
cm"1 ( a l c o h o l C-0) increased and the l a t t e r a l s o broadened con
s i d e r a b l y as exposure time increased (Figure 4d). This i n d i c a t e s 
the formation of more and v a r i e d C-0 c o n t a i n i n g products during 
exposure. In c o n s t r a s t , the OH s t r e t c h i n g i n t e n s i t i e s i n c r e a s e i n 
the e a r l y exposure stage, then l e v e l o f f . These r e s u l t s suggest 
that OH-containing compounds, such as a l c o h o l s , were formed i n the 
e a r l y stages of exposure. These products continue to form i n the 
l a t e r exposure periods but some of them are converted to h i g h l y 
o x i d i z e d products, such as e s t e r s and lactones as evidenced by the 
bands at 1737 and 1775 cm" 1, r e s p e c t i v e l y . These compounds are 
known as common products found i n the o x i d a t i v e degradations of PBD 
(14,15). 

The most n o t i c e a b l e changes of the polybutadiene c o a t i n g on 
s t e e l subjected to the warm, humid environment are observed i n the 
complex 1600-1800 cm"1 region (Figure 4b). Numerous new peaks 
appeared and the i n t e n s i t i e s of e x i s t i n g peaks changed as a r e s u l t 
of exposure. The assignments of these peaks were already given 
( 3 ) . The bands at 1573 and 1581 cm"1 are probably due to carboxylate 
i o n s . Various peaks i n the regions between 1610 and 1660 cm"1 

are probably a s s o c i a t e d w i t h the C=C bonds. The bands i n the r e g i o n 
between 1680 and 1780 cm - 1 are a s s o c i a t e d w i t h the formation of 
unsaturated and saturated 0 0 groups (3,14). 

Considerable l o s s e s of the u n s a t u r a t i o n were a l s o observed, as 
evidenced by the decreases i n i n t e n s i t i e s of the bands at 974 cm""1 

(CH out-of-plane bending of trans -CH=CH-), 911 cm""1 (CH 2 out-of-
plane bending of -CH=CH2). 2931 and 2865 cm"1 (CH and CH 2 

s t r e t c h i n g ) , and 1360 cm"1 (CH 2 wag). A d d i t i o n a l evidence from 
IR a n a l y s i s at other exposure periods i n d i c a t e that most of the 
loss e s of the u n s a t u r a t i o n i n the e a r l y stages of degradation 
occur at the end v i n y l group. This i s i n agreement of w i t h an 
e a r l y observation (14) that under o x i d a t i v e degradation at 130°C 
f o r 20 minutes, polybutadiene l o s e s i t s u n s a t u r a t i o n i n the c i s 
-CH=CH- and -CH=CH2 but not trans -CH=CH- group. The l o s s of 
uns a t u r a t i o n of PBD i s a l s o due to c r o s s l i n k i n g as evidenced i n 
t h i s study by the extensive c r a z i n g on the surface of the coated 
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Figure 4 a and b. Normalized FTIR-RA spectra of polybutadiene coating 
on c o l d - r o l l e d s t e e l exposed to 40 °C and 80% RH for d i f f e r e n t times. 
Reproduced with permission from reference 3. 
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Figure 4 c and d. Normalized FTIR-RA spectra of polybutadiene coating 
on c o l d - r o l l e d steen exposed to 40 °C and 807o RH for d i f f e r e n t times. 
Reproduced with permission from reference 3. 
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specimens. Kagiya and Takemoto (16) c o r r e l a t e the l o s s of s o l u 
b i l i t y (due to c r o s s l i n k i n g ) of a i r - i r r a d i a t e d PBD w i t h the i n c r e a s e 
of methylene groups and ether l i n k a g e s . This i s i n agreement w i t h 
Figure 4c which shows an increase of the band centered at 1446 cm - 1 

(CH2 bending) w i t h i n c r e a s i n g time f o r short exposure p e r i o d s ; 
the decrease at the l a t e r stage i s due to chain s c i s s i o n . 

CONCLUSIONS 

FTIR-RA analyses of amine-cured epoxy and polybutadiene coatings on 
c o l d - r o l l e d s t e e l exposed to 40°C and 80% RH environments f o r 7 
months i n d i c a t e bond weakening, dehydration and bond s c i s s i o n s of 
amine-cured epoxy during exposure. On the other hand, the p o l y 
butadiene c o a t i n g specimens show bond weakening and extensive 
degradation which r e s u l t s i n the formation of various o x i d i z e d 
products and lo s s e s i n u n s a t u r a t i o n . The c h a r a c t e r i z a t i o n of 
complex molecules that
d a t i o n by FTIR-RA o f f e r
degradation processes of p r o t e c t i v e coatings on s t e e l . 
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10 
Permeabilities of Model Coatings: Effect of Cross-link 
Density and Polarity 

W. J. Muizebelt and W. J. M . Heuvelsland 

Akzo Research, Corporate Research Department, P.O. Box 60, 6800 AB Arnhem, 
the Netherlands 

Oxygen and water
measured for a number of model coatings. The coatings 
consist of pure esterdiols (oligomeric iso/terephtha
lates of glycol, butanediol or neopentylglycol), 
crosslinked with hexamethoxymethyl melamine or poly
functional isocyanate. 
By varying the length of the esterdiol, the crosslink 
density was varied. Differences in chemical composi
tion resulted in variations in polarity. Differences 
in permeability were largely due to differences in 
solubility; hence diffusion through the polymeric 
film was not noticeably affected by crosslink density 
or polarity. 

Water vapour and oxygen p e r m e a b i l i t y of coatings i s an important 
parameter governing t h e i r c o r r o s i o n p r o t e c t i o n ( 1 - 6 ) · Many f a c t o r s 
i n f l u e n c e the p e r m e a b i l i t y , such as p o l a r i t y , c r y s t a l l i n i t y and 
the presence of f u n c t i o n a l groups (7-9). C r o s s l i n k d e n s i t y i s a l s o 
mentioned i n t h i s respect (10-13). Funke and Carfagna (10) demon
s t r a t e d the e f f e c t of c u r i n g temperature on p e r m e a b i l i t y but they 
a s c r i b e d the e f f e c t to d i f f e r e n c e s i n g l a s s t r a n s i t i o n temperature. 
F r i t z w a t e r (12) discussed the mechanism of transp o r t of water and 
oxygen through pores i n c r o s s l i n k e d m a t e r i a l s . Gordon and Ravve 
(13) s t u d i e d oxygen transmission of h i g h l y c r o s s l i n k e d m a t e r i a l s . 
They concluded that p e r m e a b i l i t y decreased w i t h i n c r e a s i n g c r o s s 
l i n k d e n s i t y and the l e a s t permeable membrane was composed of a 
c r o s s l i n k e d s t r u c t u r e of optimum space f i l l i n g character and net
work t i g h t n e s s . 

We have i n v e s t i g a t e d the e f f e c t of c r o s s l i n k d e n s i t y on per
m e a b i l i t y of water vapour and oxygen of high s o l i d c o a t i n g s . For 
t h i s purpose we have synthesized a number of model c o a t i n g s , i . e . 
coatings w i t h a w e l l - d e f i n e d chemical s t r u c t u r e . These m a t e r i a l s 
c o n s i s t of pure ol i g o m e r i c e s t e r s of t e r e - or i s o p h t h a l i c a c i d 
w i t h the d i o l s g l y c o l , 1 , 4-butanediol or n e o p e n t y l g l y c o l . The 
oligomers were then reacted by t h e i r t e r m i n a l OH groups w i t h the 
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c r o s s l i n k e r s (hexa)methoxymethylmelamine (HMMM, Cymel 303) or 
p o l y f u n c t i o n a l isocyanate (Desmodur N). C r o s s l i n k d e n s i t y of the 
obtained m a t e r i a l s w i l l be dependent on the length of the o l i g o 
mer. Because the chemical composition was changed simultaneously 
the coatings a l s o showed s l i g h t d i f f e r e n c e s i n p o l a r i t y . 

By determining the water vapour and oxygen p e r m e a b i l i t y of the 
fr e e f i l m s as w e l l as the water s o l u b i l i t y i n the c o a t i n g s , the 
c o e f f i c i e n t s of d i f f u s i o n of water could be e s t a b l i s h e d . 

Experimental 

Synthesis of oligomers. The oligomers were e s t e r s of t e r e - or 
i s o p h t h a l i c a c i d (T or I ) w i t h the d i o l s g l y c o l (G), 1,4-butane-
d i o l (B) or neopentyl g l y c o l (N). Using these symbols the m a t e r i 
a l s can be i n d i c a t e d simply as, f o r instance GTG ( f i r s t oligomer 
of ethylene t e r e p h t h a l a t e ) or ( B I ^ B ( t h i r d oligomer of butylène 
i s o p h t h a l a t e ) . 

The oligomers BTB an
Hâsslin et a l . (14) and i s o l a t e d by means of f r a c t i o n a l c r y s t a l l i 
z a t i o n from e t h a n o l . The i s o p h t h a l a t e oligomers NIN and BIB were 
prepared s i m i l a r l y and p u r i f i e d by molecular d i s t i l l a t i o n ( l e a v i n g 
the n o n - v o l a t i l e higher oligomers i n the residue) and c r y s t a l l i z a 
t i o n . (BI)3B was prepared from i s o p h t h a l o y l c h l o r i d e and excess 
BIB. GCG ( d i g l y c o l e s t e r of 1,4 cycl o h e x a n e d i c a r b o x y l i c a c i d ) was 
made by c a t a l y t i c hydrogénation of GTG. The p u r i t y of the m a t e r i 
a l s was checked by means of GPC and NMR. 

Pre p a r a t i o n of coatings as f r e e f i l m s . The ol i g o m e r i c e s t e r d i o l s 
were mixed w i t h the c r o s s l i n k e r s HMMM or p o l y f u n c t i o n a l i s o c y a 
nate. The molar r a t i o esterdiol/HMMM was 2:1 l e a d i n g t o an OH/OCH3 
r a t i o of 4:6. The OH/NCO r a t i o was 1:1. Some 1 wt% diethanolamine 
s a l t of ρ-toluene sulphonic a c i d , r e s p e c t i v e l y 0.2 wt% Dabco were 
used as c a t a l y s t . The coatings were a p p l i e d to Bonder 101 p l a t e s 
which had been sprayed w i t h a t h i n l a y e r (1-2 \im) of t e f l o n . 
Curing was e f f e c t e d at 135°C f o r 30 minutes (HMMM) and one day at 
room temperature ( i s o c y a n a t e ) , r e s p e c t i v e l y . The coatings could 
e a s i l y be removed from the t e f l o n by means of a r a z o r blade. 

F i l m t h i c k n e s s was g e n e r a l l y i n the range 30-50 pm. The extent 
of the c r o s s l i n k r e a c t i o n w i t h HMMM was checked by i n f r a r e d and 
1 3 C s o l i d s t a t e NMR. The methoxy band a t 915 cm"1 disappeared 
l a r g e l y r e l a t i v e to the 815 cm"1 t r i a z i n e r i n g a b s o r p t i o n . 

However, the methoxy group i s present i n excess r e l a t i v e to 
the -CH2OH group of the e s t e r d i o l and i t may a l s o disappear i n 
si d e r e a c t i o n s other than the c r o s s l i n k r e a c t i o n . Thus the amount 
of methoxy groups remaining a f t e r cure i s not a measure of the 
extent of the c r o s s l i n k r e a c t i o n . S o l i d s t a t e 1 3 C NMR spectra of 
the cured f i l m s showed that the -CH2OH group had disappeared 
v i r t u a l l y completely. The c r o s s l i n k r e a c t i o n i s therefore n e a r l y 
complete and the molecular weight between the c r o s s l i n k s i s de
termined by the molecular weight of the e s t e r d i o l used. 
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P e r m e a b i l i t y and s o l u b i l i t y measurements. P e r m e a b i l i t y of the 
f r e e f i l m s f o r water vapour was measured by means of the wet cup 
method (15). Oxygen p e r m e a b i l i t y was measured using the Polymer 
Permeation Analyser of Dohrmann Envirotech (16,17). Res u l t s are 
summarized i n Table I . 

Also i n c l u d e d i n the t a b l e are s o l u b i l i t i e s of water i n the 
co a t i n g s . These s o l u b i l i t i e s were determined from the weight d i f 
ference of a piece of m a t e r i a l a f t e r d r y i n g over P2O5 i n vacuo 
f o r a number of days and a f t e r storage i n water. Before weighing, 
the wet coa t i n g was c a r e f u l l y wiped w i t h t i s s u e i n order to remove 
any adhering water. 

Table I . Oxygen and water vapour p e r m e a b i l i t i e s (P(>2 anc* ΡΗ2θ) 
w i t h mean d e v i a t i o n (m.d.), water s o l u b i l i t y (Sj^o) 

and d i f f u s i o n c o e f f i c i e n t ( D H 2 o ) at 21°C. 

P Q 9 Χ 1 0  P H 9 o Χ 1 0 H 90 x 1 0 HoO  i°coating L L L *· 
cc(STP)cm g_çm g ( c m V 1 ) 

cm 2(cm Hg)sec cm 2(cm Hg)sec cm^(cm Hg) 

ΒIB/HMMM 25 5.0 + 0.6 1.6 3.2 
(BI)3B/HMMM 31 4.2 + 0.6 1.3 3.3 
BTB/HMMM 47 5.2 + 1.0 1.0 5.2 
BTB + 
(BT)2B/HMMM - 5.4 + 0.8 1.2 4.5 
(BT)2B/HMMM - 4.7 + 1.1 1.4 3.4 
GTG/HMMM - 4.6 + 0.2 1.7 2.7 
GCG/HMMM 30 5.5 + 0.2 1.8 3.1 
NIN/HMMM 15 4.4 + 0.3 2.1 2.1 
BIB/isocyanate 4.2 6.7 + 0.5 4.8 1.4 
GTG/isocyanate - 11.0 + 1.1 - -
NIN/isocyanate 7.1 3.5 + 0.5 - -
B/isocyanate - 21 + 3 10 2.0 
N/isocyanate 3.4 17 + 4 11 1.5 

Result s and Di s c u s s i o n 

Water vapour p e r m e a b i l i t y . The most notable phenomenon over
l o o k i n g the data presented i n Table I i s that the water vapour 
p e r m e a b i l i t i e s of the HMMM-based coatings are not widely d i f f e r 
ent. The isocyanate coatings show somewhat l a r g e r d i f f e r e n c e s . 
GTG/isocyanate and the coatings made from butanediol and neopentyl 
g l y c o l are more permeable. 

The experimental p e r m e a b i l i t y i s the product of the c o e f f i 
c i e n t of d i f f u s i o n and s o l u b i l i t y (P - D χ S). When the measured 
s o l u b i l i t i e s are taken i n t o c o n s i d e r a t i o n i t appears that the d i f 
ferences i n p e r m e a b i l i t y observed can mainly be a t t r i b u t e d to t h i s 
f a c t o r . The c a l c u l a t e d d i f f u s i o n c o e f f i c i e n t s d i f f e r a t most a 
f a c t o r of three. However, i f i t i s r e a l i z e d that t h i s c o e f f i c i e n t 
i s d e r i v e d from two experimentally observed v a r i a b l e s and that the 
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s o l u b i l i t y measurements were somewhat l e s s r e p r o d u c i b l e than the 
p e r m e a b i l i t i e s , i t i s questionable whether the d i f f e r e n c e s i n d i f 
f u s i o n c o e f f i c i e n t s are s i g n i f i c a n t . 

We th e r e f o r e tend to conclude that the d i f f e r e n c e s i n permea
b i l i t y observed are due to d i f f e r e n c e s i n s o l u b i l i t y r a t h e r than 
v a r i a t i o n s i n the d i f f u s i o n c o e f f i c i e n t . D i f f e r e n c e s i n s o l u b i l i t y 
of water may be a t t r i b u t e d to d i f f e r e n c e s i n p o l a r i t y of the me
dium. I t w i l l be c l e a r that the isocyanate coatings made from bu-
t a n e d i o l or neopentyl g l y c o l c o n t a i n a higher concentration of po
l a r urethane l i n k a g e s than those made from the oligomers (although 
these c o n t a i n p o l a r e s t e r groups). Also isocyanate coatings are 
more p o l a r than those w i t h HMMM, which c o n t a i n l e s s p o l a r ether 
groups. 

The main c o n c l u s i o n we would l i k e to advance i s that the d i f 
f u s i o n of water i n the co a t i n g i s not n o t i c e a b l y a f f e c t e d by the 
c r o s s l i n k d e n s i t y of the f i l m s  This c o n c l u s i o n i s i n con t r a s t to 
those of Gordon and Ravv
l i n k d e n s i t y on oxygen
b i l i t y of n a t u r a l v u l c a n i z a t e s f o r v a r i o u s gases was found to be 
s t r o n g l y dependent on the amount of s u l f u r used (18,19). I t must 
be concluded that although the c r o s s l i n k d e n s i t i e s of our m a t e r i 
a l s are i n the range of the a c r y l a t e s s t u d i e d by Gordon and Ravve, 
the d i f f e r e n c e s i n c r o s s l i n k d e n s i t i e s do not lead to s i m i l a r e f 
f e c t s on space f i l l i n g character or network t i g h t n e s s . The d i f 
ference w i t h the v u l c a n i z a t e s (18,19) could conceivably be a mat
t e r of g l a s s t r a n s i t i o n temperature. Our measurements were c a r r i e d 
out below Tg whereas the observations on the v u l c a n i z a t e s were 
c a r r i e d out above Tg. 

Oxygen p e r m e a b i l i t y . Oxygen p e r m e a b i l i t y measurement required a 
l a r g e r piece of coating w i t h a greater chance of l e a k s . Therefore 
i t was o f t e n not p o s s i b l e to perform these measurements. The fewer 
data f o r oxygen p e r m e a b i l i t y i n Table I i n d i c a t e s m a l l e r values 
f o r the isocyanate coatings than f o r those based on HMMM. This 
w i l l be due to the d i f f e r e n c e i n p o l a r i t y , which i n f l u e n c e s the 
s o l u b i l i t y the opposite way as i n the case of water. Oxygen, as a 
non-polar molecule, d i s s o l v e s b e t t e r i n media wit h lower p o l a r i t y 
i n c o n t r a s t to water. Therefore the p e r m e a b i l i t y of oxygen i s a l s o 
l a r g e r i n media of lower p o l a r i t y . 

S a l t spray t e s t . The model coatings of Table I are of the high 
s o l i d type used i n automotive top coats . Their primary f u n c t i o n i s 
not c o r r o s i o n p r o t e c t i o n s i n c e t h i s i s f i r s t of a l l a matter of 
phosphate l a y e r , e l e c t r o c o a t and/or primer. However, the topcoats 
may c o n t r i b u t e to c o r r o s i o n p r o t e c t i o n by t h e i r b a r r i e r f u n c t i o n 
f o r water, oxygen and s a l t s . Therefore t h e i r p e r m e a b i l i t y i s im
portant as one of the f a c t o r s i n the c o r r o s i o n p r o t e c t i o n by the 
t o t a l c o a t i n g system. We f e e l that a s a l t spray t e s t of the model 
coatings d i r e c t l y a p p l i e d to a s t e e l surface i s of l i t t l e r e l e 
vance f o r t h e i r c o r r o s i o n p r o t e c t i o n performance i n a r e a l system. 

Nevertheless we d i d a number of t e s t s of our model coatings 
d i r e c t l y a p p l i e d to Bonder 101 panels. The panels were given a 
standard s c r a t c h j u s t below the metal surface a f t e r which they 
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were exposed i n the salt spray test. The corrosion protection per
formance was at best moderate and no significant differences be
tween the various coatings could be seen. This i s in accord with 
the small differences i n permeability observed. On this basis we 
do not expect significant differences when the coatings are tested 
on panels provided with a proper electrocoat primer, although the 
corrosion protection by the complete system may be expected to be 
on a much higher level. 
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11 
Using Acoustic Emission to Investigate Disbonding 
at the Polymer-Metal Interface 

L. M . Callow and J. D. Scantlebury 

Corrosion and Protection Centre, University of Manchester Institute of Science and 
Technology, Sackville Street, Manchester, M6O 1QD, England 

There has been som
signals result from the fracture that occurs when adhesion 
is lost at the paint-metal interface during blistering 
and cathodic disbonding. In the present study, very 
sensitive Acoustic Emission measurements have been 
made in systems exhibiting these types of breakdown. 
A lacquer was applied to a panel, which subsequently 
suffered gross blistering, electrochemical voltage noise 
and acoustic emission were monitored simultaneously. The 
former showed large peaks as the blisters grew, whilst 
the latter produced no signals that were directly 
attributable to blistering. In the second series of 
experiments, artif icial holidays were introduced into 
a commercially available epoxy lacquer, which was 
potentiostatically polarised to -1000 mV (SCE). Large 
disbonded areas grew rapidly around each holiday, but 
once again, no acoustic signals were detectable. 

Previous work on the a p p l i c a t i o n of the a c o u s t i c emission technique 
to c o r r o s i o n processes has been c a r r i e d out by Mansfeld and Stocker 
( D who were able to show that the detachment of hydrogen bubbles 
from a p o l a r i s e d metal surface gave measurable s i g n a l s . 

The a p p l i c a t i o n of the technique to the detachment of a pa i n t from a 
stre s s e d substrate has been shown to be v i a b l e by S t r i v e n s ^ ) and 
others. The work presented h e r e i n i s an attempt to extend the above 
work i n t o areas where the substrate i s unstressed and the p a i n t 
becomes detached as a r e s u l t of s t r e s s e s i n the f i l m or s t r e s s e s 
having an el e c t r o c h e m i c a l o r i g i n . 

Experimental 

The a c o u s t i c emission equipment used i n t h i s s e r i e s of experiments 
i s described below. Two types of A.E. transducer were employed, 
the f i r s t , B r u e l and Kjaer type 8313 covered the frequency range 
50 to 600 kHz, w h i l s t the second, B r u e l and Kjaer type 8314 covered 
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the higher frequency range 0.5 to 1.1 MHz. The frequency response 
curve c h a r a c t e r i s t i c s are shown i n B r u e l and Kjaer l i t e r a t u r e ^ . ) . 
The output from these transducers were fed i n t o a B r u e l and Kjaer 
pre-amp (model 2637) which had a gain of 40 dB. The s i g n a l was 
fu r t h e r a m p l i f i e d by a Br u e l and Kjaer c o n d i t i o n i n g a m p l i f i e r 
(model 2638) capable of g i v i n g an e x t r a 60 dB of gain and g i v i n g 
a f l a t frequency response between 0.1 Hz and 2MHz. The t o t a l 
a m p l i f i c a t i o n i n the system was l i m i t e d by s t r a y noise and 
s u s c e p t a b i l i t y to Radio Frequency I n t e r f a c e . (R.F.I.),so suppression 
was introduced i n the system to l i m i t the problem. 

Any A.E. t r a n s i e n t s o c c u r r i n g were captured by a Datalab 
(DL 910) t r a n s i e n t recorder; i t s A/D Converter was capable of 
operating to 20 MHz and 8k byte long t r a n s i e n t s could be stor e d . 
Further a n a l y s i s was subsequently c a r r i e d out on the stored data 
using a BBC model Β microcomputer, programmed to perform Fast 
F o u r i e r Transforms (F.F.T.)  P r e l i m i n a r y experiments were c a r r i e d 
out i n which m i l d s t e e
(Thompson m i n i s t a t 251
e v o l u t i o n on the specimen. Following t h i s s u c c e s s f u l t e s t , i t was 
decided to extend the use of the apparatus i n t o disbonding. A 
d e l i b e r a t e l y underbound z i n c - r i c h p a i n t was a p p l i e d to a standard 
t e s t panel g i v i n g a wet f i l m thickness greater than 3 mm. As the 
pain t d r i e d , extreme "mud c r a c k i n g " was e x h i b i t e d . The progress of 
the c r a c k i n g and subsequent detachment of the f i l m from the s t e e l 
surface was observed using a video camera i n conjunction w i t h the 
A.E. equipment. 

Further experiments were c a r r i e d out i n which small f l a k e s of a 
40 um t h i c k grey mica pigmented lacquer were mechanically detached 
from m i l d s t e e l , the r e s u l t i n g t r a n s i e n t s were captured and analysed. 

As A.E. s i g n a l s had been observed i n the above experiments, 
i n v e s t i g a t i o n proceeded w i t h the grey mica pigmented lacquer which 
was prone to b l i s t e r i n g under immersion. Specimens w i t h f i l m 
thicknesses of 50 - 110 um were semi-immersed i n 3% NaCl s o l u t i o n , 
by suspending the elec t r o d e from e l a s t i c bands, In order to 
conserve any s i g n a l s produced. Several attachment s i t e s f o r the 
transducer were t r i e d on the specimen, i n c l u d i n g both the painted 
and non-painted s i d e s ; no detectable d i f f e r e n c e s due to transducer 
l o c a t i o n were observed during the s e v e r a l weeks immersion time of 
the specimen. 

In a second s e r i e s of experiments, an epoxy coated specimen 
was employed, which had 5 small (1 mm diameter) holes d r i l l e d down 
to the s t e e l . E l e c t r i c a l connections were made to the upper edge 
and the specimen was p o t e n t i o s t a t i c a l l y p o l a r i s e d to -1050 mV 
(SCE) and allowed to disbond. Again, t h i s process was monitored 
using the a c o u s t i c emission transducer. A l l the immersed specimens 
were masked using a mixture of beeswax and colophony r e s i n , as 
described elsewhere (4). 

Results and Discussions 

Many of the problems encountered w i t h the a p p l i c a t i o n of the 
Acou s t i c Emission (A.E) technique to c o r r o s i o n problems are due 
to the f a c t that the s i g n a l l e v e l was of a s i m i l a r order of 
magnitude to the background noise l e v e l of the instrumentation. 
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Figure 1 shows the noise l e v e l obtained w i t h the maximum usable 
gain of 70 dB. Figure 2 i s a F.F.T. of the time domain data of 
the previous f i g u r e . This shows the frequency d i s t r i b u t i o n of 
the background n o i s e . 

When the transducer was connected to a piece of m i l d s t e e l 
that was c a t h o d i c a l l y p o l a r i s e d to evolve hydrogen, the time domain 
trace of f i g u r e 3 was obtained. I t can be seen that e x t r a peaks 
occurred on a re g u l a r b a s i s that could be a t t r i b u t e d to the 
formation of hydrogen bubbles, as shown arrowed i n f i g u r e 3. When 
the grey p a i n t f i l m was levered from the substrate mechanically, the 
time domain data of f i g u r e 4 was obtained. The corresponding 
transform i s shown i n f i g u r e 5. I t can be seen that w i t h a dry pa i n t 
f i l m the major A.E. events took place i n the frequency band between 
10 KHz and 30 KHz. The magnitude of these events was 10 times 
greater than those seen i n the hydrogen e v o l u t i o n experiments. 

Taking the hydrogen e v o l u t i o n experiments and the mechanical 
detachment experiments a
using these on a pa i n t know
frequency bands). When the pool of z i n c - r i c h p a i n t f i r s t began to 
dry, cracks formed i n the surface l e a v i n g the pa i n t below f l u i d . 
These cracks d i d not give r i s e to any observable a c o u s t i c emission. 
With time the cracks e v e n t u a l l y penetrated to the surface of the 
substrate and the e n t i r e pool became touch dry. I t was only when 
the i n t e r n a l s t r e s s e s i n the cracked polymer caused i t to c u r l up 
and detach i t s e l f from the substrate that A.E. s i g n a l s were 
observed. A t y p i c a l t r a n s i e n t i s shown i n f i g u r e 6, and the 
corresponding transform i n f i g u r e 7. Comparison of t h i s data w i t h 
the r e s u l t s obtained from mechanical detachment shows that the 
amount of energy i n the two spectra i s s i m i l a r but mud cr a c k i n g 
occurs at lower frequencies and has a more uniform d i s t r i b u t i o n 
through the spectrum. 

The immersed grey p a i n t b l i s t e r e d r e a d i l y . W i t h i n a per i o d 
of 24 hours small b l i s t e r s were observed and a f t e r a period of a 
week most of the surface of the specimen was b l i s t e r e d . No A.E. 
t r a n s i e n t s were observed at any time during the course of t h i s 
b l i s t e r i n g . Sharp, short t r a n s i e n t s of the type shown i n f i g u r e 8 
were observed from time to time throughout the course of t h i s 
experiment. Considerable e f f o r t s were made to e l i m i n a t e RFI, these 
included the use of an e l e c t r i c a l l y i s o l a t e d room, t r a n s i e n t 
suppressed mains s u p p l i e s , screened leads and passive suppression 
devices. Nevertheless, these s i g n a l s may be a t t r i b u t e d to r a d i o 
frequency i n t e r f e r e n c e , as a l l these t r a n s i e n t s occurred throughout 
the working day and none were recorded overnight. Secondly, the 
length of the t r a n s i e n t s d i d not i n d i c a t e that " r i n g i n g " of the 
substrate took p l a c e . 

When the epoxy coated panel c o n t a i n i n g a r t i f i c i a l h o l i d a y s was 
allowed to c a t h o d i c a l l y disbond, areas of greater than one square 
centimetre became detached i n l e s s than 7 days. Once again at no 
time were r e a l i s t i c A.E. t r a n s i e n t s observed. 

I n i t i a l l y , w i t h the grey p a i n t , i t was thought that the 
thinness of the coa t i n g combined w i t h i t s p l a s t i c i t y was causing 
the pa i n t to peel from the surface i n a d u c t i l e manner, i t being 
f u r t h e r p l a s t i c i s e d by the uptake of water. These observations 
were not true f o r the epoxy coated panels as the f i l m t hickness 
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Figure 1. Background noise l e v e l from equipment. 
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Figure 2. Fourier transform of the background noise. 
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Figure 3. Time domain trace r e s u l t i n g from hydrogen e v o l u t i o n at 
-1700 mV SCE. 
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Figure 4. Time domain trace r e s u l t i n g from the mechanical 
disbonding of a c h l o r i n a t e d rubber s u b s t i t u t e . 
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|4E-4mV 

Figure 5. F.F.T. of Figure 4. 
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2E-4mV 

Figure 7. F.F.T. of Figure 6. 

Figure 8. Spurious t r a n s i e n t a t t r i b u t e d to R.F.I. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



122 POLYMERIC MATERIALS FOR CORROSION CONTROL 

and i t s impervious nature, together with the inherent b r i t t l e n e s s 
of the f i l m , made p l a s t i c i s a t i o n u n l i k e l y . I f the disbonding of 
the epoxy under these circumstances was g i v i n g r i s e to A.E. 
tr a n s i e n t s then these must e i t h e r be below the noise l e v e l of the 
equipment or they were being absorbed by the water or the panel 
i t s e l f . However, the l i k e l y explanation f o r the la c k of A.E. 
information from specimens undergoing cathodic disbonding or 
b l i s t e r i n g i s that the disbonding process i s a chemical rather than 
a mechanical phenomenon. 

Conclusions 

The A.E. technique i s capable of monitoring the progress of hydrogen 
evo l u t i o n and mud cracking together with the mechanical disbonding 
of paint from the metal substrate. When t h i s substrate was immersed 
and the disbonding was c a r r i e d out by electrochemical means  then 
no A.E. t r a n s i e n t s were
chemical disbonding i s
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Mechanisms of De-adhesion of Organic Coatings 
from Metal Surfaces 

Henry Leidheiser, Jr. 

Department of Chemistry and Center for Surface and Coatings Research, Lehigh 
University, Bethlehem, PA 18015 

Organic coatings
many processes.  consequenc
de-adhesion is corrosion of the metal beneath the coat
ing. Among the important de-adhesion processes are: 
loss of adhesion when wet, cathodic delamination, 
cathodic blistering, swelling of the polymer, gas blis
tering by corrosion, osmotic blistering, thermal 
cycling and anodic undermining. Real-life and labora
tory examples of these phenomena are given and the 
principles which govern the behavior are discussed. 
The de-adhesion processes require, with the possible 
exception of thermal cycling, that reactive species 
such as water, oxygen and ions penetrate through the 
coating. New studies on the migration of species 
through organic coatings are discussed. 

S t e e l o b j e c t s , when exposed to humid atmospheres or when immersed i n 
e l e c t r o l y t e s , corrode at a r a p i d r a t e . For example, a b r a s i v e l y p o l 
ished, c o l d - r o l l e d s t e e l panels w i l l show signs of r u s t w i t h i n 15 
minutes when immersed i n d i l u t e c h l o r i d e s o l u t i o n s w i t h pH i n the 
range of 7-10. One of the methods used to c o n t r o l t h i s r a p i d c o r r o 
s i o n i s to coat the metal w i t h a polymeric f o r m u l a t i o n such as a 
pa i n t . The r o l e of the paint i s to serve p r i m a r i l y as a b a r r i e r to 
environmental c o n s t i t u e n t s such as water, oxygen, s u l f u r d i o x i d e , and 
ions and se c o n d a r i l y as a r e s e r v o i r f o r c o r r o s i o n i n h i b i t o r s . Some 
formulations c o n t a i n very high concentrations of m e t a l l i c z i n c or 
m e t a l l i c aluminum such that the coating provides g a l v a n i c p r o t e c t i o n 
as w e l l as b a r r i e r p r o t e c t i o n , but such formulations are not d i s 
cussed i n t h i s paper. 

The c o r r o s i o n process that occurs i n de-adhered regions under 
paint i s d r i v e n by an ele c t r o c h e m i c a l process i n which a p o r t i o n of 
the area i s anodic i n nature and another p o r t i o n i s cathodic i n 
nature. The r e a l i t y of t h i s e l e c t r o - c h e m i c a l process can be con
firmed when pH i n d i c a t o r s or substances s e n s i t i v e to i r o n ions are 
placed beneath the coating such that the sharp d i s t i n c t i o n between 
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the anodic and cathodic regions is vividly illustrated, A good exam
ple is shown in the color photograph on the cover of the April 1983 
issue of Materials Performance. The fact that the corrosion process 
is electrochemical in nature is significant in two respects. F i r s t , 
i t is necessary that aqueous phase water be present at the interface 
between the coating and the paint. Second, water must migrate 
through the coating or through a defect in the coating and there must 
be a mechanism for condensation, or aqueous phase development, at the 
interface. 

The purpose of this paper is to describe in a very general way 
the principles underlying the de-adhesion, when such principles are 
known, and to emphasize the lack of understanding when the principles 
are not yet recognized. Eight different types of de-adhesion 
processes w i l l be discussed: loss of adhesion when wet, cathodic 
delamination, cathodic blistering, swelling of the polymer, gas b l i s 
tering by corrosion, osmotic blistering  thermal cycling  and anodic 
undermining. 

De-adhesion Processes 

Water Aggregation. An interesting question arises at the outset as 
to what constitutes an aqueous phase. How many water molecules are 
required before an electrochemical process can be activated? 
Conversations with many well-known electrochemists have led us to use 
a 1M solution as a reference. Another basis for using 1M is the 
observation that the pH at the active front under a cathodically 
delaminating coating approaches a value of slightly under 14, i.e., 
approximately 1M in hydroxy1 ions. A 1M solution is 55M with respect 
to water so that in a 1M solution of NaCl^ the ratio of water to ions 
is 55 molecules of water for each Na and CI pair. We are thus 
using as our working guide that an aggregate of the order of 50 
molecules of water represents the minimum number of water molecules 
that can be considered to have the properties of an aqueous phase. 

This small number of water molecules thus requires a very small 
void at the interface between the coating and the metal in which to 
form a condensate. Voids may be formed where the wetting behavior of 
the coating is insufficient to penetrate into notches at grain boun
daries, into fine scratches, into voids at boundaries between 
inclusions and the metal matrix, or into small recesses following 
abrasive blasting. Voids sufficient to contain 50 or more molecules 
of water are certainly present at the coating/metal interface and the 
important question is what are the mechanisms by which water w i l l 
condense within the existing voids. 

Now let us consider some of the processes which promote the 
development of an aqueous phase at the interface, assuming that there 
are voids at the interface sufficiently large to accommodate the 
nucleus of an aqueous phase. 

Loss of Adhesion When Wet. Many coatings, particularly those applied 
to a roughened surface, show excellent tensile adhesion to steel but 
lose this adhesion after exposure to pure water at room or elevated 
temperatures. A thin film of water at the interface is apparently 
responsible for the loss of adhesion. If the coating is allowed to 
dry without destructively testing the adhesion, the dried coating 
often exhibits the original tensile adhesion. The phenomenon is 
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r e v e r s i b l e : the adhesion i s poor when the coating i s wet and i s 
s a t i s f a c t o r y when i t i s dry. 

Some p r e l i m i n a r y experiments by a student, George Rommal, i n d i 
cate that a s i m i l a r phenomenon can be observed at a glass/polymer 
i n t e r f a c e . He studied a t h i n , s p i n - a p p l i e d a c r y l i c coating on g l a s s 
and found that the water c o l l e c t e d under the coating i n d i s c r e t e , 
approximately c i r c u l a r regions. The water c o l l e c t e d under the coat
ing i n a matter of minutes and the c i r c u l a r regions slowly grew i n 
s i z e . The adherence, as measured by applying adhesive tape, was good 
when the coating was dry and was poor when the coating was wet. When 
the experiment was done repeatedly on the same sample a f t e r c y c l i c 
w etting and d r y i n g , i t was observed that the water c o l l e c t e d i n the 
same regions. I t appeared that water penetrated through channels i n 
the coating and i t was i n t e r p r e t e d that the development of 
glass/water/polymer i n t e r f a c e represented a negative f r e e energy 
change r e l a t i v e to the glass/polymer i n t e r f a c e

Wet adhesion phenomen
research since so l i t t l
are: (1) How does one measure q u a n t i t a t i v e l y the magnitude of the 
adhesion when the coating i s wet? (2) What i s the governing p r i n c i 
p l e that determines whether or not water c o l l e c t s at an organic 
coating/metal i n t e r f a c e ? (3) What i s the thickness of the water 
l a y e r at the i n t e r f a c e and what determines the thickness? A recent 
paper (JL) c o r r e l a t e s the wet adhesion p r o p e r t i e s of a phosphated sur
face w i t h the c r y s t a l l i n e nature of the z i n c phosphate at the metal 
surface. 

Cathodic Delamination. Most organic coatings on most metal surfaces 
lose t h e i r adherence when a l k a l i i s generated at a defect i n the 
coating or at weak spots i n the c o a t i n g . A l k a l i can be generated by 
the cathodic h a l f of the c o r r o s i o n r e a c t i o n or by d r i v i n g the cathod
i c r e a c t i o n by means of an a p p l i e d p o t e n t i a l . Previous p u b l i c a t i o n s 
(2-5) have reported e x t e n s i v e l y on the cathodic delamination phe
nomenon and only a b r i e f summary w i l l be given here. 

The a l k a l i i s generated by the cathodic r e a c t i o n , 

H 20 + 1/2 0 2 + 2 e" = 2 OH" 

which occurs at a defect i n the coating or through an e l e c t r o l y t i c 
pathway at weak spots i n the c o a t i n g . I t occurs at cathodic poten
t i a l s of -0.7 to -1.5 ν (vs. SCE) on a l l c o a t i n g s , except one, that 
we have i n v e s t i g a t e d . I t has been observed on a l k y d , a c r y l i c , epoxy, 
epoxy powder, bitumen, v i n y l e s t e r , fluorocarbon, p o l y e s t e r , polybu
tadiene, and polyethylene coatings. The only coating i n which no 
delamination occurred i n 0.5M NaCl w i t h an a p p l i e d p o t e n t i a l of -1.5 
ν vs. SCE f o r 60 days at room temperature i s an e l e c t r o s t a t i c a l l y 
a p p l i e d epoxy c o a t i n g , 50 um t h i c k , on a p r o p r i e t a r y copper sub
s t r a t e . The reason f o r t h i s l a c k of s e n s i t i v i t y to cathodic 
delamination i s unknown, although i t i s suspected that the coating 
has a low degree of p e r m e a b i l i t y to water and i o n s . 

Some of the important f a c t s about cathodic delamination are sum
marized i n the f o l l o w i n g itemized statements: 
(1) When the cathodic r e a c t i o n occurs under the c o a t i n g , the pH of 

the s o l u t i o n under the coating may approximate 14. 
(2) The important cathodic r e a c t i o n under the coating i n most c i r -
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cumstances i s the oxygen r e d u c t i o n r e a c t i o n and no s i g n i f i c a n t 
delamination occurs i n the absence of oxygen when the p o l a r i z a 
t i o n p o t e n t i a l i s i n s u f f i c i e n t to d r i v e the hydrogen e v o l u t i o n 
r e a c t i o n at a s i g n i f i c a n t r a t e . 

(3) No s i g n i f i c a n t delamination i s observed i n the absence of metal 
c a t i o n . No cathodic delamination occurs i n pure a c i d s o l u t i o n s . 

(4) The r a t e of delamination i s s t r o n g l y a f u n c t i o n of the c a t a l y t i c 
a c t i v i t y of the surface f o r the oxygen r e d u c t i o n r e a c t i o n . The 
a c t i v i t y can be decreased by surface treatment of the metal 
p r i o r to the a p p l i c a t i o n of the coat i n g . 

(5) Reactive species reach the delamination f r o n t by m i g r a t i o n 
through the co a t i n g . 

(6) The area delaminated i s g e n e r a l l y l i n e a r l y r e l a t e d to the time 
at constant temperature and constant p o t e n t i a l . 

(7) The r a t e of delamination increases w i t h increase i n the a p p l i e d 
p o t e n t i a l . 

(8) The r a t e of delaminatio
The a c t i v a t i o n energ
s t e e l i s approximately 12 kcal/mole. 

(9) For coatings t h i c k e r than approximately 30 um, there i s an i n c u 
b a t i o n p e r i o d , or delay time, before the delaminated area 
increases l i n e a r l y w i t h time. This delay time decreases w i t h 
increase i n temperature or increase i n a p p l i e d p o t e n t i a l . 

(10) The organic coating at the metal i n t e r f a c e i s modified chemical
l y by the strong a l k a l i n e medium that i s generated under the 
coa t i n g . 

(11) The r a t e of delamination i s a f u n c t i o n of the substrate metal 
and i s very low i n the case of aluminum s u b s t r a t e s . 

(12) The r a t e of delamination i s a f u n c t i o n of the type of coating 
and i t s t h i c k n e s s . 
The major unknown i n the cathodic delamination process i s the 

mechanism by which the i n t e r f a c i a l bond i s broken. A l k a l i n e a t t a c k 
of the polymer, surface energy c o n s i d e r a t i o n s , and a t t a c k of the 
oxide at the i n t e r f a c e have a l l been proposed, but none of the a v a i l 
able evidence allows an unequivocal answer. 

Cathodic B l i s t e r i n g . In the absence of a purposely-imposed defect i n 
the c o a t i n g , the cathodic delamination phenomenon i s known as cathod
i c b l i s t e r i n g . An example of cathodic b l i s t e r i n g as a f u n c t i o n of 
time i s shown i n Figure 1. 

Swe l l i n g of the Polymer. Some polymer formulations have the property 
of s w e l l i n g , i . e . , i n c r e a s i n g i n dimension, when exposed to c e r t a i n 
environments. An example of t h i s e f f e c t i s the s w e l l i n g of some 
epoxy coatings when exposed to strong s u l f u r i c a c i d s o l u t i o n s at 
elevated temperatures. Exposure of such a coating on s t e e l r e s u l t s 
i n the formation of m u l t i p l e b l i s t e r s when the substrate i s sand 
b l a s t e d before the a p p l i c a t i o n of the coating and i n a s i n g l e large 
b l i s t e r when the substrate i s simply abraded. The process i s f a c i l i 
t a t e d i f the coating i s permeable to gaseous atmospheric c o n s t i t u e n t s 
that may f i l l the v o i d . 

An i n t e r e s t i n g way to d i s t i n g u i s h b l i s t e r i n g by s w e l l i n g of the 
polymer from corrosion-induced b l i s t e r i n g i s to apply the coating to 
a t h i n lead substrate and confine the area of exposure to a c i r c u l a r 
r e g i o n of the order of 2-3 cm i n diameter. The area may be confined 
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Figure 1. An example of cathodic b l i s t e r i n g . The coating was a 
zi n c chromate alkyd primer m a t e r i a l . The e l e c t r o l y t e was 0.5M KC1 
and the p o t e n t i a l of the metal was maintained at - 1.0 ν vs. SCE. 
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by cementing a c y l i n d e r to the coating and f i l l i n g the c y l i n d e r w i t h 
the aggressive l i q u i d . I f the adherence to the lead i s s u f f i c i e n t l y 
good, the s w e l l i n g of the polymer w i l l cause the lead to deform i n 
the same shape as the b l i s t e r . An example of the deformation of a 
lead panel by t h i s process i s shown i n Figure 2, 

Gas B l i s t e r i n g by Corrosion. This phenomenon has been observed i n a 
very few cases. An example i s shown i n Figure 3 f o r a coating 
exposed to strong s u l f u r i c a c i d at 60 C. The e f f e c t was a t t r i b u t e d 
to gas b l i s t e r i n g r a t h e r than s w e l l i n g of the polymer because the 
b l i s t e r contained a large q u a n t i t y of hydrogen as judged by e x t r a c 
t i o n of the gas i n the b l i s t e r w i t h a hypodermic needle followed by 
gas chromatographic a n a l y s i s . The b l i s t e r i n g must occur as a conse
quence of r a p i d p e n e t r a t i o n of the coating by hydrogen ions and slow 
d i f f u s i o n of the hydrogen gas out through the co a t i n g . The b l i s t e r 
ing r e q u i r e s that the coating possess a degree of d u c t i l i t y since a 
b r i t t l e coating would b

Osmotic B l i s t e r i n g . Osmotic pressures are very powerful and are a 
d r i v i n g force f o r b l i s t e r i n g . They are e s p e c i a l l y d e s t r u c t i v e under 
co n d i t i o n s where a s o l u b l e s a l t impurity i s present beneath the coat
ing and the coated metal i s exposed to water w i t h a low i o n i c 
content. The d r i v i n g force i s the attempt by the system to e s t a b l i s h 
two l i q u i d s , one under the coating and the other e x t e r n a l to the 
co a t i n g , w i t h the same thermodynamic a c t i v i t y . The d i r e c t i o n of 
water flow through the coating i s inwards since d i l u t i o n of the con
centrated s o l u t i o n at the i n t e r f a c e i s the mechanism by which the two 
l i q u i d s s t r i v e f o r equal thermodynamic a c t i v i t y . 

A quotation from a previous a r t i c l e (6) i s worth repeating here. 
A d i s c u s s i o n p a r t i c i p a n t at the Corrosion 81 meeting i n Toronto pro
vided the f o l l o w i n g example of osmotic b l i s t e r i n g . ~k ship was 
painted i n Denmark and made a voyage immediately t h e r e a f t e r across 
the A t l a n t i c and i n t o the Great Lakes. When i t reached p o r t , a b l i s 
t e r p a t t e r n i n the form of a handprint was observed above the water 
l i n e . Apparently, the pain t was a p p l i e d over a handprint. No b l i s 
t e r i n g occurred during exposure to sea water because of the high s a l t 
content of the water, but when the ship was exposed to f r e s h water, 
the osmotic forces became s i g n i f i c a n t and the b l i s t e r i n g occurred."' 

Another good example of osmotic e f f e c t s i s shown i n Figure 4. 
Cathodic delamination s t u d i e s were c a r r i e d out on a pigmented epoxy 
coating at an a p p l i e d p o t e n t i a l of -0.8 ν vs. SCE. Coatings of 
equal thickness were studied i n 0.001, 0.01, 0.1, and 0.5M NaCl s o l u 
t i o n . I t w i l l be noted that the ra t e s of delamination (slope of the 
curve) increased i n the order 0.001, 0.01, 0.1 = 0.5M. However, the 
i n t e r s e c t i o n point of the curves w i t h the time a x i s (the s o - c a l l e d 
delay time) increased i n the order 0.001 = 0.01, 0.1, 0.5M, This 
l a t t e r e f f e c t i s a t t r i b u t e d to the f a c t that the delay time i s asso
c i a t e d w i t h the time re q u i r e d to form a steady-state d i f f u s i o n 
gradient across the co a t i n g . The most important component i n achiev
ing t h i s steady s t a t e i s water since i o n m i g r a t i o n and oxygen 
m i g r a t i o n probably f o l l o w aqueous pathways i n the coa t i n g . The 
osmotic forces dominate i n e s t a b l i s h i n g t h i s d i f f u s i o n gradient and 
thus the more concentrated s o l u t i o n s r e q u i r e a longer time to estab
l i s h t h i s g r a d i e n t . Once the gradient i s e s t a b l i s h e d , the r a t e of 
delamination i s determined by the r a t e at which ca t i o n s can d i f f u s e 
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Figure 2. Epoxy coating on a lead s u b s t r a t e . Coated metal was 
exposed to 1M I^SO^ at 60 C f o r 3 days. View i s from the lead 
substrate s i d e 0 Note that s w e l l i n g of the coating caused a defor
mation of the lead. 

Figure 4. Cathodic delamination of pigmented epoxy coatings on 
s t e e l . A defect was placed i n the coating and the coated metal 
was maintained at a p o t e n t i a l of - 0.8 ν vs. SCE while immersed 
i n NaCl s o l u t i o n s of d i f f e r e n t concentrations. 
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through the coating and act as charge c a r r i e r s and counterions to 
al l o w the cathodic r e a c t i o n to occur beneath the co a t i n g . The f l u x 
of c a t i o n s across the coating increases w i t h increase i n concentra
t i o n of the d i f f u s i n g c a t i o n . 

Thermal C y c l i n g . Coatings that are b r i t t l e and have d i f f e r e n t 
c o e f f i c i e n t s of expansion than the substrate metal are very s u s c e p t i 
b l e to disbonding upon thermal c y c l i n g . This disbonding may occur 
l o c a l l y i n small areas or i t may occur i n the most d r a s t i c cases over 
very large areas. A v i n y l e ster coating that has r e c e n t l y been s t u 
died i n our labo r a t o r y e x h i b i t e d very low rate s of water tra n s m i s s i o n 
but the bonding had a t e n s i l e strength of the order of 70 kg/m , a 
low value compared to t e n s i l e strengths observed w i t h many other 
c o a t i n g s . As might be expected, t h i s coating tends to lose adherence 
upon thermal c y c l i n g as shown i n a recent paper by Tater ( 7 ) . There 
i s good reason to b e l i e v e that one of the fu n c t i o n s of the rough sur
face generated by abrasiv
that reduce the l i k e l i h o o
c y c l i n g . 

Stresses leading to disbonding of a b r i t t l e coating may a l s o 
o r i g i n a t e at welded j o i n t s or i n coatings on t h i n substrates that 
s u f f e r f l e x i n g during s e r v i c e . 

Anodic Undermining. Anodic undermining reresents that c l a s s of cor
r o s i o n r e a c t i o n s underneath an organic coating i n which the major 
sep a r a t i o n process i s the anodic c o r r o s i o n r e a c t i o n under the coat
i n g . An outstanding example i s the d i s s o l u t i o n of the t h i n t i n 
coating between the organic lacquer and the s t e e l substrate i n a food 
container. In such circumstances, the cathodic r e a c t i o n may involv e 
a component i n the f o o d s t u f f or a defect i n the t i n coating may 
expose i r o n which then serves as the cathode. The t i n i s s e l e c t i v e l y 
d i s s o l v e d and the coating separates from the metal and loses i t s pro
t e c t i v e character. 

Another example i s the very s l i g h t delamination that occurs when 
a t h i n copper l a y e r i s overcoated w i t h an organic coating such as a 
p h o t o r e s i s t and the system i s made anodic. The r a t e of disbonding i s 
a f u n c t i o n of the a p p l i e d p o t e n t i a l and hence the r a t e of d i s s o l u t i o n 
of the copper beneath the coat i n g . Anodic delamination occurs very 
slowly r e l a t i v e to cathodic delamination at equal p o t e n t i a l d i f f e r 
ences from the c o r r o s i o n p o t e n t i a l . 

Anodic undermining has not been studied as e x t e n s i v e l y as 
cathodic delamination because there do not appear to be any myster
i e s . Galvanic e f f e c t s and p r i n c i p l e s which apply to c r e v i c e 
c o r r o s i o n provide a s u i t a b l e explanation f o r observed cases of anodic 
undermining. 

M i g r a t i o n of Species Through Coatings 

Corrosion beneath an organic coating r e q u i r e s that there be an aque
ous phase, that there be anions and cations to provide c o n d u c t i v i t y 
i n the aqueous phase and that there be oxygen f o r the cathodic reac
t i o n . These species must a l l f i n d m i g r a t i o n pathways through the 
co a t i n g . Some recent experiments that provide some i n t e r e s t i n g f a c t s 
about the m i g r a t i o n of species through organic coatings w i l l be des
c r i b e d . 
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M i g r a t i o n of Water. Water uptake by a coating may be followed bv 
impedance measurements (8) and by d i e l e c t r i c spectroscopy i n the 10 
Hz re g i o n (9.). An important concern i s what types of pathways do the 
water molecules f o l l o w i n the m i g r a t i o n through the co a t i n g . Are 
these p r e - e x i s t i n g pathways that remain as the solvent i s removed 
from the coating? Or does the water f o l l o w a random walk through the 
organic matrix? Immersion of some coatings i n r a d i o a c t i v e s o l u t i o n s 
followed by exposure of the coating to high r e s o l u t i o n photographic 
f i l m suggests that there are p r e f e r r e d pathways i n the coating 
through which water may move r e l a t i v e l y r a p i d l y . I t i s the working 
hypothesis i n our lab o r a t o r y that the major means by which water may 
move through an organic coating i s by p r e - e x i s t i n g pathways where on 
a submicroscopic s c a l e the de n s i t y of the coating i s low. 

A graduate student, Hyacinth Vedage, i s c u r r e n t l y studying the 
pH of the l i q u i d beneath an organic coating using an o x i d i z e d i r i d i u m 
w i r e , implanted through the s t e e l substrate so as to be f l u s h w i t h 
the plane of the su b s t r a t e / c o a t i n
i n s u l a t e d from the s t e e
of the l i q u i d was determined from a c a l i b r a t i o n curve by measuring 
the p o t e n t i a l of the wire r e l a t i v e to a reference electrode i n the 
s o l u t i o n . In the case of a v i n y l ester coating on s t e e l immersed i n 
0.1M s u l f u r i c a c i d at 60 C, i t r e q u i r e d approximately 60 days before 
the e l e c t r o d e y i e l d e d a s t a b l e p o t e n t i a l . The p o t e n t i a l i n d i c a t e d 
that the pH was approximately 6. I t re q u i r e d a day or two before the 
p o t e n t i a l achieved a value corresponding t o a pH of 2. These meas
urements, which were r e p r o d u c i b l e , suggested that i n t h i s case, the 
water migrated through the coating f i r s t and the i o n i c components 
d i f f u s e d to the i n t e r f a c e a f t e r the water pathway was e s t a b l i s h e d . 
This work i s continuing w i t h other coating systems. I t should be 
pointed out that t h i s technique i s u s e f u l not only f o r determining 
the pH under the coating but the time to obt a i n a steady-state c o r r o 
s i o n p o t e n t i a l i n d i c a t e s the length of time before an aqueous phase 
develops at the i n t e r f a c e i n the v i c i n i t y of the sensing e l e c t r o d e . 

Another i n t e r e s t i n g f e a t u r e about water m i g r a t i o n i s that an 
app l i e d cathodic p o t e n t i a l increases the r a t e of uptake of water by 
the coating (10). Data leading to t h i s c o n c l u s i o n are summarized i n 
Table I f o r three d i f f e r e n t coating systems. In a l l cases the water 
uptake as estimated from impedance measurements was more than one 
order of magnitude greater at an a p p l i e d p o t e n t i a l of -0.8 ν vs. 
Ag/AgCl compared to open c i r c u i t c o n d i t i o n s where the c o r r o s i o n 
p o t e n t i a l was -0.62 v. No explanation f o r the increased r a t e of 
water p e n e t r a t i o n w i t h the a p p l i c a t i o n of a m i l d a p p l i e d p o t e n t i a l i s 
apparent at the present time. Companion measurements using r a d i o a c 
t i v e Na i n d i c a t e d that the a p p l i e d p o t e n t i a l increased the r a t e of 
mig r a t i o n of sodium the same order of magnitude as the increase i n 
the r a t e of mi g r a t i o n of water. The e f f e c t of the a p p l i e d p o t e n t i a l 
on water uptake may be a d i r e c t consequence of the development of 
more e f f e c t i v e d i f f u s i o n pathways through the coat i n g . No d i s c r i m i 
n a t i o n among these p o s s i b i l i t i e s or others can be made at present. 

M i g r a t i o n of Cations. Data are given i n Table I I f o r the r a t e of 
uptake of Na and C s + w i t h and without an a p p l i e d cathodic p o t e n t i a l 
of -0.8 ν vs. Ag/AgCl. In a l l cases i t w i l l be noted that the 
uptake was increased approximately one order of magnitude w i t h an 
app l i e d p o t e n t i a l . This r e s u l t i s j u s t what one might expect because 
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Table I. The Effect of an Applied Cathodic Potential on the Rate of 
Uptake of Water by Organic Coatings 

Type of Coating Thickness, um Without Applied With Applied 
Potential Potential 

Alkyd Topcoat 37 - 40 5.9 χ 10"7 

Two layers of 
primer plus 62-67 3.9 χ 10"8 

alkyd topcoat 

Polybutadiene 10-12 1.6 χ 10"7 

Conditions: 0.5M NaCl, room temperature, cathode potential = 
-0.8 ν vs. Ag/AgCl, several days exposure. 

6.7 χ 10"b 

1.3 χ 10"5 

3.8 χ 10"6 

Table II. The Effect of an Applied Cathodic Potential on the Rate of 
Uptake of Cations by Organic Coatings (10) 

Cation Uptake, mol/h 

Type of Coating Thickness, Cation Without Applied With Applied 
um Potential Potential 

Alkyd Topcoat 37 - 40 Na+ 9.1 X 10" •9 6.9 X ί ο " 8 

Cs + 1.8 X 10" •8 1.1 X ί ο " 7 

Two layers of 62 - 67 Na+ 6.3 X 10" •10 9.3 X ί ο " 9 

primer plus 
alkyd topcoat Cs + 3.9 X 10" •10 6.3 X 10"9 

Polybutadiene 10 - 12 Na+ 3.5 X 10" •10 7.3 X ΙΟ" 9 

Cs + 3.3 X 10" 9 3.9 X ΙΟ" 9 

Conditions: 0.5M a l k a l i metal chloride; room temperature; applied 
potential = - 0.8 ν vs. Ag/AgCl, 10-25 day exposure. 

the potential of the metal substrate is such as to attract positively 
charged ions. It is striking that such an increase occurs when the 
magnitude of the applied potential is so small, i.e., 180 mv d i f f e r 
ence between the steady state potential and the applied potential. 

In a l l cases studied to date, the rate of cathodic delamination 
is greater in CsCl solutions than in NaCl solutions of the same 
molarity. The increased rate has been attributed to the greater rate 
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of d i f f u s i o n of the hydrated cesium i o n through the coating than that 
of the hydrated sodium i o n . Unfortunately, the data i n Table I I are 
not p r e c i s e enough to make a comparison between the r e s u l t s f o r Na + 

and Cs , The un c e r t a i n t y i s large because the t o t a l uptake of the 
c a t i o n i s so s m a l l . The data a l s o do not d i s c r i m i n a t e between the 
r a d i o t r a c e r ions that are present i n the coating or i n the aqueous 
phase at the i n t e r f a c e between the coating and the sub s t r a t e . 

These data show that increased r a t e s of mi g r a t i o n of cat i o n s 
occur w i t h small a p p l i e d p o t e n t i a l s . One may al s o e x t r a p o l a t e these 
data and i n f e r that c a t i o n m i g r a t i o n , and hence charge îlow, i s 
increased by d i f f e r e n c e s i n p o t e n t i a l at l o c a l anodes and cathodes 
e x i s t i n g at the metal surface i n the absence of an a p p l i e d p o t e n t i a l . 

M i g r a t i o n of Oxygen. Our research on the m i g r a t i o n of oxygen through 
organic coatings has had a very l i m i t e d o b j e c t i v e and some background 
i s i n order. The r a t e of cathodi  delaminatio f  d i f f e r e n t 
types of coatings i
f u n c t i o n of the a l k a l i metal
delamination under equivalent experimental c o n d i t i o n s increases i n 
the order: L i + < Na + < K + < C s + . The most l i k e l y e xplanation f o r 
t h i s c a t i o n e f f e c t i s the r e l a t i v e r a t e s of d i f f u s i o n of the hydrated 
c a t i o n through the coating or w i t h i n the t h i n l i q u i d i n the delami
nated r e g i o n between the coating and the metal. Other explanations 
f o r t h i s e f f e c t have a l s o been considered and one that was amenable 
to t e s t was an explanation based on the ra t e s of d i f f u s i o n of oxygen 
through the coating as a f u n c t i o n of the type of c a t i o n under condi
t i o n s where there were a simultaneous concentration gradient and 
p o t e n t i a l g r a d i e n t , both of which would be i n the same d i r e c t i o n 
through the coating as the oxygen concentration g r a d i e n t . 

The idea has been te s t e d w i t h f r e e f i l m s of polyethylene and an 
a c r y l i c spray c o a t i n g . These f i l m s were mounted between two chambers 
i n which the l e f t hand chamber contained an oxygen probe, an e l e c 
trode, and a 0.005M s o l u t i o n of the a l k a l i metal c h l o r i d e . The r i g h t 
hand chamber contained an e l e c t r o d e , an a i r bubbler and a 0.5M s o l u 
t i o n of the a l k a l i metal c h l o r i d e . The electrode i n the l e f t hand 
chamber was maintained at a p o t e n t i a l of -1.2 ν vs. a Ag/AgCl e l e c 
trode so that the gradient between the two chambers was approximately 
600 mv. The l e f t hand chamber was deaerated before the experiment 
began and the oxygen concentration i n the chamber was then monitored 
continuously w i t h the probe as a f u n c t i o n of time. 

The r a t e of oxygen d i f f u s i o n through the coatings i n both cases 
was i n the order Κ > Na > L i i n the presence of the p o t e n t i a l and 
concentration gradient but the d i f f e r e n c e s between the lowest and 
highest r a t e s were of the order of 35%. In the absence of an a p p l i e d 
p o t e n t i a l , the r a t e s were approximately the same w i t h a maximum 
spread of 15%. These r e s u l t s are suggestive that the a l k a l i metal 
cations do a f f e c t the m i g r a t i o n of oxygen through a coating when 
there e x i s t s both a concentration gradient and a p o t e n t i a l g r a d i e n t . 
However, many more experiments must be performed before a con c l u s i v e 
statement can be made. 
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Chemical Studies of the Organic Coating-Steel Interface 
After Exposure to Aggressive Environments 

Ray A. Dickie 

Ford Motor Company, Dearborn, MI 48121 

The chemical compositio
coating/steel interfacia
following adhesion failure in various aggressive 
environments. The analytical techniques employed have 
included X-ray photoelectron spectroscopy, dynamic 
secondary ion mass spectrometry, and scanning electron 
microscopy. Examples of cohesive and adhesive coating 
failure have been observed in each of several test modes 
in studies of model thermoset coatings. Typically, 
analyses of interfacial surfaces generated by simple 
mechanical removal of coatings from their substrates, 
and of those formed as a result of humidity-induced 
adhesion failure, indicate that there is l i t t le or no 
chemical change associated with the loss of adhesion. 
Exposure to corrosive environments can result in 
substantial changes in interfacial surface composition 
and morphology. In some instances, chemical degradation 
of organic coatings has been observed in the interfacial 
region. Chemical degradation of inorganic conversion 
coatings has also been observed, and appears to dominate 
the corrosion-induced paint adhesion loss process in 
some cases. 

The c o r r o s i o n p r o t e c t i o n a f f o r d e d to s t e e l by organic coatings i s w e l l 
known to be dependent on substr a t e composition and surface prepara
t i o n , organic c o a t i n g composition, and t e s t or exposure c o n d i t i o n s , 
among other v a r i a b l e s . Organic coatings provide p r o t e c t i o n to metal 
substrates both by a c t i n g as b a r r i e r s between the sub s t r a t e and the 
environment and by preventing the spread of c o r r o s i o n from an i n i t i a l 
or i n c i p i e n t c o r r o s i o n s i t e . I n general, good c o r r o s i o n p r o t e c t i o n 
r e q u i r e s the establishment of good c o a t i n g adhesion. For continued 
p r o t e c t i o n , adhesion must be maintained i n the presence of water, 
e l e c t r o l y t e , and the va r i o u s products of the c o r r o s i o n r e a c t i o n s . 
Once c o r r o s i o n s t a r t s , there i s o f t e n a pro g r e s s i v e d i s r u p t i o n of 
co a t i n g adhesion; the mechanism and r a t e of the c o r r o s i o n induced 
adhesion l o s s process has long been the subjec t of research (see Ref. 
1 f o r a recent review). The nature of the chemical processes respons-

This chapter not subject to U.S. copyright. 
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i b l e f o r the apparent l o s s of adhesion has been the subject of a 
number of i n v e s t i g a t i o n s u s i n g modern surface a n a l y t i c a l techniques 
(see, e.g., 2-6). This paper discusses recent chemical s t u d i e s of the 
organic c o a t i n g / s t e e l i n t e r f a c e , w i t h p a r t i c u l a r reference to the 
e f f e c t of changes i n the molecular s t r u c t u r e of the organic c o a t i n g on 
the r a t e and mechanism of humidity- and corrosion-induced adhesion 
l o s s . 

Surface Studies of I n t e r f a c i a l Composition 

The locus and chemistry of adhesion l o s s have been s t u d i e d using a 
wide range of a n a l y t i c a l techniques. Among the most u s e f u l have been 
surface s e n s i t i v e s p e ctroscopic methods, i n c l u d i n g X-ray photoelectron 
spectroscopy (XPS or ESCA), Auger e l e c t r o n spectroscopy (AES), and 
secondary i o n mass spectrometry (SIMS). Conventional microscopic 
t o o l s ( e s p e c i a l l y scanning e l e c t r o n microscopy) have a l s o been widely 
used. A p p l i c a t i o n s of v a r i o u
and c o r r o s i o n problems hav
XPS allows a q u a n t i t a t i v e elemental a n a l y s i s of the topmost molecular 
l a y e r s and can a l s o give u s e f u l , i f somewhat l i m i t e d , molecular 
i n f o r m a t i o n . A f u r t h e r advantage of XPS i s t h a t beam damage and 
charging e f f e c t s are r e l a t i v e l y minor, a l l o w i n g s t r a i g h t f o r w a r d 
a n a l y s i s of organic m a t e r i a l s . For polymers t y p i c a l l y used i n organic 
c o a t i n g s , f o r example, hig h r e s o l u t i o n carbon s p e c t r a can y i e l d 
i n f o r m a t i o n on the presence and r e l a t i v e abundance of a number of 
common f u n c t i o n a l groups, i n c l u d i n g ether, e s t e r , c a r b o x y l a t e , and 
carbonate moieties ( c f . Figure 1). The major disadvantage of XPS as 
a p p l i e d i n most pu b l i s h e d s t u d i e s i s i t s poor l a t e r a l r e s o l u t i o n (ca. 
5 mm), although recent advances i n equipment have r e s u l t e d i n a 
s u b s t a n t i a l r e d u c t i o n i n a n a l y s i s area. AES can a l s o provide an 
elemental a n a l y s i s of the topmost l a y e r s of a sample, and i n a d d i t i o n 
can provide images w i t h a l a t e r a l r e s o l u t i o n on the order of 0.1 μια. 
A p p l i c a t i o n of AES to organic m a t e r i a l s has been l i m i t e d i n p a r t due 

Figure 1. Experimental C Is b i n d i n g energies f o r s e l e c t e d carbon 
species. 

BE , eU CARBON S P E C I E S 
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to the p a u c i t y of molecular i n f o r m a t i o n t h a t can be obtained, and i n 
p a r t due to beam damage e f f e c t s during measurement. SIMS, and more 
r e c e n t l y , dynamic imaging SIMS, which provide g r e a t e r surface s e n s i 
t i v i t y and s u b s t a n t i a l l y b e t t e r l a t e r a l r e s o l u t i o n than XPS have been 
a p p l i e d to c o r r o s i o n and adhesion problems (10, 11, 13, 14). Although 
only a q u a l i t a t i v e a n a l y s i s can be obtained u s i n g SIMS techniques, the 
ion images obtained can provide new in f o r m a t i o n on the d i s t r i b u t i o n 
and r e l a t i o n s h i p between surface species. A se r i o u s problem w i t h the 
a p p l i c a t i o n of most surface s e n s i t i v e s p e c t r o s c o p i c techniques to the 
study of adhesion and c o r r o s i o n phenomena i s t h a t i n s i t u measurements 
are not p o s s i b l e : t y p i c a l l y , the c o a t i n g f i l m must be removed from the 
s u b s t r a t e p r i o r to a n a l y s i s . This r e s t r i c t i o n i s avoided by o p t i c a l 
methods, such as o p t i c a l microscopy and e l l i p s o m e t r y (e.g., 15, 16), 
but these methods l a c k chemical a n a l y s i s c a p a b i l i t y and, f o r i n s i t u 
measurements, are l i m i t e d to transparent c o a t i n g s . 

Humidity-induced Adhesio

Good i n i t i a l or dry adhesion of a c o a t i n g to a sub s t r a t e does not 
ensure good performance upon exposure to humid or c o r r o s i v e 
environments. Exposure to hi g h humidity i s w e l l known to reduce the 
adhesion of organic coatings to s t e e l (17). Studies of moisture 
a b s o r p t i o n k i n e t i c s suggest s p e c i f i c involvement of the i n t e r f a c i a l 
r e g i o n i n humidity induced adhesion l o s s (18). I n s t u d i e s of humidity 
induced adhesion f a i l u r e of organic coatings on c l e a n , bare s t e e l , 
examples of e s s e n t i a l l y adhesive f a i l u r e , w i t h l i t t l e or no coa t i n g 
residue remaining on the s u b s t r a t e , and of cohesive f a i l u r e of the 
c o a t i n g f i l m have been found (19). T y p i c a l l y , l i t t l e or no chemical 
change a s s o c i a t e d w i t h humidity induced adhesion l o s s i s detectable i n 
the organic c o a t i n g . Of course, the presence of water-soluble 
i n o r g a n i c s a l t s as surface contaminants profoundly a l t e r s the i n t e r -
f a c i a l chemistry and can l e a d to osmotic b l i s t e r i n g and v a r i o u s 
c o r r o s i o n - r e l a t e d b l i s t e r i n g and adhesion-loss phenomena (20). 

Figure 2 i s r e p r e s e n t a t i v e o f the h i g h r e s o l u t i o n C Is spectra 
obtained i n XPS analyses of the i n t e r f a c i a l surfaces generated by 
humidity-induced adhesion f a i l u r e ; a l s o i n c l u d e d i n the f i g u r e are 
s p e c t r a obtained from a reference (untested) c o a t i n g surface and from 
i n t e r f a c i a l surfaces generated by mechanical- and corrosion-induced 
adhesion f a i l u r e . These s p e c t r a were obtained i n a study of a 
thermoset c o a t i n g based on a melamine-resin-crosslinked oligourethane 
r e s i n ( d e t a i l s of the r e s i n s t r u c t u r e and c o a t i n g f o r m u l a t i o n are 
given i n Ref. 19). E s s e n t i a l l y i d e n t i c a l s p e c t r a were obtained from 
the reference c o a t i n g surface and from the i n t e r f a c i a l surfaces a f t e r 
adhesion f a i l u r e . Corresponding s p e c t r a of the s u b s t r a t e i n t e r f a c i a l 
surfaces suggest th a t mechanical removal and humidity-induced f a i l u r e 
leave l i t t l e or no co a t i n g r e s i d u e . There i s l i t t l e evidence f o r 
chemical change dur i n g humidity induced adhesion l o s s . S i m i l a r 
r e s u l t s , which are summarized i n Table I , have been presented f o r 
coatings based on va r i o u s other r e s i n systems (19) . For the coatings 
s t u d i e d , there was a s t r i k i n g dependence of adhesion, or more c o r r e c t 
l y , of r e s i s t a n c e to humidity-induced adhesion l o s s , on the r a t i o of 
r e s i n h y d roxyl to c r o s s l i n k e r alkoxy groups; only coatings f o r which 
t h i s r a t i o was greater than about one were able to withstand condens
in g humidity exposure (19). 
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Figure 2. XPS C Is s p e c t r a f o r oligourethane based c o a t i n g s : (a) 
untested oligomer c o a t i n g surface; (b) i n t e r f a c i a l c o a t i n g surface 
a f t e r mechanically induced adhesion l o s s ; (c) i n t e r f a c i a l c o a t i n g 
surface a f t e r humidity induced adhesion l o s s . S p e c t r a l components 
A, B, C, and D a t t r i b u t e d to methyl/methylene, ether, melamine, and 
urethane carbonyl carbons, r e s p e c t i v e l y . Reproduced from Ref. 19, 
c o p y r i g h t 1984, American Chemical S o c i e t y . 
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In s t u d i e s of mechanically-induced adhesion l o s s of polybutadiene 
c o a t i n g s , v a r i o u s r e s u l t s have been obtained (19, 21). Polybutadiene 
coatings cure by an o x i d a t i v e mechanism; although the i n i t i a l r e s i n i s 
e s s e n t i a l l y a pure hydrocarbon, the f i n a l cured c o a t i n g contains 
approximately 10% oxygen. I n t e r p r e t a t i o n of the r e s u l t s of st u d i e s of 
the i n t e r f a c i a l chemistry of polybutadiene coatings i s complicated by 
the dependence of f i l m composition on p o s i t i o n w i t h the f i l m and on 
the nature of the substrate (6, 21, 22). From XPS and i n f r a r e d 
s p e c t r o s c o p i c measurements, i t i s evident that the extent of o x i d a t i o n 
of polybutadiene f i l m s i s markedly greater near the coating/metal 
i n t e r f a c e than i n the bulk of the co a t i n g f i l m ; the i n t e r f a c i a l 
regions t y p i c a l l y comprise two or more times the oxygen l e v e l i n c o r 
porated i n the bulk. In a d d i t i o n , a r e d u c t i o n of f e r r i c to ferrous 
species i n the surface metal oxide has been reported (6). Mechani
c a l l y - i n d u c e d adhesion f a i l u r e has been observed both i n the bulk of 
the c o a t i n g f i l m (21) and near the c o a t i n g s u b s t r a t e i n t e r f a c e (19)
Humidity-induced adhesio
o x i d i z e d i n t e r f a c i a l r e g i o
reproduces the high r e s o l u t i o n C Is spe c t r a f o r the c o a t i n g i n t e r -
f a c i a l surfaces of the polybutadiene c o a t i n g . There appears to be a 
small change i n co a t i n g composition i n the i n t e r f a c i a l r e g i o n upon 
exposure to water; t h i s change has been t e n t a t i v e l y a t t r i b u t e d to the 
h y d r o l y s i s of an a c e t a l moiety produced during cure (19.) . The a c e t a l 
h y d r o l y s i s does not appear to a f f e c t the humidity r e s i s t a n c e of the 
polybutadiene c o a t i n g s i g n i f i c a n t l y . 

Corrosion-induced Adhesion Loss 

I t i s commonly accepted t h a t the l o s s of p a i n t adhesion th a t accomp
anies c o r r o s i o n i s a t t r i b u t a b l e i n most cases to the increased pH 
as s o c i a t e d w i t h the cathodic c o r r o s i o n s i t e s . At i n i t i a l s i t e s of 
c o r r o s i o n on pa i n t e d s t e e l , there i s a pro g r e s s i v e l o c a l i z a t i o n and 
sep a r a t i o n of anodic and cathodic s i t e s . The r o l e of the cathodic 
r e a c t i o n i n adhesion l o s s has been demonstrated repeatedly. By 
s u b j e c t i n g s c r i b e d panels to cathodic p o l a r i z a t i o n c o n d i t i o n s , the 
anodic d i s s o l u t i o n of i r o n can be suppressed, and the e f f e c t s of 
cathodic r e a c t i o n s s t u d i e d independent of the anodic r e a c t i o n (23, 
24). The extent of underc u t t i n g under cathodic p o l a r i z a t i o n c o n d i t i o n s 
i s not simply a f u n c t i o n of t o t a l c o r r o s i o n c u r r e n t passed, but 
depends on a v a r i e t y of other f a c t o r s i n c l u d i n g e l e c t r o l y t e type, 
s u b s t r a t e and substr a t e p r e p a r a t i o n , and the magnitude of the cathodic 
p o t e n t i a l , as reviewed i n d e t a i l by L e i d h e i s e r et a l . (1_,_ 26). Under 
anodic t e s t c o n d i t i o n s there i s r a r e l y s i g n i f i c a n t p a i n t adhesion l o s s 
(24). Experimental r e s u l t s such as those summarized i n Table I I have 
l e d to the simple q u a l i t a t i v e model of corrosion-induced adhesion l o s s 
shown i n Figure 4 (25). The mechanism of delamination has v a r i o u s l y 
been claimed to be d i s s o l u t i o n of substrate surface oxide or conver
s i o n c o a t i n g , displacement of polymer from the s u b s t r a t e oxide, and 
s a p o n i f i c a t i o n or other chemical degradation of the p a i n t r e s i n i n the 
i n t e r f a c i a l r e gion. The evidence p r e s e n t l y a v a i l a b l e suggests that 
each of these mechanisms may be a c t i v e under c e r t a i n c o n d i t i o n s . 

The r a t e of adhesion l o s s i n t e s t s of p a i n t performance can be 
g r e a t l y i n f l u e n c e d by c o a t i n g f o r m u l a t i o n and r e s i n type (24); t h i s i s 
i l l u s t r a t e d q u a l i t a t i v e l y by the r e s u l t s shown i n Table I I . To a 
f i r s t approximation, the anodic i n h i b i t o r pigments commonly used i n 
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Figure 3. XPS C Is spectra f o r polybutadiene coating surfaces ; 
spectra a, b, c, and d represent spectra of the untested coating 
surface and i n t e r f a c i a l surfaces generated by mechanically induced 
adhesion l o s s , by humidity induced adhesion l o s s , and by cathodic 
p o l a r i z a t i o n induced adhesion l o s s , r e s p e c t i v e l y . Components A, B, 
C, and D a t t r i b u t e d to methyl/methylene carbon, ether carbon, 
a c e t a l carbon, and ester carbonyl carbon, r e s p e c t i v e l y . Reproduced 
from Ref. 19, copyright 1984, American Chemical Society. 
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TABLE I I . Dependence of Paint Adhesion Loss on Test Conditions f o r 
Selected Formulations. 

Delamination from Scribe, mm 

Resin Type Anodic Cathodic S a l t Spray 
P o l a r i z a t i o n P o l a r i z a t i o n (3) 

(1) (2) 

Ma l e i n i z e d O i l <1.5 10 7 

Epoxy-ester <1.5 16 19 

Polybutadiene/phenolic 2 9 3 

Polybutadiene A 

Polybutadiene Β <1.5 6 <1.5 

Epoxy-amine <1.5 1 <0.5 

(1) Anodic p o l a r i z a t i o n : nitrogen-saturated 5% aq. NaCl; 200μΑ 
anodic current imposed f o r 7 days. 

(2) Cathodic p o l a r i z a t i o n : oxygen-saturated 5% aq. NaCl; maintained 
at -1050 mV vs. SCE f o r 8 hours. 

(3) S a l t spray: 24 hour exposure under ASTM B117 co n d i t i o n s . 

A l l p a i n t s were e l e c t r o d e p o s i t e d on SAE 1010 bare s t e e l p a i n t t e s t 
panels to y i e l d 20/im dry f i l m thickness, and were baked to y i e l d 
f u l l y c r o s s l i n k e d , solvent r e s i s t a n t f i l m s . 

p a i n t formulations are not a c t i v e under e i t h e r the anodic or cathodic 
t e s t conditions imposed to obta i n the r e s u l t s of Table I I ; thus, while 
the s a l t spray exposure can be expected to r e f l e c t the c o r r o s i o n 
p r o t e c t i o n p o t e n t i a l l y a f forded by the t o t a l p a i n t formulation, the 
cathodic p o l a r i z a t i o n r e s u l t s should r e f l e c t p r i m a r i l y the 
c o n t r i b u t i o n of the binder (and p o s s i b l y of i n e r t pigments) to 
c o r r o s i o n performance (24). A comparison of the cathodic p o l a r i z a t i o n 
and s a l t spray r e s u l t s of Table II suggests that much of the v a r i a t i o n 
i n performance of the three polybutadiene based coatings l i s t e d i s due 
to v a r i a t i o n s i n e f f e c t i v e n e s s of the i n h i b i t i v e pigments used, while 
the performance of the epoxy-amine coating may be due to the superior 
r e s i s t a n c e of the r e s i n to displacement or degradation by cathodic-
ally-produced a l k a l i (27). 

A d e t a i l e d comparison of the i n t e r f a c i a l chemistry observed f o r 
se v e r a l thermoset coatings subjected to cathodic p o l a r i z a t i o n condi
t i o n s has been given elsewhere (28, 29). Figures 5 and 6, reproduced 
from the e a r l i e r work, i l l u s t r a t e the XPS spectra obtained f o r two of 
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Figure 4. Schematic
adhesion l o s s . I n the i n i t i a l stage (A), i r o n i s o x i d i z e d and 
oxygen reduced at a s i t e of e l e c t r o l y t e p e n e t r a t i o n ; as c o r r o s i o n 
proceeds (B and C), a r u s t deposit forms and the anodic and 
cathodic r e a c t i o n s i t e s become separated. C a t h o d i c a l l y produced 
hydroxide p r o g r e s s i v e l y d i s r u p t s p a i n t adhesion. Reproduced from 
Ref. 25, c o p y r i g h t 1980, American Chemical S o c i e t y . 

these m a t e r i a l s . The two coatings i n question were both based on 
hydroxy f u n c t i o n a l epoxy based oligomers; one was an epoxy e s t e r (EE), 
the other, an epoxy a l k a n o l amine adduct (EA). Both were formulated 
w i t h conventional e t h e r i f i e d melamine and urea c r o s s l i n k i n g r e s i n s . 
When a p p l i e d to c o l d r o l l e d s t e e l and baked, these coatings produced 
c r o s s l i n k e d , s o l v e n t - and w a t e r - r e s i s t a n t f i l m s . N e i t h e r of the 
coatings showed s i g n i f i c a n t s e n s i t i v i t y to water i n conventional 
humidity exposure t e s t s . Despite the b a s i c s i m i l a r i t y of the coat
ings, a s u b s t a n t i a l d i f f e r e n c e i n c o r r o s i o n performance was observed: 
on bare s t e e l , EE-based coatings f a i l e d w i t h i n 24 h s a l t spray 
exposure, w h i l e the EA-based coatings s u r v i v e d i n excess of 240 h 
under s i m i l a r t e s t c o n d i t i o n s . A comparable d i f f e r e n c e i n performance 
was observed i n cathodic p o l a r i z a t i o n t e s t i n g . On the b a s i s of the 
observed i n t e r f a c i a l composition f o l l o w i n g adhesion l o s s , i t was 
concluded th a t the d i f f e r e n c e i n performance was a t t r i b u t a b l e to the 
d i f f e r e n c e i n r e s i s t a n c e to a t t a c k by c a t h o d i c a l l y - p r o d u c e d a l k a l i . 

Figure 5 shows the XPS s p e c t r a f o r the EE-based c o a t i n g i n t e r -
f a c i a l s u r f a c e s ; from the C Is s p e c t r a , i t i s c l e a r t h a t carboxylate 
species are formed i n the i n t e r f a c i a l r e g i o n during the c o r r o s i o n 
process, most l i k e l y by s a p o n i f i c a t i o n of e s t e r s . For the EA-based 
c o a t i n g , the only s i g n i f i c a n t change observed i s the formation of 
carbonate i n the i n t e r f a c i a l r e g i o n (Figure 6). The carbonate residue 
probably r e s u l t s from a l k a l i degradation of the urea c r o s s l i n k e r (29). 
Although carbonate deposits found i n s i m i l a r s t u d i e s of an amine-cured 
epoxy c o a t i n g have been a t t r i b u t e d to a b s o r p t i o n of atmospheric carbon 
d i o x i d e i n the a l k a l i n e i n t e r f a c i a l medium at the i n t e r f a c e (30), 
these deposits were observed only a f t e r an i n d u c t i o n p e r i o d of s e v e r a l 
weeks. In s t u d i e s of other r e s i n systems i n v o l v i n g r e l a t i v e l y short 
exposure times (from s e v e r a l hours to a few days), l i t t l e or no 
carbonate has been observed (3, 19). 
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Figure 5. XPS C Is
f a c i a l c o a t i n g surfac
f o l l o w i n g cathodic p o l a r i z a t i o n t e s t i n g ( s o l i d c u r v e s ) . A l s o shown 
f o r comparison are corresponding s p e c t r a f o r the untested surface 
of the co a t i n g (dots) and a component r e s o l u t i o n of the 0 Is 
spectrum. From l e f t , the p r i n c i p a l components of the 0 I s 
r e s o l u t i o n are i d e n t i f i e d as carbo x y l a t e , combined ether and e s t e r 
c h a r a c t e r i s t i c of the undegraded polymer, and adsorbed water (29) 
or sodium Auger (32). Reproduced w i t h permission from Ref. 29. 
Copyright 1981, Pergamon Press. 
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Figure 6. XPS C Is ( l e f t ) and 0 Is ( r i g h t ) s p e c t r a of the i n t e r -
f a c i a l s u b s t r a t e surface of epoxy-amine c o a t i n g on bare s t e e l 
f o l l o w i n g cathodic p o l a r i z a t i o n t e s t i n g ( s o l i d c u r v e s ) . A l s o shown 
i s an approximate curve r e s o l u t i o n f o r each spectrum; components of 
the C Is spectrum are, from l e f t , alkane, ether, and carbonate; 
p r i n c i p a l components of the 0 Is spectrum are, from l e f t , i r o n 
oxide, carbonate, ether, ad adsorbed water (2£) or sodium Auger 
(32). Reproduced w i t h permission from Ref. 29. Copyright 1981, 
Pergamon Press. 
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To determine the e f f e c t of s t r u c t u r a l d i f f e r e n c e s other than the 
presence of e s t e r groups between the EE-based and EA-based coatings, 
EA-type polymers i n c o r p o r a t i n g a l i m i t e d amount of e s t e r f u n c t i o n a l i t y 
were synthesized (31). In these experiments, the s t a r t i n g epoxy 
r e s i n s were chain-extended u s i n g a d i p i c a c i d to provide main chain 
e s t e r groups. The amount of e s t e r was v a r i e d by u s i n g s t a r t i n g epoxy 
r e s i n s of d i f f e r e n t i n i t i a l molecular weights. Although there i s 
r e l a t i v e l y l a r g e u n c e r t a i n t y a s s o c i a t e d w i t h q u a n t i t a t i o n of adhesion 
l o s s i n s a l t spray t e s t i n g , the extent of adhesion f a i l u r e observed 
f o r coatings based on these r e s i n s appears to increase monotonically 
w i t h e s t e r content (Figure 7). In an attempt to assess the importance 
of d i f f e r e n c e s i n t r a n s p o r t p r o p e r t i e s of EA-based and EE-based 
r e s i n s , b i l a y e r coatings were prepared and t e s t e d . I t was found that 
the d i f f e r e n c e s i n performance of EE and EA based coatings c o u l d not 
be a s c r i b e d to d i f f e r e n c e s i n t r a n s p o r t c h a r a c t e r i s t i c s across the 
f i l m s : i n each case  th  observed c o r r o s i o  performanc
c h a r a c t e r i s t i c of the c o a t i n

The i n t e r f a c i a l chemistr
been s t u d i e d f o r coatings w i t h r e l a t i v e l y poor r e s i s t a n c e to water 
(poor wet adhesion); f o r these m a t e r i a l s , the corrosion-induced 
f a i l u r e t y p i c a l l y i n v o l v e d l i t t l e chemical change, but appeared to 
i n v o l v e the same displacement mechanism observed f o r humidity induced 
adhesion l o s s (19). XPS s p e c t r a showing t h i s mode of f a i l u r e are 
reproduced i n Figure 1; f o r t h i s c o a t i n g , e s s e n t i a l l y i d e n t i c a l 
s p e c t r a were obtained from a l l surfaces analyzed, independent of t e s t 
c o n d i t i o n s . 

Polybutadiene-based coatings have been e x t e n s i v e l y used i n model 
st u d i e s of c o r r o s i o n , and are t h e r e f o r e of s p e c i a l i n t e r e s t . As i n 
the case of humidity induced adhesion l o s s , the c o r r o s i o n induced 

ω ω ο -j 
ζ ο 
ω LU I ο <r 
Σ: 
Σ: 

I 
1 2 3 4 5 

10Ε3 N0LES/Cri3 ESTER 

Figure 7. P a i n t adhesion l o s s i n s a l t spray exposure (ASTM B117) 
as a f u n c t i o n of e s t e r content f o r chain-extended epoxy-amine and 
epoxy-ester r e s i n based coatings. A l l coatings a p p l i e d at 20-25 μπι 
f i l m t h ickness to SAE 1010 s t e e l t e s t panels, baked, s c r i b e d and 
exposed f o r 24 hours to s a l t spray c o n d i t i o n s . 
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adhesion l o s s g e n e r a l l y occurs w i t h i n the more h i g h l y o x i d i z e d region 
of the c o a t i n g immediately adjacent to the metal s u b s t r a t e (4, 6, 19, 
21. 32). There appears to be an i n i t i a l weakening of the r e s i n , e v i 
d e n t l y i n v o l v i n g a l k a l i a t t a c k on the r e s i n . At t h i s stage, the 
co a t i n g can be r e a d i l y removed w i t h adhesive tape and appears to f a i l 
c o h e s i v e l y . At longer exposure times, e s p e c i a l l y under cathodic 
p o l a r i z a t i o n c o n d i t i o n s , there i s a spontaneous l o s s of adhesion; 
l i t t l e or no organic residue a t t r i b u t a b l e to the c o a t i n g remains on 
the sub s t r a t e surface (32.). 

The i n t e r f a c i a l chemistry of corrosion-induced f a i l u r e on galvan
i z e d s t e e l has been i n v e s t i g a t e d ( 2 ) ; adhesion of a polyurethane 
c o a t i n g was not found to i n v o l v e chemical transformations detectable 
by XPS, but exposure to K e s t e r n i c h aging caused z i n c d i f f u s i o n i n t o 
the c o a t i n g . S i m i l a r r e s u l t s were obtained w i t h an a l k y d c o a t i n g . 
Adhesion l o s s was proposed to be due to formation of a weak boundary 
l a y e r of z i n c soaps or water-soluble z i n c c o r r o s i o n products at the 
p a i n t metal i n t e r f a c e . 

The r a t e of f a i l u r
on z i n c phosphate conversion coated s t e e l than on bare s t e e l ( f o r a 
recent review of conversion c o a t i n g technology, see Ref. 33). The 
r o l e of the conversion c o a t i n g has been s t a t e d to be r e d u c t i o n of the 
r a t e of the cathodic r e a c t i o n (34), but the e f f e c t i v e n e s s of the 
conversion c o a t i n g depends on d e t a i l s of s t e e l surface chemistry and 
conversion c o a t i n g composition (33-37). The i n t e r a c t i o n of organic 
coatings w i t h i n o r g a n i c conversion c o a t i n g s , and the e f f e c t s of 
e l e c t r o d e p o s i t i o n processes on conversion c o a t i n g performance, have 
been w i d e l y s t u d i e d (33, 38.). The d i s s o l u t i o n of conversion c o a t i n g 
d u r i n g anodic e l e c t r o d e p o s i t i o n i s w e l l known (33) . Cathodic e l e c t r o -
d e p o s i t i o n of p a i n t can a l s o i n f l u e n c e conversion c o a t i n g performance; 
f o r example, the wet adhesion of p a i n t f i l m s on c a t h o d i c a l l y primed 
conversion coated s t e e l has been reported to be s u b s t a n t i a l l y a f f e c t e d 
by weakening of the phosphate by the a l k a l i produced during e l e c t r o 
d e p o s i t i o n (38) · 

Surface a n a l y t i c a l s t u d i e s of the i n t e r f a c i a l chemistry of 
co a t i n g adhesion f a i l u r e on z i n c phosphated s t e e l have been reported 
(28, 39.). For the EE-based c o a t i n g discussed p r e v i o u s l y , the locus of 
adhesion f a i l u r e from z i n c phosphated s t e e l has been p o s t u l a t e d to be 
the o r g a n i c / i n o r g a n i c i n t e r f a c e , but there i s evidence i n the XPS 
st u d i e s of chemical a t t a c k on both the c o a t i n g and the z i n c phosphate 
conversion c o a t i n g (28, 39). For example, Figure 8 presents XPS depth 
p r o f i l e i n f o r m a t i o n on conversion coated s t e e l before a p p l i c a t i o n and 
a f t e r corrosion-induced delamination of the organic c o a t i n g . In 
a d d i t i o n to the presence of a s u b s t a n t i a l organic residue a f t e r 
t e s t i n g (the s t r u c t u r e of which suggests the presence of degraded EE 
r e s i n ) , the conversion c o a t i n g s t o i c h i o m e t r y i s g r e a t l y a l t e r e d . SEM 
stu d i e s (Figure 9) r e v e a l a corresponding change i n c r y s t a l morphol
ogy, suggesting d i s s o l u t i o n of at l e a s t the surface l a y e r s of the 
conversion c o a t i n g . The conversion c o a t i n g appears e s s e n t i a l l y i n t a c t 
near the l e a d i n g edge of the delaminated zone (39). I n rexent SIMS 
s t u d i e s , f u r t h e r d e t a i l s of the i n t e r f a c i a l chemistry of c o r r o s i o n -
induced c o a t i n g adhesion f a i l u r e from conversion coated s t e e l have 
been explored (14). These r e s u l t s are summarized i n Figures 10 and 
11. Both the SIMS step scan across the delaminated zone (Figure 10) 
and the i o n images at the edge of the delaminated zone (Figure 11) 
confirm t h a t the conversion c o a t i n g i s s o l u b i l i z e d i n the h i g h l y 
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Figure 8. XPS a n a l y s i s of elemental composition as a f u n c t i o n of 
s p u t t e r depth: (a) z i n c phosphated s t e e l ; (b) i n t e r f a c i a l s u b s t r a t e 
surface of z i n c phosphated s t e e l a f t e r adhesion f a i l u r e of epoxy-
e s t e r c o a t i n g i n cathodic p o l a r i z a t i o n t e s t i n g . Reproduced from 
Ref. 39, copyright 1983, American Chemical S o c i e t y . 
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Figure 9. SEM study of the conversion-coated s u b s t r a t e surface 
a f t e r adhesion f a i l u r e of epoxy-ester c o a t i n g i n cathodic p o l a r i z a 
t i o n t e s t i n g . Reproduced from Ref. .39, cop y r i g h t 1983, American 
Chemical S o c i e t y . 

Figure 10. SIMS p o s i t i v e secondary i o n images of the i n t e r f a c i a l 
s u b s t r a t e surface of z i n c phosphated s t e e l a f t e r adhesion f a i l u r e 
of epoxy-ester c o a t i n g i n cathodic p o l a r i z a t i o n t e s t i n g . Images 
obtained at the i n t a c t c o a t i n g edge of the delaminated zone. Image 
diameter: 400 μτα. Image a: mass 56 Fe+; image b: mass 64 Zn+; image 
c: mass 31 P+. 
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Figure 11. SIMS step scan a n a l y s i s of the i n t e r f a c i a l s u bstrate 
surface between the i n i t i a l s c r i b e and the edge of the delaminated 
zone; c o a t i n g and t e s t c o n d i t i o n s as i n Figure 10. 

a l k a l i n e medium that comprises the l e a d i n g edge of the cathodic area. 
Based on the presence of organic c o a t i n g residues on the substrate 
i n t e r f a c i a l s u rface; the absence of conversion c o a t i n g residue on the 
c o a t i n g i n t e r f a c i a l surface; the r e t e n t i o n of conversion c o a t i n g 
s t r u c t u r a l f e atures and composition near the l e a d i n g edge of the 
delaminated zone; and the continued st r o ng dependence of t o t a l system 
performance on a l k a l i r e s i s t a n c e of the organic c o a t i n g , i t i s 
speculated t h a t the locus of i n i t i a l adhesion l o s s f o r the EE-based 
c o a t i n g a p p l i e d over z i n c phosphate conversion c o a t i n g i s the organic 
c o a t i n g / i n o r g a n i c conversion c o a t i n g i n t e r f a c e . 

H i g h l y a l k a l i r e s i s t a n t c o a t i n g s , such as EA-resin based mater
i a l s , are very slow to lo s e adhesion i n standard s a l t spray and 
cathodic p o l a r i z a t i o n t e s t s when a p p l i e d over z i n c phosphate conver
s i o n coated s t e e l (28). With long term exposure, a patchy adhesion 
l o s s i s observed which appears to i n v o l v e p r i m a r i l y d i s s o l u t i o n of the 
conversion c o a t i n g . Various c y c l i c exposure and a l t e r n a t e immersion 
t e s t i n g schemes have been a p p l i e d to such systems i n order to a c c e l 
erate f a i l u r e (35). One of the important mechanisms of f a i l u r e 
appears to be a d i s s o l u t i o n of the conversion c o a t i n g . I n the example 
s c h e m a t i c a l l y i l l u s t r a t e d i n Figure 12, un d e r c u t t i n g of the f i l m 
occurred from s i t e s along the edge of the t e s t panel; the i n t e r f a c i a l 
r e g i o n was c h a r a c t e r i z e d by more or l e s s evenly spaced white deposits 
on the substr a t e which proved to be sodium phosphate (40). SIMS 
r e s u l t s are presented i n Figure 13. I n t h i s study, as i n other 
r e s u l t s on organic coatings a p p l i e d over z i n c phosphate (28, 39), 
l i t t l e or no t r a c e of the conversion c o a t i n g was found on the i n t e r -
f a c i a l surface of the organic c o a t i n g . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



152 POLYMERIC MATERIALS FOR CORROSION CONTROL 

Figure 12. Schematic i l l u s t r a t i o n of zone of adhesion l o s s i n 
c y c l i c exposure t e s t . 

Figure 13. SIMS step scan a n a l y s i s of a p o r t i o n of the zone of 
adhesion l o s s i l l u s t r a t e d i n Figure 12. Step s i z e approximately 
150 μπι. 
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Adhesion Loss of Ultraviolet-Cured Lacquer 
on Nickel-Plated Steel Sheets 

S. Maeda1, T. Asai1, and M . Kakimoto2 

1R & D Laboratories-I, Nippon Steel Corporation, 1618 Ida, Nakahara-ku, Kawasaki, 
Japan 211 

2Production Technology Department, Daiwa Can Company, Ltd., 800 Nakanogo, 
Shimizu, Japan 424 

Nickel plated stee
treatment is increasingly being used as a welded can 
material. It has been found that ultraviolet curing 
(UVC) of the exterior lacquer coatings is unsuitable for 
oiled (dioctyl sebacate, DOS) Ni-plated sheet since it 
shows poor adhesion of UVC lacquer on the surface 
contacted with a wicket during prebaking for the 
interior lacquer coatings. An x-ray photoelectron 
spectroscopy study of this problem showed that the 
adhesion loss can be ascribed to the dehydration of the 
hydrated chromium oxide, less evaporation, and poor 
oxidation of surface oil (DOS) in the wicket-contact 
areas during prebaking. Acetyl tributyl citrate (ATBC)-
oiled surfaces perform well on the adhesion of UVC 
lacquer on all surfaces including wicket-contact areas 
because of the higher polar group concentration of ATBC. 

Nickel plated steel sheet with cathodic dichromate ( C D C ) treatment has been 
developed as welded can stock. Recently, ultraviolet curing (UVC) of organic 
coatings (or inks) has been introduced for the external lacquering of welded 
cans made from this stock. Since the external coating is usually applied after 
the internal coatings, the sheet surface is first prebaked before applying U V C 
lacquer. It has been found that the U V C lacquer shows poor adhesion on oiled 
(dioctyl sebacate, DOS) nickel plated sheet, particularly on the surface where 
the sheet comes into contact with the wicket (supporting instrument) during 
prebaking. 

Generally, prebaking is known to improve the adhesion of U V C lacquer to 
passivated tinplate because it increases surface energy by evaporating the 
surface oi l and altering the oxide film composition (1), but the details of this 
phenomenon are not yet clear. During prebaking, the wicket-contact surface 
of the sheet is considered to change in a manner different from the other 
surfaces of the sheet. In order to clarify this problem, X - r a y photoelectron 
spectroscopy (XPS) measurements were made on the C D C - n i c k e l plated sheets 
with various surface pre treatments. 

0097-6156/ 86/ 0322-0155506.00/ 0 
© 1986 American Chemical Society 
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Experimental Method 

Samples. C D O t r e a t e d nickel-plated steel sheets (nickel coating weight of 600 
m g / m z and chromium coating weight of 6 m g / m 2 ) were oiled with about 5 
m g / m 2 of dioctyl sebacate (DOS) or acetyl tributyl citrate (ATBC) and were 
employed as original samples. 

Pre treatment. Ten types of samples were prepared, including as-oiled, 
solvent-washed, open-prebaked and tight-prebaked samples (to simulate 
wicket-contact portions), and tight-prebaked samples followed by f lame-
heating, UV-preradiation and solvent-washing. Prebaking was conducted at 
2 0 5 ° C for 10 m in. using a conventional oven. 

X P S Measurement^) . XPS spectra were obtained using a V G - E S C A ΠΙ 
electron spectrometer. A n aluminum anode X - r a y source (1486.6 eV) was 
used. The instrument was operated with a resolution of 1.36 eV F W H M (full 
width at half maximum pea
energies for the spectra wer
Analysis of high resolution spectra was accomplished using computer curve-
fitting and graphics routines available in our own data system. 

To obtain information in the direction of depth of the surface layer, the 
angle of the sample with respect to the incident X - r a y beam was changed and 
the resultant photoelectron count rate was measured. The principle is shown 
in F i g . 1 (3). 

When the peak intensity ratio Ij/Ij is measured for each of a l l the 
elements observed (carbon, oxygen, chromium and nickel), the surface atomic 
concentration ratio nj/nj of the elements can be given by the following 
equation, i f surface contamination is negligible: 

= i i . °i · \1 · s,i (ι) 
n j x j o± . x± . s. 

where 0[ and σ-j are the photoionization cross sections of elements i and j , X\ 
and Xj the electron escape depth and Sj and Sj are apparatus functions 
(detection efficiency dependent on the kinetic energy of electrons). 

For calculating atomic concentration ratios of the elements, photoioniz
ation cross-section by Scofield (4) and apparatus function by Vulli (5) were 
adopted. Electron escape depth (χ) is determined by an experimental equation 
λ =Ε0·7 (where Ε is kinetic energy of the electron) proposed by Hirokawa, e t . 
a l . (6). 

Spectral intensities were measured as integrated peak area of each 
element and relative error for ratios of elemental intensity is about 10 % for 
al l elements except carbon. The adventitious surface carbon (contamination) 
was estimated at approximately 10% of the total carbon measured. The 
concentration of carbon is, therefore, supposed to be in relative error by c a . 
20 96. 

U V C Lacquer and Test . A white epoxy-acrylate lacquer was applied on al l 
nickel plated sheets with different pretreatments to a thickness of 16 ym and 
was cured by irradiation with four 10-kW ultraviolet lamps for about 1.2 sec. 

The adhesion of the U V C lacquer was tested immediately after radiation 
with Scotch tape in a "peel back" pull-adhesion test and was evaluated by a 
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"pass / fa i l " test. No delamination is rated as "good" and others are rated as 
" b a d " . " B a d " samples usually showed a large delaminated area (>50 % of the 
test surface) and the reproducibility of the test results was very good. 

C r i t i c a l Surface Tension of Wetting. According to ZismanTs method (7), the 
c r i t i c a l surface tension (Y c) on oiled C D C - N i plated sheets was measured using 
a homologous series of liquid (alcohol/water). The advancing contact angle of 
a drop of the liquid was determined on the test surfaces of the Ni-plated 
sheets with E r m a Contact Anglemeter, Goniometer Type, Model G - l . The 
cr i t ica l surface tension (Y c) was determined by the value of Ί\ (surface tension 
of the liquid) at the intercept of the plot of cos θ vs. Ύ\ with the horizontal 
line, cos θ= 1. 

Results and Discussion 

X P S Spectrum of Surface. Figure 2 shows X P S spectra of C D C nickel-plated 
sheets with various pretreatment
observed in the surface o
A T B C . The carbon spectra show ester carbonyl carbon and hydrocarbon 
species on both samples. The ester carbonyl carbon reflects the ester bond of 
DOS ( C g H n C O O C g H i e O C O C g H n ) and A T B C ( ( C 3 H 7 C O O ) 3 C ( C H 2 ) O C O C H 3 ) . 

The chromium and nickel are identified as chromium hydroxide and 
nickel (III) oxide, respectively. 

Prebaking usually decreases the hydrocarbon and increases the ester 
carbonyl carbon (polar group) for DOS-oi led sheets, indicating the oxidation 
and evaporation of surface oi l . Prebaking also caused the oxidation of surface 
nickel . Although not shown, the samples that were first tight prebaked and 
then flame heated underwent the same changes as open-prebaked samples. U V 
preradiation and hexane washing after tight prebaking hardly changed the 
surface carbon concentration and the polar group concentration. 

The samples oiled with A T B C which is originally higher in polar group 
ratio than DOS showed a higher polar group concentration on the surfaces, and 
both surface carbon and polar group concentration changed little under either 
open or tight prebaking conditions as shown in F i g . 2. The high resolution C l s 
spectra for typical DOS and A T B C - o i l e d sheets are shown in F i g . 3 and the 
surface composition (atomic %) of the oiled C D C Ni-plated sheets with various 
pre treatments is summarized in "Table 1". 

According to the high resolution spectra (Fig. 3), the apparent 
percentage of the ester species (286. 5eV) appears smaller than that of the 
carbonyl species (288.8eV) on both DOS-and A T B C - o i l e d sheets, indicating the 
contribution of the contamination by adventitious hydrocarbon species. The 
measured percentage of the carbonyl carbon of as-received sheets is 10.9 % 
for DOS and 18.0 % for A T B C , those of which roughly correspond to the 
calculated ratios of DOS (9.2 %) and A T B C (21.0 %), respectively. But the 
effect of contamination makes it difficult to have further insight into the 
deviation from the calculated values. 

Identification of Locus of Adhesion Failure . T o clarify whether the disruption 
is cohesive failure of the lacquer or interfacial failure between the substrate 
and lacquer, the lacquer and metal sides of the fracture surface were both 
measured by X P S . The results are shown in F i g . 4. For the purpose of 
comparison, U V C lacquer coated and DOS oiled nickel-plated sheets are shown 
in the top and bottom of the diagram, respectively. The contribution at c a . 
286.5 eV of the lacquer surface is attributed to carbon singly bonded to oxygen 
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Figure 1. Relative sampling depth for angular dependent X P S . 
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Figure 2. XPS spectra of DOS (left) and A T B C (right) oiled N i -
plated sheets before and after baking. 
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Figure 3. High resolution spectra of CIS for DOS (left) and ATBC 
(right) oiled surfaces. 
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Table I. Surface composition of the oiled C D C - N i plated sheets 

O i l Pretreatments Surface composition (at 96) 

C O C = 0 ) C r Ni 0 

As-received 5 1 . 8 ( 5 . 6 ) 7 . 5 1 . 8 3 8 . 9 

Open prebaking 4 3 . 7 ( 7 . 9 ) 9 . 4 3 . 5 4 3 . 5 

Tight prebaking 5 6 . 3 ( 6 . 8 ) 7 . 1 1 . 8 3 4 . 7 

DOS Tight prebaking t 
Flame heating 3 9 . 3 ( 7 . 9 ) 9 . 9 3 . 1 4 7 . 6 

Tight prebaking r 
UV preradiation 5 1 . 8 ( 6 . 8 ) 7 . 8 2 . 2 3 7 . 3 

Tight prebaking
Hexane washin

Hexane washing 4 9 . 4 ( 5 . 9 ) 7 . 9 2 . 8 3 9 . 9 

As-received 3 7 . 9 ( 6 . 8 ) 9 . 0 1 . 7 5 1 . 3 

A T B C Open prebaking 3 8 . 5 ( 7 . 8 ) 9 . 0 3 . 9 4 8 . 6 

Tight prebaking 3 8 . 7 ( 7 . 2 ) 9 . 2 2 . 4 4 9 . 6 

Figure 4 . XPS spectra showing the interfacial coating surface and 
the interfacial metal surface (Top and bottom are U V C lacquer and 
DOS oiled surface) 
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(characteristics of ether and ester species), but the observed greater intensity 
of this species relative to ester carbonyl carbon (at 288.8eV) clearly shows the 
contribution of ether carbon of lacquer component. Detection of no chromium 
and nickel in the peeled lacquer side indicates that the fracture occurred at 
and near the substrate/coating interface. Identification of the ether bond ( - C -
0 - C - ) , a component of the lacquer, on the substrate, however, shows that the 
lacquer component remained on the substrate to some degree. 

Figure 5 shows the X P S angular dependence of the fracture surface of a 
sample. The ratios of the ester carbonyl carbon and ether carbon to the total 
amount of carbon are plotted on the ordinate. The 30° angle means that the 
thickness measured is assumed to be about a half of that with an angle of 60 ° . 
The results show that the concentration of the ester bond observed on the 
interfacial substrate surface decreases toward the fracture interface, 
suggesting that the hydrocarbon groups are oriented toward the outside 
(lacquer side). The concentration of the ether group (a component of the 
lacquer) on the interfacial substrate surface is about one-third that on the 
interfacial lacquer surface
islands on the substrate surfac

On the interfacial lacquer surface, the concentration of the ester group 
decreased toward the outside (the fracture interface), suggesting the diffusion 
of DOS into the lacquer f i lm. S E M observation of the fracture surface of 
metal side is shown in F i g . 6. It can be seen that some lacquer remains as an 
island state. The apparent disagreement with XPS data seems to be due to the 
presence of invisible lacquer by this magnification (x 550). According to XPS 
results and S E M observation the locus of failure may be schematically 
represented as shown in F i g . 7. 

Change in Composition of Surface F i l m with Treatment. Since trivalent 
chromium hydroxide can be generally expressed as C r 2 0 3 e n H 2 0 , the 
composition of the outermost surface layer is assumed to be expressed by 
"Equation 2" and the hydration degree η and covering rate α of chromium 
hydroxide are calculated by "Equations 3 and 4" from the atomic percent of 
each of the elements measured by X P S . (The escape depth of nickel is smaller 
than that of chromium and oxygen. Although it may pose a problem, strictly 
speaking, the effect of this condition is neglected because the atomic 
concentration of nickel is low.) 

a C r 2 0 3 - n H 2 0 + (1 -α)Νΐ2θ3 ( 2 ) 

When to!/ for ] = X and [NiVtCr 1 = Y , 

α = 1/(Y + 1) ( 3 ) 

η = 2X - 3Y - 3 ( 4 ) 

where [ C r i , [ N i l a n d [Olare the atomic concentration of each of the element, 
and [Ol= [O] t o t a l " 2 ^ coo* The oxygen bonded with carbon is assumed 
to be approximately twice as much as the atomic percent of carbonyl carbon 
(288.8 eV) which seems to be more reliable than that of ester carbon 
(286.5 eV). 

According to the binding energy of N i 2P (8), nickel oxide was identified 
as N12O3 but the possibility of the state as Ni(OH)2 is not always denied. If 
Ni(OH)2 is adopted for analysis, "Equations 3 and 4" take a different formula 
(9), leading to slightly smaller value for both α and η , but the relative values 
among the individual sheets are invaliable. 
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Figure 5. Variation of the polar groups (ester carbonyl and ether) 
with photoelectron take off angle. 

Figure 6. S E M observation of the fracture surface of metal side ( χ 
550 ) 

Figure 7. Schematic model showing a locus of failure 
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The covering rate α and hydration degree η of chromium hydroxide and 
the polar group ratio [C ] c o / [C 1 total o f o i l a r e sn<>wn in F i g . 8. It is found 
that η = 3.7 and <*= 0.81 for as-received DOS-oi led sheet and η = 4.8 and <x= 
0.85 for as-received A T B C - o i l e d sheet, respectively. (The η-values of 3 and 5 
correspond to the composition of Cr(OH)3 and Cr(OH>3H20, respectively.) 
Different η values on two as-received sheets seem to be due to the different 
manufacturing chances. The hydration degree η thus determined 
approximately agrees with the hydration degree η (3.6 to 4.2) of passivation 
films on tinplate measured by Auger electron spectroscopy (AES) in our 
previous paper (9). 

Prebaking is found to lower the hydration degree η and the covering rate 
of chromium hydroxide. The decrease in the value of α suggests the volume 
shrinkage of chromium hydroxide by dehydration. When open and tight 
prebaking are compared, DOS oxidizes under open prebaking but l itt le under 
tight prebaking and A T B C , naturally high in polar group concentration, 
changes l itt le depending on the prebaking condition (tight or open). Although 
the sheet is first tight prebaked
degree but the dehydratio
following flame heating. U V preradiation and solvent washing after tight 
prebaking do not appreciably alter the composition of the surface f i lm. 

Composition of Surface F i l m and Adhesion of U V C Lacquer. As the de -
adhesion of U V C lacquer has occurred at the interface between the substrate 
and lacquer (or in the oi l film), both chromium oxide and oi l f i lm affect the 
adhesion performance. From this standpoint, the adhesion of the U V C lacquer 
is summarized in F i g . 9. When chromium oxide is hydrated to a high degree or 
surface oi l is oxidized to a greater level , the adhesion of the U V C lacquer does 
not deteriorate. 

The chromium hydroxide with a high O H group concentration is generally 
said to provide the good primary adhesion of organic coatings (10). Figure 9 
shows that when chromium hydroxide is dehydrated by prebaking, the adhesion 
loss due to low O H concentration in the hydroxide is considered to be 
compensated for by the oxidation of the o i l . Since the dehydration of 
chromium hydroxide occurs but the oxidation and vaporization of o i l can not 
easily occur on the tight prebaked sample, the de-adhesion of U V C lacquer is 
thought to have occurred in the wicket-contact areas. Therefore, A T B C with 
a high polar group concentration is considered to improve the adhesion loss of 
the U V C lacquer. In fact , it was confirmed that the U V C lacquer did not peel 
in wicket-contact sheets on the pract ical test using a commercial U V C coating 
l ine. 

The Effect of Surface Composition on Wettability. C r i t i c a l surface tension 
( y c ) of the samples is shown in F i g . 10. yc of as-received oiled surfaces is 
greater on A T B C oiled sheet than on D O S oiled sheet, and it remarkably 
increases on the open-prebaked surfaces but l ittle on the tight-prebaked 
surfaces of both DOS and A T B C oiled sheets. Flame heating improves the 
wettability of tight-prebaked samples but U V preradiation and hexane washing 
hardly change the wettability. The improvement of wettability by open 
prebaking and flame heating suggests the vaporization and oxidation of the oi l 
f i lms. 

A single-variable correlation was run between Y c and the surface 
composition to see what is the most significant factor for determining the 
wettability ("Table II"). 
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Figure 10. C r i t i c a l surface tension (y c) of oiled Ni-plated sheets 

A high correlation coefficient ( r = 0.903, 99 percent confidence level) 
was found between Y c and polar group concentration ( > C O O ) and relatively 
high correlation coefficients were obtained between Y c and the metallic 
elements (Cr and Ni), but carbon (main component of oil), oxygen, hydration 
degree (n) and covering rate (a) showed low correlation coefficient. In F i g . 11, 
Y c versus the polar group concentration is presented. 

The multiple regression analysis by four independent variables is shown 
in F i g . 12 (here, [0]= 1- [C] - [Cr] - [Ni], aand η are a l l dependent variables). 
The multiple regression equation is expressed as follows: 

y c = 0.149 [C 1 + 2.274 [ C ] c o o +1.418 [Cr] + 1.469 [ N i ] - 7.053 (5) 

In F i g . 12, the ordinate indicates the calculated values from the equation 
(5) and the abcissa is the experimental values of Yc. 

A high correlation coefficient ( r = 0.969) and a relatively low intercept 
value (-7.053 dyne) indicate that y c on the oiled C D C - N i plated sheet is 
substantially determined by the polar group of o i l and the metallic elements. 

It is of interest to note that hydration degree (n) does not directly 
contribute to the wettability, suggesting that it affects the bond strength 
formed during the cure of U V C lacquer. 

Conclusions 

The surface of o i l e d - C D C nickel-plated steel sheets was analyzed by XPS and 
was investigated for its effect on the adhesion of U V C lacquer. The following 
findings were obtained: 

(1) When the composition of the surface film is indicated as aCr203«nH20 + 
(1 - a) N12O3 (where otis covering rate and η is hydration degree), η = 3.7 to 4.8 
and α = 0.81 to 0.85. 
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Figure 11. Correlation of yc and the polar group of carbon of 
oil. 
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(2) During prebaking for the internal coating, dehydration of chromium 
hydroxide (decrease in η-value) has occurred. If surface oil is oxidized at the 
same time, the adhesion loss of U V C lacquer due to the dehydration is made up 
for by the oxidation of the oi l . 
(3) The adhesion of U V C lacquer is likely to deteriorate in wicket-contact 
portions where the dehydration of chromium hydroxide occurs but only l imited 
oxidation and vaporization of o i l take place. 
(4) Compared with conventional DOS-oi led sheets, those oiled with A T B C 
with a high polar group concentration change less in surface condition by 
prebaking and thus, have no de-adhesion of U V C lacquer in wicket-contact 
portions. 
(5) C r i t i c a l surface tension ( y c) of the oiled C D C Ni-plated sheets 
apparently is determined by the polar group concentration of o i l and metallic 
elements (Cr and Ni). y c increases with increasing the polar group 
concentration of o i l and, therefore, the improvement of adhesion due to the 
higher polarity of oi l was also supported by thermodynamical aspect 
(wettability). 
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15 
Cathodic Delamination of Protective Coatings: 
Cause and Control 

J. S. Thornton, J. F. Cartier, and R. W. Thomas 

Texas Research Institute, Inc., 9063 Bee Caves Road, Austin, TX 78733 

The results o
understanding
the cathodic delamination of thick rubber 
adherends, are discussed. In addition to 
contributing to the breaking of adhesive bonds, 
hydroxide ions appear to cause some components 
of commercially available adhesive systems to 
become swollen. Thus, at the debond interface, 
where the cathodic reaction is producing a 
strongly basic solution, the adhesive bond may 
be additionally strained by volume changes. 
Evidence is presented which suggests that the 
selection of an adhesive for marine applications 
which includes exposure of the metal substrate 
to a cathodic potential, should be preceded by 
an examination of the predisposition of the 
adhesive system to volume changes in the 
presence of high concentrations of hydroxide 
ion. 

Cathodic p r o t e c t i o n i s a common approach to reducing c o r r o s i o n of 
metals i n marine s e r v i c e . V i r t u a l l y every s t e e l ship i n the U.S. 
F l e e t i s p r o t e c t e d by the placement of z i n c anodes which corrode 
s a c r i f i c i a l l y , thereby p r o t e c t i n g the s t e e l . The b e n e f i t s of 
cathodic p r o t e c t i o n are enormous - s t e e l h u l l s would be qu i t e short 
l i v e d without i t . 

There are complications however. The cathodic p o t e n t i a l 
e f f e c t i v e l y stops c o r r o s i o n on the metal substrate but i t a l s o 
c o n t r i b u t e s to e a r l y debonding of adherends, the development of leak 
paths under s e a l s , and the b l i s t e r i n g and p e e l i n g of coati n g s . 
Degradation of p r o t e c t i v e coatings i s a b a s i c l i f e - l i m i t i n g problem 
f o r underwater equipment exposed to a cathodic p o t e n t i a l . 

In t h i s paper we are concerned w i t h the adhesive systems 
beneath t h i c k rubber adherends. U n l i k e the technology f o r the p a i n t 
i n d u s t r y , where the science of q u a l i f i c a t i o n t e s t i n g f o r durable 
t h i n coatings has produced p a i n t s w i t h 10, p o s s i b l y 20 years l i f e 
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expectancy, the adhesives f o r underwater use are not so w e l l 
q u a l i f i e d . The r e l a t i o n s h i p between f o r m u l a t i o n and performance 
r e l i a b i l i t y c e r t a i n l y i s not obvious f o r t h i s p a r t i c u l a r harsh 
environment. 

There i s a need f o r an accurate assessment of the mechanism of 
cathodic debonding of t h i c k adherends. This would c o n t r i b u t e to 
b e t t e r c o n t r o l over the s e l e c t i o n of formulations r e s i s t a n t to 
att a c k . One of the o b j e c t i v e s of t h i s work was to develop an 
ac c e l e r a t e d screening t e s t . The screening t e s t was used to evaluate 
the r e l a t i v e performance p r o f i l e s of a number of commercial 
adhesives which were recommended f o r marine a p p l i c a t i o n s . I t i s 
hoped t h a t a screening t e s t such as t h i s one coul d be used to 
i s o l a t e measurable primer p r o p e r t i e s which can be r e l a t e d to the 
long term prospectus of the primer, and the v a r i a b i l i t y of t h i s 
prospectus under permutation of substrate type or a d d i t i v e s . 

The Role of the Hydroxid

The r e l a t i o n s h i p between performance r e l i a b i l i t y and adhesive 
f o r m u l a t i o n i s not simple. The key step i n improving the 
r e l i a b i l i t y of adhesives on c a t h o d i c a l l y p r o t e c t e d substrates i s 
f u l l y understanding the cathodic delamination process. Various 
mechanisms have been proposed i n the l i t e r a t u r e . A l a r g e number of 
i n v e s t i g a t o r s have focused a t t e n t i o n on the damage hydroxide i o n 
does to c o a t i n g adhesion. 

During the cathodic delamination process there are two 
important r e a c t i o n s which can occur at the cathode and which are 
c a t a l y z e d on the t h i n l a y e r of metal oxide which covers the cathode 
s u r f a c e . These r e a c t i o n s are; 

1/2 0 2 + H 20 + 2e" - 2 OH" (1) 

2H 30 + +2e" - H 2 + 2H 20 (2) 

E i t h e r r e a c t i o n w i l l r e s u l t i n an increase of the pH near the 
r e a c t i o n s i t e . The hydrogen r e a c t i o n w i l l proceed even i n s t r o n g l y 
b a s i c s o l u t i o n s i f the a p p l i e d p o t e n t i a l i s increased s u f f i c i e n t l y . 
Which r e a c t i o n predominates depends upon the circumstances. The 
e q u i l i b r i u m p o t e n t i a l f o r the oxygen r e d u c t i o n r e a c t i o n i s 1.24V 
more p o s i t i v e than the e q u i l i b r i u m p o t e n t i a l f o r hydrogen r e d u c t i o n . 
On the other hand, the exchange cur r e n t d e n s i t i e s f o r hydrogen 
e v o l u t i o n on c o r r o d i b l e metal surfaces are f a r greater than the 
corresponding values f o r oxygen r e d u c t i o n . From cathode 
p o l a r i z a t i o n curves f o r s t e e l i n 0.6M s a l t water (1) i t can be seen 
t h a t the oxygen r e d u c t i o n r e a c t i o n i s favored at p o t e n t i a l s l e s s 
than -0.8V (versus a standard calomel e l e c t r o d e ) and the hydrogen 
r e d u c t i o n r e a c t i o n i s favored at p o t e n t i a l s more negative than 
-1.0V. Thus, i n n e u t r a l or b a s i c s o l u t i o n s , where the H^0 + 

c o n c e n t r a t i o n i s low, where d i s s o l v e d oxygen i s present and where an 
a p p l i e d v o l t a g e l e s s than -0.8V i s present, we expect to f i n d the 
oxygen r e d u c t i o n r e a c t i o n dominating. 
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I t i s g e n e r a l l y (2-4) agreed that the formation of the OH- i s a 
c r u c i a l step i n p r o g r e s s i o n of circumstances which l e a d to 
delamination. As long as there i s a growing pocket of c a u s t i c 
s o l u t i o n sequestered between the co a t i n g and substrate l a y e r s , 
f u r t h e r delamination i s occuring. However, t h i s i s where the 
agreement ends. The a c t u a l mechanism by which OH- i n i t i a t e s the 
debond i s not c l e a r . 

Various t h e o r i e s e x i s t . These t h e o r i e s g e n e r a l l y revolve around 
two c e n t r a l t enets: e i t h e r the OH- i s a t t a c k i n g the polymer surface 
and d i s r u p t i n g polymer to metal bonds, or i t i s a t t a c k i n g the metal 
oxide l a y e r t h a t covers the metal surface. In support of the f i r s t 
mechanism, u s i n g surface a n a l y s i s techniques, D i c k i e , Hammond, and 
Holubka (5) have reported that carboxylated species present at the 
i n t e r f a c e can be seen as a r e s u l t of OH- a t t a c k of the polymer. On 
the other hand, L e i d h e i s e r (4) repo r t s that R i t t e r has observed the 
at t a c k of the metal oxide u s i n g e l l i p s o m e t r i c techniques to study a 
polybutadiene c o a t i n g o
Kruger (1) have measure
s i t e under n a t u r a l c o r r o s i o n c o n d i t i o n s - t h i s i s c e r t a i n l y h i g h 
enough to cause the d i s s o l u t i o n of some metal oxides. Koehler (6) 
presented arguments f o r the case that the root cause of cathodic 
delamination i s the displacement of the c o a t i n g by a hi g h pH aqueous 
f i l m t h a t grows i n the i n t e r f a c i a l r e gion. I n that d e s c r i p t i o n the 
i n t e r f a c i a l water d r a s t i c a l l y reduces the d i s p e r s i o n f o r c e s between 
polymer and metal. 

I t i s a l s o true that i f the metal to polymer bonds were 
p r i n c i p a l l y of i o n i c c haracter, then the water which forms a t the 
i n t e r f a c e would s e r i o u s l y degrade these bonds due to the high 
s o l v a t i o n energy r e l e a s e d during the d i s s o l u t i o n of i o n i c bonds. I t 
has been observed (7) that the commercial adhesive system Chemlok 
205/220 used f o r bonding rubber to metal w i l l f a i l a adhesive tape 
p e e l t e s t a f t e r submersion i n seawater and exposure to cathodic 
p o t e n t i a l . However, i t may recover up to 80% of the o r i g i n a l bond i f 
i t i s dryed f o r s e v e r a l days before s u b j e c t i n g i t to the p e e l t e s t . 
This r e v e r s i b l i t y s t r o n g l y suggests that i o n i c bonds or d i s p e r s i o n 
f o r c e s are a more important source of bonding s t r e n g t h ( i n a t l e a s t 
the case of t h i s Chemlok system). 

Other explanations of the nature of the polymer to metal bond 
i n c l u d e ; mechanical adhesion due to microscopic p h y s i c a l 
i n t e r l o c k i n g of the two faces, chemical bonding due to acid/base 
r e a c t i o n s o ccuring at the i n t e r f a c e , hydrogen bonding a t the 
i n t e r f a c e , and e l e c t r o s t a t i c forces b u i l t up between the metal face 
and the d i e l e c t r i c polymer. I t i s reasonable to assume that a l l of 
these kinds of i n t e r a c t i o n s , to one degree or another, are needed to 
e x p l a i n the f a i l u r e of adhesion i n the cathodic delamination 
process. 

In a d d i t i o n , we have observed that the OH- appears to be 
re s p o n s i b l e f o r a s u r p r i s i n g degree of increased water absorption. 
Studies conducted on the Chemlok 205/220 bonding system showed 
s u b s t a n t i a l l y increased weight gains when conducted i n 0.1 Ν NaOH 
over those observed when conducted i n water or seawater. 

The importance of the OH- i o n i s not r e a l l y disputed. I t i s the 
r o l e of the OH- which i s i n question. To f u r t h e r understand the 
e f f e c t of the OH- on the adhesion of metals to polymers, some 
e x p l o r a t o r y t e s t s were conducted. Delamination rat e s were compared 
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to study the e f f e c t of cathodic a c t i o n and the e f f e c t of hydroxide 
ion concentration. 

Delamination Rate Studies 

Much of the focus of the f o l l o w i n g work was aimed at the p r e v i o u s l y 
mentioned Chemlok adhesive system. This was because i t had been used 
e x t e n s i v e l y i n a f a m i l i a r marine a p p l i c a t i o n , we were acquainted 
with i t s long term performance so i t could be used as a ba s e l i n e f o r 
comparison with other commercial adhesive formulations. A l l of the 
commercial adhesives used, i n c l u d i n g Chemlok 205/220, are 
p r o p r i e t a r y formulations, thus the exact f u n c t i o n a l nature of each 
adhesive i s not a v a i l a b l e . 

A s e r i e s of delamination rate t e s t s were conducted on the 
Chemlok 205/220 adhesive system. The t e s t specimen was developed 
from a m o d i f i c a t i o n of the standard (ASTM D-429) peel t e s t  Each 
specimen had two one inc
The t e s t specimens were
tank had 1.0 Ν NaOH, two had 0.25N NaOH and two had 3.5% (by wt.) 
NaCl s o l u t i o n . One 0.25N NaOH and one 3.5% NaCl s o l u t i o n tank were 
purged of oxygen with a ni t r o g e n atmosphere (oxygen concentration of 
l e s s than 3%), the complimentary p a i r of tanks had n a t u r a l a i r 
exposure (oxygen concentration 20%). A summary of the i n i t i a l status 
of each tank i s given i n Table I. 

Table I. I n i t i a l Conditions i n the Delamination Rate Tanks 

Tank S o l u t i o n Oxygen* Conductivity Current pH 

1 IN NaOH 22% 1. .8x10 mohm 1. , 0 amp 13. .1 

2 0.25N NaOH 23% 0. .5 1. .95 12. .95 

3 3.5% NaCl 23% 0. .6 3. ,6 8. .8 

4 0.25N NaOH 2% 0. .6 1. .5 12. .92 

5 3.5% NaCl 2% 0. .6 3. .5 8, .75 

* Temperature of the a l l four tanks was maintained at 35 C. The 
oxygen content r e f e r s to the degree of s a t u r a t i o n of the s o l u t i o n 
f o r that temperation of s o l u t i o n . 

Each tank was continuously scrubbed of CO^ and p o t e n t i o s t a t s 
were employed to maintain an a p p l i e d p o t e n t i a l of -1.2 v o l t s vs SCE 
( a t y p i c a l value f o r the p o t e n t i a l of monel or s t e e l on a ship's 
h u l l i n cl o s e proximity to a zi n c anode). Having el i m i n a t e d the 
p o s s i b i l i t y of buildup of carbonate ions and zi n c ions, the t e s t 
could continue f o r extended periods without changing the balance of 
ions i n the e l e c t r o l y t e . This approximates a c t u a l a p p l i c a t i o n 
c o n d i t i o n s where the instrumentation i s immersed i n the ocean which 
provides a r e l a t i v e l y constant e l e c t r o l y t e environment. Each tank 
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contained a set of four delamination t e s t specimens, each sample 
p a i n t e d everywhere except under the rubber adherend. Delamination 
was measured on a l l bondlines. This y i e l d e d then 16 measurements per 
tank. 

The c o n c e n t r a t i o n of the 0.25N NaOH was s e l e c t e d because i t has 
equ i v a l e n t c o n d u c t i v i t y to the 3.5% NaCl s o l u t i o n . The i n i t i a l 
c u r r e n t l e v e l s i n the NaCl versus NaOH tanks were d i f f e r e n t d e s p i t e 
the e q u i v a l e n t c o n d u c t i v i t i e s and the equal a p p l i e d p o t e n t i a l . The 
d i f f e r e n c e was due to the d i f f e r e n c e i n pH. The more b a s i c s o l u t i o n 
reduced the exchange current d e n s i t y f o r the hydrogen r e a c t i o n . At 
t h i s p o t e n t i a l , the p r i n c i p a l r e a c t i o n i s the hydrogen r e a c t i o n . 
When the pH i s increased, decreasing the co n c e n t r a t i o n of hydronium 
i o n , thereby decreasing the co n c e n t r a t i o n of the r e a c t a n t s , the 
r e a c t i o n i s slowed down. 

Figure 1 i l l u s t r a t e s the comparitive delaminating r a t e i n each 
of the f i v e tanks. The delamination r a t e s i n the NaCl s o l u t i o n s were 
s l i g h t l y greater than th
The b a s i c e l e c t r o c h e m i c a
c u r r e n t . Figure 2 i l l u s t r a t e s the curr e n t due to the cathodic 
r e a c t i o n i n each of the f i v e tanks. The current i n the NaCl 
s o l u t i o n s of equ i v a l e n t c o n d u c t i v i t y was much higher because of the 
lower pH, consequently higher hydronium i o n co n c e n t r a t i o n , f a v o r i n g 
the hydrogen r e a c t i o n . Thus, the cathodic r e a c t i o n was proceeding 
more r a p i d l y i n the NaCl s o l u t i o n and delamination i s proceeding 
correspondingly, more r a p i d l y . 

The r a t e of the cathodic r e a c t i o n i s not the only f a c t o r 
i n f l u e n c i n g the debonding however. Consider the IN NaOH s o l u t i o n . 
The 1 Ν NaOH s o l u t i o n i s c l e a r l y delaminating the f a s t e s t , d e s p i t e 
i t s lower c u r r e n t . The lower c u r r e n t i s due to the f a c t t h a t the 
hydrogen r e a c t i o n i s hampered by the higher c o n c e n t r a t i o n of 
hydroxide i o n s . The other tanks have higher average c u r r e n t 
d e n s i t i e s but slower debond r a t e s . As a r e s u l t we see that the 
hydroxide i o n c o n c e n t r a t i o n i s a separate and d i s t i n c t a c c e l e r a t i n g 
f a c t o r . 

Decreasing the a v a i l a b i l i t y of d i s s o l v e d oxygen i n the NaCl and 
equ i v a l e n t NaOH tanks had the expected e f f e c t . I n each case, 
lowering the oxygen c o n c e n t r a t i o n reduced the cathodic c u r r e n t . 
However, at t h i s p o t e n t i a l the hydrogen r e a c t i o n i s c l e a r l y 
dominating and the r e d u c t i o n i n oxygen i s not of great magnitute. 

These r e s u l t s i n d i c a t e that the hydroxide i o n i s an 
a c c e l e r a t i n g f a c t o r of i t s own r i g h t . In the next s e c t i o n we present 
some evidence th a t suggests th a t one of the reasons hydroxide i o n i s 
a delaminating agent i s that i t causes unusual s w e l l i n g of some 
adhesives. 

S w e l l i n g of Adhesives i n the Presence of Hydroxide 

To f u r t h e r understand the a c t i o n of the hydroxide ions on the 
primer p r o p e r t i e s , weight gain t e s t s were undertaken on v a r i o u s , 
commercially a v a i l a b l e adhesives. We attempted to prepare neat 
samples of ten types of adhesive agents ( i e top coats and primers) 
which had been recommended by the manufacturers as s u i t a b l e f o r 
marine a p p l i c a t i o n s . The neat samples were prepared w i t h the use of 
a commercial a d j u s t a b l e wet f i l m a p p l i c a t o r s u p p l i e d by the Paul 
Gardner Company. This a p p l i c a t o r w i l l l a y f i l m s up to 0.25inches 
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Figure 1 Delamination of pee l t e s t specimens i n f i v e 
tanks versus time. 

Figure 2 Current versus time i n the f i v e tanks. 
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t h i c k and s i x inches wide. The f i l m s were c a s t on a glas s s u b s t r a t e . 
The f i l m s were composed of two l a y e r s of 0.035 inches wet t h i c k n e s s . 
M u l t i p l e l a y e r s were l a i d down. A f t e r d r y i n g f o r about four hours, 
the s l i g h t l y wet f i l m was cut i n t o one in c h s t r i p s and removed from 
the g l a s s s u b s t r a t e . I t was important to remove the s t r i p s before 
they had completely d r i e d or they would become b r i t t l e or s t i c k to 
the g l a s s surface. The fr e e f i l m s were placed between t e f l o n sheets 
and allowed to dry f o r s e v e r a l days. This method gave r e p r o d u c i b l e 
dry f i l m thicknesses of 0.020 inches f o r the primer and 0.015 inches 
f o r the top coat. Cured neat samples were obtained by pressure 
c u r i n g the specimens at 315 F f o r 50 minutes under 25000 pounds of 
p l a t e n pressure. The average sample s i z e was .8" X 1.00" χ 0.07", 
and the weights ranged from 1.3 to 1.8g. Three of the adhesive 
systems were not prepared because they were so visc o u s i t was not 
p o s s i b l e to draw down a t h i n f i l m . Another system was de l e t e d 
because i t s neat sample was too porous a f t e r being cured

The remaining s i x
gain and volume change
d e i o n i z e d water. Two specimens of each type were placed i n each of 
the s o l u t i o n s . The s o l u t i o n s were maintained at 35°C and c o n d i t i o n s 
monitored incl u d e d : pH, temperature, s p e c i f i c g r a v i t y and e l e c t r i c a l 
c o n d u c t i v i t y . Density changes and volume changes were measured by 
f i r s t weighing each sample i n a i r , then i n water. A l l samples were 
r i n s e d thoroughly to prevent contamination of the water used f o r 
weighing. Before weighing i n a i r they were d r i e d w i t h a t h i n stream 
of n i t r o g e n u n t i l they were v i s i b l y dry. 

Figures 3-4 are r e p r e s e n t a t i v e of the range of r e s u l t s on the 
weight g a i n t e s t s . The range of r e s u l t s was dramatic. Table I I 
incl u d e s a t a b u l a t i o n of the volume changes observed i n the s i x 
adhesives. Some of the neat samples showed extreme increases i n 
weight and volume i n the OH s o l u t i o n over the NaCl s o l u t i o n . I f 
you regard the 0H~ s o l u t i o n to be t y p i c a l of the s o l u t i o n 
c o n d i t i o n s at the substrate surface where the cathodic r e a c t i o n s 
have made the l o c a l environment very b a s i c , then the OH curve i n 
Figure 3-4 p o r t r a y what i s going on at the bond l i n e . Thus, primers, 
l i k e 205, w i l l become swollen and s t r e t c h e d w i t h increased water 
a b s o r p t i o n at the bond l i n e . This s w e l l i n g can c o n t r i b u t e to the 
st r e s s e s t h a t l e a d to debond. On the other hand a few of the neat 
samples showed almost no change i n volume, i n n e i t h e r the NaCl nor 
the NaOH s o l u t i o n s . I t might be expected that rubber to metal bonds 
employing these agents would have l e s s s t r a i n and b e t t e r bond 
preformance than the swollen ones. 
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Figure 3 Change i n volume of Chemlok 205 primer i n IN 
NaOH s o l u t i o n and i n 3.5%(Wt.) s o l u t i o n of NaCl. 
Thus, the upper curve, showing the volume change 
i n the presence of hydroxide i o n , w i l l be 
t y p i c a l of the behavior of the primer at the 
debond during cathodic delamination. 
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Figure 4 Change i n volume of Chemlok 220 top coat i n IN 
NaOH s o l u t i o n and i n 3.5%(Wt.) s o l u t i o n of NaCl. 
Volume changes were minimal, i l l u s t r a t i n g the 
p o t e n t i a l range of responses of adhesive agents 
to exposure to hydroxide i o n . 
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Table I I . Commercial V u l c a n i z i n g Adhesives 

177 

SUPPLIER PRODUCT VOLUME CHANGE 

Lord Corp. Chemlok 205 15% 

Chemlok 220 3% 

Chemlok 252 16% 

Dayton Chemicals Thixon Ρ-10 6% 

Thixon 511T 10% 

Thixon GPO 2% 

A l l t h i s evidence points to the conclusion that while hydroxide 
ion may be responsible f o r breaking metal oxide or polymer bonds, i t 
a l s o acts to increase the degreee of s a t u r a t i o n of the polymer with 
water. I t may, i n f a c t , be s w e l l i n g the primer, weakening bonds and 
p o o l i n g water at the i n t e r f a c e . 

Screening Test f o r Adhesives and A d d i t i v e s 

I n i t i a l l y , we t r i e d to devise a screening t e s t f o r adhesives and 
a d d i t i v e s which imitated n a t u r a l l y occuring c o n d i t i o n s . The 
environment we were i m i t a t i n g was c h a r a c t e r i z e d by s a l t water 
immersion, temperatures ranging from j u s t above f r e e z i n g to 30°C, 
and a cathodic p o t e n t i a l ranging anywhere from -0.8 to -1.2 v o l t s . 
In l i g h t of the evidence about the importance of the hydroxide i o n 
i n s w e l l i n g the adhesive, a r t i f i c i a l enhancement of 0H-
concentration was taken as an a c c e l e r a t i n g f a c t o r . Thus, in s t e a d of 
the a r t i f i c i a l seawater s o l u t i o n , a IN s o l u t i o n of NaOH was used. 

The adhesives were a p p l i e d according to manufacturers 
d i r e c t i o n s to s c a l e d down models of an a p p l i c a t i o n . F a i l u r e of the 
vulcanized, rubber to metal bond was detected by a l o s s of 
r e s i s t a n c e r e s u l t i n g from the establishment of a leak path under the 
rubber. The samples were connected e l e c t r i c a l l y to the z i n c anode. 
The temperature, s p e c i f i c g r a v i t y , e l e c t r i c a l c o n d u c t i v i t y and pH of 
the s o l u t i o n s were monitored during the t e s t . 

A f t e r a seventy seven day exposure, f a i l u r e s were observed i n 
the q u a n t i t i e s l i s t e d i n Table I I I . We see from t h i s table that 
Thixon P-10/GPO i s c l e a r l y the best performing system. I t i s 
i n s t r u c t i v e to compare the f a i l u r e rates from the screening t e s t 
with the volume changes observed i n the primers i n the water 
absorption t e s t . Where the primer i s r e s i s t a n t to volume changes i n 
the presence of hydroxide ion, the bond gen e r a l l y has a low 
incidence of f a i l u r e . There i s one notable exception to t h i s 
g e n e r a l i z a t i o n . The Chemlok 205/252 system has a primer 
d i s t i n g u i s h e d by large volume changes, yet when combined with the 
topcoat 252, i t performs reasonably w e l l . This i s p u z z l i n g and needs 
to be i n v e s t i g a t e d . One p o s s i b l e explanation i s that the volume 
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changes i n the topcoat are a l s o important. I f the topcoat i s very 
much s t i f f e r than the primer, s t r e s s w i l l develop and c o n t r i b u t e to 
debonding when the primer s t a r t s to expand w i t h moisture. Comparing 
the behavor of the topcoat and primer i n the 205/252 system we see 
they share s i m i l a r expansion tendencies i n the h i g h pH environment. 
Thus the topcoat may be reducing s t r e s s i n the primer by 
accommodating the volume changes more e a s i l y . A f u r t h e r 
i n v e s t i g a t i o n of t h i s phenomenon would c o n t r i b u t e to our 
understanding of the c o r r e c t procedure f o r s e l e c t i n g the topcoat to 
go along w i t h a chosen primer. 

Table I I I . C o r r e l a t i o n Between the Incidence of F a i l u r e i n the 
Screening Test and the Absorption of Water i n the 
Presence of OH- Ions 

WATER ABSORPTION TESTS 

Adhesive System 
# f a i l e d Primer Topcoat 

Chemlok 205/220 83% 15% 3% 
Chemlok 205/220/A1100 100% 15% 3% 
Chemlok 252 66% 16% 
Thixon P-10/511T 17% 6% 10% 
Thixon P-10/GPO 0% 6% 2% 
Chemlok 205/252 33% 15% 16% 

These r e s u l t s i n d i c a t e that the degree of volume change due to 
the uptake of water i s r e l a t e d to the r e s i s t a n c e of the bond to 
cathodic a c t i o n . T e n t a t i v e l y we can conclude from t h i s t e s t , pending 
f u r t h e r i n f o r m a t i o n , t h a t a primer w i t h h i g h r e s i s t a n c e to s w e l l i n g 
i n the presence of OH- and a topcoat w i t h s i m i l a r volume change 
behavior i n the presence of OH-, w i l l perform best as an adhesive 
system. 

Conclusions 

The preceding has been a d e s c r i p t i o n of our e f f o r t s to develop a 
screening t e s t f o r adhesives which w i l l be used on s t e e l or monel 
subs t r a t e s which are maintained at a cathodic p o t e n t i a l , immersed i n 
seawater a t temperatures ranging from j u s t above f r e e z i n g to 30° C. 
Because of the q u a n t i t y of evidence that p o i n t s to the hydroxide 
i o n , not only as a p o t e n t i a l bond breaking agent, but a l s o as the 
agent which induces s w e l l i n g and concentrates s t r e s s at the 
bondline, the hydroxide i o n was taken to be a u s e f u l a c c e l e r a t i n g 
f a c t o r f o r the screening t e s t . 

At l e a s t one c o n c l u s i o n can be drawn from a l l of t h i s . Primers 
tha t experience l a r g e increases i n s w e l l i n g i n the presence of 
hydroxide i o n , despite s t a b i l i t y and considerable bond s t r e n g t h i n 
s a l t water, would probably perform p o o r l y i f a cathodic p o t e n t i a l 
was a p p l i e d . Thus, the q u a l i f i c a t i o n of an adhesive system f o r a 
marine a p p l i c a t i o n t h a t includes exposure of the metal s u b s t r a t e to 
a cathodic p o t e n t i a l , should i n c l u d e examination of the 
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p r e d i s p o s i t i o n of the adhesive to volume changes i n the presence of 
hydroxide i o n . 
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16 
Effect of Surface Preparation on the Durability 
of Structural Adhesive Bonds 
C. A. Gosselin 

Coatings Research, Research & Technology, Armco Inc., 703 Curtis Street, Middletown, 
OH 45043 

Effects on durabilit
vironmental exposur
tion were examine g singl p
joints. Zincrometal, cold rolled, aluminized and gal
vanized steel adherends were left untreated, alkaline 
cleaned, lubricated, or zinc phosphated prior to bond
ing. Samples using chemically precleaned bare metal 
adherends exhibited good init ial strength, but poor 
durability. Conversely, metal adherends onto which a 
phosphate coating had been deposited prior to bonding 
yielded greatly enhanced durability in wet environ
ments. Samples prepared from zincrometal adherends 
retained the highest percentage of init ial strength 
even in severe environments. Results indicate that in 
addition to chemically precleaning the surface, a 
moisture resistant barrier layer must be deposited 
between the metal/adhesive interface in order to pro
mote durability in humid environments. 

One of the most important requirements of a s t r u c t u r a l adhesive bond 
i s d u r a b i l i t y : that i s , the a b i l i t y to r e t a i n a s i g n i f i c a n t p o r t i o n 
of i t s load bearing c a p a b i l i t y f o r long periods of time under the 
wide v a r i e t y of environmental c o n d i t i o n s which are l i k e l y to be en
countered during s e r v i c e l i f e . ( _ l ) U n fortunately, the poor d u r a b i l i 
t y of metal/adhesive bonds i n wet, h o s t i l e environments has proven 
to be the major obstacle to widespread development and p r a c t i c a l 
usage w i t h i n many i n d u s t r i e s . 

Adhesion between m e t a l l i c / o r g a n i c i n t e r f a c e s i s f a c i l i t a t e d by 
a combination of mechanical i n t e r l o c k i n g , chemical and p h y s i c a l 
bonding. P h y s i c a l bonding alone cannot provide f o r durable, tem
perature r e s i s t a n t bonds, as van-der-Waals forces present between 
the metal surface and adhesive molecules are r e l a t i v e l y weak. 
Rather, chemical bonding r e a c t i o n s between the two surfaces are at 
l e a s t an order of magnitude stronger than van-der-Waals forces and 
account f o r a large amount of both j o i n t strength and d u r a b i l i t y . 
Depending upon the adhesive and cure temperature i n v o l v e d , some 
hydrogen bonding can a l s o occur between the adhesive and the metal 
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oxide and hydroxide surfaces. Mechanical i n t e r l o c k i n g r e f e r s to the 
a b i l i t y of the adhesive to i n t e r p e n e t r a t e a modified porous oxide 
surface p r i o r to and during the e a r l y stages of cure. The success 
of t h i s type of bonding depends h e a v i l y upon the v i s c o s i t y of the 
uncured r e s i n as w e l l as the a b i l i t y to modify the oxide without 
c r e a t i n g a weak, e a s i l y f r a c t u r e d m i c r o - l a y e r . S t r u c t u r a l adhesive 
bonds g e n e r a l l y e x h i b i t good chemical i n t e r a c t i o n between the r e s i n 
and the m e t a l l i c substrate together with some degree of mechanical 
i n t e r l o c k i n g . 

Moisture acts as a debonding agent through one of or a combina
t i o n of the f o l l o w i n g mechanisms: 1) a t t a c k of the m e t a l l i c surface 
to form a weak, hydrated oxide i n t e r f a c e , 2) moisture a s s i s t e d 
chemical bond breakdown, or 3) attack of the adhesive.(2) A primary 
drawback to good d u r a b i l i t y of metal/adhesive bonds i n wet e n v i r o n 
ments i s the ever present substrate surface oxide. Under normal 
circumstances, the oxide l a y e r can be a l t e r e d  but not e n t i r e l y 
removed. Since both meta
water w i l l p r e f e r e n t i a l l
ate a weak boundary layer at the adhesive/metal i n t e r f a c e . For the 
purposes of t h i s work, the d e t r i m e n t a l e f f e c t s of moisture upon the 
adhesive i t s e l f w i l l be neglected. The n i t r i l e rubber modified 
adhesive used here contains few hydrolyzable e s t e r linkages and 
therefore w i l l be considered to remain e s s e n t i a l l y s t a b l e . 

W i t h i n the aerospace i n d u s t r y , etched or anodized aluminum 
surfaces provide a mechanism f o r microscopic mechanical i n t e r l o c k i n g 
at the adhesive/metal i n t e r f a c e , which enhances and s t a b i l i z e s the 
strength obtained through chemical and p h y s i c a l bonding. A compara
t i v e l y f e a t u r e l e s s oxide s u r f a c e , such as that found on bare s t e e l , 
must r e l y p r i m a r i l y on chemical bonds which are unstable i n the 
presence of moisture.(3) In a d d i t i o n , d i v a l e n t metals, (such as 
Fe +2) have a more b a s i c (proton acceptor) surface than the higher 
valence oxides ( A l + 3 , F e + ^ , S i + ^ ) , and a c t u a l l y promote dehydrogena-
t i o n r e a c t i o n s which lead to h y d r o l y s i s at the i n t e r f a c e or anion 
formation and chain s c i s s i o n w i t h i n the adhesive.({0 The moisture 
r e s i s t a n c e can be improved s i g n i f i c a n t l y by d e p o s i t i n g as l i t t l e as 
a monolayer of an a c i d i c s i l a n e on the surface p r i o r to bonding. (5.) 
However, some of these s p e c i a l i z e d surface enhancement techniques 
r e q u i r e time frames not a v a i l a b l e to assembly l i n e operations. (£.) 

In essence, the d u r a b i l i t y of metal/adhesive j o i n t s i s governed 
p r i m a r i l y by the combination of s u b s t r a t e , surface p r e p a r a t i o n , en
vironmental exposure and choice of adhesive. As s t a t e d e a r l i e r , the 
choice of the two-part n i t r i l e rubber modified epoxy system (Hughes 
Chem - PPG) was a f i x e d v a r i a b l e , meeting the requirement of i n i t i a l 
j o i n t strength and cure c y c l e and was not, at t h i s time, examined as 
a reason f o r j o i n t f a i l u r e . D u r a b i l i t y , as i n f l u e n c e d by s u b s t r a t e , 
surface p r e p a r a t i o n , and environmental exposure were examined i n 
t h i s study using r e s u l t s obtained from a c c e l e r a t e d exposure of s i n 
g l e lap shear adhesive j o i n t s . 

Experimental D e t a i l s 
Substrates 

Four types of substrates were examined i n t h i s study. Cold r o l l e d 
s t e e l (CRS), galvanized s t e e l (ZGUS), and an aluminum-silicon a l l o y 
coated s t e e l ( A l - T l ) represented bare and m e t a l l i c coated s t e e l s , 
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r e s p e c t i v e l y . Zincrometal (ZM), a composite c o n s i s t i n g of a bare 
s t e e l s u b s t r a t e , a chrome r i c h primer and a z i n c - r i c h organic top
coat was s e l e c t e d i n order to i l l u s t r a t e the e f f e c t s of a painted 
s u r f a c e . 

Sample Pre p a r a t i o n 

M e t a l l i c adherends were cut from .032" (.08 cm) t h i c k sheets i n t o 
l x 4 - i n c h (2.54 cm χ 10.16 cm) specimens. C l e a n l i n e s s of the su r 
fac e , i s r e q u i r e d i n order to f a c i l i t a t e good adhesion. S t e e l , as 
bonded w i t h i n the automotive i n d u s t r y , o f t e n experiences a v a r i e t y 
of surface contaminants which are not removed p r i o r to bonding. 
Since the choice of surface pretreatment p r e s c r i b e d f o r a m e t a l l i c 
adherend has a d i r e c t e f f e c t on the performance of a j o i n t i n humid 
c o n d i t i o n s , four types of commonly u t i l i z e d automotive surface prep
a r a t i o n s were examined. The e f f e c t s upon d u r a b i l i t y of no c l e a n i n g
a l k a l i n e c l e a n i n g , l u b r i c a t i n
A c c o r d i n g l y , adherends wer
d e t a i l e d below. 

Untreated adherends g e n e r a l l y r e f e r r e d to samples which had 
been bonded i n the "as-received" c o n d i t i o n . These surfaces were 
u s u a l l y covered i n a non-uniform manner with r e s i d u a l m i l l o i l and/ 
or d i r t . Sets of a l k a l i n e cleaned samples were immersed and a g i 
t a t e d i n a 66°C (150°F) aqueous s o l u t i o n (pH 13) of Parker 338 a l k a 
l i n e cleaner f o r approximately 10 seconds, r i n s e d i n 150°F deionized 
water and wiped wi t h a s o f t c l o t h . O i l and d i r t were removed from a 
t h i r d set of adherends by vapor degreasing. Once cle a n , a t h i n f i l m 
of Nalco 314 (a water s o l u b l e drawing compound) was r o l l e r a p p l i e d 
to the surface. The o i l e d samples were secured v e r t i c a l l y overnight 
i n order to remove excess o i l from the bond area. The f i n a l set of 
substrates was z i n c phosphated wi t h an 8-stage automotive phosphate 
system (Chemfil Chem. Co.) which concluded with a chrome r i n s e . 
Immediately p r i o r to bonding, the phosphated adherends were t r e a t e d 
i n a i r at 350°F f o r f i v e minutes i n order to remove excess moisture. 

Fo l l o w i n g the appropriate surface p r e p a r a t i o n , adherends were 
assembled i n t o s i n g l e lap shear adhesive j o i n t c o n f i g u r a t i o n s having 
a .59" (1.50 cm) overlap and a wire shimmed .005" (.013 cm) bondline 
(Figure 1). The adhesive j o i n t s were cured overnight at room 
temperature followed by a 45-minute high temperature cure at 171°C 
(345°F). Cured samples were placed i n the appropriate a c c e l e r a t e d 
environments f o r up to 60 days or r e t a i n e d f o r t e s t i n g i n order to 
ob t a i n i n i t i a l j o i n t s t r e n g t h . A l l samples were e v e n t u a l l y t e s t e d 
to f a i l u r e at a crosshead speed of .14 in/min. (.005 cm/sec) using a 
U n i v e r s a l T e s t i n g Machine. 

Under the best of c o n d i t i o n s , s i n g l e lap j o i n t samples do not 
f a i l i n pure shear due to the t e n s i l e and peel forces present at the 
ends of the overlap. These non-shear forces are exacerbated when 
using t h i n gauge adherends. Because of t h i s , the lap j o i n t dimen
sions as w e l l as the t e s t i n g rate were modified from the ASTM D-1002 
standard as a r e s u l t of e a r l i e r work on t h i n gauge s t e e l adherends. 

Aging Environments 

The aging environments i n which cured lap shear adhesive bonds were 
exposed i n c l u d e d : 
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1. Room Temperature 23°C i n a i r ( c o n t r o l ) 
2. 23°C Temperature Water Bath 
3. 60°C Constant Temperature Water Bath 
4. Humidity Cabinet (95% r h , 58°C) 
5. S a l t Fog Cabinet (ASTM B-117) 
6. Arizon a Proving Grounds (APG) Cycle Test (Laboratory e q u i v a l e n t ) 
7. F i s h e r Body Cycle Test 

At appropriate i n t e r v a l s (5, 10, 20, 40, or 60 days), a minimum of 
f i v e samples from each set were removed and tested to f a i l u r e . 

Results and D i s c u s s i o n 

I n i t i a l Bond Strength 

A l l f a i l u r e a s s o c i a t e d w i t h i n i t i a l bond strength was found to be 
cohesive w i t h i n the adhesive
ure 2, where the e f f e c t
can be examined. Al-Tl/adhesive bonds e x h i b i t e d c o n s i s t e n t l y higher 
i n i t i a l bond strength under a l l pretreatment c o n d i t i o n s , while 
j o i n t s prepared using ZGUS adherends demonstrated the lowest j o i n t 
s t r e n g t h . Surface preparation of the adherends adversely a f f e c t e d 
i n i t i a l bond strength only when the pretreatment was able to a l t e r 
the mechanical p r o p e r t i e s of the adhesive i t s e l f . With the excep
t i o n of samples prepared using A l - T l adherends, lap shear j o i n t s 
prepared with l u b r i c a t e d adherends demonstrated s i g n i f i c a n t l y lower 
f a i l u r e strength when compared to those otherwise prepared. The 
presence of the l u b r i c a n t at the adhesive/adherend i n t e r f a c e reduced 
the w e t t a b i l i t y of the substrate and caused p l a s t i c i z a t i o n of the 
adhesive during cure, thereby lowering the strength of the adhesive 
j o i n t . The A l - T l samples d i d not e x h i b i t t h i s problem. SEM i n d i 
cated that vapor degreasing, which preceded l u b r i c a t i o n , caused a 
t h i c k e n i n g of the porous aluminum oxide on the surface which f a c i l i 
t a t ed b e t t e r mechanical i n t e r l o c k i n g between the adhesive and the 
adherend. In a d d i t i o n , the t h i n , low v i s c o s i t y o i l f i l m a p p l i e d to 
the surface may have penetrated the porous oxide and therefore not 
i n t e r f e r e d w i t h the cure of the adhesive. Within a substrate s e t , 
l e s s strength d i f f e r e n c e was noted between j o i n t s which had been 
a l k a l i n e cleaned, l e f t untreated or phosphated. The only exception 
to the l a t t e r observation can be found i n the untreated ZM data, 
where a heavy, uneven coa t i n g of m i l l o i l on the substrate may have 
c o n t r i b u t e d to the reduc t i o n i n the average i n i t i a l j o i n t s t r e n g t h . 

D u r a b i l i t y 

The r e l a t i v e aggressiveness of the environments proved to be c o n s i s 
tent f o r a l l s u b s t r a t e s , with the room temperature c o n t r o l the l e a s t 
h o s t i l e ( v i r t u a l l y no loss of adhesion), and the cy c l e t e s t s the 
most aggressive (up to 100% loss of adhesion w i t h i n 60 days). 
Humidity cabinet exposure and 60°C water immersion y i e l d e d very 
s i m i l a r values. As a r e s u l t , f o r reasons of c l a r i t y , only water 
immersion data i s a c t u a l l y presented here. J o i n t strength data ob
ta i n e d from e i t h e r the Ford APG or F i s h e r Body Cycle Tests were 
i d e n t i c a l , and were therefore a l s o represented by one set of data 
p o i n t s . The r e l a t i v e aggressiveness of the host environments toward 
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Figure 1. D e t a i l s of s i n g l e lap shear adhesive j o i n t s . 

Figure 2. Graph of i n i t i a l bond strength as a function of 
surface preparation. 
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r e t a i n e d j o i n t strength i s ranked from most to l e a s t h o s t i l e as f o l 
lows: APG ( F i s h e r Body) Cycle Tests > 60° water immersion (humidity 
cabinet at 95% r h , 58°C) > s a l t fog > 23°C water immersion > room 
temperature c o n t r o l . Note one exception i n the case of aluminized 
s t e e l . The 60°C water immersion t e s t was l e s s h o s t i l e than the s a l t 
fog exposure because of the de t r i m e n t a l e f f e c t s of c h l o r i d e e nviron
ments on aluminum surf a c e s . 

The f i r s t set of lap-shear samples to be evaluated f o l l o w i n g 
a c c e l e r a t e d environmental t e s t i n g were those which had been manufac
tured using CRS adherends. L i t t l e d i f f e r e n c e i n j o i n t strength 
could be observed i n d u r a b i l i t y data taken at 5, 10, 20, 40, or 60 
day i n t e r v a l s between samples constructed from adherends which had 
been l e f t untreated, a l k a l i n e cleaned or l u b r i c a t e d p r i o r to bonding 
(Figure 3 ) . A l l room temperature c o n t r o l samples e x h i b i t e d no s i g 
n i f i c a n t l o s s of adhesion and f a i l u r e remained cohesive w i t h i n the 
adhesive. A f t e r 5 days  SEM a n a l y s i s i n d i c a t e d that samples which 
had been exposed to s a l
f a i l e d at or very near th
s i d e r a b l e evidence of progressive metal surface c o r r o s i o n proceeding 
inward from the bond edge. These c o r r o s i o n products e v e n t u a l l y com
p l e t e l y separated the adhesive from the metal substrate i n 60°C 
water immersion and c y c l e t e s t samples where v i r t u a l l y a l l of the 
i n i t i a l strength was l o s t . Samples subjected to s a l t fog t e s t s ap
peared to be les s corroded, but s t i l l l o s t approximately 60% of i n i 
t i a l bond strength a f t e r 60 days. This phenomenon was slower to 
develop on samples which had been immersed i n a 23°C water bath. 
F a i l u r e remained cohesive w i t h i n the adhesive f o r approximately 20 
days, at which point some c o r r o s i o n products became v i s i b l e around 
the edges of the bonded area. A f t e r 60 days, f a i l u r e occurred at or 
near the i n t e r f a c e i n a l l but the very center of the bonded area, 
and i n i t i a l j o i n t strength was reduced by only 30%. 

CRS v/hich had been phosphated p r i o r to bonding e x h i b i t e d a s i g 
n i f i c a n t enhancement of d u r a b i l i t y and c o r r o s i o n r e s i s t a n c e under 
the same ac c e l e r a t e d c o n d i t i o n s (Figure 4 ) . The c r y s t a l l i n e b a r r i e r 
l a y e r r e s t r i c t e d the exposure of the metal oxide to moisture by r e 
ducing the rate of water penetration at the i n t e r f a c e . Even sam
ples exposed to the c y c l e t e s t were able to maintain f a i l u r e w i t h i n 
the adhesive f o r up to 10 days, a f t e r which v a r y i n g amounts of 
i n t e r f a c i a l f a i l u r e were noted. Again, room temperature c o n t r o l 
samples maintained i n i t i a l j o i n t strength and f a i l u r e remained cohe
s i v e w i t h i n the adhesive. 

The second set of lap-shear samples were constructed from g a l 
vanized s t e e l adherends. Once again, the room temperature c o n t r o l 
samples i n a l l instances r e t a i n e d i n i t i a l j o i n t strength values and 
f a i l u r e remained cohesive w i t h i n the adhesive. Adherends which had 
been l e f t untreated, a l k a l i n e cleaned or l u b r i c a t e d e x h i b i t e d s i m i 
l a r long term behavior w i t h i n each a c c e l e r a t e d aging environment. 
These simple surface p r e p a r a t i o n s , which l e f t no moisture r e s i s t a n t 
b a r r i e r l a y e r at the surface, were not e f f e c t i v e i n enhancing the 
d u r a b i l i t y of the samples (Figure 5). Samples immersed i n a 23°C 
water bath l o s t up to 35% of i n i t i a l j o i n t strength and SEM i n d i 
cated that f a i l u r e occurred i n the oxide a f t e r only 5 days. The 
e f f e c t of c y c l e t e s t i n g , 60°C water immersion and s a l t fog on ZGUS 
samples was even more d r a s t i c . A l l of these environments proved 
h o s t i l e enough to reduce j o i n t strength by almost 100% a f t e r 40 
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Figure 3. Graph of shear strength vs. exposure time f o r lap 
shear j o i n t s constructed from untreated, a l k a l i n e cleaned or 
l u b r i c a t e d CRS adherends. 
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Figure 4. Graph of shear strength vs. exposure time f o r samples 
constructed from phosphated CRS adherends. 
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days. In the case of samples exposed to c y c l e t e s t i n g , most of the 
i n i t i a l strength was l o s t a f t e r 10 days. The large c o r r o s i o n 
deposits present at the i n t e r f a c e i n d i c a t e d that the f a i l u r e of the 
oxide la y e r had caused j o i n t strength d e t e r i o r a t i o n . This was to be 
expected, as galvanized s t e e l i s coated with a s a c r i f i c i a l z i n c 
l a y e r i n order to improve c o r r o s i o n r e s i s t a n c e of the bare metal. 
As a r e s u l t , when bare ZGUS i s used i n an adhesive j o i n t , z i n c at 
the i n t e r f a c e corrodes at a r a p i d rate i n the presence of moisture, 
le a d i n g to severe debonding and u l t i m a t e c a t a s t r o p h i c f a i l u r e . 

Phosphating ZGUS adherends p r i o r to bonding led to a marked 
decrease i n the rate of adhesion l o s s . Room temperature c o n t r o l and 
23°C water immersion samples r e t a i n e d almost 100% of i n i t i a l j o i n t 
s trength and f a i l u r e remained cohesive w i t h i n the adhesive. As 
i l l u s t r a t e d i n Figure 6, samples which had been subject to the other 
more h o s t i l e environments a l s o e x h i b i t e d a marked improvement i n 
j o i n t strength a f t e r 60 days  P l a c i n g a p r o t e c t i v e b a r r i e r l a y e r 
between the metal/adhesiv
the r a t e of water permeatio
tne amount of z i n c c o r r o s i o n product present w i t h i n the bonded area. 

A t h i r d set of samples was constructed from A l - T l . As observed 
using other m e t a l l i c adherends, l i t t l e d i f f e r e n c e i n j o i n t strength 
was observed over a period of 60 days between samples i n which the 
substrates had been a l k a l i n e cleaned, l u b r i c a t e d or l e f t untreated. 
(Figure 7). In a d d i t i o n , the most r a p i d d e t e r i o r a t i o n i n bond 
strength occurred i n environments where high concentrations of c h l o 
r i d e ions were present, as depicted by s a l t fog and c y c l e t e s t data. 

J o i n t strength d e t e r i o r a t e d much more r a p i d l y a f t e r immersion 
i n a 60°C water bath as opposed to a 23°C water bath. The increased 
rate of h y d r o l y s i s of the surface oxide i n the presence of water at 
elevated temperatures was the cause of j o i n t strength d e t e r i o r a t i o n , 
as f a i l u r e i n these cases occurred w i t h i n the oxide l a y e r . This 
observation agrees with others who have e x t e n s i v e l y analyzed f a i l e d 
aluminum/epoxy i n t e r f a c e s and found that h y d r a t i o n and subsequent 
weakening of the oxide lay e r was the manner of f a i l u r e i n aluminum 
a l l o y j o i n t s . ( 7 ) On the other hand, j o i n t strength d i d not begin to 
f a l l s i g n i f i c a n t l y u n t i l a f t e r 40 days of immersion i n a 23°C water 
bath. SEM a n a l y s i s i n d i c a t e d that f a i l u r e remained cohesive w i t h i n 
the adhesive near the center of the bonded area, but occurred w i t h i n 
the hydrated oxide layer at the outer edges. 

Lap shear samples exposed only to dry room temperature e n v i r o n 
ments were the most durable. In some cases, j o i n t strength appeared 
to increase s l i g h t l y over time, i n d i c a t i n g some degree of r e s i d u a l 
post cure and/or s t r e s s r e l i e f at the oxide/adhesive i n t e r f a c e . A l l 
of these f a i l u r e s were found to remain cohesive w i t h i n the adhesive. 
U n l i k e r e s u l t s obtained using the other m e t a l l i c adherends i n t h i s 
study, z i n c phosphating A l - T l p r i o r to bonding d i d not improve the 
d u r a b i l i t y of the adhesive bonds exposed to any of the c h l o r i d e con
t a i n i n g a c c e l e r a t e d environments. However, s i g n i f i c a n t improvements 
i n j o i n t strength were obtained a f t e r immersion i n both the 23°C and 
e s p e c i a l l y the 60°C water baths (Figure 8 ) . SEM a n a l y s i s i n d i c a t e d 
t h a t , u n l i k e that found on ZGUS, no phosphate c r y s t a l s had been 
deposited on the aluminized s u b s t r a t e . Rather, the a l k a l i n e pre-
cleaner had exposed the s i l i c o n d e n d r i t i c l a y e r by etchi n g away both 
the surface aluminum oxide as w e l l as some of the bulk aluminum i n 
the c o a t i n g p r i o r to phosphating (Figure 9). 
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Figure 5. Graph of shear strength vs. exposure time f o r lap 
shear samples constructed from untreated, a l k a l i n e cleaned or 
l u b r i c a t e d ZGUS adherends. 

Figure 6. Graph of shear strength vs. exposure time f o r samples 
constructed using phosphated ZGUS adherends. 
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Figure 7. Graph of shear strength vs. exposure time for sample 
constructed from A l - T l adherends which had been l e f t untreated, 
a l k a l i n e cleaned or l u b r i c a t e d p r i o r to bonding. 
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Ο 10 20 30 40 50 60 
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Figure 8. Graph of shear strength vs. exposure time f o r lap 
shear samples constructed from phosphated A l - T l adherends. 
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Figure 9. SEM micrographs comparing phosphated (A) ZGUS and (B) 
A l - T l surfaces. (2000X) 
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The f i n a l step i n the 8-stage automotive phosphating procedure 
i s immersion i n a chromic a c i d r i n s e . G e nerally, phosphate c r y s t a l s 
(or f i l m s ) provide bonding s i t e s f o r the chrome ion s . No evidence 
of chrome was detected using both ESCA and Auger. However, ESCA d i d 
i n d i c a t e that a sodium phosphate (Na2HP04) complex was present i n 
some form on the A l - T l surface. The i n d i c a t e d Na2HPC>4 complex may 
have been incorported i n t o a t h i n , amorphous f i l m covering the sur
face of the substrate. This surface m o d i f i c a t i o n , while not a t y p i 
c a l c r y s t a l l i n e phosphate c o n f i g u r a t i o n , may have provided a 
mechanism f o r the observed improvement of long-term d u r a b i l i t y of 
Al- T l / a d h e s i v e bonds i n wet environments. 

The f i n a l set of samples was prepared using ZM adherends. 
These samples demonstrated e x c e p t i o n a l d u r a b i l i t y regardless of sur
face p r e p a r a t i o n , due to the moisture r e s i s t a n t chemical and p h y s i 
c a l i n t e r l o c k i n g of the paint/adhesive i n t e r f a c e . In a d d i t i o n , the 
z i n c p a r t i c l e s w i t h i n the paint are encapsulated by the organic r e s
i n . Since few, i f any
l y s i s by moisture at th
r e s u l t . 

Samples constructed from adherends which had been a l k a l i n e 
cleaned, l u b r i c a t e d or l e f t untreated e x h i b i t e d s i m i l a r j o i n t 
s trength values and d u r a b i l i t y trends (Figure 10). Adhesive j o i n t s 
placed i n the room temperature c o n t r o l environment or the 23°C water 
bath r e t a i n e d 100% and 92% of i n i t i a l j o i n t s t r e n g t h , r e s p e c t i v e l y . 
F a i l u r e remained cohesive w i t h i n the adhesive f o r a l l of the c o n t r o l 
samples and f o r the f i r s t 20 days of exposure i n the 23°C water 
bath. A f t e r 20 days, some f a i l u r e began to i n i t i a t e at both the 
p r i m e r / s t e e l and primer/topcoat i n t e r f a c e s . The adhesive/topcoat 
i n t e r f a c e proved to be more durable than those found between the 
substrate/primer/topcoat l a y e r s . Samples exposed to the more severe 
s a l t fog, 60°C water bath and cyc l e t e s t s were able to r e t a i n 70% to 
50% of t h e i r i n i t i a l strength over a 60-day exposure p e r i o d . 
F a i l u r e occurred p r i m a r i l y i n the adhesive f o r up to 5 days exposure 
i n these aging environments. A f t e r 5 days, a mixture of f a i l u r e 
s i t e s could be i d e n t i f i e d w ith more than one i n t e r f a c e o f t e n exposed 
on a given sample. This i n d i c a t e d that during extended exposure to 
humid environments, any non-uniformity or i n t e r f a c i a l weakness could 
be attacked and e v e n t u a l l y become the locus of f a i l u r e . 

While a non-phosphated topcoat/adhesive i n t e r f a c e provided an 
e x c e l l e n t , moisture r e s i s t a n t , o c c l u s i v e s e a l even under the most 
severe c y c l e t e s t i n g , phosphated ZM adherends d i d not prove to be as 
durable i n comparison (Figure 11). The reason f o r t h i s l i e s i n the 
f a c t that phosphate coverage on Zincrometal i s incomplete. P a r t i a l 
l y c r y s t a l l i n e phosphates are non-uniformly i n t e r s p e r s e d on randomly 
exposed z i n c dust spheres at the surface. Consequently, the mois
ture r e s i s t a n c e normally provided at the adhesive/topcoat i n t e r f a c e 
was reduced due to the incomplete s e a l i n g between the topcoat/ 
adhesive s u r f a c e s . This became apparent as most of the f a i l u r e s 
examined a f t e r aging i n these environments were concentrated at the 
adhesive/phosphate/paint i n t e r f a c e . Results obtained on these sam
ples were s i m i l a r to those obtained f o r phosphated CRS j o i n t s , i n 
d i c a t i n g that the locus of f a i l u r e occurred at phosphate c r y s t a l 
s i t e s . Note, however, that the d u r a b i l i t y of these j o i n t s was s t i l l 
considered to be very good i n comparison to other m e t a l l i c oxide/ 
adhesive i n t e r f a c e s . 
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Figure 10. Graph of shear strength vs. exposure time for lap 
shear samples constructed from untreated, a l k a l i n e cleaned or 
l u b r i c a t e d Zincrometal adherends. 
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Figure 11. Graph of shear strength vs. exposure time f o r lap 
shear samples constructed from phosphated Zincrometal adherends. 
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Apparently, the chemical bonding present at the paint/adhesive 
i n t e r f a c e i s much stronger than that occurring at e i t h e r the 
phosphate/adhesive or the phosphate/topcoat i n t e r f a c e s . In the case 
of ZM, phosphating to improve d u r a b i l i t y i s not necessary, and i n 
f a c t , was proven to be detrimental. The paint provides a moisture 
r e s i s t a n t b a r r i e r layer which reduces the a c t i v i t y of water at the 
i n t e r f a c e providing for a surface receptive to the chemical and 
p h y s i c a l bonds necessary to promote good adhesion and enhance 
d u r a b i l i t y . 

Conclusions 

I n i t i a l bond strength depended h e a v i l y upon substrate type rather 
than surface preparation. Regardless of pretreatment, i n i t i a l bond 
strength was highest when using A l - T l adherends and lowest when the 
adherends were galvanized s t e e l

However, high i n i t i a
good d u r a b i l i t y i n humi
proved to be those constructed from non-phosphated ZM (painted) ad
herends or bare metal onto which a c r y s t a l l i n e phosphate layer had 
been s u c c e s s f u l l y deposited. This led to the conclusion that simply 
chemically precleaning the bonding surface was not s u f f i c i e n t to 
enhance d u r a b i l i t y . Rather, d u r a b i l i t y was improved only i f a mois
ture r e s i s t a n t b a r r i e r layer was deposited between the oxide/ 
adhesive i n t e r f a c e . This aided both i n r e t a r d i n g the rate of i n i 
t i a l debonding as well as reducing the a c t i v i t y of water once pen
e t r a t i o n into the bond area had occurred. 
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17 
Effects of Corrosive Environments on the Locus 
and Mechanism of Failure of Adhesive Joints 

J. W. Holubka, W. Chun, A. R. Krause, and J. Shyu 

Polymer Science Department, Ford Motor Company, Dearborn, MI 48121 

The effects of corrosiv
mechanism of failur
investigated. Adhesive chemistry resistant to 
degradation and swelling by water and corrosion 
products form the most durable adhesive bonds. The 
nature of the chemistry at the adherend/adhesive 
interface plays an important role in determining the 
durability of an adhesive bond in a corrosive environ
ment. The durability of adhesive bonds to metal 
(steel) adherends is greatly influenced by the 
surface chemistry of the metal. For adhesive systems 
that employ adhesive primers for the metal adherend 
prior to bonding, the durability of the adhesive bond 
is largely controlled by the corrosion resistance of 
the primer. Surface analysis of adhesive bonds which 
failed after exposure to corrosive environments 
suggests that the degradation of interfacial layer is 
one of the principal modes of bond failure. 

The extent of adhesive bond failure under corrosive 
environments is greatly accelerated when cyclic 
mechanical stresses are imposed on the adhesive bond 
during exposure. Three to four orders of magnitude 
reduction in fatigue life of adhesive bonds is 
observed for bonds exposed to environment prior to 
fatigue testing. 

Although numerous st u d i e s (1-3) have de s c r i b e d work aimed at 
e s t a b l i s h i n g c r i t e r i a f o r the d u r a b i l i t y of adhesive j o i n t s , a 
thorough understanding of e f f e c t s of the chemical and mechanical 
p r o p e r t i e s , on the d u r a b i l i t y of adhesive bonds i s l a c k i n g . More 
s p e c i f i c a l l y , the e f f e c t s of surface p r e p a r a t i o n and dynamic 
l o a d i n g , e s p e c i a l l y under environmental s e r v i c e c o n d i t i o n s , has not 
been explored i n d e t a i l f o r automotive s t r u c t u r e s . I n t h i s paper, 
a d e s c r i p t i o n of the e f f e c t s of environment on the d u r a b i l i t y of 
adhesive bonds i s presented. P a r t i c u l a r a t t e n t i o n i s given to 
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c o r r e l a t i n g the e f f e c t s of adhesive chemistry w i t h d u r a b i l i t y of 
the bond. The e f f e c t s of environment, w i t h and without l o a d i n g of 
the bond are a l s o described. 

Experimental 

M a t e r i a l s . The adhesives and primers used i n t h i s study were model 
and commercial m a t e r i a l s t h a t were cured according to c o n d i t i o n s 
appropriate f o r the s p e c i f i c adhesive chemistry. Adhesives A and Β 
were conventional epoxy/Versamid and epoxy/dicyandiamide adhesives, 
r e s p e c t i v e l y . Adhesives C and D were commercial urethane and 
epoxy/polyamide adhesives, r e s p e c t i v e l y . Adhesive Ε was a conven
t i o n a l two-part epoxy/amidoamine adhesive. Adhesive F was a v i n y l 
p l a s t i s o l adhesive. The adhesive primers used i n t h i s study were a 
urethane c r o s s l i n k e d epoxy e l e c t r o c o a t primer and spray primers 
based on t a l l o i l m o dified epoxy e s t e r , and p o l y e s t e r p o l y o l / i s o c y a n -
ate chemistry. Dicyandiamid
Company. Epon 828 was obtaine
Genamid 250 and Versamid 115 were obtained from Henkel Company. The 
s t e e l s u bstrates used were c o l d r o l l e d s t e e l and Bonderite 40 
phosphated s t e e l from Parker. The composite was sheet molding 
compound from Rockwell. 

Adhesive Bonding Technique. Standard procedures f o r pr e p a r i n g 
adhesive bond specimens were used. The composite was i n i t i a l l y 
sanded w i t h 240 g r i t emery paper and then thoroughly r i n s e d w i t h 
methylene c h l o r i d e . S t e e l substrates were r i n s e d thoroughly w i t h 
methylene c h l o r i d e . Bonds were prepared as one i n c h overlap shear 
specimens; bond thickness was 0.76 mm. Bond th i c k n e s s was def i n e d 
u s i n g 1.5 mm long wires of the appropriate t h i c k n e s s . 

X-Rav Photoelectron Spectroscopy. Spectra were obtained u s i n g a 
Leybold-Heraeus LHS-10 Spectrometer u s i n g a Mg Κα anode. A l l 
b i n d i n g energies f o r the obtained s p e c t r a were referenced to the 
hydrocarbon alkane l i n e at 285.0 eV. 

Fatigue T e s t i n g . Fatigue t e s t i n g was conducted u s i n g an MTS closed-
loop e l e c t r o h y d r a u l i c t e s t machine tha t was operated i n l o a d 
c o n t r o l , t e n s i o n - t e n s i o n mode. Loads i n t h i s experiment ranged from 
a minimum of 10% of the maximum lo a d to maximum loads of 200-700 
p s i . 

C o r r o s i o n T e s t i n g . S a l t spray t e s t i n g (ASTM-B-117-62,64) was used 
to determine d u r a b i l i t y of adhesive bond i n c o r r o s i v e environment. 
Lap shear samples were exposed to s a l t spray f o r 14 days and then 
immediately t e s t e d f o r lap shear s t r e n g t h . 

R e s u l t s and D i s c u s s i o n 

Locus and Mechanism of Adhesion F a i l u r e during C o r r o s i o n E f f e c t s of 
Adhesive Chemistry. In previous s t u d i e s (4-6_) on the c o r r o s i o n 
induced adhesion l o s s of coatings from s t e e l s u r f a c e s , a primary 
mechanism f o r c o a t i n g deadhesion was polymer degradation at the 
coating/metal i n t e r f a c e by c o r r o s i o n r e a c t i o n s t h a t generate 
hydroxide i o n : 
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Fe -> Fe+ 2 + 2e~ 

2e" + H 20+ 1/2 0 2 - 20H' 

The extent of coating adhesion f a i l u r e was found to be dependent 
upon the r e s i s t a n c e of the polymer i n the coating to h y d r o l y s i s by 
c o r r o s i o n generated hydroxide. In t h i s study, s i m i l a r trends have 
been observed f o r adhesives. Table I shows the r e s u l t s of s a l t 
spray c o r r o s i o n on a s e r i e s of bonds between c o l d r o l l e d s t e e l 
adherends and adhesives of va r y i n g chemistry. The r e s u l t s show that 
there i s a d i r e c t c o r r e l a t i o n between the chemistry of the adhesive 
polymer and the d u r a b i l i t y of the s e r i e s of adhesive bonds studied. 
The locus of adhesion f a i l u r e a l s o appears to be r e l a t e d to the type 
of adhesive chemistry. In t h i s study, adhesives based on polymers 
having a wide range of h y d r o l y s i s r e s i s t a n c e were examined. 
Adhesives based on h y d r o l y s i s r e s i s t a n t chemistry ( i . e . , adhesives 
D and E) show a high r e t e n t i o
to an aggressive c o r r o s i o
c o h e s i v e l y w i t h i n the adhesive. The cure r e a c t i o n s of these 
adhesives involve the formation of h y d r o l y s i s r e s i s t a n t carbon-
n i t r o g e n bonds i n reactions i n v o l v i n g the free N-H f u n c t i o n a l i t y of 
the Versamid or Genamid hardener with the oxirane f u n c t i o n a l i t y of 
the epoxy r e s i n that i s present i n the adhesive formulation: 

0 0 
R1 - NH 2 / \ / \ 

R - C - NH^ + CH 2 - CH - CH 2 - R" - CH 2 - CH - CH 2 

R' - NH 2 

OH OH 
I I ο 

X R ' -N' -CH2-CH-CH2-R,,-CH2-CH-CH2-N-R, II 
R - C - NH ^NH - C - R 

^ R - Ν - - Ν - R' 

In con t r a s t , adhesives based on h y d r o l y s i s prone chemistry ( i . e . , 
adhesives C, F and G where urethane and es t e r linkages are formed 
during c r o s s l i n k i n g ) are degraded by c o r r o s i o n generated hydroxide 
and subsequently show s i g n i f i c a n t reductions i n adhesive bond 
d u r a b i l i t y . S a p o nfication reactions are the p r i n c i p a l degradation 
processes f o r the p o l y e s t e r and polyurethane based adhesives. 
Evidence from i n t e r f a c i a l a n a l y s i s of surfaces generated as a 
r e s u l t of adhesive bond f a i l u r e , which we w i l l see l a t e r i n t h i s 
report, i n d i c a t e s that degradative processes c o n s i s t e n t with 
h y d r o l y s i s r e a c t i o n s i n v o l v i n g c o r r o s i o n generated hydroxide i o n 
cont r i b u t e s i g n i f i c a n t l y to bond f a i l u r e . These processes r e s u l t i n 
the formation of h y d r o p h i l i c i o n i c and po l a r products at the 
i n t e r f a c e between the adhesive and the metal substrate: 

0 0 
Il H 

R-O-C-R' + OH' -> ROH + "O-C-R' 

0 
II 

R-O-C-NH-R' + 20H" - ROH + CO3- + NH 2 - R' 
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Table I. Adhesive Structure/Property Studies 

Strength (MPa) Locus of 
Adhesive Chemistry I n i t i a l S a l t Spray F a i l u r e 

(14 Days) 

A Epoxy/Dicy 11. ,96 5. ,21 Cohesive 

Β Epoxy/Dicy 16. .24 8. ,23 Cohesive 

C Urethane 8. .04 3. ,69 Adhesive 

D Epoxy/Polyamide 9, .62 7. .55 90% 
10% 

Cohesive 
Adhesive 

Ε Epoxy/Amidoamin

F V i n y l P l a s t i s o l 6, .27 0, .69 Adhesive 

G A c r y l i c 8 .96 1 .03 Adhesive 

The presence of these i o n i c materials at the i n t e r f a c e , as w e l l as 
the corresponding reduction of polymer c r o s s l i n k density a s s o c i a t e d 
with t h i s degradative process, l i k e l y c o n t r i b u t e to the observed 
reduction i n bond d u r a b i l i t y . 

In a s p e c i f i c example of adhesive bonds between c o l d r o l l e d 
s t e e l and SMC adherends (Table II) an adhesive based on h y d r o l y s i s 
r e s i s t a n t epoxy chemistry ( i . e . , adhesive E) was compared with an 
adhesive based on h y d r o l y s i s prone urethane chemistry ( i . e . , 
adhesive C) i n composite to c o l d r o l l e d s t e e l bonds. A f t e r corro
s i o n t e s t i n g , a s i g n i f i c a n t d i f f e r e n c e i n both r e t e n t i o n of i n i t i a l 
bond strength and locus of f a i l u r e was observed. For bonds prepared 
with adhesive E, l i t t l e i f any reduction of the i n i t i a l bond 
strength was observed a f t e r c o r r o s i o n t e s t i n g . The locus of 
f a i l u r e f o r both the t e s t e d and untested bonds was l a r g e l y i n the 

Table I I . Composite to Metal Bonding: 
Urethane vs. Epoxy Adhesives 

Test 
Urethane 

Strength 
(MPa) 

F a i l u r e 
Urethane 

Strength F a i l u r e 
(MPa) 

Unexposed 
SMC/CRS 

5.23 Fiber Tear 4.97 F i b e r Tear 

Corrosion 
Exposed 
SMC/CRS 

3.21 Adhesion Loss 
to S t e e l 

4.48 F i b e r Tear 

Untested 
SMC/SMC 

5.36 Fi b e r Tear 4.87 F i b e r Tear 
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SMC adherend ( f i b e r t e a r out observed); only about 10% of the 
f a i l u r e was at the adhesive-metal i n t e r f a c e . The locus f a i l u r e 
was t y p i c a l of bonds i n v o l v i n g composite m a t e r i a l s . Bond str e n g t h 
values f o r these composite/metal bonds compared f a v o r a b l y w i t h 
s i m i l a r bonds i n v o l v i n g composite/composite bonds where the e f f e c t s 
of c o r r o s i o n r e a c t i o n s are not present. For bonds prepared w i t h 
adhesive C ( h y d r o l y s i s prone m a t e r i a l ) , n e a r l y a 40% r e d u c t i o n 
i n bond s t r e n g t h was observed and the f a i l u r e was e n t i r e l y at the 
metal-adhesive i n t e r f a c e . The observed r e s u l t s w i t h composite metal 
bonds i n c o r r o s i o n are c o n s i s t e n t w i t h a c o r r o s i o n induced degrada
t i o n of the adhesive at the metal-adhesive i n t e r f a c e t h a t reduces 
the o v e r a l l s t r e n g t h of the adhesive below the cohesive s t r e n g t h of 
the composite (hence, the change i n locus of bond f a i l u r e ) . 

The i n t e r f a c i a l adhesive bond surfaces generated as a r e s u l t of 
c o r r o s i o n induced f a i l u r e ( f o r adhesives C and E) have been examined 
usi n g x-ray p h o t o e l e c t r o n spectroscopy. The r e s u l t s of these 
s t u d i e s are shown i n Tabl

Table I I I . X-Ray Photoelectron Spectroscopy o f 
Composite to Metal Bond F a i l u r e i n C o r r o s i o n 

Sample Percent Atomic Composition 
Ç 0 Ν Fe N/0 

Adhesive C 80.2 17.3 2.5 -- .145 
Unexposed 

Adhesive C 73.0 24.9 2.1 -- .084 
A f t e r C o r r o s i o n 
Polymer I n t e r f a c e 

Adhesive C 51.7 42.5 1.7 4.1 .040 
A f t e r C o r r o s i o n 
Metal I n t e r f a c e 

Adhesive Ε 78.5 15.4 6.1 -- .396 
Unexposed 

Adhesive Ε 82.0 12.6 5.4 -- .428 
A f t e r C o r r o s i o n 
Polymer I n t e r f a c e 

Adhesive Ε 49.9 45.4 -- 4.7 0 
A f t e r C o r r o s i o n 
Metal I n t e r f a c e 

elemental composition were observed w i t h the urethane based adhesive 
a f t e r c o r r o s i o n induced adhesion f a i l u r e . The most notable change 
observed i s i n the N/0 r a t i o . There i s a marked r e d u c t i o n of 
n i t r o g e n c o n c e n t r a t i o n ( i . e . , N/0 r a t i o f o r untested adhesive C 
surface of 0.145 reduced to N/0 r a t i o of 0.084 f o r i n t e r f a c i a l 
adhesive surface a f t e r c o r r o s i o n ) . The lower n i t r o g e n c o n c e n t r a t i o n 
on the i n t e r f a c i a l adhesive C surface a f t e r c o r r o s i o n i s c o n s i s t e n t 
w i t h a degradation of polymer w i t h l o s s of n i t r o g e n - c o n t a i n i n g 
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Figure 1. C Is X-Ray Photoelec
tron Spectra (XPS) of i n t e r f a c i a l 
surfaces of adhesive C showing 
(a) C Is XPS spectrum of untested 
Adhesive C surface having peaks 
at 285.0 eV, 285.8 eV, 286.8 eV, 
and 289.3 eV; (b) C Is XPS spec
trum of i n t e r f a c i a l A d h e s i v e C 
polymer surface a f t e r corrosion 
showing peaks i d e n t i c a l to (a); 
(c) C Is XPS spectrum of i n t e r -
f a c i a l Adhesive C metal surface 
a f t e r c o r r o s i o n showing com
ponents at 285.0 eV, 286.1 eV, 
287.3 eV, and 288.9 eV; (d) C Is 
XPS spectrum of cold r o l l e d 
s t e e l standard showing peaks at 
285.0 eV, 286.5 eV, and 288.7 eV. 

Figure 2. C Is XPS of i n t e r f a c i a l 
surfaces of Adhesive Ε showing (a) 
C Is XPS spectrum of untested 
Adhesive Ε surface having peaks 
at 285.0 eV, 285.7 eV, 286.7 eV, 
and 287.9 eV; (b) C Is XPS spec
trum of i n t e r f a c i a l Adhesive Ε 
polymer surface a f t e r c o rrosion 
showing peaks i d e n t i c a l to (a); 
(c) C Is XPS spectrum of i n t e r -
f a c i a l Adhesive Ε metal surface 
a f t e r c o r r o s i o n showing com
ponents at 285.0 eV, 286.1 eV, 
287.3 eV, and 288.9 eV; (d) 
C Is XPS spectrum of co l d r o l l e d 
s t e e l standard showing peaks at 
285.0 eV, 286.5 eV, and 288.7 eV. 
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species during c o r r o s i o n . The presence of n i t r o g e n on the i n t e r -
f a c i a l metal surface i s c o n s i s t e n t w i t h the presence of polymer 
residue on that side of the i n t e r f a c e . The high r e s o l u t i o n C Is XPS 
spe c t r a f o r adhesive C (Figure 1) show that the i n t e r f a c i a l surfaces 
generated as a r e s u l t of bond f a i l u r e (Figures IB and 1C) d i f f e r 
from the untested adhesive. The observed changes i n the s p e c t r a 
are c o n s i s t e n t w i t h a h y d r o l y s i s process t h a t cleaves a water-
s o l u b l e amine-containing component from the c r o s s l i n k e d network of 
adhesive C. In c o n t r a s t , the delaminated p o r t i o n of the adhesive Ε 
bond t h a t f a i l e d a dhesively shows only minor changes i n composition 
(Table I I I ) . N/0 r a t i o s remain e s s e n t i a l l y unchanged f o r both 
untested adhesive Ε surface and the i n t e r f a c i a l adhesive surface 
generated as a r e s u l t of bond f a i l u r e . Bond f a i l u r e i s l i k e l y to 
r e s u l t from a simple displacement of the adhesive from the s t e e l 
adherend by water or by a simple p e e l process during the bond 
f a i l u r e t h a t occurs without polymer degradation. High r e s o l u t i o n 
C Is sp e c t r a f o r adhesiv
f o r both untested and t e s t e
s i g n i f i c a n t polymer degradation i n t h i s c o r r o s i o n t e s t . The 
absence of n i t r o g e n on the i n t e r f a c i a l metal surface as w e l l as a 
C Is n e a r l y i d e n t i c a l to s t e e l standard f u r t h e r i n d i c a t e s that bond 
f a i l u r e occurred without polymer degradation. 

The E f f e c t of Adhesive Primers. In p r a c t i c e , adhesive bonds 
i n v o l v i n g metal adherends o f t e n use primers as pretreatments of the 
metal surface p r i o r to bonding. Table IV shows the d u r a b i l i t y of 
composite-metal bonds prepared w i t h adhesive C over a s e r i e s of 
primers (of v a r y i n g c o r r o s i o n r e s i s t a n c e ) i n 240 hour s a l t spray 
t e s t . The r e s u l t s i n d i c a t e that the performance of bonds i s 
d i r e c t l y r e l a t e d to the c o r r o s i o n r e s i s t a n c e of the primer used to 
prepare the adherend surface. In general, the adhesion of the 
primer to the s t e e l adherend, r a t h e r than the adhesive chemistry, 

Table IV. E f f e c t of Primer Chemistry on Bond Strength 
of SMC/Primed S t e e l Epoxy Adhesive Bonds 

Primer Chemistry Primer Adhesion Bond Strength (MPa) F a i l u r e 
Loss i n SS*(mnO I n i t i a l A f t e r SS 

Epoxy Ecoat 0 6.27 5.86 F i b e r 
Tear 

Epoxy Es t e r 2-3 6.59 5.29 F i b e r 
Tear + 
Primer 

Urethane 4-5 6.36 2.73 Primer 

Epoxy Urethane <1 6.19 4.65 F i b e r 
Tear + 
Primer 

* S a l t Spray 
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c o n t r o l s the d u r a b i l i t y of these adhesive bonds. XPS a n a l y s i s of 
the i n t e r f a c i a l primer surfaces generated as a r e s u l t of adhesion 
f a i l u r e are c o n s i s t e n t with p r e v i o u s l y reported work on adhesion 
l o s s of coatings during c o r r o s i o n (5.-6) . 

E f f e c t s of Adhesive Chemistry on the Fatigue Resistance of Bonds. 
Fatigue t e s t i n g was employed to study the d u r a b i l i t y of adhesive 
bonds under conditions more representative of s e r v i c e conditions 
( i . e . , load + environment). Results (Table V) show that f o r 
composite/composite bonds exposed to f a t i g u e and moisture environ
ments, reductions i n f a t i g u e r e s i s t a n c e are observed. Bond f a i l u r e 
i s a l s o a s s o c i a t e d with the adhesive rather than the composite 
adherends. A range of performance, r e l a t e d to the adhesive chemis
t r y , was observed. The performance of the bond during f a t i g u e 
t e s t i n g was found to be at l e a s t p a r t i a l l y dependent upon the water 
uptake of the adhesive  Th  greate  th  wate  uptake  th  greate
the reduction i n f a t i g u
(adhesive D), the water
weight w i t h i n four hours exposure to water at room temperature. In 
f a t i g u e t e s t s , where the adhesive bond was c y c l e d between 50 and 500 
p s i , the f a t i g u e r e s i s t a n c e was reduced from 20,000 c y c l e s to 3,300 
cy c l e s and bond f a i l u r e occurred c o h e s i v e l y w i t h i n the adhesive. In 
contrast, f o r a urethane adhesive (adhesive C), the water uptake i n 
the i d e n t i c a l experiment was 2-3% and the re d u c t i o n i n f a t i g u e 

Table V. E f f e c t s of Environment and Load on 
Bond D u r a b i l i t y During Fatigue 

Untested 

Adhesive 
Epoxy 
Urethane 

Cycles to F a i l u r e 
20,000 
40,000 

Environment then Load a 

Adhesive 
Epoxy 
Urethane 

Environment with Load*3 

Cycles to F a i l u r e 
3,293 
5,004 

Adhesive 
Epoxy 
Urethane 

Cycles to F a i l u r e 
1,501 
3,849 

a) Sample exposed to water at room temperature f o r f i v e days then 
f a t i g u e t e s t e d between 50 to 500 pounds. 

b) Sample exposed to water during f a t i g u e t e s t . Fatigue t e s t 
conducted between 50 to 500 pounds. T o t a l t e s t time l e s s than 
four hours. 
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r e s i s t a n c e was from 40,000 c y c l e s to 5,000 c y c l e s , and bond f a i l u r e 
occurred at the composite-adhesive i n t e r f a c e i n d i c a t i n g t h a t the 
adhesive s t r e n g t h was l e s s than the cohesive s t r e n g t h of the 
m a t e r i a l . Equivalent reductions i n f a t i g u e l i f e are observed when 
the adhesive bonds are exposed to environment ( i . e . , water) during 
f a t i g u e . The r e s u l t s i n d i c a t e t h a t the e f f e c t s of simultaneous 
exposure of adhesive bonds to both f a t i g u e and environment has a 
greater e f f e c t of reducing bond d u r a b i l i t y than f a t i g u e l o a d i n g 
a f t e r environmental exposure. 

Conclusion 

The e f f e c t s of adhesive polymer chemistry on the d u r a b i l i t y of 
adhesive bonds during c o r r o s i o n has been examined. S p e c i f i c 
e f f o r t s have been aimed at determining the e f f e c t s of c o r r o s i v e 
environments on the locus and mechanism of adhesion f a i l u r e of 
adhesive j o i n t s . I n t e r f a c i a
found to s t r o n g l y a f f e c
chemistry r e s i s t a n t to degradation and s w e l l i n g by water and 
c o r r o s i o n products form the most durable adhesive bonds. The 
co r r o s i o n r e s i s t a n c e of adhesive primers used to r e p a i r metal 
surface p r i o r to bonding s t r o n g l y i n f l u e n c e s bond d u r a b i l i t y . 
Primers having good c o r r o s i o n r e s i s t a n c e o f f e r the best bond 
performance i n c o r r o s i o n environment. 

The extent of adhesive bond f a i l u r e under c o r r o s i v e environ
ments i s g r e a t l y a c c e l e r a t e d when c y c l i c mechanical s t r e s s e s are 
imposed on the adhesive bond during exposure. The e f f e c t s are 
gre a t e s t f o r adhesives having h i g h water uptake. 
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New Polymeric Materials for Metal Conversion Coating 
Applications 

A. Lindert and J. I. Maurer 

Parker Chemical Company, 32100 Stephenson Highway, Madison Heights, MI 48071 

In order to obtain maximum corrosion protection for 
painted metal articles, the metal parts are pretreated 
with an inorganic conversion coating prior to the 
painting operation. These zinc or iron phosphate 
coatings greatly increase both paint adhesion and 
corrosion protection. Traditionally, a chromic acid 
post-treatment has been applied to these phosphatized 
metal surfaces to further enhance corrosion protection. 
Due to environmental concerns, research efforts have 
been directed toward the replacement of chromate-based 
post-treatments. This paper focuses on a new unique 
chromium free post-treatment based on "Mannich 
d e r i v a t i v e s " of po1y-νiny1phenol which have 
demonstrated excellent performance on both zinc and 
iron phosphate treatments. 

A l a r g e segment o f t h e m e t a l p a r t s produced by i n d u s t r y are 
painted f o r both d e c o r a t i v e purposes as w e l l as t o i n c r e a s e the 
c o r r o s i o n r e s i s t a n c e and extend the u s e f u l l i f e of the product. 
To o b t a i n maximum q u a l i t y from p a i n t e d m e t a l a r t i c l e s , i t i s o f 
paramount importance to pr e t r e a t the metal parts w i t h a conversion 
c o a t i n g procès s . ( 1, 2 ) P r e t r e a t m e n t p r o c e s s e s c o n t r i b u t e a 
s i g n i f i c a n t improvement i n c o r r o s i o n p r o t e c t i o n and d u r a b i l i t y to 
metal a r t i c l e s by: 

1. Increasing b l i s t e r r e s i s t a n c e i n humid environment 
2. Promoting paint adhesion 
3. Decreasing the spread of c o r r o s i o n of the metal 

substrate 
4. Reducing metal-paint i n t e r a c t i o n s . 

A c o n v e r s i o n c o a t i n g p r o v i d e s an i n s u l a t i n g , o f t e n 
n o n - c o n d u c t i n g c o a t i n g which both i n h i b i t s c o r r o s i o n once painted 
and provides a b e t t e r surface f o r paint adhesion. 

0097-6156/86/0322-0203$06.00/0 
© 1986 American Chemical Society 
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T h e r e a r e e s s e n t i a l l y t h r e e main steps i n a c o n v e r s i o n 
coating process; cleaning, conversion coating, and p o s t - t r e a t i n g . 
T h e se t h r e e d i f f e r e n t , b ut e q u a l l y i m p o r t a n t , s t e p s i n the 
pretreatment of metal a r t i c l e s w i l l be d i s c u s s e d i n more d e t a i l 
f o r the purpose of providing a background for the main emphasis of 
t h i s paper, the p o s t - t r e a t m e n t p a r t o f the c o n v e r s i o n c o a t i n g 
p r o c e s s , and more s p e c i f i c a l l y c h r o m i u m - f r e e p o l y m e r i c 
p o s t - t r e a t m e n t s which have been developed i n r e c e n t y e a r s t o 
replace the environmentally unacceptable chromate systems. 

Background - Present I n d u s t r i a l P r a c t i c e 

Depending upon the q u a l i t y l e v e l d e s i r e d , the type of paint and 
the a p p l i c a t i o n method used, and the metal mix t r e a t e d , a number 
of d i f f e r e n t types o f pretreatment processes are a v a i l a b l e  For 
use as a paint base, th
" i r o n phosphate" or th

The pretreatment can be as simple as a three-step process, i n 
which the c l e a n i n g and c o n v e r s i o n c o a t i n g s are combined i n the 
same step as follows: 

The a b o v e t y p e o f p r o c e s s i s most o f t e n u s e d i n t h e 
a p p l i c a t i o n of an i r o n p h o s p h a t e - i r o n o x i d e c o n v e r s i o n c o a t i n g . 
These amorphous c o a t i n g s are g e n e r a l l y d e p o s i t e d at a c o a t i n g 
w e i g h t o f from 20 t o 80 mg./sq. f t . A l t h o u g h t h e s e i r o n 
phosphate c o a t i n g s improve p a i n t a d h e s i o n , a post-treatment i s 
required to obtain acceptable c o r r o s i o n p r o t e c t i o n , and improves 
the c o r r o s i o n p r o p e r t i e s of the conversion coating by an order of 
magnitude. 

On t h e o t h e r end o f t h e spe c t r u m , the p r e t r e a t m e n t can 
encompass many steps: 

THREE STAGE PROCESS 

1. 
2. 
3. 

Clean/Conversion Coating 
Water Rinse 
Post-Treatment 

EIGHT STAGE PROCESS 

1. Clean 
2. Water Rinse 
3. Clean 
4. Water Rinse (Conditioning Agent) 
5. Conversion Coating 
6. Water Rinse 
7. Post-Treatment 
8. Deionized Water Rinse 

T h i s more i n v o l v e d m u l t i - s t e p p r o c e s s can be used for both 
i r o n phosphate and zinc phosphate c o n v e r s i o n c o a t i n g p r o c e s s e s . 
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I n g e n e r a l , t h e z i n c p h o s p h a t e p r o c e s s r e q u i r e s the above 
m u l t i - s t e p p r o c e d u r e s i n c e , w i t h t h e s e c o a t i n g s , i t i s o f t e n 
n e c e s s a r y to employ a surface a c t i v a t i n g agent c o n t a i n i n g t i t a n i u m 
phosphate. The t i t a n i u m phosphate can be f o r m u l a t e d e i t h e r i n t o 
t h e c l e a n e r o r used i n t h e w a t e r r i n s e p r e c e d i n g the z i n c 
phosphate c o a t i n g s o l u t i o n . The z i n c phosphate t r e a t m e n t baths 
c a n d e p o s i t e i t h e r c r y s t a l l i n e z i n c phosphate ( h o p e i t e ) or 
z i n c - i r o n phosphate ( p h o s p h o p h y l i t e ) c o a t i n g s at a p p r o x i m a t e l y 
130 t o 250 mg./sq. f t . By themselves, these coatings can improve 
paint adhesion and give c o r r o s i o n p r o t e c t i o n to m e t a l a r t i c l e s . 
A p p l i c a t i o n o f a p o s t - t r e a t m e n t can f u r t h e r improve c o r r o s i o n 
p r o t e c t i o n by an order o f 1 t o 2 times depending on the type o f 
p a i n t used. 

Chromium Post-Treatments 

The o r i g i n a l p o s t - t r e a t m e n t
s o l u t i o n s of chromic a c i d i n water. V a r i a t i o n s and improvements 
have been made i n chromate p o s t - t r e a t m e n t s to overcome a l k a l i n e 
water c o n d i t i o n s , design t r e a t m e n t s s p e c i f i c f o r z i n c phosphate 
c o a t i n g s (3_) , and t o d e v e l o p r e a c t i v e t r i v a l e n t - h e x a v a l e n t 
chromium chromate complex t r e a t m e n t s which c o u l d be r i n s e d w i t h 
water w i t h o u t d e c r e a s i n g the c o r r o s i o n r e s i s t a n c e . (4) A f u r t h e r 
development i n chromium post-treatment t e c h n o l o g y was the use o f 
t r i v a l e n t chromium compounds . (_5) These post treatments are l e s s 
t o x i c and e l i m i n a t e the r e d u c t i o n s t e p employed f o r waste water 
t r e a t m e n t i n chromate e f f l u e n t s . However, t r i v a l e n t chromium 
based post t r e a t m e n t s are l e s s f o r g i v i n g and more c a r e must be 
e x e r c i s e d i n c o n t r o l l i n g p r o c e s s v a r i a b l e s i n order to maintain 
q u a l i t y . In a d d i t i o n , chromium e f f l u e n t i s always a p o s s i b i l i t y 
i f inadequate c o n t r o l of the d i s p o s a l occurs. 

Chrome-Free Post-Treatments 

The n a t u r a l l y o c c u r r i n g t a n n i n s were the f i r s t p o l y p h e n o l i c 
o l i g o m e r s and p o l y m e r s e m p l o y e d as ρο st-treatmeηts on 
p h o s p h a t i z e d m e t a l s u r f a c e s . T a n n i n p o s t - 1 r e a t m e n t s gave 
reasonably good r e s u l t s over z i n c phosphate c o n v e r s i o n c o a t i n g s 
where the p o s t - t r e a t m e n t , can increase the c o r r o s i o n r e s i s t a n c e by 
1 to 2 f o l d . ^ 6 ) F o r m u l a t i o n s of t a n n i n s / m e l a m i n e - f o r m a l d e h y d e 
r e s i n s f u r t h e r i m p r o v e d t h e above system and were shown to 
increase the c o r r o s i o n r e s i s t a n c e o f i r o n phosphate c o a t i n g s ( 7 ) 
where the use o f a p o s t - t r e a t m e n t i s c r i t i c a l f o r good c o r r o s i o n 
r e s i s t a n c e . These tannin/melamine-formaldehyde f o r m u l a t i o n s gave 
the b e s t r e s u l t s without the use of a water r i n s e and required an 
oven cure step. 

The development o f new paint technology has mandated f u r t h e r 
improvements i n the performance of non-chrome r i n s e s . G r e a t e r use 
of a f i n a l water r i n s e i n treatment a p p l i c a t i o n s has taken place 
p a r t i c u l a r l y w i t h the advent of a n o d i c and c a t h o d i c e l e c t r o -
p a i n t i n g which r e q u i r e the use o f a d e i o n i z e d r i n s e to prevent 
paint c o n t a m i n a t i o n . High s o l i d s p a i n t s which tend to be more 
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s e n s i t i v e to surface residues and i r r e g u l a r i t i e s also b e n e f i t from 
a f i n a l water r i n s e s i n c e t h i s e x t r a s t e p r e d u c e s s u r f a c e 
i m p u r i t i e s . These more r e c e n t developments i n the conversion 
coating process, require that the post-treatment be r e a c t i v e w i t h 
the metal surface and not wash o f f i n the water r i n s e step. 

In the development of a r e a c t i v e non-chrome post-treatment, a 
v a r i e t y o f p h e n o l i c r e s i n s were s y n t h e s i z e d and c o m m e r c i a l 
p h e n o l i c r e s i n s e v a l u a t e d . It was found that phenol-formaldehyde 
r e s i n s , c r e s o 1 - f o r m a l d e h y d e c o n d e n s a t e s , ο r t h ο - η ο ν ο 1 ak 
r e s i n s , and phenol-formaldehyde emulsions gave p o s i t i v e r e s u l t s 
when employed as p o s t - t r e a t m e n t s over z i n c and i r o n phosphate 
c o n v e r s i o n c o a t i n g s . The above m a t e r i a l s a l l p o s s e s s e d 
drawbacks. The materials i n general have poor water s o l u b i l i t y at 
low c o n c e n t r a t i o n s used i n post-treatment a p p l i c a t i o n s and had to 
be dried and baked i n place i n order to o b t a i n good performance
The b e s t r e s u l t s wer
d e r i v a t i v e s thereof as show

X = H 

X = CH20H 

X = CH2N(CH3)CH2CH2OH 

η 

Structure 1 

P o l y - 4 - v i n y l p h e n o l (X=H) was e v a l u a t e d from ethanol due to 
poor s o l u b i l i t y and s t a b i l i t y i n a l k a l i n e s o l u t i o n s . P o l y - 4 -
v i n y l p h e n o l - f o r m a l d e h y d e condensate (X=CH20H) was applied from an 
a l k a l i n e s o l u t i o n and was s o l u b l e and s t a b l e at a pH o f 9.5 or 
g r e a t e r . The p o l y - 2 - [ m e t h y l ( 2 - h y d r o x y e t h y 1 ) a m i n o Jmethyl-
4-vinylphenol [X=CH2N(CH3)CH2CH20H] d e r i v a t i v e s y n t h e s i z e d by the 
"Mannich" condensation of 2-(methylamino)ethanol, formaldehyde and 
the p o l y - 4 - v i n y l p h e n o l was a p p l i e d to the t r e a t e d metal at an 
a c i d i c pH as d e s c r i b e d below and was soluble i n water over a wide 
pH r a n g e ( b e l o w 1 t o 7 . 8 ) . B o t h t h e p o l y - 4 - v i n y l p h e n o 1 -
f o r m a l d e h y d e c o n d e n s a t e and t h e " M a n n i c h " d e r i v a t i v e have 

demonstrated e x c e l l e n t performance as post-treatments over both 
z i n c and i r o n phosphate c o n v e r s i o n c o a t i n g s . However, i n a 
t y p i c a l i n d u s t r i a l treatment i n s t a l l a t i o n , there i s considerable 
a c i d " d r a g - i n " from the phosphatiζing and subsequent r i n s i n g 
s t a g e s . T h i s a c i d "drag-in" w i l l p r e c i p i t a t e and contaminate the 
a l k a l i n e soluble poly-4-vinylphenol-formadlehyde condensate. The 
"Mannich" adduct, b e i n g a c i d s o l u b l e , i s not a f f e c t e d by a c i d 
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d r a g - i n from the p r i o r t r e a t m e n t s t a g e s and has found g r e a t e r 
a c c e p t a n c e . Commercial p r o d u c t s have been developed employing 
the poly-4-vinylphenol d e r i v a t i v e s and are p r e s e n t l y used i n broad 
spectrum o f i n d u s t r i a l i n s t a l l a t i o n s i n c l u d i n g the f u r n i t u r e , 
appliance, and automotive markets. 

P o l y v i n y l p h e n o l Post-Treatments 

The q u a l i t y observed w i t h "Mannich" d e r i v a t i v e s of p o l y v i n y l p h e n o l 
i s a f f e c t e d by the co n c e n t r a t i o n , time of t r e a t m e n t , t e m p e r a t u r e , 
pH, and whether or not a f i n a l d eionized water r i n s e i s used. The 
r e s u l t s shown i n T a b l e s I - I I I b e l o w r e p r e s e n t e v a l u a t i o n s 
c o n d u c t e d f o r po l y - [ m e t h y l ( 2 - h y d r o x y e t h y 1 ) amino ] m e t h y l - 4 -
v i n y l p h e n o l , as shown i n S t r u c t u r e I . P o s t - t r e a t m e n t s based on 
p o l y v i n y l p h e n o l s overcome d e f i c i e n c i e s o b s e r v e d w i t h p r e v i o u s 
chrome-free r i n s e s , sinc
water r i n s e a c t u a l l y improve
Table I where the new non-chrome system i s e v a l u a t e d on B o n d e r i t e 
1000, an i r o n phosphate c o n v e r s i o n c o a t i n g , as a f u n c t i o n o f 
concen t r a t i o n w i t h and w i t h o u t a f i n a l water r i n s e . I t i s a l s o 

TABLE I 
POLYVINYLPHENOL POST-TREATMENT IRON PHOSPHATE 

BATH CONCENTRATION VS. FINAL WATER RINSE# 

POST-TREATMENT 
CONCENTRATION 

(% SOLIDS) 

WATER RINSE SALT SPRAY 
504 H0URS## 

POST-TREATMENT 
CONCENTRATION 

(% SOLIDS) NO YES 

SALT SPRAY 
504 H0URS## 

.01 X 5-5 

.01 X 0-2S 

.05 X 0-i2S 

.05 X 0-1 

.10 X 2-3 

.10 X 0-lS 

.25 X 4-6 

.25 X 0-lS 

CHROMIC CHROMATE* X 0-lS 

NO POST-TREATMENT X 7-9 

# DURACRON 200 WHITE ENAMEL, PPG INDUSTRIES, INC. 
## ASTM - B-117 RATING-PAINT CREEPBACK FROM SCRIBE IN 1/16TH INCH. 
* FOR CHROMIC CHROMATE POST-TREATMENTS SEE REFERENCE 3 
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TABLE II 
POLYVINYLPHENOL POST-TREATMENT IRON PHOSPHATE## 
TEMPERATURE - PH (TREATMENT TIME - 30 SECONDS) 

BATH 
TEMPERATURE BATH PH SALT SPRAY## 

100 6.5 0-i2S 

100 4.6 0-1 

120 6.5 0-lS 

120 4.6 0-1 

140 6.5 0 - l s 

140 

# DURACRON 200 WHITE ENAMEL, PPG INDUSTRIES, INC. 
## ASTM - B-117 RATING-PAINT CREEPBACK FROM SCRIBE IN 1/16TH INCH. 
* FOR CHROMIC CHROMATE POST-TREATMENTS SEE REFERENCE 3 

TABLE I I I 
POLYVINYLPHENOL POST-TREATMENT ZINC PHOSPHATE 

AUTOMOTIVE BODY PAINT 
SCAB OR CYCLE TEST 

COLD ROLLED STEEL RATING AVERAGE CREEPAGE** 

CHROME FREE SYSTEM 8/7 1.5 mm 

CHROMIC CHROMATE* 8/6 2.0 mm 

WATER ONLY 2/2 9.0 mm 

GALVANIZED STEEL RATING AVERAGE CREEPAGE 

CHROME FREE SYSTEM 9/8 0.8 mm 

CHROMIC CHROMATE* 9/6 1.6 mm 

WATER ONLY 5/4 5.0 mm 

* FOR CHROMIC CHROMATE POST-TREATMENT - SEE REFERENCE 3. 
** PAINT CREEPBACK FROM A SCRIBE IN MILLIMETER. 

a p p a r e n t t h a t the c o n c e n t r a t i o n i s not c r i t i c a l as e x c e l l e n t 
r e s u l t s are o b t a i n e d from 0.05% to 0.25% s o l i d s i n a w o r k i n g 
s o l u t i o n . For optimum c o s t / p e r f o r m a n c e the post-treatments are 
operated at 0.1% s o l i d s when a f i n a l water r i n s e i s used and at 
0.05% i n those i n s t a l l a t i o n s where a f i n a l water r i n s e i s not 
a v a i l a b l e . 
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T a b l e I I i l l u s t r a t e s the i n t e r r e l a t i o n between temperature 
and pH of the p o l y v i n y l p h e n o l treatment s o l u t i o n . These s o l u t i o n s 
c a n be a d e q u a t e l y o p e r a t e d over a wide range o f pH, but the 
temperature of the s o l u t i o n i s an i m p o r t a n t parameter and s h o u l d 
be m a i n t a i n e d above 100°F f o r optimum r e s u l t s . In most cases, 
treatment times of 15 to 30 seconds are adequate. 

The "Mannich" adduct s y n t h e s i z e d from the c o n d e n s a t i o n of 
formaldehyde, 2 - ( m e t h y l a m i n o ) e t h a n o l and p o l y - 4 - v i n y l p h e n o l as 
shown i n S t r u c t u r e I , has been e v a l u a t e d as a f u n c t i o n of 
molecular weight versus c o r r o s i o n r e s i s t a n c e as measured by s a l t 
s p r a y and h u m i d i t y t e s t s on B o n d e r i t e 1000, an i r o n phosphate 
c o n v e r s i o n c o a t i n g . The m o l e c u l a r weight o f the p o l y m e r was 
v a r i e d from a p p r o x i m a t e l y M w = 2,900 to 60,000. The c o r r o s i o n 
r e s i s t a n c e r e s u l t s were e s s e n t i a l l y e q u i v a l e n t over the m o l e c u l a r 
weight range evaluated

I n g e n e r a l , p a i n
i n h i b i t i o n of i r o n phosphate coatings p o s t - t r e a t e d w i t h p o l y v i n y l 
phenol d e r i v a t i v e s have been equal to or superior to that obtained 
wi t h chromate based systems. This has been the case p a r t i c u l a r l y 
w i t h many high s o l i d s p a i n t s . 

On z i n c p h o s p h a t e c o n v e r s i o n c o a t i n g s , t h e " M a n n i c h " 
d e r i v a t i v e s of p o l y - 4 - v i n y l p h e n o 1 have demonstrated performance 
e q u i v a l e n t to chromic chromate systems i n s a l t spray, humidity, 
and p h y s i c a l t e s t i n g . In a d d i t i o n , Table I I I i l l u s t r a t e s r e s u l t s 
o b s e r v e d w i t h a u t o m o t i v e body p a i n t systems e v a l u a t e d by the 
"scab" or " c y c l e " t e s t which causes f a i l u r e more t y p i c a l o f a c t u a l 
end use c o n d i t i o n s than do s a l t spray e v a l u a t i o n s . Again, r e s u l t s 
equivalent to chromic-chromate post-treatments were o b t a i n e d . In 
a d d i t i o n , t h e h u m i d i t y r e s i s t a n c e and a d h e s i o n t e s t s were 
e s s e n t i a l l y equivalent to the chromium c o n t r o l s . 

Surface A n a l y s i s of P o l y v i n y l p h e n o l Post-Treatments 

A P h y s i c a l E l e c t r o n i c s Model 565 Scanning Auger Spectrometer was 
employed f o r a n a l y s i s o f the p o l y v i n y l p h e n o l based r i n s e s on 
B o n d e r i t e 1000 i r o n phosphate conversion c o a t i n g s . A n a l y s i s and 
depth p r o f i l i n g of the conversion c o a t i n g showed the c o a t i n g t o be 
o f a g r a n u l a r appearance and composed o f an i r o n phosphate-iron 
oxide c o a t i n g of approximately 2000A t h i c k n e s s . A 100A l a y e r o f 
an o r g a n i c m a t e r i a l covered the phosphate co a t i n g and was assumed 
t o c o n t a i n the p o l y v i n y l p h e n o l based po s t -1 r e a t ment . T h i s 
c o n c l u s i o n was f u r t h e r c o n f i r m e d by XPS a n a l y s i s u s i n g a Model 
560 Auger/ESCA spectrometer i n which the n i t r o g e n p r e s e n t i n the 
p o s t - t r e a t m e n t was observed i n the top 100A l a y e r c o n t a i n i n g the 
organic m a t e r i a l . 

Acknowledgment 

The A u g e r and XPS a n a l y s i s and i n t e r p r e t a t i o n o f the p o s t -
treatment on i r o n phosphate s u r f a c e s was conducted by Dr. J . A. 
Kramer o f P a r k e r Chemical Company. Auger a n a l y s i s was performed 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



210 POLYMERIC MATERIALS FOR CORROSION CONTROL 

at the CRISS Center, Montana State U n i v e r s i t y which i s supported 
by NSF grant CHE 7916134. 

Literature Cited 

1. J . I. Maurer, "Preparation of Metal Surfaces for Organic 
Finishes", American Society of Tool and Manufacturing 
Engineers, Technical Paper, FC-68-652 

2. "Metal Handbook", Volume 5, 9th E d i t i o n , pp. 434-456, 
American Society for Metals 

3. W. R. Cavanagh, U.S. Patent 2,970,935 
4. J . I. Maurer, R. E. Palmer, V. D. Shah, U.S. Patent 3,279,958 
5. J . I. Maurer, R. Ε. Palmer, V. D. Shah, U.S. Patent 3,222,226 
6. L. Kulick, Κ. I. Saad, U.S. Patent 3,975,214 
7. L. Kulick, J . K. Howell, Jr., U.S. Patent 4,039,353 
8. A. Lindert, U.S. Patent 4,376,000 
9. A. Lindert, U.S. Paten
10. A. Lindert, J . Kramer

RECEIVED March 14, 1986 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



19 
Enhancement of Acid-Chloride Resistance 
in a Chromate Conversion Coating 

V. S. Agarwala 

Naval Air Development Center, Warminster, PA 18974 

Chromate conversion coatings perform poorly 
in environments containing acidified 
chloride. In salt/S0 2 spray tests the 
substrate metal is heavily pitted after 
three to four days of exposure. In this 
work, a new coating was developed which 
improved the corrosion resistance of the 
conventional chromate coating remarkably. 
The new coating protected the substrate 
metal (7075-T6 A1) in 5% NaCl + SO2 spray 
for up to two weeks. It even extended the 
stress corrosion cracking resistance of 
7075-T6 A1 alloy. Studies showed the 
leaching rate of Cr through the new 
coating was significantly reduced. The 
technique of developing the coating 
consisted of incorporating molybdate 
into the pre-existing coating containing 
chromium oxides on an aluminum surface. 

On aluminum surfaces, chromate conversion coatings are mostly 
used to protect the metal from corrosion both as a 
pretreatment for bonding primers and paints, and for bare 
metal corrosion( 1-2 ). On steels, they are applied after 
the surfaces have been plated with cadmium. For most 
military hardware (naval aircraft systems), use of chromate 
conversion coatings are standard practice and are specified 
(Qualified Product L i s t , MIL-C-81706) for corrosion 
protection from industrial and marine (naval) environments. 
Although chromate conversion coatings offer good resistance 
to most ambient environments, including up to 5% NaCl, they 
f a i l to perform when the environments become acidic. Aboard 
aircraft carriers, the stack gases and aircraft exhausts 
introduce large amounts of SO2, soot, and other carbonaceous 
products which are highly corrosive into the environment. 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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Recent studies on monitoring of a carrier environment ( _3 ) 
have shown that i t s corrosion severity parallels to a 
laboratory cyclic environment of 5% NaCl spray (fog) with 
30ppm of SO2· The development of a new chemical conversion 
coating which is also resistant to this environment would be 
of great importance. 

Almost a l l aluminum structures are painted with organic 
polymers for corrosion protection. The purpose of 
incorporating an inhibitor interface (chromate conversion 
coating) between the substrate and the paint film is to 
ensure protection when paints f a i l to perform( £ ). It has 
been generally accepted that no matter what kind of paint 
system, and how well i t is applied, i t always w i l l have some 
porosity defects and w i l l degrade with time during service. 
In military aerospace vehicles, the service conditions are 
most severe for paints  One way to increase protecion of 
aluminum in acidic marin
corrosion inhibiting
paper describes the results of such an effort. A new coating 
which not only inhibits the attack of chloride ions but also 
that of the acidic environments such as SO2 has been 
developed. 

Experimental 

Panels of high strength aluminum alloy (7075-T6) were used in 
this study. The panels were approximately 10 χ 3 χ 0.032 
inch (25 χ 7.5 χ 0.08 cm) in size. The test environments for 
coating evaluation were: (1) a 5% NaCl spray (fog) chamber 
according to ASTM Standard Method of Salt Spray (Fog) Testing 
(B117-73), and (2) a modified 5% NaCl/S02 spray (fog) chamber 
with SO gas introduced periodically - ASTM Standard Practice 
for Modified Salt Spray (Fog) Testing (G85-84(A4)). In the 
latter case, a constant spray of 5% NaCl was maintained in 
the chamber and SO2 was introduced for one hour four times a 
day (every 6 hours)( 5̂  ). Coated test panels were examined 
for corrosion after one- and two-week exposure periods. 

The procedure for applying coatings was almost the same 
as used for conventional chromate conversion coating. The new 
conversion coating called CMT was an additional surface 
application after standard chromate conversion coating. The 
experimental protocol used was as follows: 
1. Cleaned in non-etching mild alkaline 

solution at 160°F for ten minutes. 
2. Double rinsed in tap water. 
3. Deoxidized in a 15% H2SO4 + 2.5% chromic acid 

mixture at about 150°F for 2 to 5 minutes. 
4. Double rinsed in tap water and immersed in a chromate 

conversion coating bath (MIL-C-81706) for five minutes. 
5. Washed in tap water and rinsed in d i s t i l l e d water. 
6. Applied CMT (molybdate) treatment, rinsed in tap water 

and dried. 
CMT treatment is a proprietary process developed at the Naval 
Air Development Center. It basically incorporates molybdates 
in the coating containing chromâtes. 
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A l l coatings were allowed to age for at least one week 
in ambient air before testing for corrosion resistance. The 
CMT coated panels were compared with the standard chromate 
conversion coated panels for their performance. The 
evaluation plan consisted of the following measurements: (1) 
visual observations; (2) weight loss; (3) electrochemical 
polarization; (4) stress corrosion cracking; (5) scanning 
electron microscopy; and (6) XPS surface analysis. Visual 
inspections of the specimens were made during and after the 
salt spray chamber exposure. They were inspected for general 
corrosion and pits. Conventional electrochemical 
measurements were made to determine their corrosion 
potentials and potential vs. current density (E vs Log i) 
relationships. In both cases, neutral and acidified salt 
solutions were used; the details of the procedure are 
described in ASTM Standard Practice for Conventions 
Applicable to Electrochemica
Testing (G3-74). Stres
performed on 1/8 inch (3mm) diameter tensile specimens 
fabricated from 7075-T6 Al alloy. Proving rings were used as 
sustained load devices (ASTM Standard Practice for 
Preparation and Use of Direct Tension Stress Corrosion Test 
Specimens, G49-76). A l l tensile specimens were tested with 
their respective chemical conversion coating. Tensile loads 
of 40 ksi (275 MPa) were applied on each specimen. The neck 
region of the tensile specimen was surrounded by a plastic 
wrap containing cotton soaked with 1% NaCl. In order to 
accelerate the test environment, acidified (pH 2) 1% NaCl 
solution was used. These sustained load tests were carried 
out for up to 300 hours. 

Results 

Salt Spray Test : Panels coated with the standard chromate 
conversion coating and CMT were compared with each other in 
their corrosion resistant properties in several ways. The 
conventional 5% NaCl/SC>2 fog chamber tests showed excessive 
corrosion and pitting within one week on chromate conversion 
coated (CGC) 7075-T6 Al alloy panels. The CMT coated panels 
were almost uncorroded and without any pits. The plates in 
Figure 1 show the conditions of the panels after 7 and 14 
days' exposure in this environment. Even after 14 days' 
exposure the CMT panels were s t i l l far better than CCC 
panels. 

Weight Loss : A quantitative evaluation of the coatings, both 
CGC and CMT, was also made. The panels exposed in salt/SC>2 
fog chamber were measured and weighed before and after the 
test to calculate corrosion losses. A l l exposed panels were 
cleaned in 1:1 HNO3 for after-the-test weight according to 
ASTM Standard Practice for Preparation, Cleaning, and 
Evaluating Corrosion Test Specimens (Gl-81, para 7.2.2). 
This is to remove the corrosion products for calculating 
weight losses. The results of these measurements are given 
in Table 1. Each panel was also examined visually and the 
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number of pits were counted in a specified area, i.e., 50cm2 

surface area; an average of 4 specimens for each coating was 
determined and reported in Table 1. Both the weight loss and 
pitting data for CMT showed significant inprovement over the 
OCC. In fact, the pitting resistance for the CMT coating was 
excellent. In a 14-day period, i t showed only 10 pits/cm 2 

compared to 75 pits/cm 2 for the OCC. 

Table 1 - Corrosion test results of coated 7075-T6 
Al alloy exposed to salt/S02 fog environment. 

Coating *Weight Loss, # Pits/cm 2 

mg/cm2/48 hrs. (in 14 days) 

Bare 1.1

CCC 0.65 ± 0.10 75 ± 20 

CMT 0.25 + 0.05 10+3 

* Based on specimen size of 8 χ 6 χ 0.3cm 

Stress Corrosion Cracking : Results of the proving ring 
tests of the coated specimens in both the neutral and 
acidified salt solutions are given in Table 2. Although 
there is no significant difference in the failure times for 
both the coated specimens in neutral 1% NaCl, the differences 
were remarkable at low pH. The CMT coating was able to extend 
the stress corrosion cracking resistance of the chromate 
coated material from 60 to 90 hours at pH 2. 

Table 2 - Stress corrosion cracking properties of 
coated 7075-T6 Al alloy from proving ring tests 

(stress = 40 ksi or 275 MPa). 

*Time to Failure, Hours 
Coating 1% NaCl 1% NaCl(pH 2) 

CCC 300 60 ± 15 

CMT 300 90 ± 15 

* Mean average of 10 specimens. 
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Electrochemical Behavior : The corrosion (open circuit) 
potential values for the coatings were as given in Table 3· 
For CMT coating, the corrosion potential was least active. 
Generally a less active (less negative) potential indicates 
more corrosion resistant properties of the surface. The 
s t a b i l i t y of the CMT coating was excellent since i t showed no 
change in i t s corrosion potential (-0.700V) as the 
environment was changed from neutral to acidic or high to low 
chloride concentrations (cf. Table 3). 

The differences in the corrosion resistant properties of 
the CQC and CMT coatings were better characterized from the 
potentiostatic anodic and cathodic polarization behaviors in 
acidic salt solutions. The typical plots of the potential vs 
current density are shown in Figure 2. The curves in Figure 
2 also include a plot for untreated (bare) 7075-T6 aluminum 
alloy for comparison  Although both the coatings  CCC and 
CMT, showed significan
polarization curves whe
they were almost the same among themselves. The shifts in 
the cathodic polarization curves (cf. Figure 2) between the 
CMT and CCC were highly significant. The cathodic current 
densities for the CMT coated material were almost an order of 
magnitude lower than for CCC coated material. In other 
words, the corrosion rate (determined as the point of 
intersection of the anodic and cathodic Tafel slopes) for the 
CMT w i l l be lower by an order of magnitude than for CCC in 1% 
NaCl solution of pH 2. In 3.5% NaCl solution (pH 2), the 
polarization plots were almost the same but indicated an even 
greater shift of the cathodic polarization curve toward lower 
current densities for the CMT coating. 

Table 3 - Effect of chemical conversion coatings 
on corrosion potentials of 7075-T6 Al alloy. 

Ecorr. vs SCE, volt 

Environment pH Bare CCC CMT 

3.5% NaCl 6 -0.725 -0.700 -0.700 

3.5% NaCl 2 -0.750 -0.720 -0.700 

1.0% NaCl 2 -0.760 -0.720 -0.700 

Coating Stability : The s t a b i l i t y of a chemical conversion 
coating is best described by the non-leaching character of 
i t s corrosion inhibiting constituents and the insoluble 
nature of the oxides of the substrate metal. Chromate 
conversion coatings suffer from the lack of these properties. 
Thus, a study was conducted in which a l l the coated panels 
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Figure 2. Electrochemical polarization behavior of chemical 
conversion coatings on 7075-T6 aluminum alloy in 1% NaCl 
solution at pH 2. 
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were immersed in 3.5% NaCl solutions of different pH for 
various exposure periods. A chemical analysis of the 
solutions by atomic absorption spectroscopy (AAS) showed that 
the amount of Cr leached out from the CMT coatings was 
approximately 1/3 of that from CCC. In acidified salt 
solutions (pH 2), leaching of Cr was much greater for CGC. 
Based on 14 days1exposure in 3.5% NaCl (pH 2), the OCC 
coating lost approximately 2.0 pg /cm2 of Cr compared to 0.4 
pg/cm2 for CMT. The i n i t i a l chromium concentration in both 
the CCC and CMT coatings was approximately 7-8 pg/cm2. This 
was determined by stripping the coatings with 1:1 HN03 and 
analyzing the solution by AAS. 

Surface Characterization : The morphology of the coating 
surface was examined by scanning electron microscopy and the 
composition of the films were determined form X-ray 
photoelectron microscopi
coatings were alike
chemical contents. Well pronounced peaks for Mo and Cr were 
found in the CMT coating during energy dispersive X-ray 
analysis. Of course, there was no Mo detected in the CCC 
coating. Elemental distribution of Mo and Cr in the CMT was 
very uniform. The surface composition of coatings, 
determined by XPS, was as follows: 

Coating Cr Mo Others 

CCC Cr203 — MX0Y, M (OH) 

CMT CrOOH M0O4" " ΜχΟγ 

These results indicate the presence of Cr(III) in both the 
coatings but a less soluble hydrated oxide (CrOOH) in CMT. 
Presence of Cr(VI) was not detected by the XPS technique. 
This was in agreement with the findings of Glass { §_ ), and 
Matienzo and Holub ( 1_ ). In the CMT coating, the presence 
of Mo (VI) as molybdate was significant. It was also noted 
that the OCC had at least two different forms of other metal 
(M) oxides ,probably aluminum, while the CMT had only one. 
Although no quantitative estimation of the individual species 
present was made, the approximation was that Cr and Mo 
concentrations were not significantly different in the CMT 
coating. 

Discussion 

The mechanism of developing corrosion protective properties 
in an inorganic coating principally consists of forming 
insoluble oxides on the metal surface. Additionally, oxides 
must have certain corrosion inhibition (redox) properties 
which can protect the metal substrate from corrosive species 
like CI" and SO4"." In the case of chromate conversion 
coating, CCC, the oxides of aluminum and chromium have been 
responsible for their corrosion inhibitive properties which 
were derived from their soluble and insoluble portions of the 
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chromate film. In acid-chloride environments, the protective 
properties of chromate become limited because the oxides of 
aluminum which hold the chromium oxides in place are no 
longer insoluble. In this study, these considerations were 
taken into account to alter the composition of the surface 
films. In the CMT process, the chromate conversion coating 
was re-inforced with other substances which contained 
molybdates. This surface film was five times more stable 
than the conventional chromate coating in both the neutral 
and acid-chloride environments. XPS studies and those by 
other investigators ( T_ ) suggest that chromium in chromate 
coatings is mostly present as (^203. In the CMT coating i t 
was found to be in CrOOH form. The hydrated oxides of 
chromium are known to be more stable than 0^03 ; they tend 
to form polymer type links ( 8_ ) and most probably protect 
the substrate metal by forming a barrier  Additionally Mo in 
the CMT coating, whic
of forming polymeric
presence of Mo(VI) in the film enhances the protection by 
counteracting the aggresive nature of CI" ions. Most 
probably Mo(VI) ties up CI" ions during the process. XPS 
analysis showed a very even distribution of Cr and Mo oxides 
with very l i t t l e aluminum oxide on the top layers of the 
film. In contrast, the CCC coating contained a significant 
amount of both aluminum and chromium oxides. The surfaces 
which contain more stable and insoluble oxides can offer 
better resistance to acid-chloride environments. The high 
corrosion resistant behavior of the CMT coating supports this 
conclusion. Electrochemical studies showed a marked 
reduction in the cathodic polarization behavior which means 
the CMT coating offers a higher resistance barrier (potential 
drop) than the OCC to achieve the same cathodic reaction 
rates (current densities). Superiority of the new coating 
was exhibited in i t s a b i l i t y to reduce stress corrosion 
cracking susceptibility of 7075-T6 Al alloy in acid-chloride 
environments. 

Conclusions 

The conventional chromate conversion coating is 
non-protective in acid-chloride environments. A new coating 
called CMT which contains oxides of Mo and Cr, was developed 
for aluminum Alloys. An evaluation of this coating was made 
with the following conclusions: (1) In 5% NaCl + SO2 spray 
there was no corrosion of the substrate metal for up to two 
weeks; (2) CMT enhanced the stress corrosion cracking 
resistance of 7075-T6 Al alloy significantly; (3) the CMT 
coating was more stable than CCC and showed almost no 
leaching of Cr or Mo in acid-chloride environments; and (4) 
The composition of the CMT film was mostly Mo as MoOj" and Cr 
as CrOOH, and had almost no oxides of aluminum on the 
surface. 
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How Organic Coating Systems Protect Against 
Corrosion 

Werner Funke 

Forschungsinstitut für Pigment
Republic of Germany 

The electrochemical, physicochemical and adhesional 
aspects of corrosion protection by organic coatings are 
shortly discussed. Attention is drawn to some inconsist
ancies in the interpretation of protective mechanisms 
and suggestions are given how protective principles may 
be optimally realized in practical systems. 

There are essentially three important mechanisms by which organic 
coating systems protect against metal corrosion: 
The electrochemical, the phy s iœchemical and the adhesional mechan
ism. In order to obtain optimum protection, i t i s commonly proposed 
to incorporate as many as possible of these mechanisms in a coating 
system. I t w i l l be discussed how far this strategy i s tenable i n 
practical paint formulation and whether i t i s reasonable i n the light 
of a c r i t i c a l judgement. For this purpose i t i s helpful to r e c a l l how 
these mechanisms work and what the requirements are for their opera
tion. Correlations of permeability with anticorrosive action i n cor
rosion protection by organic coatings have been recently dis
cussed (J_). 

The Electrochemical Mechanism 

The elec±rochemical mechanism i s generally connected with the pre
sence of active anticorrosive pigments, l i k e red lead or zinc chro
mate, and occasionally also to corrosion inhibitors, which are added 
to the base coat of the system. It i s a wide-spread opinion that such 
anticorrosive pigments are almost indispensable for a satisfactory 
corrosion protection because "no organic coating i s impermeable to 
water" (2) . Therefore anticorrosive pigments are considered to be an 
ultimate line of defense for corrosion protection. Active anticor
rosive agents act only in presence of water, which dissolves a small 
fraction of them and makes them available at the coating/metal inter-

This chapter not subject to U.S. copyright. 
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face (3,4). Passivation or corrosion inhibition of metal surfaces 
i s mostly achieved by supporting the i n s i t u formation of thin lay
ers of insoluble corrosion products (4,5), which cover corroding 
areas and s t i f l e the action of the corrosion elements. For a con
tinued corrosion inhibition the anticorrosive solution must keep 
steady contact with the metal surface. Substitution by normal water 
usually init i a t e s corrosion again. 

To allow diffusion of the dissolved anticorrosive agent to the 
coating/metal interface, the binder should be permeable to water. 
This requirement clearly contradicts the other requirement of cor
rosion protective coatings, namely to prevent the access of water as 
a corrosive agent to the metal surface. Frequently binders used i n 
practical corrosion protective coating systems scarcely swell by wa
ter and are only slightly permeable to i t . 

Accordingly the protectiv
i s not available i n sufficien
Good protective properties claimed i n these cases are rather due to 
other protective mechanisms than to the electrochemical one. 

- 2-
Unfortunately some corrosion stimulants, l i k e Cl , S0^ or 

NO.. , strongly oppose inhibition by anticorrosive pigments and i n 
hibitors (6). Steel corrodes i n saturated aqueous solutions of an 
anticorrosive pigment i n presence of small amounts of these stimu
lants, e.g. 1% w/w NaCl i s sufficient to make a saturated aqueous 
extract of zinc chromate corrosive (1). Therefore, irrespective of 
environmental requirements, the usefulness of active anticorrosive 
pigments and inhibitors as well has become questionable. 
The Physicochemical mechanism 

The physicochemical mechanism consists i n blocking up diffusion of 
corrosive agents, li k e water and oxygen, and of corrosion stimulants. 
This barrier action of organic coatings may be enhanced significantly 
by pigments, f i l l e r s or extenders which, due to a flaky or plate
li k e geometrical shape, greatly increase the length of diffusional 
pathways through the cross section of the coating film. 

In order to avoid diffusion i n the pigment/binder interface, i n 
te r f a c i a l bonds between both phases should be as water-resistant as 
possible. If permeability i s taken as a measure, properly formu
lated barrier coatings may compare i n corrosion protective efficiency 
with normal coatings, the thickness of which i s two or three times 
as high. 

The binder contributes also to the barrier effect of a coating 
system. Permeability of the binder depends on the r i g i d i t y and po
l a r i t y of i t s macromolecular structure and also on the density of 
the molecular packing. Accordingly permeability decreases by de
creasing the chain mobility, e.g. by crosslinking, by decreasing the 
hydrophilic character of the macromolecules and by increasing the 
density of molecular packing up to crystalline or crystalline-like 
structures. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



224 POLYMERIC MATERIALS FOR CORROSION CONTROL 

Considering the measures to be taken i n binders for ensuring an 
optimum barrier effect, they obviously oppose the requirements for 
the anticorrosive function of pigments, which need water-permeable 
and swellable binders. One may argue, however, that concurrently 
with improving the barrier properties of a coating system the anti
corrosive function of pigments or inhibitors i s less challenged. 

Furthermore the r i g i d i t y of the macromolecular structure of the 
binder may oppose the demand for mechanical strength and shock re
sistance of the coating film. Increasing the r i g i d i t y by crosslink-
ing leads to internal stresses, which accumulate with increasing 
film thickness. A way out of this dilemma may be the use of very 
thin but highly cros s i inked base coats (8). 

The Adhesional Mechanism 

The adhesional mechanis
attention i n corrosion protectio
adhesion of the base coat to the metal surface i s unchanged no cor
rosion can take place below a coating. 

Too much emphasis has been given to adhesion under dry con
ditions. However, corrosion i s only possible i f enough water i s pre
sent i n the coating/metal interface to provide the electrolyte for 
the corrosion elements to operate. This condition i s hardly imagin
able without a previous significant reduction or even the loss of 
adhesion. Therefore "wet adhesion" i s considered to be of crucial 
importance to corrosion protection by organic coatings (9). 

It i s generally agreed that due to the polar nature of oxidic 
metal surfaces good dry adhesion i s only possible by incorporating 
polar groups i n the binder molecules. However, these polar groups 
may effect water sensivity of the coating/metal interface thus 
causing poor wet adhesion. That water accumulates at the interface 
coating/metal substantially, has been shown by comparing water ab
sorption of free and supported films (10). One way to make water-
sensitive interfaces resistant against water i s to adsorb polar 
groups which are attached to r i g i d polymer backbone chains. 

It i s s t i l l not known for certain, whether on exposure to water 
adhesion i s uniformly reduced over the exposed area or only locally 
lost at channels providing the electrolytic pathways between anodic 
and cathodic areas of the metal surface. 

In choosing binders with good adhesion, again protective pro
perties are encountered, which exclude each other, e.g. non-polar 
macromolecules with low permeability would be benif i c i a l to the 
barrier effect but objective to good dry as well as wet adhesion 
i.e. to the adhesional mechanism. On the other hand polar groups 
supporting dry adhesion are required despite of their weakness in 
presence of water. The question remains how the adhesional inter
action may be stabilized to re s i s t the attack of water. 

For the sake of good adhesion a metal surface should be clean 
and free of water-soluble substances. On the other hand, for the 
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protective action of anticorrosive pigments a soluble fraction, i.e. 
an "impurity", must be present at the interface. It i s hard to re
concile this requirement with good wet adhesion of the base coat. 

Corrosion protective base coats with hydrophilic binders, such 
as water-borne coatings drying at ambient temperatures, usually 
exhibit, high water permeability and poor wet adhesion. In these 
cases active anticorrosive pigments are needed. Protective properties 
can be improved by delaying the access of water to the coating /metal 
interface, e.g. by increasing film thickness, incorporating barrier 
pigments or applying barrier top coats (Figure 1). However, even 
then these systems are latently weak and may f a i l on prolonged ex
posure to water or high humidity, especially i f mechanical stressess 
simultaneously act on the coatings and place excessive demands on 
their adhesion. 

The Combination Of Differen

The combination of different protective mechanisms i n one coat or one 
coating system i s frequently recommended for optimal results i n cor
rosion protection. However, ways and measures to optimize protective 
mechanisms may be different and sometimes even exclude each other. 
For example trying to combine good wet adhesion and corrosion i n h i 
bition by an active anticorrosive pigment i n the same base coat does 
not make much sense, despite being frequently postulated to explain 
protective properties of commercial paint systems (Figure 2). Bin
ders with good wet adhesion lock i n the anticorrosive pigment and 
therefore dindnish or even prevent i t s corrosion inhibiting effect. 
Sometimes i t i s claimed that practical experience disproves this 
statement, but i t cannot be excluded i n these cases that protection 
i s mostly due to good barrier properties and/or good wet adhesion. 
On the other hand i t i s advantageous to choose a primer exhibiting 
optimal wet adhesion and simultaneously optimal barrier properties. 

The barrier mechanism not only decreases water permeating to the 
coating/metal interface but likewise retards the release of solvents 
from a coating. In order to avoid delayed fi l m formation for this 
combination solventless paint systems are most suitable. 

In two-layer coating systems the best choice i s to endow both 
layers with the barrier effect and choose a binder having good wet 
adhesion. Other combinations are less effective or even not reason
able (Figure 3 ) . 

The use of active anticorrosive pigments i s only j u s t i f i e d to 
prevent corrosion at scratches, pinholes or similar coating defects 
and even then only i n absence of v i r t u a l amounts of corrosion 
stimulants. It i s commonly assumed by paint technologists that pro
tective effects incorporated i n each layer of a coating system add 
together i n preventing corrosion at the coated metal surface. How
ever, i n coating systems, which base coats protect by an electro
chemical mechanism (Figure 4 ) , the successive layers including the 
top layer rather should prevent any rhysicochemical or electro
chemical reaction at the base coat/metal interface. Considering the 
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VARIATIONS COMBINATIONS 
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Figure 1 : Variation and combination for iirproving corrosion pro
tection by organic coatings composed of non-barrier binders 
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Figure 2: Variation for improving corrosion protection by organic 
coatings composed of barrier binders 
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high demands on the metal surface pretreatment to achieve good ad
hesion, i t is not conceivable to allow this interface being kind of 
a reaction vessel. Layers succeeding to electrochemical protecting 
base coats should prevent any reaction in the base-coat and es
pecially at its interface to the metal surface. The base coat should 
only come into action at coating defects extending down to the metal 
surface. Likewise coating systems suitable for cathodic protection 
should prevent any reaction at the metal surface below the intact 
coating system. Otherwise cathodic delamination is unavoidable. 

In a l l these cases we actually have not a "twofold-protection" 
but interdependent as well as œmplementary mechanisms. The intact 
coating system protect by its barrier action and, possible, by good 
wet adhesion, whereas the electrochemical mechanism must be re
stricted to coating defects. 
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Improving the Performance of Zinc-Pigmented Coatings 
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Institute of Inorganic Chemistry and Technology, Technical University of Gdánsk, 
80-952 Gdánsk, Majakowskiego 11, Poland 

The inves t igat ion
coatings with
of t h e i r ac t ion and looking for ways of impro
v ing protect ive proper t i e s . With the use of im
pedance technique the mechanism for two periods 
of a c t i v i t y has been proven with these coat ings . 
Zn pigmented coatings impose the full cathodic 
protec t ion dur ing the first period of ac t ion , 
while i n the second period the s e a l i n g and inhi
biting propert ies of Zn pigment corros ion pro
ducts are the main factors in f luenc ing the pro
tection. The work has been focused on looking for 
ways of improving the coatings by in f luenc ing 
both per iods . Pos i t ive r e s u l t s have been obtained 
wi th z inc phosphate used as an coat ing addi t ive 
to modify the second period of the pro tec t ion . 

Organic and inorganic coatings containing metallic zinc 
dust are extensively and successfully used for antloor-
rosion steel protection in various agressive media such 
as sea water, industrial and sea atmosphere (J[). They 
comprise frequently a prime layer in multilayer coat
ings or a paint for temporary protection. Their unique 
feature is steel protection even in the course of minor 
damages. Standard layers contain from 85 to 95 % of 
zinc with respect to dry mass of the coating. Such a 
large content of zinc in the form of duet makes the 
coating electrically conducting and porous ( 2.3 )• 

According to generally accepted concepts, the pro
tective action of a highly zinc pigmented coating has 
a two step mechanism which can be distinguished (1-6). 
The f i r s t one, which i s relatively short, is a period 
of cathodic protection. In zinc-steel microoells, dis
solution of zinc at the anode is accompanied by protec
tion of steel at the cathode. For i t s existence several 
faotore are necessary: the contact between zinc partic
les as well as between zinc particles and steel substra-
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turn and wetting of zlno and steel surface* These condi
tions are f u l f i l l e d due to the large zinc content and 
porosity of the coating. The decrease of effectiveness 
of cathodic protection is associated with the loss of 
contact between steel and zinc dust ( X ) or between par
ticles of zinc due to formation of the corrosion pro
ducts of low conductivity. The second stage, several 
times longer than the f i r s t one (6), is associated with 
the blocking action of zinc corrosion products in pores 
existing in the coating (4t8.<? 1 or with inhibiting 
action of zinc salts depositing on the steel surface 
and forming a tight layer, impeding significantly the 
corrosion of steel(10). Thus, one of the important fac
tors for the long-term protection is the formation of 
proper quality and amount of zinc corrosion products 
during the step of cathodic protection  Therefore  the 
ratio of zinc and stee
with the electrolyt
ficant ( υ ) . 

In order to change definite properties of the co
ating and/or to reduce i t s coast, various actions were 
undertaken to substitute part of zinc dust by other 
pigments (12.13). However, in general this led to the 
decrease in protective properties of the modified co
ating. 

Another question is the proper technique for the 
evaluation of protective properties of zinc pigmented 
coatings. Until now, the most popular one is the test 
in a salt chamber ( 12.14 )· This technique does not allow 
a complete understanding of the complex phenomena oc-
ouring in the coating. It seems that the impedance tech
nique selected in this work provides more adequate and 
useful data. 
Experimental 
An epoxy paint for temporary protection of high zinc 
content 88.3 % relative to dry mass of the coating 
was investigated on mild steel wire electrodes of 5 mm 
diameter. The coatings of 27 ± 2 jam in thickness were 
studied. The measurements were carried out in 3 % non -
- deaerated NaCl solution at room temperature in the 
frequency range from 1 Hz to 60 kHz using a sine signal 
of 10 mV amplitude. The measurements were performed in 
a three-electrode system with the corrosion potential 
measured vs. the saturated calomel electrode. 
Results and Discussion 
It was decided to carry out modifications of the highly 
zinc pigmented paint using the impedance technique to 
test the protective properties. Steel electrodes with 
the following coatings were tested; 

A - standard highly zinc pigmented paint, 
Β - standard highly zinc pigmented paint modified 

by a conductive substitution of 1 % of zinc by 
carbon black, 
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C - standard highly z inc pigmented paint modified 
by subs t i tu t ion of 3 % of z inc by z inc phos
phate* 

In the case of electrode Β the conductive carbon black 
was used with the purpose to inf luence the cathodic 
protect ion per iod. The modi f icat ion C was made with 
z inc phosphate to inf luence the second step i n protec
t ive act ion of zinc pigmented coat ings. 

The obtained re su l t s are shown i n Figures 1 
through 3 ο The impedance diagrams obtained a f te r 24. 
140 and 900 hrs from the moment of immersion are presen
ted i n r e l a t i o n to the changes of corros ion po ten t i a l , 
B, vs. time of immersion, t , i n 3 % NaCl so lut ion.Other 
symbols on f i gures are: RQ - se r ie s res i s tance and 

- ser ies reactance d i  Λ 2  Frequenc  i n 8 

the diagrams i s give
cant d i f ference i n  protec
t i o n period i n Figures 1 and 2, the add i t ion of carbon 
black can be regarded as i n e f f e c t i v e . Despite that f a c t , 
the smallest increase i n d i f f u s i o n res is tance during 
th i s period has been not iced for the paint with the ad
d i t i o n of carbon black. 

In the f i n a l step of protect ion, the largest d i f 
fus ion res i s tance has been found for the paint modified 
with zinc phosphate. It r e f l e c t s the highest d i f f i c u l 
t i e s i n the mass transport throughout th i s coat ing. Also 
observed i s a pos i t i ve e f f e c t of z inc phosphate on the 
formation of sea l i ng and i n h i b i t i n g z inc compounds 

0,1 1 t 

I 1 1 , 

10 100 1000 
M h ) 

Figure 1. E lectrode po tent i a l vs . immersion time i n 
3 % NaCl so lu t i on and impedance diagrams for s t e e l 
e lectrodes with unmodified z inc pigmented coat ings. 
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t (h) 

Figure 2. E lectrode po tent i a l vs . immersion time i n 
3 % NaCl so lu t ion and impedance diagrams for s t e e l 
e lectrodes with zino pigmented coat ing modified by 
subs t i tu t ion of 1 % of z inc with conducting carbon 
black* 

H 1 1 — 

10 100 1000 
t i n ) 

Figure 3 · E lectrode po ten t i a l vs. immersion time i n 
3 % NaCl so lu t i on and impedance diagrams fo r s t e e l 
e lectrodes with zinc pigmented coat ing modified by 
subs t i tu t i on of 3 % of zino with zinc phosphate. 
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with in the phase of the coat ing and on the s t e e l su r f a 
ce . The attempt to modify the highly z inc pigmented 
paint with z inc phosphate can thus be regarded as pro
mising such that r e su l t s of te s t i n a s a l t chamber 
evidenced better performance of t h i s pa int . 

Conclusions 

1. The impedance technique permits observation of the 
e f fec t of modifying addi t ives on protect ive proper
t i e s of highly z inc pigmented coat ings. 

2· It has been found that protect ive propert ies of zinc 
pigmented coatings can be enhanced by using z inc 
phosphate as an addit ive in f luenc ing the performance 
of the coatings i n the second stage of t h e i r protec
t i ve a c t i on . 

3 · Negative re su l t  hav  bee  obtained with carbo  black 
as an add i t ive intende
per t ie s of z inc pigmente  coating y g 
the f i r s t stage of the i r protect ive ac t ion . 
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Organic Corrosion Inhibitors to Improve 
the Durability of Adhesion Between Aluminum and 
Polymeric Coatings 

L. J. Matienzo1, D. K. Shaffer, W. C. Moshier, and G. D. Davis 

Martin Marietta Laboratories, 1450 South Rolling Road, Baltimore, MD 21227 

The application o
organosilanes onto pre-treated aluminum surfaces 
improves their environmental corrosion resistance and 
bond durability with an external polymeric coating. 
Ionizable phosphonates, such as nitrilotris methylene 
phosphonic acid (NTMP), adsorbed at monolayer concen
trations, are effective inhibitors against hydration 
and are compatible with a nitrile-modified epoxy 
adhesive material. Aqueous solutions of selected 
organosilane compounds containing reactive side chains 
(e.g., epoxy, mercapto) render protection against 
both hydration and localized corrosion, and provide 
good adhesive bond durability with both nitrile 
-modified and polyamide (primer) epoxy resin systems. 
Wedge test results suggest that the curing process 
(e.g., percent crosslinking) of the epoxy-polyamide 
primer system is not affected by the addition of 
organosilanes, but may be affected by NTMP. The 
results of substrate surface characterization, adsorp
tion behavior of applied films, and evaluation of 
candidate inhibitors by chemical, mechanical, and 
electrochemical test methods are presented. Mechanisms 
to explain the observed behavior of the various 
phosphonate and silane polymer systems are discussed. 

The environmental d u r a b i l i t y of adhesively-bonded aluminum 
s t r u c t u r e s i s of prime importance i n the a i r c r a f t i n d u s t r y * 
Whether the adhesive f u n c t i o n i s s t r u c t u r a l or p r o t e c t i v e , 
proper pretreatment of the aluminum p r i o r to epoxy bonding 
remains e s s e n t i a l f o r developing high bond strengths. (1-8) 
The i n c e n t i v e to e l i m i n a t e environmentally undesirable 
m a t e r i a l s , such as chromâtes, has led to the c o n s i d e r a t i o n of 
organic i n h i b i t o r compounds as a n t i c o r r o s i o n a d d i t i v e s . 
7Current address: IBM Corporation, Systems Technology Division, Endicott, NY 13760 
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The o v e r a l l performance of a polymer-metal bond system i s 
a f f e c t e d by: 

1. Surface roughness of the s u b s t r a t e , needed to 
provide good mechanical i n t e r l o c k i n g w i t h the 
polymer (6-8); 

2. Long-term s t a b i l i t y of the AI2O3 i n a humid 
environment (9-12); 

3. S e l e c t i o n of co r r o s i o n i n h i b i t o r s which slow down 
the transformation of AI2O3 i n t o A100H (12-14); 

4. E f f e c t of a sel e c t e d c o r r o s i o n i n h i b i t o r on the 
curing of the polymeric c o a t i n g . 

T y p i c a l l y , the f i r s t thre
polymer and m e t a l - i n h i b i t o ,
respect to co r r o s i o n c o n t r o l processes. In t h i s paper, we 
have a l s o examined the r e l a t i o n s h i p between the i n h i b i t o r 
compounds and the polymeric top coat from both a chemical and 
a p h y s i c a l point of view. 

The r e s u l t s of our i n v e s t i g a t i o n s on metal-polymer 
systems t r e a t e d w i t h s e l e c t e d i n h i b i t o r s are presented. Using 
etched A l s u b s t r a t e s , organosiloxane and organophosphonate 
compounds are evaluated w i t h respect to t h e i r r e s i s t a n c e to 
environmental degradation and o v e r a l l bond d u r a b i l i t y . In 
a d d i t i o n to t h e i r i o n i z a b l e (RCf ) moieties f o r bonding to the 
metal oxide s u r f a c e , many of these compounds contain 
f u n c t i o n a l groups (X) designed to couple chemically w i t h 
a p p l i e d polymeric epoxy systems. This scheme i s i l l u s t r a t e d 
i n Equation ( 1 ) . 

CORROSION-RESISTANCE FUNCTION 
OF INHIBITOR 

Oxide surface Inhibitor 

Phosphonates: R=H,Me,Et 
n=2 

Silanes: R=Me, Et 
n=3 

Studies f o r the organophosphonates in c l u d e the e f f e c t s of 
s o l u t i o n pH on t h e i r adsorption onto the anodized aluminum 
s u b s t r a t e s . Mechanisms are discussed f o r the r e s p e c t i v e 
i n t e r a c t i o n s of the i o n i z a b l e phosphonate and n e u t r a l s i l a n e 
compounds wi t h two d i f f e r e n t polymeric epoxy systems. 
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Experimental 

Substrate C h a r a c t e r i z a t i o n . Test coupons and panels of 7075-
T6 aluminum, an a l l o y used e x t e n s i v e l y f o r a i r c r a f t 
s t r u c t u r e s , were degreased i n a commercial a l k a l i n e cleaning 
s o l u t i o n and r i n s e d i n d i s t i l l e d , deionized water. The samples 
were then subjected to e i t h e r a standard Forest Products 
Laboratories (FPL) treatment (1) or to a s u l f u r i c a c i d anodi-
z a t i o n (SAA) process (10% H 2S0 4, v/v; 15V; 20 min), two 
methods used f o r surface preparation of a i r c r a f t s t r u c t u r a l 
components. The metal surfaces were examined by scanning 
tr a n s m i s s i o n e l e c t r o n microscopy (STEM) i n the SEM mode and by 
X-ray photoelectron spectroscopy (XPS). 

Epoxy Systems 

Two conventional epoxy-based products were used f o r these 
s t u d i e s : 

1. A n i t r i l e - m o d i f i e d epoxy s t r u c t u r a l adhesive 
(American Cyanamid FM 123-2) 

DGEBA 

C H3 0 H C H3 OH J Ο ο I o 

W 3 CH, ! L * CN V COOH ' 

CTBN 

2. An unpigmented epoxy-polyamide top coat ( S h e l l 
EPON 1001-T75 epoxy and Versamid 115 
amidopolyamine). 

>h4 
H3 V l c - N > 

H J OH ρ ÇH3 O H CH3 0 

I *- CH„ -· η ru 

Versamid 115 (Amine value = 230-246) EPON 100Ό-Τ75 (Epoxide eq. wt. = 450-550) 

The FM 123-2, supplied as a supported f i l m on a k n i t t e d micro
filament nylon c a r r i e r , was appl i e d d i r e c t l y to one pretreat e d 
(SAA or FPL) A l panel (15 cm χ 15 cm χ 0.3 cm). A second 
panel was then pressed onto the exposed adhesive side and the 
"sandwich" s t r u c t u r e was subsequently cured at 120°C under 40 
p s i f o r 1 hr. A 1:1:1 mixture of the epoxy-polyamide 
f o r m u l a t i o n (EPON r e s i n : Versamid curing agent : t h i n n e r , 
MIL-T-81772) was sprayed onto prepared 7075-T6 specimens to a 
thickness (dry) of 0.015 - 0.023 cm. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



22. MATIENZO ET AL. Durability of Adhesion Between Aluminum and Coatings 

I n h i b i t o r Coverage 

The FPL- or SAA-prepared coupons and panels were immersed f o r 
30 min i n an aqueous (or aqueous/alcoholic) i n h i b i t o r s o l u t i o n 
at room temperature, followed by r i n s i n g i n d i s t i l l e d , 
d eionized water and forced a i r d r y i n g . Coverage l e v e l s of 
phosphonate and s i l a n e i n h i b i t o r s were determined by XPS from 
the surface concentration r a t i o s of t h e i r c h a r a c t e r i s t i c 
elements, P/Al or S i / A l , r e s p e c t i v e l y . Selected organosilanes 
were a p p l i e d to the metal surface by spraying, a f t e r 
d i s s o l u t i o n (0.1 - 0.5%, v/v) i n the EPON-Versamid primer 
f o r m u l a t i o n . 

Corrosion Testing 

Hydration. The treate
Blue M Humidity chambe
humidity f o r s p e c i f i e d time pe r i o d s , removed and then d r i e d . 

Wedge Test. The adhesive bond d u r a b i l i t i e s of the i n h i b i t o r -
t r e a t e d 7075-T6 surfaces were evaluated by wedge t e s t s (ASTM 
D-3762) on bonded specimens using the FM 123-2 epoxy adhesive 
to simulate the epoxy primer. The specimens were placed i n a 
humidity chamber at 65°C and 95% r e l a t i v e humidity and removed 
at s p e c i f i e d time i n t e r v a l s to record the crack t i p l o c a t i o n s ; 
a f t e r each examination, they were returned to the humidity 
chamber. 

E l e c t r o c h e m i s t r y . The el e c t r o c h e m i c a l behavior of the tre a t e d 
specimens was analyzed by a n o d i c a l l y p o l a r i z i n g the specimens 
w i t h a PAR Model 273 p o t e n t i o s t a t / g a l v a n o s t a t to assess the 
a b i l i t y of the i n h i b i t o r s to promote p a s s i v a t i o n i n c h l o r i d e -
c o n t a i n i n g e l e c t r o l y t e s . The A l surfaces were p o l i s h e d to a 
4000 g r i t f i n i s h w i t h SiC paper, degreased wi t h a s o l v e n t , and 
washed i n an a l k a l i n e detergent s o l u t i o n . Each sample to be 
p o l a r i z e d was then placed f o r 30 min i n deaerated e l e c t r o l y t i c 
s o l u t i o n s c o n t a i n i n g c h l o r i d e (0.002 Ν KC1) as the aggressive 
i o n species and 0.1 Ν Na2S0^ to minimize the impedance of the 
e l e c t r o l y t e . I n h i b i t o r s were added to the s o l u t i o n i n 
concentrations known to provide the optimum surface coverage. 
(15) Each sample was scanned a n o d i c a l l y from the e q u i l i b r i u m 
c o r r o s i o n p o t e n t i a l at a rate of 0.5 mV/s i n order to 
determine the propensity of the a l l o y to p i t i n a s p e c i f i c 
e l e c t r o l y t i c s o l u t i o n . 

R e s u l t s 

Substrate C h a r a c t e r i z a t i o n . Venables et a l . (7) have 
described the FPL oxide morphology using STEM i n the SEM 
mode. Figure 1 i s an i s o m e t r i c r e p r e s e n t a t i o n of the FPL 
sur f a c e . In c o n t r a s t , the SAA process produces a much t h i c k e r 
oxide l a y e r , i s o m e t r i c a l l y represented i n F i g . 2. 
Q u a n t i t a t i v e XPS a n a l y s i s i n d i c a t e s that a constant 
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ο 

Figure 1. Structure of a Forest Products Laboratories (FPL) 
prepared aluminum surface ( 7 ) . 

Figure 2. Struct u r e of a s u l f u r i c acid-anodized (SAA) aluminum 
surf a c e . 

composition (30% A l , 60% 0, 3.5% S) i s obtained a f t e r f i v e 
minutes of an o d i z a t i o n . The surface l a y e r i s A^CSO^^ on top 
of the ΑΙ^Οβ mat r i x . 

I n h i b i t o r Coverage. The adsorption behavior of phosphonate 
compounds, i n c l u d i n g those shown i n F i g . 3, on FPL-prepared 
aluminum s u r f a c e s , has been reported. (11,12,14) The 
res p e c t i v e concentrations of Ρ or S i and A l were measured by 
XPS. Figure 4 shows the c o r r e l a t i o n of Ρ coverage on SAA 
surfaces f o l l o w i n g treatment i n NTMP s o l u t i o n over a 
concentration range of 10 to 10 ppm. Using a constant 
immersion time of 30 minutes, the adsorption maximum observed 
was a t t r i b u t e d to a m u l t i l a y e r buildup of the i n h i b i t o r 
compound i n the pH 2-4 regi o n . (15) 
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The r e l a t i o n s h i p between the l e v e l of NTMP coverage and 
the s o l u t i o n pH has been reported p r e v i o u s l y . (15) 
E s s e n t i a l l y , i f the NTMP s o l u t i o n concentration i s maintained 
at 100 ppm, an adsorption maximum i s observed between pH 2-4. 

The surface coverages f o r three organosilanes using 
d i f f e r e n t s o l u t i o n adsorption c o n d i t i o n s , i n c l u d i n g type of 
solvent system, s o l u t i o n pH, and t o t a l immersion time, are 
shown i n Table I . The r e s u l t s i n d i c a t e that the extent to 
which these m a t e r i a l s are adsorbed onto the metal surface 
depends p r i m a r i l y upon the aqueous composition and pH of the 
i n h i b i t o r s o l u t i o n . Both f a c t o r s i n f l u e n c e the h y d r o l y s i s of 
s i l i c o n alkoxy groups to s i l a n o l s , which are the moieties that 
a c t u a l l y bond to the metal surface. 

Phosphonate

NTMP (pH 3) 

0 
DAB Ρ 

OEt 

Silanes 

P-810 

P-113 

Q 
G-6720 

1-7840 

M-8500 
3 

A-800 H?N Si(0Me) 3 

Figure 3. Chemical s t r u c t u r e s of c o r r o s i o n i n h i b i t o r compound 
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101 102 10

Figure 4· NTMP coverage as a function of concentration on SAA-
prepared 7075-T6 aluminum surface» 

TABLE I Silane Adsorption onto FPL 7075-T6 Surfaces 
Concentration Solvent Immersion 

Silane (ppm) System -ËL Time Si/ A l 
P-810 1000 W (water) 4 40 min 0.040 
P-810 1000 W (water) 7 40 rain 0.070 
P-810 1000 M/W (meth- 4 40 min 0.076 

anol-water, 
1:1) 

P-810 1000 W 4 . 4 hr 0.100 
G-6720 1000 w 4 40 min 0.148 
G-6720 1000 w 7 40 min 0.083 
G-6720 1000 M/W 4 40 min 0.127 
G-6720 1000 W 4 4 hr 0.158 
A-800 1000 W 4 40 min 0.364 
A-800 1000 W 7 40 min 0.460 
A-800 1000 M/W 4 40 min 0.330 

Hydration Resistance. Visual examination of a series of 
inhibitor-treated FPL-prepared 7075-T6 Al coupons exposed to 
high humidity conditions for specified time intervals 
indicated good short-term hydration resistance for several 
phosphonate and silane compounds (no v i s i b l e discoloration)· 
The most effective silane compound tested contained the 
mercapto (-SH) functional group. 
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Adhesive Bond D u r a b i l i t y 

SAA Surface* The c o r r o s i o n r e s i s t a n c e and adhesive coupling 
c a p a b i l i t i e s of the i n h i b i t o r s were evaluated by the wedge 
t e s t . Results obtained using SAA-prepared surfaces ( F i g . 5) 
i n d i c a t e d that two i n h i b i t o r treatments (100 ppm NTMP and 5000 
ppm epoxysilane) provided systems which outperformed those 
t r e a t e d w i t h higher concentrations of NTMP and by FPL alone, 
but were apparently no more e f f e c t i v e than the SAA c o n t r o l 
w i t h respect to o v e r a l l adhesive bond d u r a b i l i t y . However, 
XPS a n a l y s i s ( F i g . 6 ) , i n conjunction with SEM examination of 
the f a i l e d debonded s i d e s , i d e n t i f i e d the true modes of f a i l 
ure. The SAA c o n t r o l (hydrated oxide on both sides under SEM; 
high A l and 0 l e v e l s on both sides) f a i l e d w i t h i n the oxide. 
Examination of the specimen treated w i t h m u l t i l a y e r - f o r m i n g 
5000 ppm NTMP s o l u t i o n ( d i s t i n c t "metal" and "adhesive" sides 
under SEM; high A l an
C, low A l and 0 l e v e l
f a i l u r e occurred between the metal and the adhesive ( i . e . , 
adhesive f a i l u r e ) . 

Although d i s t i n c t "metal" and "adhesive" sides were 
apparent upon v i s u a l examination of the debonded surfaces 
t r e a t e d w i t h 100 ppm NTMP, SEM a n a l y s i s showed the presence of 
an adhesive l a y e r on the "metal" s i d e . XPS a n a l y s i s i n d i c a t e d 
low A l and 0 and i d e n t i c a l high C l e v e l s on both debonded 
s i d e s , confirming a f a i l u r e w i t h i n the adhesive l a y e r (cohe
s i v e f a i l u r e ) , i . e . , the best p o s s i b l e performance i n a given 
adherend-adhesive system. This r e s u l t i s s i m i l a r to that 
obtained using a 2024 A l a l l o y prepared by the phosphoric 
a c i d - a n o d i z a t i o n (PAA) process (16) and i n d i c a t e s the 
importance of monolayer NTMP coverage f o r good bond d u r a b i l i t y 
( F i g . 4 ) . 

FPL Surface. A second wedge t e s t was performed to evaluate 
s i x s i l a n e s and NTMP using the t h i n n e r , more s e n s i t i v e FPL 
oxide ( F i g . 7 ) . The r e s u l t s i n d i c a t e d that four s i l a n e s 
performed b e t t e r than the FPL c o n t r o l but not as w e l l as NTMP; 
one s i l a n e (an aminopropyl d e r i v a t i v e ) performed very poorly 
w i t h respect to the c o n t r o l ; and one s i l a n e (M-8500, 
mercaptopropyl d e r i v a t i v e ) outperformed a l l of the other 
i n h i b i t o r systems, i n c l u d i n g NTMP and organosilanes c o n t a i n i n g 
methyl, phenyl, isocyanate, and epoxide side chains. 
Subsequent XPS a n a l y s i s of the adsorbed mercaptosilane 
i n h i b i t o r showed high concentrations of S i and S near the 
sur f a c e , w i t h corresponding low A l , the S being p r i m a r i l y i n 
the reduced " i n h i b i t o r " ( i . e . , R-SH) form r e l a t i v e to s u l f a t e 
(-SO^ ) which r e s u l t e d from the FPL pretreatment. 

Primer Epoxy vs. N i t r i l e - M o d i f i e d Epoxy. The c o m p a t i b i l i t y of 
the epoxy-polyamide primer w i t h the n i t r i l e - m o d i f i e d epoxy 
adhesive f a c s i m i l e and the aluminum oxide surface was also 
evaluated by the wedge t e s t , since e a r l i e r t e s t s using the 
primer as the adhesive had f a i l e d immediately. As shown i n 
F i g . 8, the a d d i t i o n of the primer d i r e c t l y to the prepared 
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Figure 5. Wedge t e s t r e s u l t s f o r i n h i b i t o r - t r e a t e d SAA 7075-T6 
aluminum specimens. 

WEDGE TEST BOND FAILURE ANALYSIS 

2(H 

ι 1 
1 - SAA 
2 = SAA + NTMP (5000 ppm I 
3 = SAA + NTMP (100 ppm) 

Metal Side 

I I Adhesive side 

Figure 6. XPS surface a n a l y s i s r e s u l t s f o r debonded SAA 7075-T6 
aluminum specimens. 
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Figure 7. Wedge t e s t r e s u l t s f o r i n h i b i t o r - t r e a t e d FPL 7075-T6 
aluminum specimens. 
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Figure 8. Wedge t e s t r e s u l t s f o r primed FPL 7075-T6 specimens. 
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metal surface improved the o v e r a l l d u r a b i l i t y of the aluminum-
adhesive system. The a p p l i c a t i o n of the mercaptopropylsilane 
d e r i v a t i v e by preadsorption onto the substrate surface 
e f f e c t i v e l y maintained or s l i g h t l y enhanced the bond strength 
between the primer and the FPL oxide. In c o n t r a s t , adsorbed 
NTMP, which preserves the i n t e g r i t y of the ( n i t r i l e - m o d i f i e d , 
high-temperature cured) adhesive-metal bond, f a i l e d to prevent 
r a p i d d e t e r i o r a t i o n of the (epoxy-polyamide, room-temperature 
cured) primer-metal bond. 

XPS a n a l y s i s of the debonded specimens showed that the 
unprimed and primed FPL c o n t r o l and mercaptosilane-treated 
specimens f a i l e d p r i m a r i l y w i t h i n the oxide, which represented 
the weakest l a y e r i n the system. On the other hand, the NTMP-
tre a t e d sample debonded between the oxide and the polyamide 
primer. 

E l e c t r o c h e m i c a l T e s t i n g
surements provided a s e n s i t i v
t o r s w i t h respect to environmental ( C l ~ ) c o r r o s i o n protec
t i o n . The r e s u l t s obtained from a n o d i c a l l y p o l a r i z i n g 
p o l i s h e d 7075-T6 A l samples are presented i n F i g . 9. For the 
c o n t r o l e l e c t r o l y t e (O.IN Na 2S0 4, 0.002N KC1, no i n h i b i t o r ) , 
p i t t i n g was observed almost immediately on the s u r f a c e , and 
the aluminum showed no evidence of p a s s i v a t i o n . The a d d i t i o n 
of NTMP to the s o l u t i o n d i d not appear to protect the metal 

Figure 9. El e c t r o c h e m i c a l t e s t r e s u l t s f o r two d i f f e r e n t 
i n h i b i t o r s i n O.IN Na 2S0^ e l e c t r o l y t e with added KC1. 
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s u r f a c e , when compared to the s o l u t i o n s c o n t a i n i n g no i n h i b i 
t o r s . In c o n t r a s t , the sample p o l a r i z e d i n the e l e c t r o l y t e 
s o l u t i o n c o n t a i n i n g 1000 ppm mercaptopropyl s i l a n e (M-8500) 
di d p a s s i v a t e , and had a d i s t i n c t p i t t i n g p o t e n t i a l w e l l above 
(more noble than) the p o t e n t i a l where p i t t i n g i n i t i a t e s i n 
NTMP-containing e l e c t r o l y t e s . The A l was passivated up to 
-200 mV (SCE), and the a l l o y surface remained fre e from 
p i t s . Above t h i s p o t e n t i a l , small p i t s began to form. 

D i s c u s s i o n 

The c o r r o s i o n r e s i s t a n c e and polymer-bonding c o m p a t i b i l i t i e s 
of the i o n i z a b l e organophosphonates and the n e u t r a l organo
s i l a n e s are d i r e c t l y r e l a t e d to t h e i r inherent chemical 
p r o p e r t i e s . S p e c i f i c a l l y , NTMP i n h i b i t s the hydrat i o n of 
AI2O3 and maintains o
n i t r i l e - m o d i f i e d epoxy
temperature. The mercaptopropyl s i l a n e , i n a d d i t i o n to these 
p r o p e r t i e s , i s compatible wi t h a room temperature-cured epoxy-
polyamide primer and al s o e x h i b i t s r e s i s t a n c e to l o c a l i z e d 
environmental c o r r o s i o n . These r e s u l t s , i n conjunction w i t h 
the adsorbed i n h i b i t o r f i l m s and the metal substrate s u r f a c e s , 
are subsequently discussed. 

Surface Morphology. The i n i t i a l i n t e g r i t y of an adhesively 
bonded system depends on the surface oxide p o r o s i t y and 
microscopic roughness features r e s u l t i n g from etching or 
anod i z a t i o n pretreatments. (17) The SAA surface c h a r a c t e r i z e d 
i n t h i s study c o n s i s t s of a t h i c k (9 ym), porous columnar 
l a y e r which provides e x c e l l e n t c o r r o s i o n r e s i s t a n c e i n both 
humid and aggressive ( i . e . , C l ~ ) media. I The thinner FPL 
oxide (7) provides a s u i t a b l e substrate surface f o r e v a l u a t i n g 
the candidate i n h i b i t o r s . 

I n h i b i t o r Adsorption. There are some i n t e r e s t i n g d i f f e r e n c e s 
between the adsorption of i o n i z a b l e (aminophosphate) and 
n e u t r a l (organosilane) compounds onto FPL- and SAA-prepared 
aluminum s u r f a c e s . The a c i d i c NTMP spe c i e s , c o n s i s t i n g of a 
quaternary ΞΝ +Η and unprotonated -0*" groups i n s o l u t i o n , (18) 
e x h i b i t s a pH-dependent m u l t i l a y e r adsorption maximum i n an 
aqueous s o l u t i o n . At low s o l u t i o n concentrations (<_ 100 ppm), 
the coverage i s e s s e n t i a l l y monolayer, corresponding to a P/Al 
r a t i o of 0.15. (12) Wedge t e s t r e s u l t s confirmed that t h i s 
monolayer of NTMP leads to be t t e r long-term bond d u r a b i l i t y 
than m u l t i l a y e r f i l m s , which are probably formed by weak 
in t e r m o l e c u l a r hydrogen bonding and f a i l by a mixed-mode 
process. 

On the other hand, a l k o x y s i l a n e coupling agents produce 
s t r u c t u r e s which may c o n s i s t of a fused network of polymeric 
f i v e - or six-membered S i — 0 r i n g s . (19,20) Although m u l t i p l e 
l a y e r s of adsorbed s i l a n e ( s i l o x a n e ) f i l m s can be obtained, 
only the f i r s t few l a y e r s are bound to the metal by Si-O-Al 
bonds, through the s i l a n o l (hydroxy1) groups, and cannot be 
removed by aqueous r i n s i n g . (21) The remaining f i l m i s 
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a v a i l a b l e f o r general c o r r o s i o n p r o t e c t i o n and p o s s i b l e 
coupling to the adhesive primer. 

Bonding Mechanisms. The c o r r o s i o n behavior of i n h i b i t o r -
t r e a t e d A l oxide systems provides clues to the mechanism of 
a c t i o n f o r the phosphonates and s i l a n e s . In a purely hydrat-
ing environment, i n which the Α1 20β progresses from the A100H 
(boehmite) to Α1(0Η)β ( b a y e r i t e ) stages, the h y d r o p h i l i c NTMP 
provides short-term p r o t e c t i o n r e l a t i v e to untreated c o n t r o l s , 
probably by d i s p l a c i n g H 20 i n the oxide and forming a more 
s t a b l e complex. (14,22,23) Low l e v e l s of s i l a n e s a p p l i e d to 
an aluminum substrate can l i k e w i s e protect the surface from 
hydration (24), as we observed with the mercaptosilane 
compound. This may be asso c i a t e d with the co o r d i n a t i o n 
a b i l i t y of the -SH groups, r e s u l t i n g , f o r example, i n the 
formation of an ol i g o m e t i c ( S - S )  f i l m

The c o m p a t i b i l i t y o
wit h the n i t r i l e - m o d i f i e
bond that f a i l s only w i t h i n the adhesive ( i . e . , cohesive 
f a i l u r e ) can be explained. The FM 123-2 adhesive contains the 
stor a g e - s t a b l e c u r i n g agent, dicyanodiamide, which does not 
rel e a s e low-molecular weight amines u n t i l i t becomes s o l u b l e 
i n the r e s i n above 90°C. (Equation 2) (25) 

H 
H2N-C=N-CN H2N-C-N-CN > LMW Amines (2) 

N H 2 m >90°C 

s o l i d s o l u t i o n 

Tautomeric forms of dicyanodiamide 

The curing sequence and k i n e t i c s of t h i s adhesive system 
prevent the NTMP from i n h i b i t i n g the r e a c t i v e amines u n t i l the 
curi n g r e a c t i o n i s w e l l under way. In c o n t r a s t , the epoxy-
polyamide primer contains f r e e amino groups at room 
temperature and may be i n h i b i t e d by the e l e c t r o p h i l i c NTMP 
species p r i o r to c u r i n g . (Equation 3) 

^JTMP 
Epoxide + Polyamine > Cured primer (3) 

25°C 

A s i m i l a r example of curing i n h i b i t i o n i n an a c i d i c 
medium has been observed when moderate amounts of s a l i c y l i c 
a c i d were added to epoxy-amine matrix systems. (26) Such 
behavior may beresponsible f o r the poor bond strengths 
observed with the NTMP-containing oxide-primer specimens. In 
environments co n t a i n i n g an aggressive species (e.g., C l ~ ) , the 
anion may i n t e r a c t with and become incorporated i n t o the NTMP-
oxide m a t r i x , whereby i t can attack the metal s u r f a c e . 

The hydration r e s i s t a n c e of the organosilane compounds 
was r e f l e c t e d by the wedge t e s t performances of our s i l a n e -
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t r e a t e d systems. E l e c t r o c h e m i s t r y r e s u l t s f u r t h e r i n d i c a t e d 
that the adsorbed s i l a n e f i l m maintained the r e s i s t a n c e i n 
environments c o n t a i n i n g aggressive ( C l ~ ) species and o x i d i z i n g 
c o n d i t i o n s . In contrast to NTMP, however, c e r t a i n 
organosilanes are compatible and r e a c t i v e w i t h the epoxy 
polyamide primer as w e l l as with the n i t r i l e - m o d i f i e d 
adhesive, which, i n most cases, strengthens the oxide-epoxy 
bond. This r e s u l t i s presumably due to a chemical coupling of 
f u n c t i o n a l epoxide or mercapto side chains on the organosilane 
w i t h the epoxy coatings during the curing process. 

The amine-catalyzed mercaptan-epoxide r e a c t i o n (Equation 
4) proceeds exothermally at room temperature (27, 28). The 
order of average r e l a t i v e nucleophile-displacement rates 
(Table I I ) f u r t h e r suggests that mercaptans react 
s i g n i f i c a n t l y f a s t e r than amines and that the a d d i t i o n of the 
mercaptide (RS~) i o n t  th  epoxid  i  th  r a t
determining step (30)

0 R " 3 N OH 

R - S H + CH2-CH-CH20R1 > R - S - C H 2 - C H - C H 2 O R F (4) 

The mercaptan-epoxide coupling r e a c t i o n i n d i c a t e s the true b i -
f u n c t i o n a l nature of such i n h i b i t o r s . The poor performance of the 
aminosilane compound [expected to strengthen the metal-adhesive 
bond (20)] i s not completely understood at t h i s time. Using 

TABLE I I Average R e l a t i v e Nucleophile-Displacement R a t e s ^ 

Nucleophile R e l a t i v e Rate 

C^H^S 680,000 

C 6H 5S- 470,000 

s 2 o 3
2 ~ 3,000 

C 2H 50- 1,000 

w 400 

(CH 3) 3N 30 

N0 3" 1 

(^Data from Ref. ( 2 9 ) . 
American Chemical Society 

Library 
1155 16th St., N.W. 

Washington, D.C. 20036 
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s i m i l a r c oncentrations, Walker (31) has shown that some s i l a n e s 
are e f f e c t i v e adhesion promoters f o r urethane and epoxy paints on 
aluminum and mild s t e e l surfaces and s i g n i f i c a n t l y improve the 
i n i t i a l , wet, and recovered bond strengths. 

Conclusions 

The i o n i c phosphonates l i k e NTMP are e f f e c t i v e h y d r a t i o n i n h i b i 
t o r s because they can form an i n s o l u b l e complex w i t h the oxide 
s u r f a c e . They are u s e f u l as epoxy adhesive couplers i n cases 
where the adhesive and i t s curing c y c l e are compatible w i t h the 
adsorbed phosphonate molecule. (14) Wedge t e s t r e s u l t s i n d i c a t e 
that i n two epoxy-aluminum systems s t u d i e d , c e r t a i n organosilanes 
tend to both increase the epoxy-metal bond d u r a b i l i t y and maintain 
hydration r e s i s t a n c e . The r e s u l t s of anodic p o l a r i z a t i o n e x p e r i 
ments f u r t h e r suggest that these s i l a n e f i l m s are e f f e c t i v e 
against l o c a l i z e d p i t t i n g

Adsorbed NTMP e x h i b i t
anodized aluminum, which includes a region c h a r a c t e r i z e d by a 
m u l t i l a y e r of hydrogen-bonded phosphonate molecules. These t h i c k 
l a y e r s are weak and f a i l to provide good bond d u r a b i l i t y i n a 
humid environment. NTMP monolayers are p r o t e c t i v e against hydra
t i o n and are compatible w i t h a n i t r i l e - m o d i f i e d epoxy adhesive, 
but not with an epoxy-polyamide primer topcoat. 

In c o n t r a s t , hydrolyzed s i l a n e compounds, presumably adsorbed 
as o l i g o m e r i c f i l m s , confer c o r r o s i o n r e s i s t a n c e i n both hydrating 
and CI environments. These i n h i b i t o r s can also couple w i t h 
a p p l i e d epoxy primer or adhesive formulations to f u r t h e r protect 
the metal against c o r r o s i o n by strengthening the metal-epoxide 
bond. The organosilanes do not appear to a f f e c t the curing pro
cess, e.g., % c r o s s l i n k i n g , of the polymeric epoxy systems. 

Acknowledgments 

The authors wish to thank Drs. John D. Venables and John S. Ahearn 
fo r t h e i r v aluable d i s c u s s i o n s i n conjunction with t h i s work. The 
support of the Naval A i r Development Center, which sponsored these 
s t u d i e s under contract N00019-82-C-0439, i s also g r a t e f u l l y 
acknowledged. 

Literature Cited 

1. H.W. Eichner and W.E. Schowalter, Forest Products Laboratory, 
Madison, WI, Report No. 1813 (1950). 

2. G.S. Kabayashi and D.J. Donnelly, Boeing Co., Seattle, WA, 
Report No. DG-41517 (Feb. 1974). 

3. Fokker-VFW, Amsterdam, Process Specification TH 6.785 
(August, 1978). 

4. W.M. McCracken and R.E. Sanders, SAMPE J., 5, 37 (1969). 
5. J .C. McMillian, J .T. Quinlivan, and R.A. Davis, SAMPE, 7, 13 

(1976). 
6. J.M. Chen, T.S. Sun, J.D. Venables, and R. Hopping, Proc. 

22nd National SAMPE Symposium, 25 (April 1977). 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



22. MATIENZO ET AL. Durability of Adhesion Between Aluminum and Coatings 249 

7. J.D. Venables, D.K. McNamara, J.M. Chen, and T.S. Sun, Appl. 
Surf. Sci . , 3, 88 (1979). 

8. W. Brockman in Adhesion Aspects of Polymeric Coatings, K.L. 
Mittal, ed., 265 (Plenum, New York, 1983). 

9. J.D. Venables, D.K. McNamara, J.M. Chen, B.M. Ditchek, T.I. 
Morgenthaler, T.S. Sun, and R.L. Hopping, Proc. 12th Nat. 
SAMPE Symposium, Seattle, 909 (October 1980). 

10. G.D. Davis and J.D. Venables in Durability of Structural 
Adhesives, A .J . Kinloch, ed., 43 (Applied Science, Essex, 
1983). 

11. D.A. Hardwick, J.S. Ahearn, and J.D. Venables, J . Mater. 
Sci . , 19, 223 (1984). 

12. J.S. Ahearn, G.D. Davis, T.S. Sun, and J.D. Venables, op. 
cit. Ref. 8, 281. 

13. J.D. Venables, M.E. Tadros, and B.M. Ditchek, U.S. Pat. 
4,308,079 (1981). 

14. G.D. Davis, J.S. Ahearn
(accepted by J. Mater

15. Matienzo, L. J.; Shaffer, D. K.; Moshier, W. C.; Davis, G. D., 
J . Mater. Sci. 21, 1601, 1986. 

16. D.A. Hardwick, J.S. Ahearn, and J.D. Venables, J . Mater. Sci. 
(in press). 

17. J.D. Venables, J . Mater. Sci . , 19, 2431 (1984). 
18. R.P. Carter, M.M. Crutchfield, and R.R. Irani, J . Inorg. 

Chem., 6, 943 (1967). 
19. K.W. Allen, A.K. Hansrani, and W.C. Wake, J. Adhes., 12, 199 

(1981). 
20. E.P. Plueddemann, Proc. 24th Ann. Tech. Conf., Reinf. 

Plastics/Composites Div., SPI, Sec. 19-A (1969). 
21. K.W. Allen and M.G. Stevens, J . Adhes., 14, 137 (1982). 
22. F.I . Belskii, I.B. Goryunova, P.V. Petrovskii, T.Y. Medved, 

and M.I. Kabachnik, Academia Nauk USSR, 1, 103 (1982). 
23. J .C. Bolger, op. cit. Ref. 8, 8. 
24. F . J . Boerio, R.G. Dillingham, and R.C. Bozian, 39th Annual 

Conference, Reinforced Plastics/Composites Institute, The 
Society of the Plastics Industry, Inc., Session 4-A, 1 
(January 1984). 

25. A.F. Lewis and R. Saxon in Epoxy Resins: Chemistry and 
Technology. C.A. May and Y. Tanaka, eds., 413 (Marcel Dekker, 
New York, 1973). 

26. A.M. Ibrahim and J.C. Seferis, Polym. Compos., 6, 47 (1985). 
27. K.R. Kramker and A.J . Breslau, Ind. Eng. Chem., 47, 98 

(1956). 
28. E.H. Sorg and C.A. McBurney, Mod. Plastics, 34, 187 (1956). 
29. C.A. Stretweiser, Chem. Rev., 56, 571 (1956). 
30. Y. Tanaka and T.F. Mika, op. cit. Ref. 25, 169. 
31. P. Walker, J . Oil Colour Chem. Assoc., 65, 436 (1982). 

RECEIVED January 27, 1986 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



23 
Inhibition of Copper Corrosion by Azole Compounds 
in Acidic Aqueous Solutions 
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Azole compounds, poly-N-vinylimidazole (PVI-1) and 
2-undecylimidazol
inhibitors to benzotriazol
corrosion in aqueous systems using electrochemical 
techniques. It is shown that UDI, either as a cast 
film or dissolved in solution at concentrations as 
low as 7 x 10 - 5M, inhibits oxygen reduction on 
copper in acidic solutions of 0.1M HClO4 (pH=1) 
while BTA and PVI-1 do not. In phosphate buffer 
(pH=5.6), UDI and BTA inhibit oxygen reduction on 
copper, but PVI-1 does not. All three compounds 
suppress the anodic dissolution of copper at pH=1. 
At pH=5.6, both UDI and PVI-1 cast films produce 
passivation, UDI reducing the anodic currents by an 
order of magnitude more than PVI-1, Linear 
polarization measurements on Cu in UDI solution 
(pH=5.6) indicate that UDI may have practical 
application as a corrosion inhibitor for copper. 

In the past, heterocycles containing nitrogen have been examined 
for use as inhibitors for copper (Cu) corrosion [1-25]· To date 
benzotriazole (BTA), figure 1A, has been the most successful 
compound and i s widely used in industry. Recently there has been 
interest, especially in the printed cir c u i t board industry [26], 
in alternative inhibitors to BTA that not only inhibit corrosion 
but also promote adhesion. Imidazoles such as 
poly-N-vinylimidazole (PVI-1), figure 1B and 2-undecylimidazole 
(UDI), figure 1C are potential candidates because imidazoles are 
commonly used as curing agents for epoxy resins and some are 
reported to inhibit Cu corrosion [26,2J]. 

BTA inhibits Cu corrosion in many aqueous environments 
[-1-223· The partial anodic or cathodic process or processes that 
are inhibited by BTA i s controversial; however, most researchers 
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agree that the mechanism by which BTA acts involves reinforcement 
of the oxide film. This mechanism i s supported by the poor 
inhibition of BTA observed at pH<3 [ί*>6> Ιϊι 12] > where copper 
oxides are not thermodynamically stable [28]. Acidic conditions, 
however, are often met in practice; for example in atmospheric 
corrosion where evaporation concentration can occur and in 
treating baths for processing. Inhibitors which are effective at 
pH<3 would therefore be valuable. 

PVI-1 and UDI have been investigated as anti-oxidation agents 
for Cu in dry a i r at elevated temperatures [29-J30]. Fourier 
transform infrared reflection-absorption spectroscopy (FT-IR RAS) 
was used to monitor the onset and intensity of the Cu20 band as a 
measure of the surface oxidation of copper substrates with 150nm 
thick films of either BTA, UDI, or PVI-1 cast onto the surface. 
The polymer was found to be superior to either of the small 
molecules. PVI-1 protecte
while UDI and BTA los
exposure at 150°C [30]. 

It has not been reported whether UDI or PVI-1 inhibit Cu 
corrosion in aqueous environments. In the present work the 
electrochemical behavior of cast films of BTA, PVI-1, and UDI on 
Cu has been studied in acidic solutions. The compounds were 
studied primarily as cast films to correlate with the above 
research on PVI-1 and UDI. UDI, which was found to be the most 
promising inhibitor was also studied as a solution species. This 
paper deals with the overall effects and compares the behavior of 
the different compounds. 

Mass transport and the electrode kinetics of copper electrodes 
were studied using the rotating disk electrode (RDE) technique in 
conjunction with potential sweep and steady-state potentiostatic 
measurements. The RDE was made by press-fitting a spectro-grade 
Cu rod, area 0.2cm , into a cylindrical poly(tetrafluoroethylene) 
(PTFE) holder. Before testing, the RDE was polished with 1um 
diamond paste, rinsed with ethanol, and cleaned in d i s t i l l e d water 
in an ultrasonic bath. Cast films were made by placing calculated 
amounts of UDI, PVI-1, or BTA methanol solutions (approximately 1$ 
by weight.) dropwise by a microsyringe onto the electrode surface. 
Each drop wetted the entire electrode and was allowed to dry 
slightly before the next drop was applied. When the last drop was 
deposited the film was allowed to dry for at least 5 minutes 
before testing. The resultant films were nonuniform. Unless 
otherwise stated, the thickness of the films was either 15um or 
150nm. The thickness was calculated from the surface area of the 
electrode and the concentration- of the inhibitor solution by 
assuming a film density of 1g/cm . 

The experiments were conducted in a one-compartment c e l l with 
the reference electrode separated from the main compartment by a 
Luggin capillary and a closed electrolyte-wetted stopcock. The 
counter electrode was a gold wire loop and the reference electrode 
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was a saturated calomel electrode. The potential of the RDE was 
controlled by a Princeton Applied Research Corporation (PARC) 
model 176 potentiostat. The potentiostat was coupled to a PARC 
model 175 universal programmer to continuously vary the potential 
at a constant rate. The electrode was rotated at controlled 
frequencies by a Pine Instruments ASR2 analytical rotator. 

The potential sweep method used was cyclic voltammetry. 
Unless otherwise stated, the cycles were begun at -100mV (SCE) and 
cycled between -750 and +150mV (SCE) in 0.1M HC10. solution and 
between -1100 and +250mV (SCE) in phosphate buffer, pH=5.6. The 
sweep rate was 50mV/s in the perchloric acid solution and 20mV/s 
in the phosphate buffer solution. A l l measurements were made at 
room temperature and the electrode was rotated at 15Hz. In the 
perchloric acid solution, the steady-state potentiostatic 
measurements were made b  sweepin  th  potential  50mV/  betwee
-100 and -600mV (SCE
holding the potential constan
current remained constant. These results were used to calculate 
the Tafel slopes and exchange current densities. In the phosphate 
buffer, these measurements were made at 20mV/s in order to obtain 
reproducible results. Linear polarization measurements were made 
by equilibrating the Cu electrode without st i r r i n g until a 
steady-state open-circuit potential was reached (after 4-8 hours). 
The polarization curve was obtained by stepping from the 
open-circuit potential to random potentials within 10mV. The 
current was taken after 3 minutes. This current was found to be 
close to the steady-state value. Between each potential step, the 
electrode was allowed to rest at open-circuit for 3 minutes before 
the next potential step was applied. 

The water used to prepare solutions was purified by means of 
a commercial reverse osmosis system followed by d i s t i l l a t i o n with 
a counter current of nitrogen to remove volatiles. The method i s 
a modified version of a system reported by Gilmont and Silvus 
[31]. The nitrogen used to deoxygenate the electrochemical c e l l 
was purified by passing i t through a solution of Cr(II) and 
amalgamated Zn (to continously regenerate Cr(II)), then washing 
with d i s t i l l e d water. The oxygen gas used to saturate the 
electrochemical c e l l with 0^ was purified by passing i t through a 
purification train similar to that reported by [B Amadelli [32]. 
The train contained traps of Hopcalyte (Mine Safety Appliance, 
14-20 mesh), an active mixed oxide catalyst that oxidizes CO to 
C02, and NaOH on asbestos which removes the CÔ . 

The BTA (Aldrich) and UDI (Shikoku Chemicals) were 
recrystallized before use and the PVI-1 was synthesized using the 
method reported by Eng [30]. The phosphate buffer was prepared by 
mixing 13.8g analytical grade monobasic sodium phosphate (Fisher 
Scientific) and 6.7g analytical grade dibasic sodium phosphate 
(Fisher Scientific) into purified water, then titrating with 0.2M 
analytical grade H~P0. (Fisher Scientific) to pH=5.6. The reagent 
grade perchloric ^acid (Fisher Scientific) was diluted to a 0.1M 
aqueous solution. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



23. JOHNSON ET AL. Inhibition of Copper Corrosion by Azole Compounds 253 

Results and Discussion 

Cyclic voltammetry was employed to determine the nature of the 
anodic and cathodic reactions of bare and coated copper in aerated 
0.1M HCIO^ (pH=1) and phosphate buffer (pH=5.6) solutions. 
Steady-state measurements were made in air to obtain a more 
quantitative picture of the effect of the inhibitor films on the 
oxygen reduction reaction. 

Cyclic yo.1 tamroftt-.ry The steady-state cyclic voltammogram of Cu in 
0.1M HCIO^, shown in figure 2A, shows a steep rise in the anodic 
current beginning at -60mV (SCE). According to the Pourbaix 
diagram [28] of Cu in aqueous solutions, the thermodynamically 
stable oxidation product under these conditions i s Cu . No 
copper oxides are stable at this pH at any potential. Etching of 
the electrode surfac  observed l fro  th
electrolyte and no visibl
anodic process is pattribute

Cu = Cu^ + + 2e". (1) 
Two cathodic processes can also be observed in the voltammogram. 
One i s characterized by a current plateau between -600 and -750mV 
(SCE) and the other by a sharp increase of the current in the 
cathodic direction at potentials more negative than -850mV (SCE). 
The former process i s expected to be oxygen reduction: 

0 + + 4e" = 2Hp0 (2) 
or 0 2 + 2H+ + 2e~ = *202 (3) 

which becomes mass transport limited at potentials more negative 
than -500mV (SCE). This was confirmed by performing experiments 
in deaerated solution. The cyclic-voltammogram in deaerated 
solution in figure 4 shows no 0^ reduction current plateau. This 
wave, however, reappeared upon reintroduction of ai r . This 
suggests that the second cathodic process can be assigned to 
hydrogen evolution: 

2H+ + 2e" = H 2 (g) (4) 

The predominant cathodic process for Cu corrosion w i l l therefore 
be oxygen reduction in aerated solutions and hydrogen evolution in 
deaerated solutions. 

The steady-state voltammogram of UDI-coated Cu in 0.1M HCIO^ 
(figure 2D) i s quite featureless, lying close to the baseline 
until -300mV (SCE). The i n i t i a l sweeps on UDI-coated Cu show much 
larger currents which decay to the steady-state curve only after 
cycling (figure 3). The steady-state condition was achieved after 
approximately 25 cycles (50mV/s). Similar results were observed 
upon testing bare Cu electrodes in solutions of dissolved UDI. 
The currents for the oxygen reduction reaction decreased to low 
steady-state values, as seen above, after approximately 7 cycles 
(5mV/s). The suppression of the oxygen reduction reaction on Cu 
in UDI solutions at,_steady-state was evident for concentrations 
down to 7 x 10 M, but not at 7 x 10" M. This indicates that 
there i s a threshold concentration for this effect between these 
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Figure 2. Steady-state c y c l i c voltammograms of Cu electrodes, 
both bare and coated with thic k films (approximately 15 μπι) of 
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Figure 3. Current decay of a UDI-coated Cu electrode i n 0-1 M 
HC10, i n a i r , ν = 50 mV/s, w = 15 Hz, 25 °C. 

Figure 4. Steady-state c y c l i c voltammogram of Cu electrodes, 
bare and coated with UDI f i l m (approximately 15 μπι) i n deaerated 
0.1 M HC10,, ν = 5 mV/s, w = 15 Hz, 25 °C. 
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concentrations. The voltammogram of UDI-coated Cu i s the same in 
both aerated and dearated solutions and i s identical to the 
voltammogram of bare Cu in dearated solution (figure 4). The 
process observed at more negative potentials, hydrogen evolution, 
i s apparently unaffected. A study on the effect of the thickness 
of UDI cast films indicated that even at 75nm the oxygen reduction 
was inhibited. 

The steady-state voltammogram of BTA-coated Cu in 0.1M HCIO^ 
(figure 2B) shows similar behavior to bare Cu for the oxygen 
reduction and hydrogen evolution reactions (slightly higher 
currents for oxygen reduction at lower potentials), but 
significantly different behavior for the anodic reaction. The 
current i s nearly zero at the potential where Cu dissolution 
becomes significant for bare Cu, and no anodic process i s observed 
below about +125mV (SCE) on the positive sweep

The steady-state voltammogra
HCIO^, given in figure 2C, i s more complex than that for 
BTA-coated Cu. On the positive sweep the current becomes anodic 
at +45mV (SCE) and as with BTA-coated Cu, the Cu oxidation i s 
inhibited, but to a lesser extent. The i n i t i a l cathodic currents 
are enhanced in comparison to bare Cu and BTA-coated Cu, but the 
limiting oxygen reduction current i s close to that for bare Cu. 

Upon removing the coated Cu electrodes from the electrolyte 
after treatment, i t was observed that PVI-1 and BTA films 
dissolved in 0.1M HCIO^ while UDI films did not. The UDI, 
however, showed similar anodic and cathodic behavior as a solution 
species. 

The steady-state voltammogram of bare Cu in the phosphate 
buffer, pH=5.6, (figure 5A) i s very similar to that in 0.1M HC10. 
at the negative potentials. An anodic process begins at -100mv 
(SCE) and a current plateau i s observed indicating that a process 
such as film formation becomes current limiting. However, on the 
reverse sweep the currents remain high indicating that any film 
that forms i s either immediately dissolved or in poor contact with 
the Cu electrode and not passivating [28]. At this pH, the 
formation of Cu oxides and/or hydroxides i s expected on a 
thermodynamic basis [28], but no reduction process corresponding 
to the reduction of anodic films i s seen on the voltammogram. 
Upon sweeping to very positive potentials (figure 6), a white 
powder could been seen f a l l i n g from the electrode and reduction 
peaks appeared at -170mV (SCE), -215mV (SCE), and -4l0mV (SCE); 
presumably arising from the formation and reduction of oxides 
and/or hydroxides. The vis i b l e loss of material from the 
electrode along with the fact that no visible film was observed 
after testing supports the argument that these materials do not 
form adherent films under these conditions. 

The steady-state voltammogram of UDI-coated Cu in the 
phosphate buffer (figure 5C) i s similar to the result in pH=1 
solution; the curve i s indistinguishable from the baseline until 
approximately -300mV (SCE). In the steady-state a UDI film 
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Figure 5. Steady-state c y c l i c voltammogram of BTA, PVI-1, or UDI 
in phosphate buffer, pH = 5.6, in a i r , ν = 20 mV/s, w = 15 Hz, 
25 °C. 

Figure 6. C y c l i c voltammograms of bare Cu electrode i n phosphate 
buff e r , pH = 5.6, in a i r , ν = 20 mV/s, w = 15 Hz, 25 ° C 
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s t r o n g l y i n h i b i t s the oxygen r e d u c t i o n r e a c t i o n . UDI, a t t h i s pH 
s t r o n g l y i n h i b i t s the anodic p r o c e s s , at l e a s t up to +300mV (SCE) 
c a u s i n g p a s s i v a t i o n o f the e l e c t r o d e s u r f a c e . The hydrogen 
e v o l u t i o n appears t o be unaf fected i n both 0.1M HClOw and 
phosphate b u f f e r , pH=5.6, s o l u t i o n s . A 150nm f i l m . , c y c l e d 
between -300 and -1100mV (SCE) , d i d not suppress the 0 2 r e d u c t i o n 
c u r r e n t s as w e l l as the 15um f i l m , but the s t e a d y - s t a t e c u r r e n t s 
were s t i l l much lower than those f o r bare C u . A s a t u r a t e d 
s o l u t i o n o f UDI (UDI powder observed i n the s o l u t i o n ) showed the 
same e f f e c t as a 15um f i l m on the Op r e d u c t i o n and anodic 
o x i d a t i o n o f copper . These f i l m s were found to d i s s o l v e i n the 
phosphate b u f f e r , u n l i k e UDI f i l m s i n 0.1M HCIO^, i n d i c a t i n g t h a t 
the e f f e c t o f f i l m t h i c k n e s s merely r e f l e c t s the e f f e c t o f 
d i f f e r i n g c o n c e n t r a t i o n s o f UDI i n the s o l u t i o n produced by the 
d i s s o l u t i o n o f the f i l m s . 

A 150nm BTA f i l m c a s
-110mV (SCE) i n i t i a l l
w i t h i n 30 minutes the c u r r e n t had i n c r e a s e d to those c u r r e n t s 
observed f o r untreated Cu. A 1mM s o l u t i o n o f BTA showed s i m i l a r 
b e h a v i o r . A 0.01M s o l u t i o n , however, e x h i b i t e d a l a s t i n g e f f e c t . 
These r e s u l t s are c o n s i s t e n t w i t h those found by McCrory-Joy e t . 
a l . [ 8 ] , i n an a c e t a t e b u f f e r o f pH=6. 

They found that a Cu e l e c t r o d e , p r e t r e a t e d by immersing i t i n 
a 0.1M BTA s o l u t i o n f o r 15 seconds, i n h i b i t e d the 0 2 r e d u c t i o n 
r e a c t i o n i n i t i a l l y and t h a t on subsequent c y c l e s the c u r r e n t s 
i n c r e a s e d to that o f bare Cu i n a s h o r t t ime . A s i m i l a r e f f e c t 
was observed when a Cu e l e c t r o d e was c y c l e d i n a 1mM s o l u t i o n o f 
BTA. They d i s c o v e r e d t h a t a s o l u t i o n o f 0.1M BTA produced a 
l a s t i n g e f f e c t , i n d i c a t i n g t h a t a r e s e r v o i r o f BTA i s necessary 
f o r continuous p r o t e c t i o n o f the copper a g a i n s t c o r r o s i o n . We 
found t h a t bare Cu g i v e s the same voltammogram i n the 0 2 r e d u c t i o n 
r e g i o n i n both a c e t a t e b u f f e r and phosphate b u f f e r ; t h e r e f o r e , 
McCrory -Joy e t . al.'s r e s u l t s can be d i r e c t l y compared t o the 
r e s u l t s reported h e r e . 

The s t e a d y - s t a t e voltammogram o f P V I - 1 - c o a t e d Cu i n the 
phosphate b u f f e r i s g i v e n i n f i g u r e 5B. The i n i t i a l oxygen 
r e d u c t i o n c u r r e n t s on the P V I - 1 - c o a t e d Cu are h i g h e r than f o r bare 
C u , but the l i m i t i n g c u r r e n t i s l e s s by approximately 50J . T h i s 
r e s u l t i s c o n s i s t e n t w i t h b l o c k i n g o f t r a n s p o r t by the polymer 
f i l m . A 150nm f i l m shows the same l i m i t i n g c u r r e n t f o r 0 2 

r e d u c t i o n as b a r e , s u p p o r t i n g t h i s h y p o t h e s i s . The p o s i t i v e sweep 
f o r both 15um and 150nm f i l m s shows a c u r r e n t p l a t e a u commencing 
at approximately -100mV (SCE) and p a s s i v a t i o n i s observed , 
a l though the anodic c u r r e n t s are at l e a s t ten times those seen 
w i t h UDI. On the reverse sweep a corresponding r e d u c t i o n peak 
appears at -100mV (SCE) which does not c o i n c i d e w i t h the Cu 
o x i d e / h y d r o x i d e r e d u c t i o n peaks ( f i g u r e 6 ) . The charge i n v o l v e d 
i n the o x i d a t i o n process f o r the 15um f i l m was c a l c u l a t e d to be 
6.02mC w h i l e t h a t o f the r e d u c t i o n process was 4.24mC. T h i s 
suggests that 20% o f the anodic products was not reduced and t h a t 
m a t e r i a l i s l o s t on each c y c l e by d i s s o l u t i o n . I t i s expected , 
t h e r e f o r e , t h a t c o r r o s i o n occurs over t i m e . 
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The above results show that BTA, PVI-1 and UDI behave 
differently in the two pH solutions tested in this study. The 
differences are probably related to the form of the inhibitor, for 
example BTA takes on a cationic, anionic, or neutral form 
depending on the pH [33]. This may affect the solubility of the 
cast films, adsorption behavior, reactions of the inhibitor at the 
electrode, and the solubility of any subsequent reaction products. 
The BTA molecule (pK =0.44, pK =8.2) i s soluble in a l l pH 
solutions in a l l forms L33_]. The neutral form i s predominant in 
both 0.1M HCIO^ and phosphate buffer (pH=5.6), but there are 
substantial amounts of the cation present at pH=1 and small 
amounts of the anion present at pH=5.6. The PVI-1 molecule 
(pK =4.7) i s predominantly a soluble cation in pH=1 [34] and a 
neutral species at pH=5.6. The pK nor the pK, are known for the 
UDI molecule. The solubility behavior of UDI indicates that i t 
may be more acidic than BTA

A l l of the inhibito
processes in both 0.1M HClOj. and phosphate buffer. The type of 
effect depended on the pH and the magnitude depended on the 
inhibitor. In 0.1M HCIO^ the potential of observed Cu dissolution 
i s shifted in a positive direction. Quantitative measurements 
were not made but the inhibitors can be ranked in order of 
decreasing potential shift as follows: 

UDI > BTA > PVI-1. 
Once dissolution commenced the anodic currents continued to 
increase on the reverse sweep, resulting in the hysteresis loops 
observed for BTA and PVI-1 in figure 2B,C. A possible explanation 
of the loss of the inhibiting condition i s that an adsorbed layer 
of the inhibitor i s in equilibrium with a dissolved species in 
solution. When dissolution occurs the resulting Cu ions consume 
the free inhibitor by forming Cu complexes. This depletes the 
concentration of the solution species near the electrode and the 
inhibiting layer i s desorbed. On cycling to negative potentials 
the adsorbed layer i s re-established. This i s consistent with the 
observation that inhibition occurs on each subsequent cycle. 

In phosphate buffer (pH=5.6), passivation i s observed rather 
than activation. The effect i s again believed to be caused by an 
adsorbed layer of inhibitor and not by the bulk cast film because 
UDI, only present as a solution species at this pH, shows the most 
pronounced effect. The position of the reduction peak seen in the 
case of PVI-1 (figure 5C) suggests that the reaction i s not simply 
the reduction of Cu oxides or hydroxides but involves the reaction 
of the inhibitor. The resulting film i s more than a monolayer 
because the charge consumed i s of the order of millicoulombs per 
square centimeter. The anodic passivating species i s probably a 
copper-inhibitor compound formed by an anodic reaction of Cu with 
the solution inhibitor species. At this pH the f i n a l reaction 
product may have oxide or hydroxide incorporated as ligands. The 
results in figure 5 and those in the literature [8] suggest the 
following ranking of the studied inhibitors in order of decreasing 
passivation: 

UDI > BTA > PVI-1 
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The d i f f e r e n t degrees o f p a s s i v a t i o n may be r e l a t e d to the 
s o l u b i l i t y o f C u ( i n h i b i t o r ) complexes. Cu i s known to r e a d i l y 
form complexes w i t h BTA, P V I - 1 , and UDI [3 , 29, 30] . The charge 
balance f o r PVI-1 i n d i c a t e s t h a t the p a s s i v a t i n g l a y e r , at l e a s t 
f o r P V I - 1 , i s p a r t i a l l y s o l u b l e . I t i s known t h a t Cu-PVI-1 and 
Cu-UDI complexes are s o l u b l e i n 0.3M HC1 [29,30]. T h i s may 
e x p l a i n why no such p a s s i v a t i o n i s observed at pH=1, a l though the 
absence o f copper oxide formation processes i s a l s o r e l e v a n t . 

Ste^iJiyrAtâte Measurements. In o r d e r to o b t a i n a more q u a n t i t a t i v e 
understanding o f the process r e s u l t i n g i n the i n h i b i t i o n o f the 0 2 

r e d u c t i o n r e a c t i o n , T a f e l measurements were made. The mass 
t r a n s p o r t c o r r e c t e d T a f e l equat ion [35] : 

Ε = a [ l o g i - l o g ( i L χ i / i L - i ) ] (5) 

where Ε = the measured
exchange c u r r e n t d e n s i t y
c u r r e n t , and i = the measured c u r r e n t d e n s i t y ) was u t i l i z e d , where 
a p p l i c a b l e , to c a l c u l a t e the T a f e l s lopes and exchange c u r r e n t 
d e n s i t i e s o f the oxygen r e d u c t i o n r e a c t i o n on bare and coated Cu 
e l e c t r o d e s . The uncorrected T a f e l equat ion [35J was used when no 
mass t r a n s p o r t l i m i t a t i o n was observed; UDI i n both s o l u t i o n s and 
BTA i n phosphate b u f f e r . The i L v a l u e s f o r each sample were 
obtained by e x t r a p o l a t i n g from p l o t s o f the L e v i c h r e l a t i o n : 

1 / i = ( 1 / i k ) + 1 / B C w 1 / 2 (6) 

(where i = measured c u r r e n t d e n s i t y , i , = k i n e t i c component o f the 
t o t a l c u r r e n t d e n s i t y , Β = c o n s t a n t , C = bulk c o n c e n t r a t i o n , and w 
= r o t a t i o n r a t e o f the e l e c t r o d e ) . A t y p i c a l L e v i c h p l o t obtained 
i n t h i s study i s represented by the bare Cu sample g i v e n i n f i g u r e 
7. The T a f e l p l o t s , u s i n g the corresponding l i m i t i n g c u r r e n t s 
l i s t e d i n Table I , are shown f o r measurements i n 0.1M HCIO^ i n 
f i g u r e 8 and f o r measurements i n phosphate b u f f e r i n f i g u r e 9. 
The observed mass t r a n s p o r t l i m i t e d c u r r e n t d e n s i t i e s i n a i r and 
i n oxygen s a t u r a t e d s o l u t i o n s (pH=1) f o r bare Cu are h a l f those 
reported f o r g o l d (Au) i n 0.1M HCIO^ [36] , i n d i c a t i n g t h a t oxygen 
r e d u c t i o n on Cu f o l l o w s a mechanism that i n v o l v e s twice the number 
o f e l e c t r o n s than Au. Oxygen r e d u c t i o n on Au i s a 2 e l e c t r o n 
process i n p e r c h l o r i c a c i d [36] ; t h e r e f o r e , the r e a c t i o n on Cu 
must be a 4 e l e c t r o n process (equation ( 3 ) ) . 

At pH=1, the T a f e l s lopes (Table I) f o r bare Cu and Cu coated 
w i t h PVI-1 o r BTA are the same w i t h i n experimental e r r o r . PVI-1 
and BTA do not appear to a f f e c t the mechanism o f 0 2 r e d u c t i o n on 
Cu. These r e s u l t s are supported by Heakal and Haruyama [13] who 
a l s o found the T a f e l s lope o f Cu w i t h BTA present i n a pH=3 
s o l u t i o n o f HNO^ and 3% NaCl to be -0 . l 8 V / d e c . These a u t h o r s , 
however, do not c i t e a v a l u e f o r bare Cu . UDI-coated Cu shows a 
s i g n i f i c a n t l y d i f f e r e n t T a f e l s l o p e , -320mV/dec, i n d i c a t i n g that a 
d i f f e r e n t mechanism a p p l i e s . 

In the phosphate b u f f e r , pH=5.6, T a f e l measurements were made 
f o r bare Cu , Cu coated w i t h a 150nm c a s t f i l m o f P V I - 1 , f o r Cu 
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Figure 7. Levich plot of bare Cu electrode to obtain through 
i values i n 0.1 M HCIO^ i n a i r , ν = 5 mV/s, 25 °C. 
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Figure 8. T a f e l p l o t s of oxygen reduction on Cu electrodes i n 
0.1 M HC10, in a i r , w - 15 Hz, 25 °C. • bare Cu, ο BTA-coated 
Cu, A PVI-l-coated Cu, * UDI-coated Cu. + l o g i was used since 
no mass transport l i m i t e d behavior was observed. 
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coated with a 15um cast film of UDI, and for Cu in a 0.01M 
solution of BTA. Mass transport limited currents were only 
observed for bare Cu and the PVI-1 coated Cu. The values of the 
true limiting currents calculated from Levich plots are given in 
Table I. A saturated solution of UDI gave the same Tafel slope as 
the 15um film; therefore, UDI can be used as a thick film or in 
solution at pH=5.6 as well as pH=1. The inhibiting species in the 
two cases are different because in phosphate buffer the UDI film 
dissolves and the volume of solution w i l l affect the concentration 
of UDI, thus, the inhibition efficiency. At pH=5.6, a l l four 
samples exhibited different Tafel slopes, but the PVI-1-coated Cu 
i s close to that of bare Cu while UDI i s distinctly different. 
The Tafel slope of Cu in 0.01M BTA solution l i e s intermediate 
between PVI-1 and UDI treated Cu (figure 9). The UDI and probably 
BTA cause a change in the mechanism of the cathodic reaction, 
presumably 0^ reduction  PVI-1 films do not greatly affect this 
process. 

Table I. Tafel parameters obtained from figures 7,8 and 
the mass transport limited currents. 

Inhibitor Tafel Slope i 0 i T ~ 
(V) (uA/Sm ) (uA/cm ) 

0.1M HCIO^, pH=1 

none -0.19 12.62 -967 
PVI-1 -0.20 11.05 -922 
BTA [B -0.18 12.88 -948 
UDI -0.32 4.01 

phosphate buffer, pH=5.6 

none -0.25 7.24 -1034 
PVI-1 -0.30 5.23 -1102 
BTA -0.34 3.18 
UDI -0.47 3.27 

There i s clearly a change in the mechanism when UDI i s 
present in both 0.1M HCIO^ and phosphate buffer, pH=5.6. The 
observation in 0.1M HCIO^ that the suppression of the 0^ reduction 
currents occurs only after cycling whether or not a cast film was 
i n i t i a l l y present, indicates that inhibition i s produced by a 
reaction. The reaction probably involves the inhibitor species 
and an intermediate formed in the 0^ reduction process, superoxide 
or peroxide. The anion present may also play a role. At pH=5.6, 
a similar effect i s observed, but the change in the Tafel slope 
indicates that a different mechanism i s operating. 

Extrapolation of the linear portion of the curves to the 
standard oxygen reduction potential gives the corresponding 
exchange current density, a measure of the equilibrium rate of the 
reaction [35]. The results are given in Table I. Within 
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experimental e r r o r , BTA- and P V I - 1 - c o a t e d Cu show the same 
exchange c u r r e n t d e n s i t y f o r oxygen r e d u c t i o n as bare Cu i n pH=1 
s o l u t i o n . T h i s r e s u l t supports the c o n c l u s i o n that at t h i s pH, 
BTA and PVI-1 do not a f f e c t the Op r e d u c t i o n p r o c e s s . These 
compounds do a f f e c t the anodic process i n d i c a t i n g that they may 
only a c t as anodic i n h i b i t o r s . In the pH=5.6 s o l u t i o n , the i 
v a l u e s cannot be d i r e c t l y compared because d i f f e r e n t mechanisms 
apply i n each c a s e . 

The measurements d i s c u s s e d above d e s c r i b e the e f f e c t s o f the 
BTA, P V I - 1 , and UDI on the e l e c t r o c h e m i c a l processes b e l i e v e d to 
be i n v o l v e d i n Cu c o r r o s i o n at r e l a t i v e l y h i g h o v e r p o t e n t i a l s . 
O p e n - c i r c u i t p o t e n t i a l and l i n e a r p o l a r i z a t i o n measurements were 
made i n UDI s o l u t i o n s i n order to c o r r e l a t e the h igh o v e r p o t e n t i a l 
measurements to p r a c t i c a l c o r r o s i o n p o t e n t i a l s . 

O p e n - c i r c u i t p o t e n t i a l
i n 0.1M HClOj. . The
(SCE) and t h i s v a l u e s h i f t e d to +71mV (SCE) when UDI was added. 
T h i s i m p l i e s that the e f f e c t o f the anodic process on the mixed 
p o t e n t i a l i s dominant. The e f f e c t s o f c y c l i n g a n o d i c a l l y and 
c a t h o d i c a l l y on the o p e n - c i r c u i t p o t e n t i a l was a l s o measured. 
A f t e r c y c l i n g between -38mV (SCE) and +225mV (SCE) f o r 1 hour , the 
p o t e n t i a l was found to be +88mV (SCE) . Subsequent c a t h o d i c 
c y c l i n g between -100 and -750mV (SCE) revealed t h a t the anodic 
treatment reduced the i n h i b i t i o n o f the Op r e d u c t i o n r e a c t i o n 
u s u a l l y o b t a i n e d . A p o s s i b l e e x p l a n a t i o n o f t h i s phenomenon i s 
that the c o n c e n t r a t i o n o f f r e e UDI forms Cu-UDI complexes d u r i n g 
the anodic p r o c e s s . The c a t h o d i c treatment decreased the 
o p e n - c i r c u i t p o t e n t i a l to +50mV (SCE) , but the o r i g i n a l v a l u e , +71 
mV (SCE) was reached a f t e r the e l e c t r o d e was al lowed to r e s t at 
o p e n - c i r c u i t f o r 30 minutes . C y c l i n g c a t h o d i c a l l y d i d not a f f e c t 
the anodic i n h i b i t i o n . 

L i n e a r p o l a r i z a t i o n measurements were found by Simmons [37] , 
to be a good method f o r e v a l u a t i o n o f i n h i b i t o r compounds. He 
found that the p o l a r i z a t i o n r e s i s t a n c e were d i r e c t l y c o r r e l a t e d to 
w e i g h t - l o s s measurements, i . e . i n h i b i t o r s t h a t e x h i b i t good 
w e i g h t - l o s s suppress ion possess h igh p o l a r i z a t i o n r e s i s t a n c e 
v a l u e s . L i n e a r p o l a r i z a t i o n r e s u l t s i n phosphate b u f f e r , ph*=5.6, 
are shown i n f i g u r e 10. The g o l a r i z a t i o n r e s i s t a n c e o f bare Cu 
was found to be 1.1Kohm cm and t h a t o f a s a t u r a t e d s o l u t i o n o f 
UDI a f t e r c y c l i n g between -300 and -1100mV (SCE) was found to be 
4.8Kohm cm . The o p e n - c i r c u i t p o t e n t i a l f l u c t u a t e d by a few 
m i l l i v o l t s between measurements and t h i s i s probably r e s p o n s i b l e 
f o r the s c a t t e r i n the data p o i n t s , but there i s a c l e a r 
d i f f e r e n c e i n the two c u r v e s . BTA, the most commonly used Cu 
c o r r o s i o n i n h i b i t o r , has been found by T h i e r r y and L e y g r a f to have 
h igh v a l u e s o f p o l a r i z a t i o n r e s i s t a n c e . They found that 5 mM BT£ 
i n 0.1M and 0.1M NaCl gave va lues o f 42 and 245 Kohms cm 
r e s p e c t i v e l y . They d i d n o t , however, r e p o r t t h e i r v a l u e f o r bare 
Cu i n the same s o l u t i o n s . A d i r e c t comparison between the va lues 
found f o r UDI and those reported f o r BTA i s imposs ib le because o f 
d i f f e r e n c e s i n i n h i b i t o r c o n c e n t r a t i o n and d i f f e r e n c e s i n t e s t i n g 
medium. In g e n e r a l , based on the i n c r e a s e o f p o l a r i z a t i o n 
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Figure 9. T a f e l p l o t s of oxygen reduction Cu electrodes i n 
phosphate buffer, pH = 5.6, w = 15 Hz, 25 °C. • bare Cu, · BTA-
coated Cu, A PVI-l-coated Cu, and * UDI-coated Cu. log i was 
used since no mass transport l i m i t e d behavior was observed. 
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Figure 10. Linear p o l a r i z a t i o n curves i n phosphate buffer for 
A bare Cu, ο Cu i n a saturated s o l u t i o n of UDI. 
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r e s i s t a n c e by BTA, UDI i s a c o r r o s i o n i n h i b i t o r at l e a s t i n 
phosphate b u f f e r . 

I t should be emphasized t h a t the r e s u l t s presented i n t h i s 
paper were obtained o n l y i n 0.1M HCIO^ and phosphate b u f f e r 
(pH=5.6). Work c u r r e n t l y i n progress i n d i c a t e s that anions i n the 
e l e c t r o l y t e p l a y a r o l e i n the e l e c t r o c h e m i c a l processes l e a d i n g 
to i n h i b i t i o n . The e f f e c t i v e n e s s o f the i n h i b i t o r s has been found 
to vary depending on the t e s t i n g s o l u t i o n . 

Summary 

The e l e c t r o c h e m i c a l s t u d i e s o f the p a r t i a l r e a c t i o n s l i k e l y to be 
important i n copper c o r r o s i o n , T a f e l and p o l a r i z a t i o n r e s i s t a n c e 
measurements i n d i c a t e that UDI should be an e f f e c t i v e c o r r o s i o n 
i n h i b i t o r i n oxygenated aqueous s o l u t i o n s . The predominant 
c a t h o d i c process i s oxyge
f i l m and i n s o l u t i o n o
complete ly suppresses t h i s p r o c e s s , a p p a r e n t l y by r e a c t i o n o f the 
UDI w i t h i n t e r m e d i a t e s p e c i e s generated i n the oxygen r e d u c t i o n 
r e a c t i o n , w i t h BTA or PVI-1 present have the r e a c t i o n mechanism 
but w i t h UDI present a d i f f e r e n t mechanism o r completely d i f f e r e n t 
process i s o p e r a t i n g . In the phosphate b u f f e r , pH=5.6, a l l o f the 
samples possessed d i f f e r e n t T a f e l s lopes (Table I) i n d i c a t i n g 
d i f f e r e n t mechanisms f o r each c a s e . BTA must be present i n 
s o l u t i o n to p r o v i d e continuous i n h i b i t i o n w h i l e UDI i s e f f e c t i v e 
as a t h i c k , 15um, c a s t f i l m . A 15um PVI-1 c a s t f i l m suppressed 
the 0 2 r e d u c t i o n c u r r e n t s , but a 150nm f i l m d i d n o t . 

The p o l a r i z a t i o n r e s i s t a n c e o f Cu i n a UDI/phosphate b u f f e r 
s o l u t i o n was found to be f o u r times that o f bare Cu. The proven 
i n h i b i t o r , BTA, a l s o i n c r e a s e s the p o l a r i z a t i o n r e s i s t a n c e . T h i s 
r e s u l t i n d i c a t e s t h a t UDI may have p r a c t i c a l a p p l i c a t i o n s . 

The thermal o x i d a t i o n mechanism r e s u l t s [29,30] d i f f e r from 
the e l e c t r o c h e m i c a l r e s u l t s because d i f f e r e n t mechanisms a p p l y . 
PVI-1 was found to be an e x c e l l e n t a n t i - o x i d a n t i n dry c o n d i t i o n s , 
w h i l e i t has no e f f e c t on the 0 2 r e d u c t i o n and has l e s s e f f e c t on 
the anodic processes than the other i n h i b i t o r s s t u d i e d . The 
thermal s t a b i l i t y o f the C u ( i n h i b i t o r ) complex i s probably 
important f o r the thermal o x i d a t i o n whereas the preformed complex 
has l i t t l e importance i n the e l e c t r o c h e m i c a l p r o c e s s e s . 
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Corrosion Protection on Copper by Polyvinylimidazole 
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OH 44106 

Fourier transfor
spectroscopy (FT-IRRAS
corrosion protection of copper by an organic 
coating. Poly-N-vinylimidazole (PVI(1)) and 
poly-4(5)-vinylimidazole (PVI(4)) are demonstrated 
to be effective new polymeric anti-corrosion agents 
for copper at elevated temperatures. Oxidation of 
copper is suppressed even at 4 0 0 ˚ C. PVI(1) and 
PVI(4) are more effective anti-oxidants than the 
most commonly used corrosion inhibitors, 
benzotriazole and undecylimidazole, at elevated 
temperatures. These new polymeric agents are water 
soluble and easy to treat the metal surface. 

Azole compounds such as b e n z o t r i a z o l e , b e n z i m i d a z o l e , 
i n d a z o l e and i m i d a z o l e s are e f f i c i e n t a n t i - c o r r o s i o n agents f o r 
copper and copper-base a l l o y s [1 -10 ] . Many experimental 
techniques [11-15] have been used to study the c o r r o s i o n 
i n h i b i t i o n mechanisms, however, the mechanisms are s t i l l not w e l l 
understood . I t i s b e l i e v e d that the complex formation between 
copper and n i t r o g e n atoms would i n h i b i t oxygen a d s o r p t i o n on 
copper surface [16-20] . 

I n h i b i t o r s mentioned above are s m a l l molecules i n n a t u r e . 
R e c e n t l y , there have been great emphases i n u s i n g polymers as 
c o r r o s i o n i n h i b i t o r s [21-37] . However, these i n h i b i t o r s , which 
i n c l u d e d d i f f e r e n t h e t e r o c y c l i c polymers , p o l y t h i o p r o p i n a t e , 
po lymale ic a c i d and p o l y a l k y l o l a m i d e / a l k e n y l copolymers, were 
developed f o r p r o t e c t i n g s t e e l i n sea water [ 2 1 , 2 g J , tap water 
[22] and i n a c i d i c environments [20,_2J,23J. R e l a t i v e l y very few 
o r no polymeric i n h i b i t o r s f o r copper , aluminum, and i r o n 
[28 ,34-2J] have been r e p o r t e d , e s p e c i a l l y i n high temperature 
s t u d i e s . In t h i s s t u d y , we w i l l present p o l y - N - v i n y l i m i d a z o l e 
( P V I ( D ) and p o l y - 4 ( 5 ) - v i n y l i m i d a z o l e (PVI(4)) (F igure 1.) as new 
polymeric a n t i - c o r r o s i o n agents f o r copper i n e l e v a t e d temperature 
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environments . P o l y v i n y l i m i d a z o l e s (PVIs) are pre fered because o f 
the f o l l o w i n g reasons . PVIs have the imidazo le r i n g as t h e i r 
pendant group which would l e a d to complex formation w i t h copper . 
Furthermore , the polymers can e a s i l y form t h i n f i l m s o f r e l a t i v e l y 
h igher d u c t i l i t y than smal l molecules on copper s u r f a c e s . I t i s 
known t h a t the h igher d u c t i l i t y would enhance the adhesion o f the 
f i l m to the s u b s t r a t e . L a s t l y , amorphous polymer/copper complex 
i s expected to have l e s s d e f e c t s which may be important i n 
i n f l u e n c i n g the the r a t e o f o x i d a t i o n o f copper . 

In t h i s e levated temperature s t u d y , commonly used copper 
c o r r o s i o n i n h i b i t o r s f o r copper , b e n z o t r i a z o l e and 
undecyl imidazole w i l l be used f o r comparisons. B e n z o t r i a z o l e i s 
one o f the most e f f e c t i v e and wide ly used c o r r o s i o n i n h i b i t o r s 
s p e c i f i c a l l y f o r copper i n both atmospheric and immersed 
environments f o r over 35 y e a r s . At the same t ime , 
undecyl imidazole a l s o e x h i b i t
The r e a c t i v i t y o f i m i d a z o l
t h i c k i m i d a z o l e / c o p p e r complex f i l m which makes undecyl imidazole 
an a t t r a c t i v e c o r r o s i o n i n h i b i t o r . F o u r i e r transform i n f r a r e d 
r e f l e c t i o n - a b s o r p t i o n spectroscopy (FT-IRRAS) i s u t i l i z e d i n the 
experiment. FT-IRRAS i s an e x t e r n a l r e f l e c t i o n technique which i s 
u s e f u l f o r s t u d y i n g t h i n f i l m s on metal s u r f a c e s by r e f l e c t i n g 
i n f r a r e d r a d i a t i o n from the metal s u r f a c e s at h i g h , [ A n e a r l y 
g r a z i n g angles o f i n c i d e n c e . The theory o f the technique was 
developed by F r a n c i s and E l l i s o n [38] and G r e e n l e r [39] . Cuprous 
oxide formation i s used to f o l l o w the c o r r o s i o n k i n e t i c s . 

Experimental 

Both b e n z o t r i a z o l e and u r o c a n i c a c i d were purchased from 
A l d r i c h Chemical Co. and a z o b i s ( i s o b u t y r o n i t r i l e ) was from 
Eastman Kodak Co. u n d e c y l i m i d a z o l e and N - v i n y l i m i d a z o l e were 
s u p p l i e d by Shikoko Chemical Co. and BASF C o . , r e s p e c t i v e l y . 
Copper p l a t e s ( 2 . 5 x 5 . 0 x 0 . 2 cm, ASTM Β 125, type ETP) were 
mechanica l ly p o l i s h e d w i t h No.5 chromeoxide, u l t r a s o n i c a l l y washed 
w i t h acetone, r i n s e d w i t h d i l u t e h y d r o c h l o r i c a c i d and d i s t i l l e d 
water , and d r i e d w i t h a stream o f n i t r o g e n g a s . C o r r o s i o n 
i n h i b i t o r s were d i s s o l v e d i n e i t h e r ethanol or methanol , s o l u t i o n 
c a s t onto copper s u b s t r a t e s and a i r d r i e d . F i l m t h i c k n e s s was 
c a l c u l a t e d based on the c o n c e n t r a t i o n o f the s o l u t i o n , d e n s i t y o f 
the sample and the area o f the copper s u r f a c e . In t h i s s t u d y , 150 
nm t h i c k f i l m s were used . The r e f l e c t i o n - a b s o r p t i o n (R-A) 
attachment ( H a r r i c k S c i e n t i f i c ) a long w i t h a g o l d wire g r i d 
p o l a r i z e r ( P e r k i n - E l m e r ) were mounted i n a D i g i l a b FTS-14 F o u r i e r 
transform i n f r a r e d spectrometer equipped w i t h a t r i g l y c i n e s u l f a t e 
d e t e c t o r and purged w i t h dry a i r . S p e c t r a c o l l e c t e d were the 
average o f 200 scans at 4 cm" r e s o l u t i o n u s i n g an o p t i c a l 
v e l o c i t y o f 0.3 cm/s . The angle o f i n c i d e n c e used was 75 . 

hxrlfi-Ga&lon oL Azobis ( i s o b u t y r o n i t r i l e ) - Crude AIBN was 
f i r s t d i s s o l v e d i n warm methanol ( 3 5 ° c ) f t n e n r e C r y s t a l l i z e d i n 
i c e bath and f i n a l l y d r i e d i n a vacuum oven at room temperature 
f o r two days . 
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P u r i f i c a t i o n o£ N - V i n y l imidazo le - Crude brownish 
N - v i n y l i m i d a z o l e was d i s t i l l e d i n vacuo ( 5 1 ° C / 2 . 5 mm Hg) to y i e l d 
a pure and c o l o r l e s s l i q u i d . 

S y n t h e s i s q £ Poly-N-VinyUmJ-dazojle [40] - A s o l u t i o n o f 
N - v i n y l i m i d a z o l e (30 g , 0.32 mol) and a z o b i s ( i s o b u t y r o n i t r i l e ) 
(0.26 g , 0.0016 mol) i n benzene (200 ml) was heated at 68°C with 
s t i r r i n g under n i t r o g e n f o r two days . The white p r e c i p i t a t e d 
polymer was c o l l e c t e d by f i l t r a t i o n , washed f o u r times w i t h 
benzene (20 ml) and d r i e d i n a vacuum oven (30 mm Hg) at 40°C f o r 
three days . The y i e l d was 30 g (100$ c o n v e r s i o n ) . The 
weightjjaverage molecular weights o f the polymer ranged from 
5.5x10 to 1.3x10 [40] . The polymer, as suggested by NMR 
s t u d i e s , was a t a c t i c [41] . D e n s i t y measured was 1.246 g / m l . 

Synthes is p£ 4 ( 5 ) - V i n y l i m i d a z o l e [42] - Urocanic a c i d (7.6 g , 
0.055 mol) was decarboxylate
d i s t i l l i n g apparatus w i t
280°C. A h e a t i n g tape w i t h temperature se t at 140°C was wrapped 
around the condenser to prevent the d i s t i l l a t e from s o l i d i f y i n g 
before reaching the r e c e i v e r . A v i s c o u s and c o l o r l e s s l i q u i d was 
c o l l e c t e d ; the y i e l d was 2.0 g (26$). The product s o l i d i f i e d upon 
c o o l i n g to room temperature. 

SyjxJ&eiOs p £ P o l y - 4 ( 5 ) - V i n y l i m i d a z o l e [42] - A s o l u t i o n o f 
4 ( 5 ) - v i n y l i m i d a z o l e (1.50 g , 0.016 mol) and 
a z o b i s ( i s o b u t y r o n i t r i l e ) (5 mg, 0.030 mmol) i n benzene (200 ml) 
was heated at r e f l u x w i t h s t i r r i n g under n i t r o g e n f o r three days . 
A f terward , the white polymer was c o l l e c t e d by f i l t r a t i o n , washed 
w i t h benzene (20 ml) f o u r times and d r i e d i n vacuum oven (30 mm 
Hg) at 40°C f o r three days . The y i e l d was 0.9 g (60$ c o n v e r s i o n ) . 
D e n s i t y measured was 1.246 g / m l . 

S y n t h e s i s q£ Es>lx^rVlDyI3jRXte2S>lelCepi>$rSlI) Complex - To a 
PVI(1) (1.7 mg)/methanol (5 ml) s o l u t i o n was added c u p r i c c h l o r i d e 
(0.7 mg, 0.0041 mmol). A f t e r the mixture s o l u t i o n was al lowed to 
stand at room temperature o v e r n i g h t , b lue c r s t a l s appeared at the 
bottom o f the r e a c t i o n f l a s k . Blue c r y s t a l s o f P V I ( 1 ) / c o p p e r ( I I ) 
complex were then c o l l e c t e d and washed repeatedly w i t h methanol . 

&a&he£Jtè pX P p l v ^ ( l ) - y ^ ^ Gqm&SL - To 
a PVI(4) (2.0 mg)/methanol (5 ml) s o l u t i o n was added c u p r i c 
c h l o r i d e (1.0 mg, 0.0059 mmol). A f t e r the mixture s o l u t i o n was 
al lowed to stand at room temperature o v e r n i g h t , green c r y s t a l s 
appeared at the bottom o f the beaker . Green c r y s t a l s o f 
P V I ( 4 ) / c o p p e r ( I I ) complex were then c o l l e c t e d and washed 
repeatedly w i t h methanol . 

RejLul^s and Pi£pu£&ipji 

M o l e c u l a r S l x ^ t u j - e p f PVJ7 CppperiII) C p m p j e x ^ 

F i g u r e 2 shows the r e f l e c t i o n s p e c t r a o f P V I ^ D and PVI(4) 
coated on copper m i r r o r s . The peak at 3140 cm~ i s assigned to 
the NH s t r e t c h i n g mode. Peaks at 3115, 2950, 2940 and 2850 cm 
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( CHo - CH ) ( CHo - CH ) 
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F i g . 2. R-A S p e c t r a o f PVI(1) and P V I ( 4 ) . 
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are the CH s t r e t c h i n g modes o f the imidazo le r i n g and the 
a l i p h a t i c c h a i n . Peaks at 1585, 1500 and 1485 cm" are due to the 
r i n g s t r e t c h i n g . F i n a l l y , peaks at 1115 and 1110 cm" are 
assigned t o the CH i n - p l a n e bending o f the i m i d a z o l e r i n g . 

From the study o f the s y n t h e s i z e d model compounds o f 
P V I ( 1 ) / c o p p e r ( I I ) and P V I ( 4 ) / c o p p e r ( I I ) , i t was found that both 
polymers were capable o f forming complex w i t h copper . S o l u b i l i t y 
t e s t s i n d i c a t e d t h a t the complexes were not s o l u b l e i n water , 
methanol , or any other common organic s o l v e n t s . Then the complex 
formation between the PVI t h i n f i l m and copper m i r r o r sur face was 
s t u d i e d both at room and e l e v a t e d temperatures . F i r s t , 150 nm PVI 
f i l m s were d e p o s i t e d on the copper m i r r o r s and the r e f l e c t i o n 
s p e c t r a were t a k e n . A f t e r v a r i o u s temperature treatments , the 
copper m i r r o r s were washed w i t h methanol , d r i e d and the r e f l e c t i o n 
s p e c t r a were taken a g a i n . Area o f peaks at 1115 and 1110 cm" was 
used to f o l l o w the k i n e t i c
assumption o f t h i s experimen
complexes were not s o l u b l e i n methanol , t h e r e f o r e the amount o f 
m a t e r i a l remained on the copper s u r f a c e would be due to the 
complex formed. At room temperature, PVI(1) formed complex 
i n s t a n t l y w i t h copper once the polymeric f i l m was s o l u t i o n c a s t 
onto the copper sur face and d r i e d . However, PVI(4) d i d not 
immediately complex with the copper . F i g u r e 3 shows that a f t e r 
h e a t i n g at 60° C f o r 15 min , o n l y 7 % o f the PVI(4) f i l m complexed 
w i t h the copper . I t was not u n t i l the temperature reached 120° C 
before 92 % o f the PVI(4) complexed w i t h copper . T h i s phenomenon 
i s l i k e l y caused by the conformat ional e f f e c t s o f the polymer. In 
each o f the i m i d a z o l e r i n g s , there i s a NH group caus ing the 
i m i d a z o l e r i n g s to i n t e r a c t w i t h one another through hydrogen 
bonding i n t r a - and i n t e r m o l e c u l a r l y . Such i n t e r a c t i o n s cause a 
s h r i n k a g e , r e s u l t i n g i n the exposure o f a l i p h a t i c chains and the 
b u r y i n g o f the imidazo le groups . As a consequence, s t e r i c 
hindrance prevents n i t r o g e n atom from complexing w i t h copper . 
Thus , the r a t e o f complex formation w i t h copper ions i s s t r o n g l y 
i n f l u e n c e d by the s t r e n g t h o f hydrogen bonding . 

i ^ A ^ j A f i P A 9f BBD&ïri&zs&SLt. Vntiecyliiniitezplé âDd p y j s (150 £o_ 
300°C) 

F i g u r e 4 shows the r e f l e c t i o n s p e c t r a o f undecyl imidazole on 
copper heated at 150° C f o r v a r i o u s lengths o f t i m e . Complex 
formation was observed without any heat treatment (spectrum at 0 
min) [ 4 3 3 · Degradation o f u n d e c y l i m i d a z o l e was observed as the 
i n t e n s i t y o f the peaks i n the 2900 cm" r e g i o n decreased g r a d u a l l y 
w i t h prolonged^ h e a t i n g . At the same t i m e , new bands appeared 
around 1600 cm" . F u r t h e r degradat ion a l s o r e s u l t e d i n n i t r i l e 
formation as i n d i c a t e d by the peak at 2183 cm" . I n c r e a s e _ o f 
copper oxide formation w i t h h e a t i n g time was observed at 650 cm" . 
At 150° c > b e n z o t r i a z o l e showed complete degradat ion a f t e r only 15 
min o f h e a t i n g ( F i g u r e 5 . ) . Degraded product showed an i n t e n s e 
peak at 740 cm" . Copper oxide formation a l s o occurred a f t e r 15 
min and was even more prominent a f t e r 2 h o u r s . As f o r PVI(1) and 
PVI(4) ( F i g u r e s 6 and 7 . ) , no degradat ion was detected a f t e r 1 
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F i g . 3. PVI(4 ) /CU(II ) Formation versus V a r i o u s Temperatures 
Heated f o r 15 M i n u t e s . 
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F i g . 4. R-A Spectra o f u n d e c y l i m i d a z o l e w i t h Heat Treatment a t 
150° C. 
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BENZOTRIRZOLE (BTR) ON CU Δ A 
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F i g . 5 · R-A S p e c t r a o f BTA w i t h Heat Treatment at 150° C. 
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F i g . 6. R-A S p e c t r a o f PVI(1) w i t h Heat Treatment at 150° C. 
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hour o f h e a t i n g . Even a f t e r 27 or 30 hours , l i t t l e degradat ion 
was seen as the emergence o f the n i t r i l e peak at 2200 cm" and 
c a r b o n y l peaks at 1600 cm" r e g i o n was r e l a t i v e l y s m a l l . No 
copper oxide was observed at any time f o r e i t h e r polymer. 

When the temperature was r a i s e d to 210° C, undecy l imidazo le 
was complete ly degradated a f t e r 15 min ( F i g u r e 8 . ) . No i m i d a z o l e 
r i n g s t r u c t u r e was observed . The n i t r i l e peak at 2190 cm" was 
pronounced, and the copper oxide formation was i n t e n s e . On the 
other hand, PVI(1) and PVI(4) degradat ion was r e l a t i v e l y m i l d at 
210°C a f t e r 15 min ( F i g u r e s 9 and 1 0 . ) . I t was not u n t i l the 
temperature was r a i s e d to 250° C and h i g h e r t h a t major degradat ion 
o f the polymers was observed . Even i n such degrading c o n d i t i o n s , 
no copper oxide was detected at 210 o r 250° C. At 300° C, where 
the polymers s u f f e r e d r e l a t i v e l y severe d e g r a d a t i o n , o x i d a t i o n o f 
copper was s t i l l suppressed . 

Sigh TweiatottS. S£uHy

F i g u r e 11 shows the r e f l e c t i o n s p e c t r a o f bare copper m i r r o r s 
heated at h igh temperatures f o r 15 min . A1| 330 C, cuprous oxide 
was detected by the band absorbed at 655 cm" . However, a t 3^0 
and 400 C, two bands were observed near 611 and 655 cm" . 
According to the theory o f r e f l e c t i o n - a b s o r p t i o n i n f r a r e d 
spectroscopy developed by G r e e n l e r et a l . [44] , bands 611 and 655 
cm" are assigned to the t r a n s v e r s e o p t i c a l and l o n g i t u d i n a ^ 
o p t i c a l modes o f the h i g h frequency phonon observed nearC 609 cm" 
i n j j i e l e c t r i c s p e c t r a o f cuprous oxide [45] . The band around 611 
cm" was observed by B o e r i o and Armogan [46] w i t h oxides having a 
t h i c k n e s s o f about 200 nm o r t h i c k e r . 

F i g u r e 12 shows the r e s u l t s o f PVI(1) a f t e r be ing heated at 
v a r i o u s h i g h temperatures f o r 15 min . The bands o f cuprous oxides 
formed on bare copper m i r r o r s at corresponding temperatures are 
superimposed on the PVI(1) s p e c t r a f o r d i r e c t comparisons. The 
s c a l e o f the two types o f s p e c t r a i s shown by the d i f f e r e n c e 
between the maximum and minimum absorbance, A . Note t h a t no 
cuprous oxide formation was observed at 330 o r 400°C. In f a c t , a t 
400 C the polymer coated s u r f a c e o f the copper m i r r o r s remained 
mostly s h i n y whereas the bare r e f e r e n c e copper sur face turned d u l l 
w i t h a l a y e r o f r e d d i s h - b l a c k s c a l e on i t . At 410°C or h i g h e r , 
the polymer was no longer p r o t e c t i n g the copper s u r f a c e . The two 
cuprous bands near 611 and 655 cm" began to emerge. Even s o , at 
450 C, the amount o f oxides formed was much l e s s than that o f bare 
copper . S i m i l a r r e s u l t s were obtained f o r PVI(4) ( F i g u r e 1g.) 
where no s i g n i f i c a n t cuprous oxide was observed at or below 400 C. 
F i g u r e 14 summarizes the h i g h temperature study w i t h a p l o t o f 
r e l a t i v e cuprous oxide formation versus temperatures . As the 
temperature went up , the amount o f cuprous oxide formed on bare 
copper a l s o i n c r e a s e d . However, f o r the polymer samples, i t i s 
i n t e r e s t i n g to note t h a t the t r a n s i t i o n from no oxide to oxide 
formation at 410°C i s r e l a t i v e l y s h a r p . 
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F i g . 7. R-A S p e c t r a o f PVI(4) w i t h Heat Treatment at 150° C. 
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F i g . 8. R-A S p e c t r a o f Undecyl imidazole w i t h Heat Treatment at 
210° C. 
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F i g . 9. R-A S p e c t r a o f PVI(1) w i t h Heat Treatment at V a r i o u s 
Temperatures. 
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F i g . 10. R-A S p e c t r a o f PVI(4) w i t h Heat Treatment at V a r i o u s 
Temperatures. 
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F i g . 11. R-A S p e c t r a o f Bare Copper w i t h High Temperature 
Treatments . 
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F i g . 14. R e l a t i v e Amount o f Oxides Formed on B a r e , PVI(1) and 
PVI(4) Copper versus V a r i o u s High Temperatures. 
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Summary 

P o l y v i n y l i m i d a z o l e s are e f f e c t i v e a n t i - o x i d a n t s f o r copper at 
e l e v a t e d temperatures . Below 250° C, there i s no major 
degradat ion o f the coated p o l y v i n y l i m i d a z o l e f i l m s on copper . 
Furthermore , degraded p o l y v i n y l i m i d a z o l e f i l m s can suppress 
o x i d a t i o n even at 400°C. F i n a l l y , p o l y v i n y l i m i d a z o l e s are more 
e f f e c t i v e a n t i - o x i d a n t s than b e n z o t r i a z o l e and i m i d a z o l e s at 
e l e v a t e d temperatures . I t i s a l s o demonstrated t h a t FT-IRRAS i s a 
u s e f u l technique to study degradat ion o f polymeric c o a t i n g s and 
c o r r o s i o n o f metal s i m u l t a n e o u s l y . 
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25 
N-(Hydroxyalkyl)acrylamide Copolymers for Corrosion 
Control 

F. Chen 

Betz Laboratories, Inc., Somerton Road, Trevose, PA 19047 

The study was a  attempt t  correlat  polyme
structure to i t
appl icat ions . Copolymer
N-(hydroxymethyl)-, N-(2-hydroxyethyl)- , and 
N-(2-hydroxypropyl) acrylamide were prepared. 
The resul t ing a c r y l i c acid/N-(hydroxyalky1) 
acrylamide copolymers were evaluated for their 
deposit control and dispersant a c t i v i t i e s as 
compared to the homopolymer of a c r y l i c a c i d . 
Differences in the activities could be 
attributed to the incorporation of the 
N-hydroxylalkylacrylamide moiety into the 
polymer chain. 

C o r r o s i o n i s t h e d e s t r u c t i o n o f a m e t a l by c h e m i c a l 
o r e l e c t r o c h e m i c a l r e a c t i o n w i t h i t s e n v i r o n m e n t . 
To i n c r e a s e e q u i p m e n t r e l i a b i l i t y and p l a n t e f f i c i e n c y , 
c o r r o s i o n i n h i b i t o r s a r e used i n b o i l e r and c o o l i n g 
w a t e r p r o g r a m s t o c o n t r o l f o u l i n g and d e p o s i t i o n on 
c r i t i c a l h e a t - t r a n s f e r s u r f a c e s . I n c o o l i n g s y s t e m s , 
c o r r o s i o n i n h i b i t i o n i s commonly a c h i e v e d t h r o u g h t h e 
use o f p a s s i v a t o r s , w h i c h e n c o u r a g e t h e f o r m a t i o n o f 
a p r o t e c t i v e m e t a l o x i d e f i l m on t h e m e t a l s u r f a c e O ) · 

A l t h o u g h c h r o m a t e i s t h e b e s t aqueous c o r r o s i o n 
i n h i b i t o r a v a i l a b l e , i t s use has been s e v e r e l y c u r t a i l e d 
due t o t o x i c i t y and e n v i r o n m e n t a l c o n c e r n s · One o f 
th e more s u c c e s s f u l n o n - c h r o m a t e t r e a t m e n t s i n v o l v e s t h e 
use o f p h o s p h a t e / p h o s p h o n a t e c o m b i n a t i o n s . T h i s 
t r e a t m e n t e m p l o y s h i g h l e v e l s o f o r t h o p h o s p h a t e t o 
promote p a s s i v a t i o n o f t h e m e t a l s u r f a c e s . T h e r e f o r e , 
i t i s i m p o r t a n t t o c o n t r o l c a l c i u m p h o s p h a t e 
c r y s t a l l i z a t i o n so t h a t h i g h l e v e l s o f o r t h o p h o s p h a t e 
may be m a i n t a i n e d i n t h e s y s t e m w i t h o u t f o u l i n g o r 
i m p e d i n g h e a t - t r a n s f e r f u n c t i o n s . 

L o w - m o l e c u l a r - w e i g h t c a r b o x y l - c o n t a i n i n g p o l y m e r s 
have been u s e d t o c o n t r o l t h e d e p o s i t i o n o f c a l c i u m 
p h o s p h a t e ( 2 - 8 ) . These p o l y m e r s a l s o f u n c t i o n as 

0097-6156/86/0322-0283S06.00/ 0 
© 1986 American Chemical Society 
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d i s p e r s a n t s t o r e d u c e t h e f o r m a t i o n o f s c a l e f r o m 
c a l c i u m c a r b o n a t e , c a l c i u m s u l f a t e , i r o n o x i d e , c l a y , 
e t c . O t h e r a c r y l a m i d e - b a s e d c o p o l y m e r s , s u c h as 
d i c a r b o x y m e t h y l a c r y l a m i d e (JO and a l k y l o l a m i d e , have 
been r e p o r t e d b u t a r e n o t y e t c o m m e r c i a l l y s i g n i f i c a n t 
( 1 0 - 1 1 ) . 

C o p o l y m e r s o f a c r y l i c a c i d w i t h J t f - ( h y d r o x y m e t h y l ) - , 
N - ( 2 - h y d r o x y e t h y l ) - , and N - ( 2 - h y d r o x y p r o p y l ) a c r y l a m i d e 
were p r e p a r e d i n mole r a t i o s o f 3:1 [ a c r y l i c a c i d / 
N - ( h y d r o x y a l k y l ) - a c r y l a m i d e ] and s i m i l a r m o l e c u l a r 
w e i g h t s i n o r d e r t o s t u d y t h e e f f e c t t h a t t h e v a r i a t i o n s 
i n p o l y m e r s t r u c t u r e have on a c t i v i t y . The r e s u l t i n g 
c o p o l y m e r s were t h e n e v a l u a t e d f o r t h e i r d e p o s i t c o n t r o l 
a c t i v i t y by c o m p a r i n g them t o t h e homopolymer o f a c r y l i c 
a c i d ( a l s o i n a s i m i l a r m o l e c u l a r w e i g h t r a n g e ) . T h u s , 
t h e d i f f e r e n c e i n a c t i v i t y may be a t t r i b u t e d t o t h e 
p a r t i c u l a r f u n c t i o n a
a c r y l a m i d e m o i e t y . 

E x p e r i m e n t a l S e c t i o n 

M a t e r i a l s : C o m m e r c i a l g r a d e a c r y l i c a c i d (Rohm and 
Haas) and N - ( h y d r o x y m e t h y l ) a c r y l a m i d e ( N - m e t h y l o l 
a c r y l a m i d e , A m e r i c a n Cyanamid) were used w i t h o u t 
p u r i f i c a t i o n . A c e t o n i t r i l e was d r i e d o v e r m o l e c u l a r 
s i e v e s ( 4 A ) and d i s t i l l e d p r i o r t o u s e . E t h a n o l a m i n e 
and l - a m i n o - 2 - p r o p a n o l were vacuum d i s t i l l e d . R e a g e n t 
g r a d e a c r y l o y l c h l o r i d e , 2 - p r o p a n o l , and s o d i u m 
p e r s u l f a t e were used as r e c e i v e d . 

Monomer S y n t h e s i s : N - ( 2 - h y d r o x y e t h y l ) - and 
N - ( 2 - h y d r o x y p r o p y l ) a c r y l a m i d e were p r e p a r e d f r o m t h e 
r e a c t i o n o f a c r y l o y l c h l o r i d e w i t h e t h a n o l a m i n e and 
l - a m i n o - 2 - p r o p a n o l , r e s p e c t i v e l y , i n a c e t o n i t r i l e : 

CH 2=CHC0C1 + 2NH 2CH 2CH 2OH > 

C H 2 = CHCONHCH 2CH 2OH + HC1 . N H ^ H ^ H ^ H i 

CH 2-CHC0C1 + 2NH 2 C H 2 C H ( O H ) C H 3 > 

CH 2=CHCONHCH 2CH(OH)CH 3 + HC1.NH 2CH 2CH(OH)CH 3 | 

1- A m i n o - 2 - p r o p a n o l was u s e d i n s t e a d o f 3 - a m i n o - l -
p r o p a n o l so t h a t t h e h y d r o x y g r o u p w o u l d be on t h e 
2- p o s i t i o n , as i n N - ( 2 - h y d r o x y e t h y l ) a c r y l a m i d e . 
R e a c t i o n s were c a r r i e d o u t a t -15 C i n s t e a d o f -5 t o 
-10°C as r e p o r t e d i n t h e l i t e r a t u r e (9_) t o o b t a i n a 
h i g h e r y i e l d . A f t e r t h e r e a c t i o n , t h e m i x t u r e was 
s t i r r e d o v e r n i g h t and t h e n f i l t e r e d . The f i l t e r e d 
h y d r o x y a l k y l a m i n e h y d r o c h l o r i d e s a l t was washed s e v e r a l 
t i m e s w i t h c h i l l e d a c e t o n i t r i l e . The f i l t r a t e s were 
c o m b i n e d , and t h e n t h e a c e t o n i t r i l e was removed by 
vacuum d i s t i l l a t i o n . T r a c e amounts o f p - m e t h o x y p h e n o l 
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( 3 0 0 ppm) were added t o p r e v e n t s e l f - p o l y m e r i z a t i o n 
d u r i n g t h e d i s t i l l a t i o n . S t r u c t u r e and p u r i t y o f t h e 
d i s t i l l e d p r o d u c t s were v e r i f i e d by C NMR and IR 
s p e c t r o s c o p y . 

C o p o l y m e r i z a t i o n : N - ( H y d r o x y m e t h y l ) - , N - ( 2 - h y d r o x y -
e t h y l ) - , and N - ( 2 - h y d r o x y p r o p y l ) a c r y l a m i d e were 
c o p o l y m e r i z e d w i t h a c r y l i c a c i d , i n an aqueous medium. 
Sodium p e r s u l f a t e was us e d as t h e i n i t i a t o r . A c r y l i c 
a c i d was p a r t i a l l y n e u t r a l i z e d ( c a . 80 mol %) w i t h 
s o d i u m h y d r o x i d e s o l u t i o n . A f t e r t h e n e u t r a l i z a t i o n , 
t h e r e s p e c t i v e J N - ( h y d r o x y a l k y l ) a c r y l a m i d e was added t o 
t h e s o l u t i o n and s t i r r e d . The monomer and i n i t i a t o r 
s o l u t i o n s were t h e n added t o a r e a c t i o n f l a s k c o n t a i n i n g 
w a t e r and 2 - p r o p a n o l a t 85 t o 90°C. A d d i t i o n t i m e was 
a p p r o x i m a t e l y 2 h o u r s  A f t e r t h e a d d i t i o n  t h e r e a c t i o n 
m i x t u r e was h e a t e d f o
s u b s e q u e n t l y , a s p e c i f i
s t r i p p e d o f f . The r e s u l t i n g p o l y m e r s o l u t i o n was c o o l e d 
and f i l t e r e d . The f i l t r a t e was c l e a r and s t a b l e a t room 
t e m p e r a t u r e . The d e t a i l e d p r o p e r t i e s o f t h e r e s p e c t i v e 
p o l y m e r s o l u t i o n s a r e shown i n T a b l e I . As a n a l y z e d by 

C NMR, t h e c o m p o s i t i o n ( m ol r a t i o ) o f t h e r e s u l t i n g 
c o p o l y m e r s was a l s o c l o s e t o t h a t o f 3:1. T h i s c o u l d 
i n d i c a t e t h a t u n d e r t h e r e a c t i o n c o n d i t i o n s u s e d t h e 

T a b l e I : P h y s i c a l P r o p e r t i e s 

Sample 
No. Comp— 

M o l a r -
R a t i o 

B r o o k f i e l d — 
V i s e .cps,25°C 

Mol Wt-
pH Mn_ 

PA 

AA/HMAMD 3 : 1 

AA/HEAMD 3:1 

AA/HEAMD 3:1 

AA/HPAMD 3:1 

200-500 - 2,100 
( 5 0 . 0 % s o l i d s ) 

20.3 5.9 3,600 
( 2 2 . 3 % s o l i d s ) 

18.9 5.6 2,900 
( 2 4 . 7 % s o l i d s ) 

18.0 5.9 2,340 
( 2 3 . 6 % s o l i d s ) 

16.0 5.9 2,400 
( 2 4 . 1 % s o l i d s ) 

- A b b r e v i a t i o n s u s e d : PA, p o l y a c r y l i c a c i d ; AA, a c r y l i c 
a c i d ; HMAMD, N - ( h y d r o x y m e t h y l ) a c r y l a m i d e ; HEAMD, N - ( 2 -
h y d r o x y e t h y l ) a c r y l a m i d e ; HPAMD, N - ( 2 - h y d r o x y p r o p y l ) -

, a c r y l a m i d e . 
- R a t i o o f t h e two monomers c h a r g e d t o r e a c t i o n . 
£ U s i n g LVT No. 1 s p i n d l e , 60 rpm. 
- GPC i n 0.05 M Na SO^ s o l u t i o n . 
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h y d r o l y s i s o r d e g r a d a t i o n o f t h e N - ( h y d r o x y a l k y l ) -
a c r y l a m i d e was n o t s i g n i f i c a n t o r t h a t t h e c o p o l y m e r i -
z a t i o n was a p p r o x i m a t e l y random. 

R e s u l t s and D i s c u s s i o n 

E v a l u a t i o n o f t h e C o p o l y m e r s : The p o l y m e r s o l u t i o n s 
were e v a l u a t e d f o r t h e i r d e p o s i t c o n t r o l and d i s p e r s a n t 
a c t i v i t i e s . The t e s t s i n c l u d e d c a l c i u m p h o s p h a t e 
i n h i b i t i o n , c a l c i u m c a r b o n a t e i n h i b i t i o n , i r o n o x i d e 
d i s p e r s i o n , and c l a y d i s p e r s i o n . The p r o c e d u r e s f o r 
t h e s e t e s t s have been p r e v i o u s l y r e p o r t e d (JJO . A 
c o m m e r c i a l l y a v a i l a b l e p o l y a c r y l i c a c i d was a l s o t e s t e d 
f o r c o m p a r i s o n . The r e s u l t s a r e shown i n T a b l e s I I t o V. 

C a l c i u m P h o s p h a t e I n h i b i t i o n
p h o s p h a t e s i s i m p o r t a n
p h o s p h a t e / p h o s p h o n a t e t r e a t m e n t p r o g r a m s e t e s t 
p r o c e d u r e i n c l u d e d m i x i n g c a l c i u m c h l o r i d e and s o d i u m 
o r t h o p h o s p h a t e s o l u t i o n s , a l l o w i n g t h e r e s u l t i n g 
s o l u t i o n t o e q u i l i b r a t e f o r s p e c i f i e d t i m e , f i l t e r i n g 
t h e m i x t u r e , and m e a s u r i n g r e s i d u a l , s o l u b l e p h o s p h a t e 
i o n c o n c e n t r a t i o n . H i g h s o l u b l e p h o s p h a t e 
c o n c e n t r a t i o n s i n d i c a t e good d e p o s i t c o n t r o l , s i n c e t h e 
t r e a t m e n t i n h i b i t e d c a l c i u m p h o s p h a t e c r y s t a l l i z a t i o n . 
The p e r c e n t i n h i b i t i o n was c a l c u l a t e d a c c o r d i n g t o t h e 
e q u a t i o n i n T a b l e I I . As shown i n T a b l e I I , t h e r e s u l t s 
i n d i c a t e d t h a t when compared t o t h e p o l y a c r y l i c a c i d , 
c o p o l y m e r s o f a c r y l i c a c i d and N - ( h y d r o x y a l k y l ) -
a c r y l a m i d e were q u i t e e f f e c t i v e i n i n h i b i t i n g c a l c i u m 
p h o s p h a t e f o r m a t i o n a t t h e n o r m a l use do s a g e o f 10 t o 20 
ppm. Among t h e t h r e e c o p o l y m e r s t e s t e d , a c r y l i c a c i d / 
N - ( 2 - h y d r o x y e t h y l ) a c r y l a m i d e a p p e a r e d t o be t h e most 
e f f e c t ive· 

C a l c i u m C a r b o n a t e I n h i b i t i o n : The t e s t p r o c e d u r e 
i n c l u d e d m i x i n g c a l c i u m c h l o r i d e s o l u t i o n ( w i t h and 
w i t h o u t t r e a t m e n t ) and c a l c i u m c a r b o n a t e s o l u t i o n . 
A f t e r e q u i l i b r i u m , f i l t r a t i o n , and pH a d j u s t m e n t , t h e 
r e s i d u a l c a l c i u m i o n c o n c e n t r a t i o n was t h e n t i t r a t e d 
by EDTA s o l u t i o n . A h i g h e r r e s i d u a l c a l c i u m i o n c o n c e n 
t r a t i o n i n d i c a t e s b e t t e r i n h i b i t i o n a c t i v i t y a n d , t h e r e 
f o r e , more e f f e c t i v e n e s s i n c o n t r o l l i n g c a l c i u m c a r b o n 
a t e d e p o s i t i o n i n t h e t r e a t e d w a t e r . As shown i n T a b l e 
I I I , a t d o s a g e s o f 1 t o 5 ppm, t h e p o l y a c r y l i c a c i d was 
more e f f e c t i v e t h a n t h e a c r y l i c a c i d / N - ( h y d r o x y a l k y l ) -
a c r y l a m i d e c o p o l y m e r s . 

D i s p e r s a n t A c t i v i t y : T e s t s were c o n d u c t e d u t i l i z i n g 
i r o n o x i d e and c l a y s u s p e n s i o n s i n o r d e r t o e s t a b l i s h 
t h e e f f i c a c y o f t h e c o p o l y m e r s as d i s p e r s a n t s f o r 
s u s p e n d e d p a r t i c u l a t e m a t t e r . K a o l i n c l a y was us e d f o r 
t h e c l a y d i s p e r s i o n s t u d y . A c c o r d i n g t o t h e p r o c e d u r e , 
s e p a r a t e 0.1% i r o n o x i d e s and 0.1% c l a y s u s p e n s i o n s i n 
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T a b l e I I : C a l c i u m P h o s p h a t e I n h i b i t i o n T e s t 

T e s t i n g C o n d i t i o n s S o l u t i o n s 

T e m p e r a t u r e 70°C 36.76 g o f C a C l '2H 0/L o f H O 
pH 7.5 
17 h r e q u i l i b r i u m 0.4482 g o f Na HP0,/L o f H«0 
C a z : 250 ppm as CaCO. 
PO J ~ : 6 ppm J 

3- 3 -ppm PO, ( t r e a t e d ) - p p m PO, ( c o n t r o l ) 
% I n h i b = „ j - χ 100 

ppm PO^ " ( s t o c k ) - p p m PO^ ( c o n t r o l ) 
% I n h i b i t i o n 

S a m p l e — 5

PA 34 42 67 
AA/ HMAMD 47 59 56 
AA/HEAMD, Sample 2 55 59 65 

PA 17 38 42 
AA/HEAMD, Sample 3 28 67 83 
AA/HPAMD 7.9 59 68 

— See f o o t n o t e a and s a m p l e # i n T a b l e I . 

d e i o n i z e d w a t e r were p r e p a r e d . The h a r d n e s s o f e a c h 
s l u r r y was a d j u s t e d t o 200 ppm Ca as CaC0~> a n d t n e 

r e s u l t a n t m e d i a were e a c h m i x e d u n t i l u n i f o r m s u s p e n 
s i o n s r e s u l t e d . The pH o f e a c h s u s p e n s i o n was a d j u s t e d 
t o a b o u t 7.5. In t h i s t e s t , h i g h e r v a l u e s i n t h e 
d i f f e r e n c e o f m e a s u r e d t r a n s m i t t a n c e ( Δ % τ ) i n d i c a t e 
b e t t e r d i s p e r s i n g a c t i v i t y as more p a r t i c l e s r e m a i n 
s u s p e n d e d i n t h e aqueous medium. 

As shown i n T a b l e s IV and V, c o p o l y m e r s were q u i t e 
e f f e c t i v e i n d i s p e r s i n g i r o n o x i d e and c l a y as compared 
t o p o l y a c r y l i c a c i d . Among t h e p o l y m e r s t e s t e d , a c r y l i c 
a c i d / N - ( 2 - h y d r o x y e t h y l ) a c r y l a m i d e seemed t o be t h e most 
e f f e c t ive· 

M e c h a n i s m : I t has been s u g g e s t e d t h a t t h e h y d r o x y l 
f u n c t i o n a l i t y i s i m p o r t a n t i n t h e a d s o r p t i o n o f a n i o n i c 
p o l y e l e c t r o l y t e s f r o m w a t e r o n t o m e t a l o x i d e s ( 1 3 - 1 4 ) . 
The mechanism i n v o l v e s h y d r o g e n b o n d i n g o f t h e h y d r o x y 
g r o u p s t o n e g a t i v e l y c h a r g e d s u r f a c e o x i d e i o n s : 

M0~ + H0A n~ * M0~ ... H 0 A n " 
χ 

where A n r e p r e s e n t s an a n i o n o r a n i o n i c p o l y -
e l e c t r o l y t e , and M0~ i s t h e m e t a l o x i d e i o n . S t u d y a l s o 
showed t h a t p o 1 y c a r b o x y 1 a t e s c o n t a i n i n g h y d r o x y l g r o u p s 
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T a b l e I I I : C a l c i u m C a r b o n a t e I n h i b i t i o n T e s t 

T e s t i n g C o n d i t i o n s S o l u t i o n s 

T e m p e r a t u r e 70°C 3.25 g o f C a C l *2H 0/L o f H ?0 
pH 9.0 1 1 

5 h r e q u i l i b r i u m 2.48 g o f Na CO /L o f H O 
Ca 2 : 4*2 PPm 
C 0 3 : 702 ppm 

7 I n h i b = m L E D T A t i t r . ( t r e a t e d ) - m L EDTA t i t r . ( c o n t r o l ) 
° mL EDTA t i t r . ( s t o c k ) -mL EDTA t i t r . ( c o n t r o l ) 

x 100 

% I n h i b i t i o n 

a S a mple— 1 ppm 3 ppm 5 ppm 

PA 35 59 69 
AA/HMAMD 2.8 5 3 6 3 
AA/HEAMD, Sample 2 4.6 51 58 

PA 15 29 71 
AA/HEAMD, Sample 3 6.1 29 51 
AA/HPAMD 0.9 19 49 

— See f o o t n o t e a. and sam p l e ? Γη T a b l e Tl 

T a b l e I V : I r o n O x i d e D i s p e r s i o n T e s t 

T e s t i n g C o n d i t i o n s S o l u t i o n s 

T e m p e r a t u r e 25°C 0.1% S o l u t i o n o f Fe 0. i n H 20 
pH 7.5 3.68 g o f CaCI *2H 2 6 /100 mL o f H 20 
Ca : 200 ppm as C a C 0 3 

Δ % T r a n s m i t t a n c e = % Τ ( c o n t r o l ) - % Τ ( t r e a t e d ) 

Δ % T r a n s m i t t a n c e 

S a m p l e — 5 ppm 10 ppm 20 ppm 

PA 2.0 11 19 
AA/HMAMD 18 30 3 5 
AA/HEAMD, Sample 2 29 30 31 

PA 5.7 12 23 
AA/HEAMD, Sample 3 41 40 47 
AA/HPAMD 26 43 45 

— See f o o t n o t e a and sample # i n T a b l e IV. 

A c t i v e Dosage 
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T a b l e V: C l a y D i s p e r s i o n ( K a o l i n ) T e s t 

T e s t i n g C o n d i t i o n s S o l u t i o n s 

T e m p e r a t u r e 25°C 0.1% S o l u t i o n o f H y d r i t e UF i n H O 
pH 7.5 3.68 g o f C a C l ' 2 H 0/100 mL o f H^O 
Ca : 200 ppm as C a C 0 3 

A, % T r a n s m i t t a n c e = % Τ ( c o n t r o l ) - % Τ ( t r e a t e d ) 

J\ % T r a n s m i t t a n c e 

A c t i v e Dosage 
Sa m p l e — 5 ppm 10 ppm 20 ppm 

PA 22 28 31 
AA/HMAMD 3
AA/HEAMD, Sample 2 4

PA 36 43 55 
AA/HEAMD, Sample 3 60 51 49 
AA/HPAMD 49 59 49 

— See f o o t n o t e j i and sample # Γΐϊ T a b l e TZ 

a d s o r b a t pHs s i g n i f i c a n t l y above t h e p o i n t o f z e r o 
c h a r g e . A l t h o u g h t h e r e i s no d i r e c t c o r r e l a t i o n b e t w e e n 
t h e e x t e n t o f a d s o r p t i o n and a c t i v i t y d i f f e r e n c e s as 
shown i n t h i s s t u d y , t h e p o s s i b l e c o n t r i b u t i o n f r o m t h e 
h y d r o x y l g r o u p c a n n o t be o v e r l o o k e d . 

The c o p o l y m e r s i n t h i s s t u d y were a l l i n a 3:1 mole 
r a t i o o f a c r y l i c a c i d w i t h N-(hydroxyalkyl)acrylamide· 
D i f f e r e n t mole r a t i o s and o t h e r m o l e c u l a r w e i g h t r a n g e s 
may have d i f f e r e n t t e s t i n g r e s u l t s . However, by 
c o n t i n u i n g t h i s k i n d o f s y s t e m a t i c s t u d y , we may be a b l e 
t o u n d e r s t a n d more a b o u t t h e r e l a t i o n s h i p b e t w e e n 
p o l y m e r s t r u c t u r e and i t s a c t i v i t y i n w a t e r t r e a t m e n t . 
H o p e f u l l y , i t c a n f a c i l i t a t e i n c h o o s i n g o r s y n t h e s i z i n g 
a s p e c i f i c p o l y m e r f o r t h e d e s i r e d a p p l i c a t i o n . 

C o n c l u s i o n 

The o b j e c t i v e o f t h i s s t u d y was t o c o r r e l a t e p o l y m e r 
s t r u c t u r e v e r s u s i t s a c t i v i t y f o r c o r r o s i o n c o n t r o l i n 
w a t e r - t r e . a tment a p p l i c a t i o n s . Raw m a t e r i a l and 
m a n u f a c t u r i n g c o s t s were n o t c o n s i d e r e d . At t h e same 
a c t i v e d o s a g e s , a c r y l i c a c i d / N - ( h y d r o x y a l k y l ) a e r y l a m i d e 
( 3 : 1 mole r a t i o ) c o p o l y m e r s showed an o v e r a l l i m p r o v e d 
p e r f o r m a n c e i n c a l c i u m p h o s p h a t e i n h i b i t i o n and i r o n 
o x i d e and c l a y d i s p e r s i o n as compared t o t h e p o l y a c r y l i c 
a c i d . Among t h e t h r e e c o p o l y m e r s t e s t e d , a c r y l i c 
a c i d / N - ( 2 - h y d r o x y e t h y l ) a c r y l a m i d e a p p e a r e d t o be t h e 
most e f f e c t i v e . D i f f e r e n c e s i n a c t i v i t y were a t t r i b u t e d 
t o t h e a d d i t i o n a l f u n c t i o n a l g r o u p i n t h e c o p o l y m e r 
v e r s u s t h e homopolymer. 
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A c k n o w l e d g m e n t s 

The a u t h o r g r a t e f u l l y a c k n o w l e d g e s t h e s u p p o r t o f h i s 
c o l l e a g u e s a t B e t z a n d , i n p a r t i c u l a r , W. R. S n y d e r f o r 
a c t i v i t y t e s t i n g and L. D. C h a d w i c k f o r 1 3 C NMR 
spectroscopy· 

Literature Cited 

1. "Handbook of Indus t r ia l  Water Condi t ion ing" ,  8 th 
ed . ,  1980, Betz Labora tor ies ,  Inc . ,  T r e v o s e , 
PA; p . 169. 

2. N i c h o l s , J. D . ; Clav in ,  J .  S . ;  Blasde l ,  J .  E .  
Hydrocarbon P roces s 1980, 59 ( 1 0 ) , 75 . 

3. V o r c h h e i m e r , N
Wastewate
CRC P r e s s , Boca R a t o n , FL 1981; Chap. 1 ,  p .1 .  

4 . Hann , M.; Natol i ,  J .  NACE Corros ion/84 ,  
New O r l e a n s , LA 1984; Paper No. 315. 

5. Godlewski, I. T.; Schuck, J. J.; Libutti, B. L. 
U.S. Patent 4,029,577, 1977. 

6. May, R. C.; Geiger, G. E. U.S. Patent 4,303,568, 
1981. 

7. Woerner, I. E.; Boyer, D. R. NACE Corrosion/84, 
New Orleans, LA 1984; Paper No. 315. 

8. Hagstrand, W. E. Proc. Int. Water Conf., 44th, 
Pittsburgh, PA 1983; p. 118. 

9. Gunderson, L. O.; Grove, M; Keust, H. U.S. Patent 
3,285,886, 1966. 

10. Kawasaki Y.; Hanno, K. U.S. Patent 4,432,884, 

1984. 

11. Kopecek J.; Bazilova, H. Eur. Polym. J. 1973, 9,7. 

12. Snyder W. R.; Feuerstein, D. U.S. Patent 
4,427,568, 1984. 

13. Morrison, Jr., W. H. J. Colloid Interface Sci., 
1984, 100 (1), 121.

14. Davis, J. Α.; Leckie, J. O. In "Chemical Modeling 
in Aqueous Systems," Jenne, Ε. Α.; Ed.; ACS 
Symposium Series, 1979, Vol. 93, p. 299. 

RECEIVED January  21, 1986 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



26 
Performance Aspects of Plasma-Deposited Films 

H. P. Schreiber1, J. E. Klemberg-Sapieha2, E. Sacher2, and M . R. Wertheimer2 

1Chemical Engineering Department, Ecole Polytechnique of Montreal, Montreal, Quebec, 
H3C 3A7, Canada 

2Engineering Physics Department, Ecole Polytechnique of Montreal, Montreal, Quebec, 
H3C 3A7, Canada 

Large volume microwave plasma apparatus (LMP) has been 
used to produce thin, integral films on a variety of 
substrates. Through control over such variables as 
substrate temperature and plasma power density, films 
have been produced from organo-silicones and inor
ganic (SiN) starting materials. Measurements of mois
ture permeation through such films indicate that the 
plasma deposited films are highly resistant to water 
transport, making them particularly attractive in 
applications calling for corrosion resistance. To 
illustrate the effect, the moisture transport charac
teristics of polyimide substrate with deposited films 
some 0.5 µm in thickness were measured and found to 
give up to two orders of magnitude reductions in per
meation coefficients. Silicon nitride films were 
particularly effective in this regard. In another 
illustration plasma-deposited organo-silicone polymers 
strongly inhibited the corrosive attack of metal films 
immersed in aggressive media. Deposition kinetics in 
microwave plasmas are roughly an order of magnitude 
greater than in lower frequency (e.g. r . f . ) plasmas. 
This, combined with the feasible scale-up of microwave 
plasma apparatus holds out the promise of larger-scale 
applications for plasma produced films in the corrosion 
protection area. 

Glow discharge or " c o l d " plasmas are gain i n g increased currency f o r 
the d e p o s i t i o n of novel and p o t e n t i a l l y v a l u a b l e macromolecular 
co a t i n g s . The range of p r o p e r t i e s a t t a i n a b l e by a plasma-polymer i s 
wide, and depends c r i t i c a l l y on such v a r i a b l e s of the plasma deposi
t i o n process as choice of monomer, sub s t r a t e temperature (T ), power 
den s i t y (ρ), the e x c i t a t i o n frequency (ν ), and others i n d u c t i n g mono
mer flow r a t e , r e a c t o r geometry, e t c . . . C o n t r o l over these v a r i a b l e s 
can produce c r o s s l i n k e d , dense deposits which adhere t e n a c i o u s l y to 
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s u b s t r a t e s i n c l u d i n g metals, polymers, ceramics, e t c . To the extent 
that t h i n plasma-deposited f i l m s f u n c t i o n as e f f e c t i v e b a r r i e r s to 
the d i f f u s i o n of water and other aggressive f l u i d s , plasma-polymers 
may serve a v a l u a b l e r o l e as coatings f o r the p r o t e c t i o n of metals 
against c o r r o s i o n . 

The p o t e n t i a l usefulness of plasmas as routes to c o r r o s i o n pro
t e c t i o n has been recognised f o r some time, the work of Wi l l i a m s and 
coworkers (1,2) being an e a r l y example of using glow discharges to 
overcoat s t e e l . Yasuda and coworkers (3) have made extensive use of 
plasma-deposited CH. s t r u c t u r e s as "primers" f o r the enhanced adhe
s i o n of conventional topcoats, thereby i n d i r e c t l y a l s o improving the 
c o r r o s i o n r e s i s t a n c e of the composite c o a t i n g . E a r l i e r research 
from our l a b o r a t o r y (4) gave e m p i r i c a l evidence of the c o r r o s i o n 
p r o t e c t i o n due to plasma-deposited o r g a n o - s i l i c o n e polymers, and of 
the e x c e l l e n t high temperature s t a b i l i t y of the plasma c o a t i n g s . 
The present paper i s d i r e c t e d mainly at the question of water perme
a b i l i t y through plasma f i l m s
being considered e s s e n t i a
c o r r o s i o n processes. 

As i n e a r l i e r reported work ( 4 ) , the present study has used a 
large-volume microwave plasma (LMP) f a c i l i t y . The choice i s based 
on the favo r a b l e d e p o s i t i o n k i n e t i c s at microwave f r e q u e n c i e s , and 
on the r e l a t i v e ease of s c a l i n g experimental LMP apparatus to indus
t r i a l l y u s e f u l s i z e . 

Experimental 

A l l plasma experiments were performed w i t h an LMP r e a c t o r which has 
been described elsewhere i n d e t a i l ( 5 ) . The r e a c t o r i s equipped w i t h 
a heatable, r o t a t i n g p l a t e n , 15 cm. i n diameter, to which are f a s t e 
ned specimens f o r s u r f a c e m o d i f i c a t i o n . The r e a c t o r operates at 
2.45 GHz frequency and at power i n the range 0.1 - 2.5 kW. 

Primary i n t e r e s t was i n the b a r r i e r p r o p e r t i e s obtained from 
plasma o r g a n o - s i l i c o n e s and from i n o r g a n i c "SiN" c o a t i n g s . Spec
t r a l grade HMDSO was used i n the former case, w h i l e mixtures of SiH^ 
and NH~ were used to produce the SiN s t r u c t u r e s . The su b s t r a t e i n 
much or the work was DuPont Kapton type H polyimide f i l m , 51 ym 
t h i c k . Substrate temperatures extended to 450 C, as described ear
l i e r ( 6 ) . The thickness of plasma-polymer deposits was about 0.5 ym. 
Moisture permeation was evaluated by the r o u t i n e of ASTME-96-53 Τ 
(water vapor tr a n s m i s s i o n of m a t e r i a l s i n sheet form). A d d i t i o n a l , 
more p r e c i s e data, were obtained w i t h both a Dohrmann Envirotech 
Polymer Permeation Analyser, modified as p r e v i o u s l y described ( 6 ) , 
and a Mocon "Permatran W" moisture permeation apparatus. 

To t e s t the c o r r o s i o n p r o t e c t i o n conferred by LMP - produced 
f i l m s , g l a s s microscope s l i d e s bearing 5000 A - t h i c k l a y e r s of 
aluminium (by vacuum evaporation) were overcoated w i t h P-PHMDSO 
f i l m s . In t h i s experimental s e r i e s plasma deposits were maintained 
at thicknesses near 1000 A , and were produced at Τ ranging from 
100 C to about 300 C. Plasma-coated and c o n t r o l samples were placed 
i n a bath of a l k a l i n e c l e a n i n g f l u i d (pH 8.5) and inspected p e r i o d i 
c a l l y f o r l o s s of A l , as described i n an e a r l i e r p u b l i c a t i o n ( 5 ) . 

F i n a l l y , scanning e l e c t r o n microscopy (SEM) was used to study 
the morphology of plasma deposits obtained from HMDSO. 
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R e s u l t s and D i s c u s s i o n 

a) Moisture b a r r i e r p r o p e r t i e s 

As s t a t e d , the c a p a b i l i t y of plasma deposits to reduce the access of 
water to c o r r o s i o n - s e n s i t i v e surfaces may be an important m o t i v a t i o n 
f o r t h e i r a p p l i c a t i o n i n c o r r o s i o n p r o t e c t i o n . I n order to study 
t h i s property, Kapton polyimide f i l m was s e l e c t e d as the s u b s t r a t e 
because of i t s high inherent p e r m e a b i l i t y to water and i t s a b i l i t y 
to r e s i s t e levated temperatures. The response of Kapton f i l m over-
coated by PPHMDSO to the permeation of water vapor i s shown i n 
F i g . 1. C l e a r l y , the presence of the o r g a n o - s i l i c o n e plasma f i l m 
g r e a t l y reduces water permeation. The magnitude of the e f f e c t i s 
much enhanced when plasma polymers are produced at high Τ and p. 
I t was shown e a r l i e r (4) that as Τ and ρ i n c r e a s e , the plasma po
lymer becomes denser and increases considerably i n the p r o p o r t i o n of 
in o r g a n i c l i n k a g e s . B
range, the d e n s i t y of P-PHMDS
glassy s t r u c t u r e s t h e r e f o r e serve p a r t i c u l a r l y w e l l as moisture bar
r i e r s and, by i m p l i c a t i o n , as c o r r o s i o n i n h i b i t i n g coatings f o r me
t a l s . The r e s u l t s i n F i g . 1 suggest that at low power, the permea
t i o n changes are r e l a t e d p r i m a r i l y to d i e l e c t r i c h e a t i n g of the sub
s t r a t e , w h i l e at high power the permeation changes are p r i n c i p a l l y 

p(W) 
0 400 800 1200 

T $ (°C) 

Figure 1. Permeation c o e f f i c i e n t of PPHMDSO-Kapton, as f u n c t i o n 
of Τ ( # ) , power ( · ) and d i e l e c t r i c heating e f f e c t s (A ) (from 
r e f . S 6 ) . 
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to be a s s o c i a t e d w i t h the changed chemistry of plasma d e p o s i t s . The 
changes i n deposit chemistry, i n t u r n , may be as s o c i a t e d w i t h i n 
creased monomer fragmentation under these operating c o n d i t i o n s . 

The change i n water vapor f l u x , A F , due to the presence of 
0.5 ym plasma f i l m s may be expressed by 

F — F 
AF = (—2— ) χ 100 (1) 

° -2 -1 
Here F i s the water vapor f l u x (mg.m day ) through a c o n t r o l 
f i l m , w h i l e F i s the corresponding f l u x through an overcoated f i l m . 
Values of AF are convenient f o r a comparison of the moisture b a r r i e r 
e f f i c a c y of SiN and o r g a n o - s i l i c o n e plasma d e p o s i t s . P e r t i n e n t data 
are given i n Table I . I t i s evident that SiN deposits are p a r t i 
c u l a r l y e f f e c t i v e moisture b a r r i e r s , being s u p e r i o r to o r g a n o - s i l i 
cone f i l m s under any given set of plasma v a r i a b l e s . Again, Τ and 
ρ are shown to be v i t a
Thus, at constant t o t a
i n water t r a n s p o r t i s produced at i n c r e a s i n g Τ , the e f f e c t being 
e q u a l l y important f o r HMDSO and SiN d e p o s i t s , as shown i n the t a b l e . 
The important e f f e c t of ρ at constant Τ i s a l s o documented i n Table 
I ( f o r Τ =250°C). At a l l LMP o p e r a t i n g S c o n d i t i o n s used i n t h i s work, 
the s u p e r i o r performance of SiN as compared w i t h HMDSO deposits i s 
manifest. Indeed, when SiN f i l m s are produced at Τ > 250 C, and ρ 
i n the range of 1.0 kW. the r e d u c t i o n of moisture p e r m e a b i l i t y con
f e r r e d to Kapton increases g r e a t l y . An estimate of the permeation 
c o e f f i c i e n t s of the plasma deposits themselves ( i . e . of the P-PHMDSO 
and the SiN f i l m s ) f u r t h e r i l l u s t r a t e s the s u p e r i o r i t y of the SiN 
coa t i n g . The permeation c o e f f i c i e n t , π of a f i l m i s given by 

π = AW I _1 (2) 
t A CH 20 

Table 1„ Comparison of water f l u x changes, A F , due to plasma 
deposits of HMDSO and SiN on Kapton. 

In a l l cases plasma f i l m s are 0.5 ym t h i c k 

Plasma Operation 
Τ (°C) p(W) 

100 600 
200 200 
200 600 
200 800 
200 1200 
250 400 
250 600 
250 1000 
250 1200 

AF (%) f o r 
(PPHMDSO) Ρ(SiN) 

11 40 
10 -18 70 
38 -64 -
23 -37 85 
65 93 
78 >99 
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where AW i s the weight increment due to water s o r p t i o n , t i s the 
contact time, I and A are the thickness and area of the f i l m and 
C Φ i s the vapor pressure of water under c o n d i t i o n s chosen f o r ana
lysis . Since AW/At i s equal to the f l u x parameter F, i n equation (1), 
i t f o l l o w s that 

F . l (3 1) 

F = T T . C h ^ 0 χ 111 (3") 

The l i n e a r i t y between F and ill has been documented by experiments to 
be reported elsewhere. In the case of a composite f i l m , c o n s i s t i n g 
of m a t e r i a l s , 1 and 2, (e.g. Kapton and SiN, or PPHMDSO), we can 
w r i t e 

 = - i + — (4) 
π π ΐ π 2 

The permeation c o e f f i c i e n t of Kapton under t e s t c o n d i t i o n s s i m i l a r 
to those used here has been reported as 4.47 χ 10 (g.cm/cm .sec. 
cmHg),in c l o s e agreement w i t h our own measurements. Thus, s o l v i n g 
equation (4) f o r π^, we f i n d 

ïïSiN " 2 · δ X 1 0 " U , 2 
^ g · cm/ cm . s . cmHg 

V H M D S O = 2 · 5 K 1 0 " 

The permeation c o e f f i c i e n t s of the two t h i n f i l m m a t e r i a l s d i f f e r 
by an order of magnitude. To the extent then, that water i n i t i a t e s 
and propagates the c o r r o s i o n of metal s u b s t r a t e s , plasma f i l m s of 
SiH^/NH^, produced under the s t a t e d c o n d i t i o n s seem to be p a r t i c 
u l a r l y promising c o r r o s i o n i n h i b i t o r s . 

While, i n the case of PPHMDSO, the higher i n o r g a n i c content 
produced at high Τ and ρ enhances f i l m b a r r i e r p r o p e r t i e s , an equal
l y important f a c t o r may be the dependence of plasma f i l m morphology 
on these d e p o s i t i o n v a r i a b l e s . SEM w e l l documents these e f f e c t s ( 5 ) , 
as i l l u s t r a t e d i n Figure 2(a) and (b). At low T g, f o r example near 
room temperature as i n F i g . 2 ( a ) , PPHMDSO f i l m s c o n s i s t of agglome
ra t e s of s p h e r o i d a l p a r t i c l e s w i t h c l e a r l y d i s t i n g u i s h a b l e i n t e r -
p a r t i c l e boundaries. This type of plasma product morphology has been 
p r e v i o u s l y discussed i n the l i t e r a t u r e ( 8 , j 0 . At high T, such as the 
400°C used to produce the specimens shown i n F i g . 2 ( b ) , much smoother 
f i l m s are formed, the few remaining d i s c r e t e p a r t i c l e s now being 
imbedded i n a continuous matrix of plasma-polymer. L o g i c a l l y enough, 
the l a t t e r f i l m s would be much more s u i t a b l e as vapor or f l u i d 
b a r r i e r s than the discontinuous s t r u c t u r e s e x e m p l i f i e d i n F i g . 2(b). 
b) Corrosion p r o t e c t i o n 

Q u a l i t a t i v e e v a l u a t i o n of the specimens immersed i n a l k a l i n e c l e a n i n g 
f l u i d has demonstrated (5) the c a p a b i l i t y of PPHMDSO topcoats to 
p r o t e c t the A l f i l m s supported on glass s l i d e s . The i n t r u s i o n of 
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Figure 2. Scanning e l e c t r o n micrographs of PPHMDSO films at 
substrate Τ = near ambient (top), and at Τ = 400 °C (bottom). 
Reproduced with permission from r e f . 5. 

f l u i d to the A l - g l a s s i n t e r f a c e i n uncoated, c o n t r o l samples was r a 
p i d , with s i g n i f i c a n t l o s s of A l evident a f t e r about 15 min. of im
mersion. In these samples t o t a l l o s s of A l occured w i t h i n the f i r s t 
60-75 min. of contact. P-PHMDSO deposited at Τ < 100°C was i n e f f e c 
t i v e i n t h i s t e s t , but at Τ > 100 C i n c r e a s i n g degrees of p r o t e c t i o n 
were given by the plasma f i l m s . In samples coated at Τ = 150 C 
the A l layers remained i n t a c t f o r about 4h. immersion, witS gradual 
d e t e r i o r a t i o n noted t h e r e a f t e r . Samples coated at Τ > 250 C showed 
no s i g n of metal loss even a f t e r s e v e r a l days of immersion. Eviden
t l y , i n these systems, a s h i f t from marginal to e x c e l l e n t c o r r o s i o n 
p r o t e c t i o n takes place i n the c r i t i c a l T e range of 150-250 C. We 
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a t t r i b u t e t h i s i n par t to the denser, more i n o r g a n i c s t r u c t u r e of 
the plasma deposit and to stronger bonding at the plasma polymer/ 
metal i n t e r f a c e . The inc r e a s e d c o n t i g u i t y of plasma f i l m s , d i s c u s 
sed i n terms of SEM r e s u l t s above, would, of course, a l s o c o n t r i b u t e 
g r e a t l y to the improved performance. 

The i m p l i e d c a p a b i l i t y of these plasma deposits to i n h i b i t 
c o r r o s i o n at metal surfaces may be of p r a c t i c a l as w e l l as of b a s i c 
importance. An important c o n s i d e r a t i o n i n t h i s respect i s the r a p i d 
r a t e of d e p o s i t i o n f o r such p r o t e c t i v e coatings a t t a i n a b l e at micro
wave frequencies. Since plasma technology i s s t i l l i n a process of 
e v o l u t i o n , optimum d e p o s i t i o n k i n e t i c s cannot yet be s t a t e d ; however, 
the marked e f f e c t of e x c i t a t i o n frequency on the d e p o s i t i o n of 
or g a n o - s i l i c o n e s can be documented (10), as i n F i g . 3. Here, using 
terminology and comparative data due to Yasuda et a l . (3), i t i s 
shown that d e p o s i t i o n r a t e s i n microwave plasmas exceed those at 
lower (e.g. r a d i o ) frequencies by about an order of magnitude
Coupled w i t h the r e l a t i v
to a s i z e p e r t i n e n t to
features place microwave plasma processes i n t o the domain of indus
t r i a l relevance. 

10° 10* 
P/ FM ( J/kg ) 

Figure 3. D e p o s i t i o n r a t e s (D) f o r o r g a n o - s i l i c o n e s , normalized 
to flow r a t e (F) and monomer molecular weight (Μ), as f u n c t i o n of 
plasma power (P). Shaded develope: 13.56 MH plasmas; data p o i n t s 
are f o r 2.45 GH plasmas at monomer pressure 0.1 Torr ( A ) , 0.2 
Torr (·) and 0?4 Torr ( · ) . 
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Humidity Testing of Silicone Polymers for Corrosion 
Control of Implanted Medical Electronic Prostheses 
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Adhesion test  insufficien  qualif  polysi
loxanes for the corrosio
blies, and parameter y
equal importance as the bond strength of the polymer to 
the protected assembly. Silane coupling agents in the 
form of commercially available surface primers do not seem 
to enhance the corrosion control of silicone encapsulated 
electronic devices despite higher measured bond strengths 
for primed samples as opposed to unprimed ones. This is 
probably due to water soluable contaminants in the pri
mers. Accelerated temperature-humidity tests upon 72 
interdigitated test substrates encapsulated with various 
silicone elastomers treated with and without surface pri
mers show a strong dependence upon the material hardness 
in controlling corrosion. Electrical leakage current 
measurments combined with visual examination were used as 
performance criteria for the encapsulants. 

S i l i c o n e e l a s t o m e r s have been used f o r the p r o t e c t i o n o f i n t e 
grated c i r c u i t s , epoxy g l a s s p r i n t e d w i r i n g boards, h igh v o l t a g e 
assembl ies and other e l e c t r o n i c assembl ies exposed to harsh e n v i r o n 
mental c o n d i t i o n s . Among the most severe c o n d i t i o n s i s exposure to 
high humidity w i t h r e s u l t a n t c o r r o s i o n o f the e l e c t r i c a l conductors 
and components. The c o r r o s i o n takes p l a c e not o n l y as the r e s u l t of 
e l e c t r o c h e m i c a l c o u p l e s , due to the v a r i e t y o f meta ls used i n a 
t y p i c a l e l e c t r o n i c assembly, but a l s o due to f o r c e d v o l t a g e p o t e n 
t i a l s present w i t h i n the assembly d u r i n g normal o p e r a t i o n . The 
l a t t e r may present a h i g h e r s t r e s s than the former s i n c e the poten 
t i a l d i f f e r e n c e s d u r i n g o p e r a t i o n may exceed t y p i c a l e l e c t r o c h e m i c a l 
c o u p l e s by orders o f magnitude. T h i s i s p a r t i c u l a r l y the case i n 
high d e n s i t y assembl ies where the s p a c i n g between p r i n t e d - w i r i n g -
board (PWB)conductors may be as s m a l l as 0.003" to 0.0010W. With 
the advent o f technology such as s m a l l - o u t l i n e packaging (with p i n 
spacings o f 0.03n) the c o r r o s i o n p r o t e c t i o n o f PWBs has become a 
major i n d u s t r y problem. 

Another a p p l i c a t i o n f o r which polymers , and i n p a r t i c u l a r s i l i -

0097-6156/86/0322-0299S06.00/0 
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cones, have been used for corrosion control i s that of medical 
implanted electronic devices. In the past decade, hermetic cans 
have emerged as the preferred method of corrosion control for 
implanted medical devices. Although hermetic cans with glass-on-
metal e l e c t r i c a l feedthroughs have been suitable for devices such as 
pacemakers and simple monopolar neurostimulators, they are not 
easily miniaturized. Miniaturization i s important because the 
effectiveness of sensors and stimulators i s often significantly 
enhanced by reducing their invasive side effects. The miniaturiza
tion of electronic circuitry i s possible using modern thin-film 
techniques, and such technology has already resulted i n the design 
and fabrication of numerous recording and stimulation micro-elec
trode arrays, biosensors, and integrated circuits applicable to the 
development of subminiature medical electronic implants (1 f2 f3 f 

4f5f6). However, the successful design and implementation of 
complete and functional implants depends not only upon the fabrica
tion of these thin-fil
tect them during use fro
Unless significant advances i n hermetic packaging are achieved, the 
r e l a t i v e l y large size of hermetic cans w i l l continue to prelude 
their use when miniaturization i s important and presently no univer
s a l l y accepted method of encapsulation exists for moisture protec
tion of non-hermetic implants. 

Even when size might allow hermetic packaging such as sealed 
welded cans, the need for multiple feed-throughs in devices such as 
neuromuscular stimulators presents new packaging problems which have 
not formerly been present i n other medical implants such as pacema
kers. These feed-throughs must be protected from corrosion and 
e l e c t r i c a l leakage, and this i s usually accomplished by overcoating 
the hermetic package with an encapsulant (7f8). The resulting 
insulated feed-through and wire connector can occupy as much as one-
third the volume of a modern pacemaker. E l e c t r i c a l leakage, which 
significantly affects the impedance at these sites, i s permissible 
only for low impedance circuits. The increased use of sensors with 
high impedance outputs in implanted systems places greater demands 
upon the encapsulants insulating capabilities, and the use of 
highly corrosion-resistant metals as compensation for encapsulant 
inadequacies i n preventing implant degradation i s no longer a viable 
design philosophy. 

Encapsulants are an alternative to the welded can. A properly 
chosen encapsulation system can provide adequate corrosion protec
tion for electronic assemblies and a number of organic barrier 
coatings and encapsulants have been used to protect electronic 
systems from deleterious effects of water vapor including products 
based upon epoxy, imide, and silicone polymers. The latter, espe
c i a l l y those polymerized by addition mechanisms have gained wide 
acceptance for military and space assemblies which must be protected 
from humidity and altitude effects, since polysiloxanes are easily 
processed, their performance has been found satisfactory, and they 
provide v e r s a t i l i t y i n package designs. However, in medical elec
tronic implants the f a i l u r e incidence of encapsulants (especially 
silicone polymers) for electronic devices such as neuromuscular 
stimulators i s much greater than in nonmedical devices such as 
plastic-pak integrated circuits, even when the latter are subjected 
to accelerated stress tests It i s not clear whether this poor 
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success r a t e i s due to improper a p p l i c a t i o n and p r o c e s s i n g o f the 
e n c a p s u l a n t s or to m a t e r i a l inadequacies . S i l i c o n e polymers are 
o f t e n misused i n the sense that they regarded as vapor b a r r i e r s . 
However f o r any system, the high f a i l u r e r a t e , undoubtedly , i s a 
r e s u l t o f the severe exposure c o n d i t i o n s that e x i s t i n a p h y s i o l o 
g i c a l environment. Not o n l y i s the i m p l a n t exposed to an aqueous 
system, but the e l e c t r o l y t i c environment and i o n i c m o b i l i t y present 
a m i l i e u conducive to c u r r e n t leakage. In t h i s r e g a r d , i t s h o u l d be 
noted that c h l o r i d e s , as w e l l as sodium i o n s , have been i m p l i c a t e d 
i n the d e g r a d a t i o n o f s i l i c o n e n i t r i d e and s i l i c o n e rubber encapsu
l a t e d c i r c u i t s MO). 

Mechanisms o f Implant F a i l u r e 

Body f l u i d s , c o n t a i n a h igh c o n c e n t r a t i o n o f i o n s and can cause 
i m p l a n t f a i l u r e i n the f o l l o w i n g two ways: 

1) M i g r a t i o n o
semiconductors r e s u l t s i n the d e g r a d a t i o n o f j u n c t i o n 
c h a r a c t e r i s t i c s such as r e v e r s e b i a s leakage c u r r e n t s so 
that the c h i p no l o n g e r performs to s p e c i f i c a t i o n s and 
e v e n t u a l l y f a i l s . 

2) Leakage paths form between n o r m a l l y i n s u l a t e d conductors 
due to f l u i d i n v a s i o n , so that areas o f the c i r c u i t which 
must be i n s u l a t e d from each other do not remain so, 
degrading c i r c u i t o p e r a t i o n . These leakage c u r r e n t s may 
cause redox r e a c t i o n s r e s u l t i n g i n the c o r r o s i o n o f c o n 
ductors such as c h i p m e t a l l i z a t i o n s . S i m i l a r l y , e l e c t r o 
chemica l c o u p l e s i n an aqueous environment can produce 
c o r r o s i o n . The e n t r y o f f l u i d may be d i r e c t , through 
mechanical d e f e c t s i n the package, or by d i f f u s i o n o f 
water through the polymer e n c a p s u l a n t . 

M i g r a t i o n o f Ions. In recent y e a r s , the f i r s t type o f f a i l u r e 
has been f a i r l y easy to a v o i d . Chips are p r o t e c t e d from contamina
t i o n d u r i n g normal h a n d l i n g by a process known as " p a s s i v a t i o n . " In 
t h i s procedure, s e v e r a l p r o t e c t i v e l a y e r s o f ceramic m a t e r i a l are 
depos i ted or t h e r m a l l y grown o v e r the c h i p . The p a s s i v a t i n g l a y e r 
s e r v e s as a b a r r i e r to m i g r a t i n g i o n s . S i l i c o n d i o x i d e o f f e r s 
p a r t i a l p r o t e c t i o n a g a i n s t some contaminants. U n f o r t u n a t e l y , i t i s 
permeable to sodium i o n s and does not o f f e r complete p r o t e c t i o n 
(11 f 12). A l though used f o r i n t e r n a l p a s s i v a t i o n l a y e r s , almost no 
c o m m e r c i a l l y a v a i l a b l e c h i p s have f i n a l p a s s i v a t i o n l a y e r s o f 
s i l i c o n d i o x i d e . In the past few y e a r s , s i l i c o n n i t r i d e has emerged 
as another p a s s i v a t i o n m a t e r i a l . Sodium p e n e t r a t i o n o f a p r o p e r l y 
a p p l i e d n i t r i d e l a y e r i s v e r y l o w — e v e n u n d e t e c t a b l e (12 f 13 f 14). 
Many semiconductor manufacturers now o f f e r n i t r i d e p a s s i v a t e d c h i p s . 
However, the a p p l i c a t i o n o f s i l i c o n n i t r i d e can have v a r i a b l e 
r e s u l t s and the presence o f i m p u r i t i e s w i l l reduce the e f f e c t i v e n e s s 
o f the l a y e r as an i o n i c b a r r i e r . Trace amounts o f oxygen w i t h i n 
the d e p o s i t i o n equipment can r e s u l t i n an o x y - n i t r i d e l a y e r which i s 
l e s s e f f e c t i v e a g a i n s t i o n i c p e n e t r a t i o n . In a d d i t i o n , many 
n i t r i d e - p a s s i v a t e d d e v i c e s have exposed u n d e r l y i n g thermal oxide at 
each edge o f the d i e . L a t e r a l m i g r a t i o n o f i o n s i s p o s s i b l e and has 
been shown to a d v e r s e l y a f f e c t d e v i c e r e l i a b i l i t y (15). At the 
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present time the most commonly used f i n a l p a s s i v a t i o n l a y e r s are the 
p h o s p h o s i l i c a t e g l a s s e s (PSG). PSG i s p a r t i c u l a r l y e f f e c t i v e as a 
f i n a l p a s s i v a t i o n coating, and i s c h a r a c t e r i z e d by s i m p l i c i t y of 
a p p l i c a t i o n . Layers of PSG have been w i d e l y used because they are 
i n l e s s t e n s i l e s t r e s s than l a y e r s of chemically-vapor-deposited 
s i l i c o n d i o x i d e (16 f17 f18), and have the a b i l i t y t o tr a p i o n s (16). 
The lower s t r e s s prevents c r a c k i n g of the coating. 

Leakage. By f a r the m a j o r i t y of implanted e l e c t r o n i c d e v i c e s 
f a i l due to mechanisms of the second type (i.e. leakage). I n a 
p o o r l y encapsulated implant, t h i s f a i l u r e mode can cause r a p i d 
d e t e r i o r a t i o n i n a matter of days, hours, or even minutes. As the 
s i z e of the implant designs are reduced, the r i s k o f t h i s type of 
f a i l u r e i s g r e a t l y increased because due to the s m a l l dimensions 
i n v o l v e d , the time f o r f l u i d entry i n t o the package becomes very 
s h o r t . 

1. Mechanical Defects
such as s a l i n e i n t o the
t i v e paths between e l e c t r o c h e m i c a l couples or conductors of 
d i f f e r i n g p o t e n t i a l s . The s i t e of entrance can vary, depending upon 
the package design, but most f r e q u e n t l y i n v o l v e s the i n t e r f a c e 
between the encapsulant and a d i s s i m i l a r m a t e r i a l . F a i l u r e due t o 
d i r e c t s a l i n e entry can be one of two gen e r a l types: those caused by 
def e c t s i n the b u l k m a t e r i a l used f o r e n c a p s u l a t i o n and those caused 
by the mechanism of creep. 

The nature of bu l k d e f e c t s i s s t r a i g h t f o r w a r d . P i n h o l e s , 
cracks, or other surface imperfections r e s u l t i n r a p i d d i f f u s i o n o f 
s a l i n e i n t o the implant r e s u l t i n g i n c o r r o s i o n of e l e c t r i c a l conduc
t o r s . This c o r r o s i o n lowers the r e s i s t a n c e of the o r i g i n a l leakage 
path u n t i l normal o p e r a t i o n of the e l e c t r o n i c c i r c u i t i s impared and 
the implant f a i l s . 

Creep f a i l u r e s are not o f t e n as easy t o p r e d i c t and may not 
show up immediately. Although the d e v i c e may not f a i l as r a p i d l y as 
i n the case of a bu l k defect, the f i n a l r e s u l t i s i d e n t i c a l : c o r r o 
s i o n of e l e c t r i c a l conductors. In a creep f a i l u r e , the s a l i n e 
d i f f u s e s between two a d j o i n i n g and u s u a l l y d i f f e r i n g m a t e r i a l s . The 
presence of the f l u i d tends to separate the two surfaces, thus 
p e r m i t t i n g more f l u i d t o l e a k i n t o the device. A creep f a i l u r e i s 
p r i m a r i l y caused by the l a c k of, or poor adhesion between the two 
m a t e r i a l s . A common s i t e f o r such leakage i s the i n t e r f a c e between 
an e x i t i n g l e a d w i r e and the e n c a p s u l a t i o n m a t e r i a l . Often, an 
in a p p r o p r i a t e choice f o r the wire i n s u l a t i o n may a c c e l e r a t e the 
f a i l u r e . M a t e r i a l s such as T e f l o n are d i f f i c u l t t o bond t o , ( u n l e s s 
c h e m i c a l l y etched) however are f r e q u e n t l y used f o r implanted wires. 
The output l e a d s from implants such as neuro s t i m u l a t o r s are u s u a l l y 
of a low impedance nature and many imp l a n t s are designed on the 
premise that some e l e c t r i c a l leakage i s t o l e r a b l e at t h i s s i t e . 
Noble metal connections can reduce the c o r r o s i o n t o an "acceptable" 
l e v e l . This assumption i s not true f o r l e a d s which enter the 
package from sensors such as m i c r o - e l e c t r o d e s which are charac
t e r i z e d by r e l a t i v e l y high impedances. The trend f o r neuroprosthe-
t i c d e v i c e s i s towards c l o s e d - l o o p c o n t r o l i n which the use of high 
impedance b i o e l e c t r i c sensors w i l l be common. I n a d d i t i o n , d i f f e r 
i n g p o t e n t i a l s w i t h i n m u l t i - c i r c u i t c a b l e s can r e s u l t i n c o r r o s i o n 
even when the conductors are f a b r i c a t e d from h i g h l y c o r r o s i o n r e s i s 
t ant m a t e r i a l s such as MP35N. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



27. TROY Κ ET AL. Humidity Testing of Silicone Polymers 303 

Another common l o c a t i o n f o r creep f a i l u r e s of encapsulated 
assemblies i s at sharp corners or edges. Many encapsulants such as 
p o l y i m i d e s must be a p p l i e d i n t h i n coats, and coverage of p o i n t s , 
edges, or corners i s d i f f i c u l t or impossible. Sharp corners, chara
c t e r i s t i c of most t h i n - f i l m d e v i c e s p r o v i d e i d e a l c o n d i t i o n s f o r the 
i n i t i a t i o n of creep f a i l u r e s due t o the r e s u l t i n g i r r e g u l a r i t y of 
the encapsulant coverage. 

2. D i f f u s i o n of Water. Although the p r o t e c t i o n against mois
t u r e afforded to encapsulated implants by some high molecular-weight 
organic m a t e r i a l s depends on the b a r r i e r e f f e c t i v e n e s s of the encap
s u l a n t , f o r s i l i c o n e s , other f a c t o r s , n o t a b l y bond c o n d i t i o n s at the 
encapsulant/substrate i n t e r f a c e (adhesion), thermal s t a b i l i t y , 
mechanical i n t e g r i t y , and e l e c t r i c a l c o m p a t i b i l i t y p l a y a more 
important r o l e . In f a c t , water vapor p e r m e a b i l i t y may not be the 
most c r i t i c a l property t h a t w i l l determine the a c c e p t a b i l i t y of a 
polymer as an encapsulant f o r e l e c t r o n i c assemblies  This appears 
to be the case f o r i n d u s t r i a
which use the g e n e r a l l
means impermeable to water vapor, a consequence of t h e i r h e l i c a l 
c h ain m o l e c u l a r s t r u c t u r e . I t has been p r e v i o u s l y w e l l accepted 
(19J, although not w i d e l y r e a l i z e d , t h a t the dominant property of 
s i l i c o n e polymers f o r use against moisture p e n e t r a t i o n of e l e c t r o n i c 
assemblies i s t h e i r a b i l i t y to adhere (with appropriate primers) to 
the protected assembly. 

I n t e r f a c e P r o p e r t i e s of S i l i c o n e Polymers 

H y d r o p h i l i c s u r f a c e s i t e s permit the a d s o r p t i o n and condensation o f 
water. E f f e c t i v e b l o c k i n g of h y d r o p h y l i c s i t e s on encapsulated 
s u r f a c e s would r e q u i r e chemical r e a c t i o n o f these s i t e s w i t h func
t i o n a l groups of a p p r o p r i a t e coatings, or d e p o s i t i o n of s t r o n g l y 
adherent f i l m s of organic compounds on the protected surface. I n -
a c t i v a t i o n of h y d r o p h y l i c surface s i t e s i n the c o r r o s i o n c o n t r o l o f 
e l e c t r o n i c d e v i c e s had been proposed as e a r l y as 1969 by White of 
B e l l Telephone Labs (JL9J. He demonstrated the e f f e c t i v e n e s s of many 
d i f f e r e n t types of coatings i n p r o t e c t i n g i n t e g r a t e d c i r c u i t c hips 
from moisture damage. S i l i c o n e and imide m a t e r i a l s showed e x c e l l e n t 
p r o t e c t i o n against moisture p e n e t r a t i o n i n t h i s study. In subse
quent high pressure steam t e s t s , s u p e r i o r performance was seen f o r 
the s i l i c o n e polymers, i n s p i t e of t h e i r r e l a t i v e l y high water vapor 
p e r m e a b i l i t y . Both c l a s s e s of m a t e r i a l s c o n t a i n groups which can 
r e a c t w i t h surface hydroxy I s present on almost a l l h y d r o p h i l i c 
surfaces. From t h i s study emerged the theory that moisture p r o t e c 
t i o n o f n o r m a l l y h y d r o p h i l i c surfaces by the h i g h l y semi-permeable 
s i l i c o n e s was a consequence of r e a c t i o n s w i t h surface hydroxy1 
c h a r a c t e r i z e d by strong adhesion of the polymer to the protected 
surface. Various t h e o r i e s of adhesive bonding are w e l l documented 
( 2 Û * 2 J J and w i l l not be repeated here. S i m i l a r l y , the need f o r 
r i g i d c l e a n i n g p r o t o c o l s to enhance adhesion has been p r e v i o u s l y 
w e l l described (22). 

Most commercially a v a i l a b l e s i l i c o n e elastomers, and e s p e c i a l l y 
those which polymerize by a d d i t i o n - c u r e , do not, or weakly, adhere 
to most surfaces. Adhesion promoters known as surface primers are 
a v a i l a b l e and are o f t e n used to adhere the s i l i c o n e t o the protected 
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s u r f a c e . These primers are g e n e r a l l y formulated from s i l a n e coup
l i n g agents which c o n t a i n f u n c t i o n a l groups that r e a c t with the 
p r o t e c t e d surface as w e l l as the polymer (21). There i s a t r e n d i n 
the chemical i n d u s t r y towards the b l e n d i n g o f c o u p l i n g agents and 
base r e s i n s t o form " s e l f - p r i m i n g " m a t e r i a l s . 

Adherent f i l m s would not n e c e s s a r i l y r e q u i r e format ion o f c o v a -
l e n t bonds at the i n t e r f a c e , s i n c e l o c a l i z e d i n t e r m o l e c u l a r d i s p e r 
s i o n f o r c e s that are o p e r a t i v e i n the a d s o r p t i o n o f c o a t i n g s (with 
good w e t t i n g p r o p e r t i e s ) s h o u l d p r o v i d e s t a b l e i n t e r f a c i a l bond 
c o n d i t i o n s . Among candidate m a t e r i a l s which c o u l d f u l f i l l the 
requirements o f good adhesion and s u b s t r a t e p r o t e c t i o n from moisture 
are epoxy-modif ied p o l y u r e t h a n e s and e p o x y - s i l o x a n e polymers . 

Silicones for Electronic Encapsulation 

Since the i n i t i a l work o f White  the B e l l System and other 
major semiconductor u s e r
p r o t e c t i o n o f numerous t h i n - f i l m and t h i c k - f i l m d e v i c e s  The 
m a t e r i a l s p r i m a r i l y have been condensat ion -cure s i l i c o n e s i n x y l e n e 
d i s p e r s i o n . The performance o f e n c a p s u l a t e d semiconductors used 
w i t h i n the B e l l System i s w e l l documented (26) f and s t u d i e s c o n t i n 
u a l l y i n process support the use o f s i l i c o n e s f o r the p r e v e n t i o n o f 
e l e c t r o n i c component d e t e r i o r a t i o n under c o n d i t i o n s s i m i l a r to the 
i n - v i v o environment. 

More r e c e n t l y Wong (21)> has r e p o r t e d the r e s u l t s o f t e s t s 
designed to c h a r a c t e r i z e parameters o f e l e c t r o n i c s i l i c o n e s by T h e r -
m o g r a v i m e t r i c , F o u r i e r T r a n s f o r m - I n f r a r e d , and Gas Chromatography/ 
Mass Spectrometry. T h i s work has concentrated upon c o n d e n s a t i o n -
cure m a t e r i a l s used w i t h i n the B e l l System, r a t h e r than the end-
b l o c k e d f r e e r a d i c a l ( a d d i t i o n - c u r e ) s i l i c o n e s . 

Based upon the theory that the moisture p r o t e c t i o n o f e l e c 
t r o n i c a s s e m b l i e s by e n c a p s u l a n t s i s d i r e c t l y r e l a t e d t o the adhe
s i v e bond between the encapsulant and the u n d e r l y i n g s u r f a c e , adhe
s i o n t e s t i n g has emerged has the primary method o f encapsulant 
q u a l i f i c a t i o n f o r i m p l a n t use. Pacemaker manufacturers have p e r 
formed l a p shear and butt t e n s i l e t e s t i n g o f s e l e c t e d sub-
s t r a t e / e n c a p s u l a n t combinations a f t e r h i g h humidity exposure and 
these t e s t s r e l a t e the bond s t r e n g t h s t o the c o r r o s i o n p r o t e c t i v e 
a b i l i t y o f the encapsulant (£&)· Donaldson (23) has a l s o i n v e s t i 
gated the e f f e c t s parameters such as e l e c t r i c f i e l d s t r e n g t h (3Û)» 
and t e n s i l e f o r c e s w i t h i n a c t u a l i m p l a n t s . C o r r o s i o n i s an e l e c t r o 
chemical process whose p r e v e n t i o n depends upon the a b i l i t y o f the 
e n c a p s u l a n t to prevent the f l o w o f e l e c t r i c a l leakage c u r r e n t s . 
E l e c t r i c a l leakage c u r r e n t t e s t s combined w i t h bond s t r e n g t h t e s t s 
would p r o v i d e not o n l y a measure o f the polymer 's a b i l i t y to remain 
i n contact w i t h the p r o t e c t e d s u r f a c e , but a l s o to act as an i n s u l a 
t o r to e l e c t r i c a l leakage c u r r e n t s which i n e v i t a b l i t y w i l l r e s u l t i n 
c o r r o s i o n . 

Other i n v e s t i g a t o r s have noted t h a t assembl ies i n which the 
s i l i c o n e e las tomer was p o o r l y bonded t o the p r o t e c t e d s u r f a c e have 
s u r v i v e d i m p l a n t a t i o n l o n g e r than expected i f c o n s i d e r i n g adhesion 
as the primary p r o t e c t i v e mechanism. In t h i s r e g a r d , Donaldson ( 3 D 
has advanced the theory o f osmotic pumping as an a l t e r n a t e mechanism 
o f c o r r o s i o n p r o t e c t i o n by s i l i c o n e s . For submersion i n p h y s i o 
l o g i c a l s a l i n e , d i f f u s i o n o f water through the s i l i c o n e i n t o the 
d e v i c e , i s opposed by an osmotic g r a d i e n t out of the d e v i c e . 
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Methods 

We t e s t e d 6 d i f f e r e n t s i l i c o n e c a s t i n g e l a s t o m e r s i n c o n j u n c t i o n 
w i t h 3 s u r f a c e pr imers . The m a t e r i a l s and t h e i r d e s i g n a t i o n s are as 
f o l l o w s : 

D e s i g n a t i o n Name 
Surface Primerg 

Manufacturer F o r m u l a t i o n 

Type A Primecoat 1200 
Type Β Chemlok 607 
Type C SS 4155 

Dow Corning 
Lord Chemical 

General E l e c t r i c 

S i l a n e - S i l i c a t e B l e n d 
Blended S i l a n e s 

E t h y l o r t h o s i l i c a t e 

D e s i g n a t i o n 
Silicone Elastomers 

Name Manufacturer 

Type 1 
Type 2 
Type 
Type 
Type 
Type 

RTV-615 
S y l g a r d 18
MDX-4-4210 

96-083 
S y l g a r d 567 

RTV-3140 

Dow Corning 
Dow Corning 
Dow Corning 
Dow Corning 

Cured Hardness 
Durometer (Shore A) 

25 
63 
38 
22 

*MDX-4-4210 was b lended w i t h 10? S y l g a r d 527, by weight , to 
decrease v i s c o s i t y f o r c a s t i n g purposes. 

The f i r s t 5 s i l i c o n e e las tomers are a d d i t i o n - c u r e products . 
The 6th m a t e r i a l i s a c o n d e n s a t i o n - c u r e product which has been 
p r e v i o u s l y used f o r m e d i c a l implant p r o t e c t i o n (2). As v e r i f i e d by 
l a p shear t e s t s , ( d e s c r i b e d below), the f i r s t 3 e las tomers p r o v i d e 
minimal adhesion i n the absence o f a s u r f a c e primer . The l a s t 3 are 
s e l f - p r i m i n g m a t e r i a l s . To permit v i s u a l examination, we t r i e d to 
s e l e c t c l e a r m a t e r i a l s . A l l o f the e las tomers are c l e a r except f o r 
t y p e s 5 and 6. 

Types 1, 2, and 3 were s e l e c t e d f o r t e s t with each o f the 
p r i m e r s , types A, B, and C. In a d d i t i o n , type 4 e lastomer was used 
as a primer f o r types 1, 2, and 3 . A l l e l a s t o m e r s types 1-6 were 
a l s o tes ted without pr imers . 

T e s t i n g was performed by e n c a p s u l a t i o n o f 4 PWB, G-10, epoxy-
g l a s s i n t e r d i g i t a t e d t e s t p a t t e r n s u b s t r a t e s per t e s t group. The 
p a t t e r n s s e l e c t e d were taken from the IPC B-25 standard t e s t board, 
p a t t e r n s A and B. These p a t t e r n s use i n t e r d i g i t a t e d l i n e widths and 
spacings o f 0.006w and 0.012 n r e s p e c t i v e l y . Two s i n g l e - s i d e d A 
p a t t e r n s (0.006 n l i n e s and spacings) and two s i n g l e - s i d e d Β p a t t e r n s 
(0.012" l i n e s and spacings) were prepared f o r each e l a s t o m e r - p r i m e r 
combination t e s t e d . F o l l o w i n g e n c a p s u l a t i o n , each o f the p a t t e r n s 
was c o n t i n u o u s l y submersed i n 8 5 ° C water and p l a c e d under a c o n 
t i n u a l v o l t a g e s t r e s s o f 20VDC. E l e c t r i c a l leakage c u r r e n t (under 
9VDC bias ) was measured f o r each o f the t e s t s u b s t r a t e s on a d a i l y 
b a s i s . 

P r e p a r a t i o n o f each t e s t s u b s t r a t e was performed as f o l l o w s : A 
10" l o n g , Kynar ( p o l y v i n y l i d e n e f l u o r i d e ) i n s u l a t e d wire ( i n s u l a t i o n 
t h i c k n e s s , 0.005") was s o l d e r e d to each e l e c t r i c a l h a l f o f the 
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substrate. The substr a t e was then c o m p l e t e l y g r i t - b l a s t e d (40 PSI) 
u s i n g 240 mesh (50um) aluminum oxide g r i t . F o l l o w i n g g r i t - b l a s t i n g , 
the s u b s t r a t e was cleaned i n a s e r i e s o f s o l v e n t s as f o l l o w s : 
Methylene Chlor i d e - 1 min. wash, I s o p r o p y l A l c o h o l r i n s e , Acetone-1 
min. wash, I s o p r o p y l A l c o h o l r i n s e , Freon TMS-2 min. u l t r a s o n i c 
c l e a n i n a Branson B-220 u l t r a s o n i c c l e a n e r , Freon TF running r i n s e . 
During the c l e a n i n g procedure the substrate was handled, w i t h 
g l o v e s , o n l y by the ends o f the connecting wires. A f t e r c l e a n i n g , a 
vacuum-bakeout was performed f o r 12hrs at 120°C i n a P r e c i s i o n model 
10 vacuum oven at 1-2 t o r r . The vacuum system was f i l t e r e d by an 
a c t i v a t e d alumina f i l l e d vacuum f i l t e r . Upon removal from the 
vacuum oven, designated s u b s t r a t e s were primed w i t h the appropriate 
primer according t o the manufacturer's i n s t r u c t i o n s . Each of the 
manufacturers was contacted d i r e c t l y i n order t o v e r i f y the proce
dure as o u t l i n e d i n the data sheet. A substrate ready f o r encapsu
l a t i o n was placed i n a hal f - o p e n mold which supported the s u b s t r a t e 
h o r i z o n t a l l y by i t s wires
was mixed and de - a i r e d an
c a s t i n g . This procedure produced encapsulated s u b s t r a t e s w i t h 
0. 100"±0.015" encapsulant t h i c k n e s s over and under the substrate. 
The diameter of the mold was such that a th i c k n e s s o f at l e a s t 0.3" 
of encapsulant covered the substrate's edge. As a r e s u l t of the 
vacuum c a s t i n g no bubbles were v i s i b l e i n the encapsulated sub
s t r a t e s . Curing of the a d d i t i o n - c u r e elastomers was by f o r c e d - a i r 
c o n v e c t i o n at a p r e s c r i b e d temperature of 120°-165°C depending upon 
the p a r t i c u l a r elastomer cured. Curing o f the type 6 m a t e r i a l was 
done i n a humidity chamber of >90$rh f o r 72hrs. The s p e c i f i c com
b i n a t i o n s of primers and elastomers t e s t e d are l i s t e d i n t a b l e 1. 
Type 4 elastomer was used as a primer due i t s p r e v i o u s l y demon
s t r a t e d high bond s t r e n g t h i n experiments i n our l a b o r a t o r y . I t was 
a p p l i e d i n a very t h i n (<0.005") coat over the s u b s t r a t e and cured 
before elastomer c a s t i n g . 

A K e i t h l e y 610A e l e c t r o m e t e r w i t h a s h i e l d e d box and a 9VDC 
b a t t e r y comprised the leakage current measurement apparatus. Reso
l u t i o n o f the system was at l e a s t 0.1 pA, however measurements l e s s 
than 0.5pA were not recorded. Due t o the low l e v e l s of measured 
leakage current, a s h i e l d e d box was e s s e n t i a l to the measurement 
system. The volume r e s i s t i v i t y of most s i l i c o n e s shows a strong 
temperature dependence. Therefore a l l leakage current measurements 
were made at room temperature. The su b s t r a t e s were removed from the 
water bath f o r a p e r i o d o f 1hr p r i o r to measurement. V i s u a l exami
n a t i o n was done on a p e r i o d i c b a s i s , documenting v i s u a l evidence o f 
d i s c o l o r a t i o n , debonding, or co r r o s i o n . A dry l a p shear bond t e s t , 
as described i n ASTM-D905 (modified), t o G-10 f o r each of the t e s t e d 
m a t e r i a l s was performed on an I n s t r o n U n i v e r s a l T e s t i n g Instrument. 
Double l a p shear samples were prepared i n the same manner as the 
t e s t substrates. 

The measured v a l u e s o f leakage current f o r each of the 72 t e s t 
s u b s t r a t e s over the i n i t i a l 2 month t e s t period are l i s t e d i n t a b l e 
1. I n a d d i t i o n , v i s u a l t e s t r e s u l t s are reported at days 30, 45 and 
60. For each group o f 4 samples, samples 1 and 2 are the A p a t t e r n 
(0.006" s p a c i n g ) , and samples 3 and 4 a r e the Β p a t t e r n (0.012" 
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spacing) . The i n i t i a l b a s e l i n e leakage c u r r e n t s f o r each o f the 
samples was i n the low pA r e g i o n , and f o r many o f the samples , the 
measurement e r r o r below 0.5pA was p r o b a b l y g r e a t e r than the a c t u a l 
leakage c u r r e n t . The Kynar i n s u l a t e d wire f o r connect ion t o the 
s u b s t r a t e s was a poor c h o i c e . Submicroscopic d e f e c t s i n the i n s u l a 
t i o n r e s u l t e d i n d i s c o l o r a t i o n and c o r r o s i o n i n the wires o f a 
number of the samples. Some o f the samples f a i l e d due to wire 
breakage. However, subsequent t e s t i n g on s p e c i a l l y prepared samples 
i n d i c a t e d that the measured v a l u e s o f leakage c u r r e n t were not 
a f f e c t e d by the wire d i s c o l o r a t i o n ; these samples continued to g i v e 
c o n s i s t e n t r e a d i n g up to the day o f wire breakage. 

A l l samples primed w i t h type Β primer showed v i s i b l e c o r r o s i o n 
at a v e r y e a r l y date . W i t h i n one week o f water submersion, a l l o f 
these samples showed some s i g n s o f d e t e r i o r a t i o n . In each case , the 
s i d e o f the p a t t e r n maintained at p o s i t i v e p o t e n t i a l was the f i r s t 
to d i s c o l o r and then corrode . In c o n t r a s t none o f the samples 
primed w i t h type 4 m a t e r i a
With the e x c e p t i o n o f th
f a i l e d to show any n o t i c a b l e d e t e r i o r a t i o n u n t i l one month i n t o the 
t e s t . At t h i s t ime, most o f the types A, B, and C primed samples 
showed d i s c o l o r a t i o n and debonding. C o r r e s p o n d i n g l y t h e i r leakage 
c u r r e n t s , at day 30, were an average o f 35 times g r e a t e r than those 
samples primed and e n c a p s u l a t e d w i t h the s e l f - p r i m i n g e lastomer 
t y p e s 4, 5, and 6. 

The samples on which no primer was used, and the e n c a p s u l a t i n g 
m a t e r i a l was nonpriming are perhaps the most i n t e r e s t i n g . T h e i r 
leakage c u r r e n t s were c o n s i s t e n t l y lower than the types A, B, and C 
primed samples i n s p i t e o f the f a c t that adhesion as tes ted i n l a p -
shear t e s t s was c o n s i d e r a b l y l e s s than the primed samples. R e s u l t s 
from the l a p shear bond t e s t s are presented i n t a b l e I I . Note that 
when used without s u r f a c e pr imers , e lastomer types 1, 2, and 3 
demonstrated the lowest r e l a t i v e bond s t r e n g t h s when compared t o the 
primed and s e l f - p r i m i n g samples. However, the leakage c u r r e n t s from 
the unprimed samples were an average o f 50 times lower (day 45) than 
those primed w i t h primer types A, B, and C, and t h e i r o v e r a l l v i s u a l 
appearance was s u p e r i o r t o that o f the primed samples. The best 
performance was seen i n types 4, 5, and 6 samples. None o f these 
samples showed any s i g n s o f s i g n i f i c a n t d e t e r i o r a t i o n - v i s u a l or 
e l e c t r i c a l , at day 60. Type 6 m a t e r i a l c o n s i s t e n t l y showed o v e r a l l 
s u p e r i o r performance . 

discussion. 

The r a p i d i n i t i a l r i s e o f leakage to s t e a d y - s t a t e v a l u e s c h a r a c 
t e r i s t i c o f most o f the t e s t samples was not s u r p r i s i n g i n l i g h t o f 
the r e l a t i v e l y high water vapor p e m e a b i l i t y of the s i l i c o n e s . 
W i t h i n 6hrs o f water submersion most o f the samples demonstrated 
c u r r e n t s o f about the same order of magnitude as those which p e r 
s i s t e d throughout the t e s t . 

In many r e g a r d s , however, t h i s study has r a i s e d more q u e s t i o n s 
than i t has answered. The l a c k o f performance o f a l l o f the primed 
samples and the c o r r e s p o n d i n g s u p e r i o r performance o f the unprimed 
samples u s i n g types 1, 2, and 3 e l a s t o m e r s r a i s e s s e r i o u s q u e s t i o n s 
concerning the v a l i d i t y o f adhesion t e s t i n g as the primary c r i t e r i a 
i n the s e l e c t i o n o f s i l i c o n e s f o r c o r r o s i o n c o n t r o l o f e l e c t r o n i c 
assembl ies . The poor performance o f the primers A, B, and C, i s 
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Table I I . Lap shear (PSI) t e s t r e s u l t s f o r G-10 s u b s t r a t e s w i t h 
v a r i o u s primer-elastomer coatings. (ASTM-D905 modified) 

PRIMER ENCAPSULANT LAP SHEAR PRIMER ENCAPSULANT LAP SHEAR 
TYPE A TYPE 1 451 TYPE C TYPE 2 339 

TYPE 2 389 TYPE 3 163 
TYPE 3 149 

NONE TYPE 1 41 
TYPE Β TYPE 1 512 TYPE 2 46 

TYPE 2 276 TYPE 3 80 
TYPE 3 111 TYPE 4 

TYPE 5 
575 
201 

TYPE C 1 292 TYPE 6 291 

perhaps e a s i e r t o e x p l a i n than the good performance o f the unprimed 
samples. The manufacturers
f o r bonding of s i l i c o n e
f a c t u r e r s p r e s e n t l y p r o v i d e no data concerning t h e i r e l e c t r i c a l 
p r o p e r t i e s . One might p o s t u l a t e that these primers c o n t a i n water-
s o l u a b l e contaminants, and that although they may remain bonded, 
t h e i r b u l k and surfa c e r e s i s t i v i t i e s drop by orders of magnitude i n 
the presence of moisture. There would seem to be no other reasonable 
e x p l a n a t i o n as t o how groups such as type A-type 3 c o u l d s u s t a i n 
high l e v e l s of leakage current without s i g n i f i c a n t v i s i b l e d e t e r i o 
r a t i o n . Condensation of water at a debonded polymer-substrate i n 
t e r f a c e s u f f i c i e n t to produce leakage c u r r e n t s i n the near uAmpere 
r e g i o n would have to r e s u l t i n r a p i d conductor c o r r o s i o n . Although 
we have not, as o f yet, performed t e s t s t o determine the degree of 
p o s s i b l e contamination f o r each primer, the r e s u l t s of t h i s study 
and others seem to support the concept that the primers degrade the 
performance of the elastomers from a c o r r o s i o n c o n t r o l , and an 
e l e c t r i c a l i n s u l a t i o n standpoint. The use of primers such as type C 
i n m i l i t a r y h i g h - v o l t a g e assemblies has been a s s o c i a t e d w i t h d r i f t 
of high r e s i s t a n c e c i r c u i t s such as h i g h - v o l t a g e v o l t a g e d i v i d e r s 
(3£ ) . The degraded performance of m a t e r i a l s such as types 1, 2, and 
3 w i t h the use of a primer cannot be more c l e a r l y seen than w i t h 
type Β primer. However, i n s p i t e of the r a p i d d e t e r i o r a t i o n of the 
type Β primed samples, they d i d not have the highest leakage cur
rents. Although low e l e c t r i c a l leakage i s a necessary requirement 
f o r prolonged s u b s t r a t e s u r v i v a l , a weakness of leakage current 
measurements as s u f f i c i e n t c r i t e r i a of encapsulant acceptance i s the 
d i f f i c u l t y i n determining the current d e n s i t y across the substrate. 
L o c a l s i t e s of high current f l o w can r e s u l t i n l o c a l c o r r o s i o n 
without causing c o r r e s p o n d i n g l y high v a l u e s of t o t a l leakage. Low 
t o t a l current as w e l l as a uniform current d e n s i t y i s necessary f o r 
acceptance of an encapsulant. Note that even f o r those samples 
which d i d not demonstrate e a r l y v i s i b l e s i g n s of c o r r o s i o n , but d i d 
show e l e v a t e d l e v e l s of leakage c u r r e n t s , the p r o t e c t i n g primer-
elastomer combination may not be acceptable f o r many high-impedance 
assemblies. An upper l e v e l of 60nA was chosen i n t h i s study as an 
accept a b l e t o t a l leakage current l e v e l . This represents a 5% e r r o r 
i n the current which might f l o w i n a 10Mohm r e s i s t o r w i t h a v o l t a g e 
d i f f e r e n t i a l of 12VDC. None of the primers A, B, or C c o u l d meet 
t h i s l i m i t , whereas the samples w i t h types 4, 5> and 6 m a t e r i a l s 
c o n s i s t e n t l y met or exceeded t h i s l i m i t . 
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Perhaps the most surprising samples were the unprimed sub
strates encapsulated with types 1, 2, or 3 elastomers. The low bond 
strengths as seen i n table II for these materials did not seem to be 
significant i n their corrosion-protective a b i l i t y . It may be that 
low substrate surface tension, with a correspondingly high degree of 
wetting by the protecting encapsulant i s more important than the 
actual in t e r f a c i a l bond strength. Maintaining this surface wetting 
i s obviously enhanced by strong adhesion, especially in assemblies 
with complex geometries and high l o c a l mechanical stresses. How
ever, in certain assemblies adhesion i s often lost due to the pres
ence of sharp corners and close component spacings, characteristic 
of high-density PWBs. It may be that surface wetting could also be 
maintained by using a low durometer elastomer (not necessarily s e l f -
priming) as a "priming layer 1 1 with an overcoat of a more ri g i d 
elastomer. It i s interesting to note that the materials which 
performed the best in this study were not only the self-priming 
ones, but also the one
Both types 5 and 6 material
durometer (38 and 22) as compared with type 4 having a durometer of 
63· Although the manufacturer's published value for the hardness of 
type 2 material i s 35, our measurements found i t to be i n the range 
of 45-50. Interestingly, the type 2 samples demonstrated higher 
currents and more rapid corrosion than the type 1 samples of duro
meter 45 (measured at 40). Type 5 and 6 materials performed better 
than type 4, with type 6 (of lowest durometer) currents lower by 
approximately an order of magnitude. Type 6, however i s a condensa
tion-cure material and cannot be completely cured in closed molds or 
in thick sections. Most of our implant devices are cast, and addi
tion-cure materials are preferred. The specification and quality 
control of material hardness may have to be tightly controlled for 
silicones used to protect electronic assemblies. 

Rigid cleaning protocols are essential to low surface tension. 
The presence of water soluable contaminants upon the encapsulated 
surface provides the ideal conditions for the i n i t i a t i o n of corro
sion. This i s especially true when using the semi-permeable s i l i 
cones. As a demonstration of this, we encapsulated two substrates 
(B pattern) using type 1 elastomer without any cleaning performed. 
Solder fluxes, finger prints, and other contaminants normally pre
sent during assembly were not cleaned off. These samples showed 
v i s i b l e corrosion within 5hrs of water submersion. In contrast, the 
unprimed type 1 samples i n this study survived over 60 days of 
exposure with comparatively l i t t l e degradation. 

Dust control i s a major problem i n corrosion control by s i l i 
cone polymers. Dust particles which may bridge, or meerly lay upon 
conductors w i l l absorb moisture diffusing through the silicone and 
result i n a localized site of corrosion. We found this to be the 
case i n a number of our early samples. Following the results of 
this study, a l l of our encapsulated assemblies w i l l be cleaned and 
encapsulated i n a clean room which i s serviced by HEPA f i l t e r s . 

The degree of l i f e acceleration that this test represents i s 
uncertain. Fitting data to a temperature dependent first-order 
exponential (Arrhenius) fa i l u r e curve i s often inaccurate due to 
i n i t i a l model assumptions. Depending upon the estimate of activa
tion energies used, and the c r i t e r i a used to define failure, an 
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acceleration factor i n a range of 17-50 may result (32)· Based upon 
a frequently sited rule of thumb, that reaction rates double for 
every 10°C, an acceleration factor of 32 would be used. We have no 
evidence at this time that a first-order exponential model i s val i d , 
nor that the 85°C accelerated test does not, in i t s e l f , induce 
stresses which would normally not be possible during the service 
l i f e of the device. This i s a criticism which i s often sited 
against accelerated l i f e tests. We do, however, have preliminary 
data from other humidity studies in our laboratory in which the time 
to corrosion for the type Β primed substrates at 65°C was measured. 
Based upon these studies an acceleration factor of 25 was calculated 
for the 85°C test. 

Conclusion? 

As part of our continuing program of evaluation of appropriate 
encapsulants for medica
high-density assemblies
wetting vs. strong adhesion as a c r i t e r i a for selecting encapsulants 
suitable for corrosion control. We are investigating the use of 
silicone gels in place of surface primers i n applications where a 
low-durometer, non-adhering material, with high wetting properties, 
may provide good humidity protection i n the presence of high l o c a l 
mechanical stresses. 

Low leakage current for the qualification of an encapsulant as 
a corrosion resistant coating i s a necessary, but not sufficient, 
condition. The use of adhesion tests as a sole qualification of an 
encasulant, used essentially as an insulator, i s at minimum incom
plete, and sometimes invalid. The bond strengths seen for types A, 
B, and C primer with their poor corrosion resistant performance 
demonstrate the inappropriate nature of cl a s s i c a l bond strength 
tests. High bond strength accompanied by low leakage current i s 
probably an indication of a high degree of surface wetting, good 
cleaning protocols, and low encapsulant contamination. A l l of these 
factors seem necessary for good corrosion control using silicone 
encapsulants. 

Acknowledgments 

We thank Robert Swendsen, and John Bartels of Northrop Corp. D.S.D. 
for assistance in experimental design and the supply of the test 
materials. We thank Amy Yang and Tracy Larkins for recording the 
data. We also thank Jane Adams and Jerry Jeka of IITRI for assist
ance i n the bond strength tests. 

Literature cited 

1. Wise, K. D. 9th Quarterly Report, NIH-NINCDS-NO1-NS-1-2384 
1984. 

2. Wise, K.D.; Angell, J .B.; Starr, A. IEEE Trans. Biomed. Eng. 
1970, BME-17, 238-246. 

3. Knutti, J . W.; Allen, H. V.; Meindl, J . D. Biotelemetry 
Patient Monitoring 1979, 6, 95-106. 

4. Esashi, M.; Matsuo, T. IEEE Trans. Biomed. Eng. 1978, BME-25, 
184-191. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



27. TROYK ET AL. Humidity Testing of Silicone Polymers 313 

5. Moss, S. D.; Johnson, C. C.; Janata, J . IEEE Traps. Biomed. 
Eng. 1978, BME-25, 49-54. 

6. Mercer, H. D.; White, R. L. IEEE Trans. Biomed. Eng. 
1978, BME-25, 494-500. 

7. Donaldson, P. Ε. K. IEEE Trans. Biomed. Eng. 1976, BME-23, 
281-285. 

8. Donaldson, P. E. K. ; Sayer, E. Med. Biol. Eng. Comput. 1977, 
15, 712-715. 

9. Ko, W. H.; Spear, T.M. Eng. Med. Biol. 1983, 2, 24-38. 
10. Ianuzzi, M. IEEE Trans. Comp. Hybrids, Manufac. Technol . 

1983, 6, 2, 191. 
11. Schnable, G. L.; Kern, W.; Comizzoli, R. B. J . Elect rochem: 

S o l i d State Science and Tech. 1975, 7, 1092-1103. 
12. Mcmil lan, R. E.; Misra, R. P. IEEE Trans. Elec . Insu l . 1970, 

E I - 5 , 1, 10-17. 
13. Maguire, C. F.; Jarret, Q.T.  Bartholomew  C  Y  Solid Stat

Teoh.1972, 15, 4,
14. K e r r , D. R.; Logan, ; ,  J.; Pliskin,

Res. Dev. 1964, 8, 4, 376-384. 
15. McDonald, B. A. Sol id-State Electron. 1971, 14, 17-28. 
16. S c h l a c t e r , M. M.; Schlegel, E. S.; Keen, R. S.; La th l aen , R. 

Α.; Schnable, G. L. IEEE Trans. Elec . Dev. 1970, ED-17, 1077. 
17. Kern, W.; Schnable G. L.; Fisher, A. W. RCA Rev. 1976, 37, 

3-54. 
18. Paulson, W. M.; Ki rk , R. W. 12th Ann. Proc. Rel iab. Phys. 

1974, 172-179. 
19. White, M. L. Proc. IEEE 1969, 57, 9, 1610-1615. 
20. Cagle, C.V. "Handbook of Adhesive Bonding"; McGraw Hill: New 

York, N.Y., 1973. 
21. Wake, W. C. Polymer 1978, 19, 291-309. 
22. Rantz, L. E. Proc. Soc. Manu. Eng. Los Angeles, 1978. 
23. Plueddemann, E. P. "Silane Coupling Agents"; Plenum, N.Y., 

1982. 
24. J a f f e , D. IEEE Trans. Parts, Hybrids, & Packaging 1976, 

3, PHP-12 , 182-187. 
25. Soos, N.A.; Jaffe, D. Proc. 28th E lec t ron . Comp. Conf. 1978. 
26. Peck, D. S.; Zierdt, C. H. Proc. IEEE , 1974, 62, 2, 185-211. 
27. Wong, C. P. Polymer in Elec t ronics , Ed. T. Davidson, ACS 

Symposium Series, Washington D.C., 1984. 
28. Cobian, K. E. ; et . al. Adhesives Age 1984, 17-20. 
29. Donaldson, P. Ε. K. Proc. Int. Conf. Biomed. Polymers 

1982, p. 143-150. 
30. Donaldson, P. Ε. K.; Sayer, E. Med. & Biol. Eng. & Comput. 

1977, 15, 712-715. 
31. Donaldson, P. Ε. K. ; Sayer, E. Med. Biol. Eng. Comput. 

1981, 19, 483-485. 
32. R. Swendsen, Northrop Corp. D.S.D., R o l l i n g Meadows, IL. , 

Personal Communication. 
33. Donaldson, P. Ε. K. ; Sayer, E. Med. Biol. Eng. Comput. 1981, 

19, 403-405. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



28 
Corrosion Behavior of Epoxy and Unsaturated Polyester 
Resins in Alkaline Solution 

H. Hojo, T. Tsuda, K. Ogasawara, and T. Takizawa 

Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, 
Meguro-ku, Tokyo, 152, Japan 

The effect of temperature and concentration on 
corrosion behavio
and polyester resin
and were discussed by considering their structures. 

Resins used were two types of epoxy resins cured 
with anhydride and amine and iso-phthal ic type poly
ester res in . 

Different behaviors and mechanisms were c lear ly 
recognized between these res ins . Epoxy resin cured 
with amine showed no degradation during immersion 
because of its stable c ross l inks . Epoxy resin cured 
with anhydride showed the uniform corrosion with the 
softening and dissolut ion of the surface and also 
behaved s imi lar to the oxidation corrosion of the 
metal at high temperature obeying l inear law. 

Iso-phthalic polyester resin was corroded with 
the formation of the color changed surface layer and 
corrosion rate of the resin were controlled by 
diffusion process of the solution through the layer. 
Thus s imi lar behavior was observed to oxidation 
corrosion of metal obeying Wagner's parabolic law. 
The difference of behaviors of these resins were 
mainly due to the posit ion of ester bonds in the 
structures. 

Method to predict the retention of the strength 
of resins after immersion was also proposed by 
applying the concept of corrosion mechanism in metal. 

F i b e r r e i n f o r c e d p l a s t i c s have seen much s e r v i c e i n ind u s t r y because 
of t h e i r e x c e l l e n t mechanical and chemical p r o p e r t i e s and a l s o eco
nomical point of view. At present c o r r o s i o n r e s i s t a n t f i b e r r e i n 
forced p l a s t i c s are i n use as la r g e tanks, v e s s e l s , r e a c t o r s and 
pipes. 

Corrosion r e s i s t a n t FRP s t r u c t u r e s and also r e s i n l i n i n g s have 
r e s i n or r e s i n - r i c h surface l a y e r to protect the s t r u c t u r e s from 
c o r r o s i v e a t t a c k . Therefore, the study of cor r o s i o n behavior of 
r e s i n i s e s s e n t i a l l y important. 
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In a l k a l i n e and a c i d s o l u t i o n s , thermosets co n t a i n i n g e s t e r 
groups are degrated mainly due to the h y d r o l y s i s of the e s t e r s (1-6) 
But i n case of the r e s i n c r o s s l i n k e d by e s t e r bonds such as some 
epoxy r e s i n s (7-9), c o r r o s i o n behavior i s though to be d i f f e r e n t 
from that of the r e s i n which has e s t e r bonds i n the main chain. 

In t h i s paper, the e f f e c t of temperature and concentration on 
c o r r o s i o n behavior and c o r r o s i o n mechanism of epoxy and unsaturated 
polyester r e s i n s i n NaOH s o l u t i o n were s t u d i e d , and were discussed 
by c o n s i d e r i n g t h e i r chemical s t r u c t u r e s . Corrosion r a t e s t u d i e s 
were a l s o made by applying the concept of m e t a l l i c c o r r o s i o n . 

EXPERIMENTAL 
Resins used were two types of epoxy r e s i n s (EP) and an unsatu

rated p o l y e s t e r r e s i n (UP) as shown i n Figure 1. EP i s the b i s -
phenol-A type r e s i n cured with methyl-tetrahydrophthalic anhydride 
(MTHPA) or 1,8-p-menthandiamin
r e s i n which has ester bond
styrene (10). 

F l e x u r a l t e s t specimens were made according to ASTM D790 from 
casted r e s i n sheet of 2mm t h i c k n e s s . 

Test environments used were NaOH s o l u t i o n with various concen
t r a t i o n s of 10 to 40wt.%. Immersion t e s t s were c a r r i e d out at 
temperatures of 20 to 104 C f o r up to 3000 hrs, and a f t e r immersion 
weight measurements and f l e x u r a l t e s t s were performed at room 
temperature (Testing speed: 2mm/min, Span: 40mm). O p t i c a l and 
scanning e l e c t r o n microscopes and i n f r a r e d spectroscope (IR) were 
f u r t h e r used to study the degradation mechanism of the r e s i n s . 

CORROSION BEHAVIOR OF EPOXY RESINS 
(a) Epoxy Resin Cured with MTHPA 

Figures 2 and 3 show the weight change of epoxy r e s i n cured 
w i t h MTHPA (MTHPA-EP) at various concentrations and temperatures. 
T y p i c a l weight change i s shown i n the curve of 20wt.% s o l u t i o n i n 
Figure 2.(also see Figure 10). At f i r s t the weight increases and 
secondly decreases and t h i r d l y again increases remarkably with an 
increase of immersion time. The l a s t weight gain, however, can be 
recognized only at high temperature and concentration range. At 
the f i r s t stage, penetration r a t e of the s o l u t i o n i n t o the r e s i n i s 
higher than d i s s o l u t i o n r a te of c o r r o s i o n products, thus causing to 
increase i n weight. At the second stage, d i s s o l u t i o n r a t e i s higher 
than penetration r a t e , as a r e s u l t weight of the r e s i n decreases. 
T h i r d l y severe penetration of the l i q u i d i n t o and through the 
corroded l a y e r causes the marked increase i n weight. 

Figure 4 shows the r e t e n t i o n of f l e x u r a l strength of immersed 
specimens. Strength r e t e n t i o n was defined as the r a t i o of strength 
a f t e r immersion to o r i g i n a l one. Strength decreases markedly wi t h 
i n c r e a s i n g temperature and concentration because of the severe 
c o r r o s i o n . 

At the specimen surface, s o f t corroded l a y e r was formed during 
immersion and the l a y e r could be e a s i l y removed by wiping l i g h t l y 
with acetone-soaked paper and i n some co n d i t i o n s t h i s l a y e r was 
d i s s o l v e d spontaneously. The thickness of t h i s l a y e r was defined as 
c o r r o s i o n depth x, and measured at various t e s t c o n d i t i o n s . As 
shown i n Figure 5, c o r r o s i o n depth increases l i n e a r l y w i t h time, and 
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Figure 1. Chemical struc t u r e s of epoxy and unsaturated 
polyester r e s i n s . 
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Figure 2. E f f e c t of concentration of NaOH so l u t i o n on weight 
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Figure 5. V a r i a t i o n of c o r r o s i o n depth of MTHPA-EP with 
immersion time i n various c o n d i t i o n s . 
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t h i s behavior i s s i m i l a r to that of an o x i d a t i o n of metal at high 
temperature with the formation of rough, porous oxide s c a l e . This 
has shown that the concept of co r r o s i o n rate i n metals can be 
app l i e d even i n p l a s t i c m a t e r i a l s . 

Figure 6 shows the IR a n a l y s i s of the s o f t corroded l a y e r 

Figure 6. IR spectrum of MTHPA-EP. before immersion, 
a f t e r 360 hrs immersion i n 40wt.% NaOH at 80 C. 

compared with noncorroded r e s i n . In case of the corroded r e s i n , 
e s ter peak around 1730cm"1 disappears and carboxylate peak appears 
near 1570cm"1 and 1440cm"1 . This has been proved by the h y d r o l y s i s 
of the este r s as shown below, 

9 9 
R-C-0R' + OH" ^R-C-0" + R'OH (1) 

Thus, severe corroded l a y e r i s formed because MTHPA-EP has r e l a t i v e 
short main chain, and these main chains are c r o s s l i n k e d by the est e r 
bonds. 

IR a n a l y s i s of the r e s i n specimen below the corroded l a y e r 
showed no sig n of c o r r o s i o n , which i m p l i e s that the chemical attack 
progresses gradually from the surface and also c o r r o s i o n behavior 
depends s t r o n g l y on higher r e a c t i o n rate shown i n Equation 1 than 
penetration rate of NaOH s o l u t i o n i n t o the r e s i n , 
(b) Epoxy Resin Cured with MDA 

The e f f e c t of concentration of NaOH s o l u t i o n on weight change 
of epoxy r e s i n cured with MDA(MDA-EP) i s shown i n Figure 7. Only a 
small amount of weight gain was observed although a f t e r 3000 hrs 
immersion. The weight gain, however, decreases with an increase of 
concentration. The main reason f o r t h i s behavior i s the increase of 
w e t a b i l i t y as shown i n Figure 8. Figure 9 presents the change of 
f l e x u r a l strength a f t e r immersion, and i t holds same strength as 
that of before t e s t i n g even longer immersion at 80 °C. Therefore, 
MDA-EP i s not attacked by NaOH because of i t s s t a b l e c r o s s l i n k s of 
C-N bonds. 
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Figure 7. E f f e c t of concentration of NaOH s o l u t i o n on weight 
change of MDA-EP at 80°C. 
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Figure 8. E f f e c t of concentration of NaOH s o l u t i o n on the 
w e t a b i l i t y to MDA-EP at 80°C. 
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Figure 9. Retention of f l e x u r a l strength of MDA-EP i n various 
concentrations at 80°C. 

CORROSION BEHAVIOR OF UNSATURATE
Figures 10 and 11

strength f o r i s o - p h t h a l i c unsaturated polyeste  r e s i  (iso-UP)
These behaviors show almost the same tendency as MTHPA-EP, however, 
as shown i n Figure 12 the concentration i n f l u e n c e s f l e x u r a l strength 
and the strength becomes minimum at the concentration of 30wt%. 
This behavior i s thought to depend on c o n t r a d i c t o r y tendency of the 
w e t a b i l i t y and the r e a c t i v i t y with the concentration. 

In iso-UP, c o l o r changed r u b b e r - l i k e l a y e r was c l e a r l y observed 
as shown i n Figure 13. IR a n a l y s i s of the c o l o r changed l a y e r 
showed the same r e s u l t s of h y d r o l y s i s of e s t e r s as Figure 6. The 
thickness of hydrolyzed area was measured by IR, and the r e s u l t s 
agreed w e l l with that of the c o l o r changed l a y e r measured by o p t i c a l 
microscope as shown i n Figure 14. The thickness of the l a y e r was 
defined as c o r r o s i o n depth x. Figure 15 shows the v a r i a t i o n of 
depth χ with immersion time t , and the f o l l o w i n g r e l a t i o n holds, 

x 2= k j t or x = k 2 t 1 / 2 (2) 
where, k j and k 2 are constants. 

Immersion time, t [ hr ] 

Figure 10. E f f e c t of temperature of 10wt.% NaOH s o l u t i o n on 
weight change of iso-UP. 
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Figure 12. Retention of f l e x u r a l strength of iso-UP vs. 
concentration of NaOH s o l u t i o n at 80°C. 

Figure 13. Scanning e l e c t r o n micrograph of f r a c t u r e d surface of 
iso-UP a f t e r f l e x u r a l t e s t . (504 hr, 80°C, 10wt.% NaOH s o l u t i o n ) 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



322 POLYMERIC MATERIALS FOR CORROSION CONTROL 

150 

100 

s 5 0 

1 y 1 1 

• IR 
Ο Microscc pe 

Ο 

0 

I I 
200 400 

Immersion time, t [hr] 

Figure 14. Compariso
measured by IR and o p t i c a

5 t ι ι ι ι ι 1 
5 10 50 100 500 1000 5000 

Immersion time, t [ hr ] 

Figure 15. V a r i a t i o n of co r r o s i o n depth of iso-UP with 
immersion time i n various c o n d i t i o n s . 

Iso-UP has ester bonds only i n the main chain where h y d r o l y s i s 
occurs, so a part of r e a c t i o n products from the main chain d i s s o l v e s 
i n t o the s o l u t i o n . While the c r o s s l i n k formed by styrene remains 
unaffected because of i t s s t a b l e C-C bonding. As a r e s u l t , the 
corroded surface l a y e r r e s i s t s the d i f f u s i o n of NaOH s o l u t i o n . This 
mechanism i s j u s t l i k e an o x i d a t i o n of the metal at high temperature 
with formation of t h i c k , cohered oxide s c a l e , and can be expressed 
by s i m i l a r r e l a t i o n of Wagner's p a r a b o l i c law as shown i n Equation 2· 
The concept of c o r r o s i o n i n metals can be ap p l i e d i n t h i s case too. 
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PREDICTION OF STRENGTH OF RESINS IN CORROSIVE ENVIRONMENT 
In MTHPA-EP and iso-UP r e s i n s , the strength of the r e s i n below 

the corroded l a y e r of specimen was same as that of before immersion. 
Assuming that the corroded l a y e r has no strength, the p r e d i c t i o n of 
strength a f t e r immersion was made by estimating the c o r r o s i o n depth 
i n the f o l l o w i n g way. 
(a) Epoxy Resin Cured w i t h MTHPA 

Rate of es t e r h y d r o l y s i s depends on both concentrations of 
ester bonds i n the r e s i n and s o l u t i o n at constant temperature, then 

C d x / d t = k 3 C a C 3 (3) Ε L E 
where Cg i s concentration of ester bonds per u n i t volume of the 
r e s i n , C L i s concentration of the s o l u t i o n , α and β are order of 
r e a c t i o n , and k 3 i s r e a c t i o n rate constant
From Arrhenius' equation
temperature T, 

k 3=A i exp(-E/RT) (4) 

From Equations 3 and 4, the c o r r o s i o n r a t e becomes, 

dx/dt=A 2exp(-E/RT)C α (5) L 
Equation 5 i s confirmed by Figures 16 and 17, and from these r e s u l t s 
χ i s given as 

x=A 2exp(-18.8xlO /RT)^' . t (6) 

(b) I s o - p h t h a l i c Unsaturated P o l y e s t e r Resin 
k2 i n Equation 2 was obtained from Figure 15 and p l o t t e d 

against r e c i p r o c a l temperature as shown i n Figure 16. The same 
r e l a t i o n with temperature as that of Equation 4 holds, thus 

x=A 3exp(-12.8xl0 3/RT)t l / 2 (7) 
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Τ = 80 °C 
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Figure 17. E f f e c t of concentration on co r r o s i o n rate of 
MTHPA-EP. 

(c) P r e d i c t i o n of Strengt
The apparent f l e x u r a l strength o^1 a f t e r immersion i s expressed 

as ο pi 
σ ' = ̂ ^ Τ (8) 

B 2bh 2 

where h, b, and 1 are t h i c k n e s s , width and span of the specimen 
before immersion r e s p e c t i v e l y . 

The true f l e x u r a l strength σ i s equal to that of the 
o r i g i n a l r e s i n σ » thus Bo 

3P 1 
On=On = „ , 2 (9) "B ~B 0 2 ( b - ^ x X h ^ x ) ' 

Equations 8 and 9 give the r e t e n t i o n of f l e x u r a l strength S, 
c °* (b-2x)(h-2x) 2 

s " S . " - b P ( 1 0 ) 

C a l c u l a t e d values of r e t e n t i o n of strength by Equation 10 f o r MTHPA-
EP were compared with experimental values as shown i n Figure 18. 
Ca l c u l a t e d values were w e l l c o i n c i d e d with experimental values. 

As the r e t e n t i o n of strength S v a r i e s only with x > 3
 a master 

curve can be obtained by p l o t t i n g the terms exp(-18.8xl0 /RT)CL* 5 6-t 
or exp(-12.8xl0 3 / R T ) t 1 / 2 as shown i n Figure 19. By using these 
master curves, the r e t e n t i o n of strength a f t e r long term immersion 
at any temperature and concentration can be pr e d i c t e d . 

CONCLUSIONS 
D i f f e r e n t behaviors and mechanisms of co r r o s i o n were c l e a r l y 

recognized i n a l k a l i n e s o l u t i o n between two types of epoxy r e s i n s 
and a pol y e s t e r r e s i n depending on t h e i r d i f f e r e n t chemical 
s t r u c t u r e s . Epoxy r e s i n cured with MDA showed no degradation during 
immersion because of i t s s t a b l e c r o s s l i n k s . Epoxy r e s i n cured with 
MTHPA showed the uniform c o r r o s i o n w i t h the d i s s o l u t i o n of the 
surface, and the r e s i n behaved s i m i l a r to the o x i d a t i o n c o r r o s i o n of 
metals at high temperature obeying l i n e a r law. On the other hand, 
i s o - p h t h a l i c unsaturated p o l y e s t e r r e s i n was corroded w i t h the 
formation of the c o l o r changed r u b b e r - l i k e surface l a y e r . Thus 
c o r r o s i o n r a t e of t h i s r e s i n was c o n t r o l l e d by the d i f f u s i o n of the 
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Figure 18. Comparison of experimented r e s u l t s with c a l c u l a t e d 
r e s u l t s f o r r e t e n t i o n of f l e x u r a l strength of MTHPA-EP. 

Figure 19. Master curves to p r e d i c t r e t e n t i o n of f l e x u r a l 
strength of MTHPA-EP and iso-UP. 
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s o l u t i o n through the l a y e r , and was s i m i l a r to the o x i d a t i o n 
c o r r o s i o n of metals at high temperature obeying Wagner's p a r a b o l i c 
law. Therefore, the concept of c o r r o s i o n mechanism i n metals can be 
ap p l i e d a l s o to the p l a s t i c m a t e r i a l s . F i n a l l y , i n order to p r e d i c t 
the strength of the r e s i n a f t e r immersion, master curve i n c l u d i n g 
e f f e c t s of temperature and concentration of s o l u t i o n was proposed by 
applying c o r r o s i o n r a t e concept as i n metals. 
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Structure-Property Relationships in Tin-Based 
Antifouling Paints 
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2International Paint PLC, Stoneygate Lane, Felling, NE10 OJY, England 

Compositionally homogeneou
tributyltin methacrylat
compositionally homogeneous and heterogeneous 
terpolymers of tributyltin methacrylate, methyl 
methacrylate and 2-ethyl hexyl acrylate have been 
synthesised and the thermal and mechanical 
properties of the polymers, and paints made from 
these polymers, measured in relation to polymer 
composition and composition distribution. The 
self polishing and anti-fouling characteristics of 
the materials have also been examined. It has 
been shown that there are marginal advantages to be 
obtained in the use of compositionally controlled 
multicomponent polymers for anti-fouling paints. 

The p r o t e c t i o n a g a i n s t c o r r o s i o n o f s h i p s a n d o t h e r m a r i n e e q u i p m e n t 
makes demands on t h e p r o t e c t i v e c o a t i n g s o v e r a n d a b o v e t h o s e w h i c h 
m i g h t be e x p e c t e d f o r l a n d b a s e d m e t a l s t r u c t u r e s . W h a t e v e r t h e 
e n v i r o n m e n t , m e c h a n i c a l damage t o t h e p r o t e c t i v e c o a t i n g t h r o u g h 
i m p a c t i s p r o b a b l y t h e m a j o r c a u s e o f t h e i r f a i l u r e a n d 
c o n s e q u e n t i a l c o r r o s i o n a t t h e s i t e o f d a m a g e . W i t h s h i p s t h e r e a r e 
u n i q u e p r o b l e m s w i t h t h o s e p a r t s o f t h e s t r u c t u r e w h i c h r e s i d e b e l o w 
t h e w a t e r - l i n e i n t h a t t h e m e t a l s u b s t r a t e s i n t h i s s i t u a t i o n n o t 
o n l y h a v e t o w i t h s t a n d i m p a c t damage b u t m u s t a l s o r e s i s t f o u l i n g by 
m a r i n e o r g a n i s m s . The i d e a l c o a t i n g s h o u l d p r o v i d e b o t h c o r r o s i o n 
a n d a n t i - f o u l i n g r e s i s t a n c e . The m o s t common p r a c t i c a l s o l u t i o n t o 
t h e p r o b l e m i s t o a p p l y two c o a t i n g s , t h e f i r s t w h i c h i s 
s p e c i f i c a l l y a i m e d a t c o r r o s i o n p r o t e c t i o n a n d t h e s e c o n d w h i c h 
p r o v i d e s p r o t e c t i o n a g a i n s t a n t i - f o u l i n g . O u r c o n c e r n h e r e i s w i t h 
a n t i - f o u l i n g c o a t i n g s o n l y . 

F o u l i n g o f h u l l s l e a d s t o a s i g n i f i c a n t i n c r e a s e i n t h e s u r f a c e 
r o u g h n e s s w h i c h i n t u r n i n t r o d u c e s a n e c o n o m i c p e n a l t y f o r s h i p 
o w n e r s . The i m p o r t a n c e o f s u r f a c e r o u g h n e s s h a s b e e n r e v i e w e d by 
C h r i s t i e { ! ) , who a l s o d e s c r i b e s t h e d e v e l o p m e n t o f s e l f p o l i s h i n g 

0097-6156/ 86/ 0322-0327506.00/ 0 
© 1986 American Chemical Society 
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c o p o l y m e r ( S P C ) a n t i - f o u l 1 n g p a i n t s w h i c h p r e v e n t f o u l i n g o v e r 
e x t e n d e d p e r i o d s a n d w h i c h a l s o d e c r e a s e t h e s u r f a c e r o u g h n e s s o f 
h u l l s i n s e r v i c e . T h e s e p a i n t s h a v e e v o l v e d f r o m t h e w o r k o f 
M o n t e r m o s o e t a l ( 2 ) a n d w e r e d e v e l o p e d i n t o c o m m e r c i a l s e l f -
p o l i s h i n g p a i n t s y s t e m s by M i l n e a n d H a i l s ( 3 ) . The b e n e f i t s o f 
s e l f p o l i s h i n g p a i n t s s y s t e m s a r e now w i d e T y ~ ~ r e c o g n i s e d a n d SPC 
p a i n t s h o l d a m a j o r s h a r e o f t h e a n t i - f o u l a n t m a r k e t . 

G e n e r a l l y , a n t i f o u l i n g c o a t i n g s c o n t a i n i n g o r g a n o t i n compounds may 
be d i v i d e d i n t o two t y p e s : p o l i s h i n g a n d n o n - p o l i s h i n g . In 
c o n v e n t i o n a l n o n - p o l i s h i n g p a i n t s t h e t i n compounds a r e p h y s i c a l l y 
t r a p p e d i n t o a p o l y m e r m a t r i x a n d t h e a n t i - f o u l i n g b e h a v i o u r i s 
d e p e n d e n t o n t h e l e a c h i n g o f t h e b i o c i d e f r o m t h e m a t r i x . W i t h 
s e l f - p o l i s h i n g p a i n t s t h e a n t i - f o u l i n g m e c h a n i s m i s more c o m p l e x . 
The b i o c i d e i s a t t a c h e d t o t h e p o l y m e r s u b s t r a t e a n d h a s t o be 
r e l e a s e d by a h y d r o l y s i s m e c h a n i s m . The h y d r o l y s i s r e a c t i o n 
m o d i f i e s t h e s u r f a c e o f
more s u s c e p t i b l e t o r e m o v a
t h e h u l l - w a t e r i n t e r f a c e when a s h i p moves t h r o u g h w a t e r . 

R e c e n t l y , c o n c e r n h a s b e e n e x p r e s s e d a b o u t p o s s i b l e 
e n v i r o n m e n t a l p r o b l e m s w h i c h m i g h t r e s u l t f r o m t h e r e l e a s e o f t h o s e 
p a i n t s i n w h i c h t h e t i n compounds a r e n o t c h e m i c a l l y b o n d e d t o t h e 
b a s e p o l y m e r . O b v i o u s l y i t i s d e s i r a b l e t o r e d u c e t h e amount o f 
b i o c i d a l l y a c t i v e m a t e r i a l f r o m a n t i - f o u l i n g p a i n t s t o t h e l o w e s t 
p r a c t i c a b l e l e v e l . An u n d e r s t a n d i n g o f t h e s t r u c t u r e 
p r o p e r t y - r e l a t i o n s h i p s i n t h e c o p o l y m e r o r m u l t i c o m p o n e n t p o l y m e r s 
w h i c h a r e u s e d i n SPC p a i n t s i s e s s e n t i a l i n o r d e r t o make t h e m o s t 
e f f e c t i v e u s e o f t h e b i o c i d e . To f u l l y e v a l u a t e t h e 
s t r u c t u r e - p r o p e r t y r e l a t i o n s h i p s , i t i s n e c e s s a r y t o d e c o u p l e a v e r y 
l a r g e number o f i n t e r a c t i n g p a r a m e t e r s , f o r e x a m p l e , m o l e c u l a r 
f e a t u r e s s u c h a s c h e m i c a l c o m p o s i t i o n , c h e m i c a l c o m p o s i t i o n 
d i s t r i b u t i o n o r m o l e c u l a r w e i g h t a n d t h e i r i n f l u e n c e on p o l y m e r 
h y d r o p h i l i c i t y , f i l m f o r m i n g c h a r a c t e r o r m e c h a n i c a l p r o p e r t i e s . I t 
i s a l m o s t i n e v i t a b l e w i t h s u c h a c o m p l e x s e t o f i n t e r a c t i n g f a c t o r s 
t h a t t h e r e w i l l be no s i n g l e i d e a l p o l y m e r s t r u c t u r e f o r a l l 
p u r p o s e s b u t r a t h e r t h a t t h e r e m i g h t be some o p t i m u m s t r u c t u r e w h i c h 
s a t i s f i e s a number o f t h e m a j o r c r i t e r i a f o r a n y g i v e n e n d u s e . 

An e a r l y s t u d y o f t h e i n f l u e n c e o f c o m p o s i t i o n h e t e r o g e n e i t y on 
t h e p h y s i c a l p r o p e r t i e s o f c o p o l y m e r s was u n d e r t a k e n b y N i e l s o n ( 4 ) , 
b u t t o t h e k n o w l e d g e o f t h e a u t h o r s , t h e r e h a v e b e e n no s i m i l a r 
i n v e s t i g a t i o n s i n v o l v i n g t i n - b a s e d p o l y m e r s . In t h i s w o r k a r a n g e 
o f d i f f e r e n t a c r y l i c c o - a n d t e r p o l y m e r s h a s b e e n p r e p a r e d a n d t h e 
e f f e c t s o f c o m p o s i t i o n a n d c o m p o s i t i o n d i s t r i b u t i o n o n t h e p h y s i c a l 
a n d p e r f o r m a n c e - r e l a t e d p r o p e r t i e s o f t h e p o l y m e r s i n t h e i r n a t i v e 
s t a t e a n d i n p a i n t s h a v e b e e n e x a m i n e d . 

As a n e c e s s a r y p r e l i m i n a r y t o t h e s t u d y o f how c o m p o s i t i o n a l 
h e t e r o g e n e i t y a f f e c t s t h e p r o p e r t i e s o f t h e p o l y m e r s , 
c o m p o s i t i o n a l l y h e t e r o g e n e o u s a n d homogeneous c o - a n d t e r p o l y m e r s 
h a d t o be s y n t h e s i s e d . I t i s common i n c o p o l y m e r i s a t i o n s f o r t h e 
r e l a t i v e r e a c t i v i t y o f t h e c o - m o n o m e r s t o be d i f f e r e n t (5± s o t h a t 

d u r i n g p o l y m e r i s a t i o n s c a r r i e d o u t t o h i g h c o n v e r s i o n i n a 
f r e e - r u n n i n g b a t c h r e a c t o r , t h e i n i t i a l l y f o r m e d p o l y m e r i s r i c h e r 
i n t h e more r e a c t i v e monomer, w h e r e a s , a t t h e e n d o f t h e r e a c t i o n 
t h e p o l y m e r p r o d u c e d c o n t a i n s a g r e a t e r p r o p o r t i o n o f t h e l e s s 
r e a c t i v e monomer. In s u c h c i r c u m s t a n c e s , c o m p o s i t i o n a l 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



29. IBBITSON ET AL. Tin-Based Antifouling Paints 329 

h e t e r o g e n e i t y i s i n e v i t a b l e i n t h e p o l y m e r w h i c h i s f i n a l l y i s o l a t e d 
f r o m s u c h a p r o c e s s . 

C o m p o s i t i o n a l l y u n i f o r m c o p o l y m e r s o f t r i b u t y l t i n m e t h a c r y l a t e 
(TBTM) a n d m e t h y l m e t h a c r y l a t e (MMA) a r e p r o d u c e d i n a f r e e r u n n i n g 
b a t c h p r o c e s s by v i r t u e o f t h e monomer r e a c t i v i t y r a t i o s f o r t h i s 
c o m b i n a t i o n o f monomers ( r (TBTM) = 0 . 9 6 , r (MMA) = 1 . 0 a t 8 0 ° C ) . 
C o m p o s i t i o n a l l y homogeneous t e r p o l y m e r s w e r e s y n t h e s i s e d by k e e p i n g 
c o n s t a n t t h e i n s t a n t a n e o u s r a t i o o f t h e t h r e e monomers i n t h e 
r e a c t o r t h r o u g h t h e a d d i t i o n o f t h e more r e a c t i v e monomer ( o r 
monomers) a t an a p p r o p r i a t e r a t e . T h i s p r o c e d u r e h a s b e e n u s e d by 
G u y o t e t a l (§X i n t h e p r e p a r a t i o n o f b u t a d i e n e - a c r y l o n i t r i l e 
e m u l s i o n c o p o l y m e r s a n d by J o h n s o n e t a l {7)_ i n t h e s o l u t i o n 
c o p o l y m e r i s a t i o n o f s t y r e n e w i t h m e t h y l a c r y l a t e . 

EXPERIMENTAL 
MODELLING AND SIMULATIO

The m o d e l l i n g t e c h n i q u e s w h i c h a r e commonly u s e d f o r p o l y m e r i s a t i o n 
r e a c t i o n s h a v e b e e n r e v i e w e d ( 8 ) . D e t e r m i n i s t i c a n a l y t i c a l m o d e l s 
b a s e d on t h e d e t a i l e d c h e m i s t r y o f c o - and t e r p o l y m e r i s a t i o n s h a v e 
b e e n u s e d t o a s s i s t w i t h t h e d e s i g n o f r e a c t o r c o n d i t i o n s f o r t h e 
s y n t h e s i s o f p o l y m e r s w i t h s p e c i f i c c o m p o s i t i o n a n d s t r u c t u r e . 
T y p i c a l d a t a u s e d w i t h t h e s e m o d e l s a r e shown i n T a b l e 1. S i m p l e r 
mass b a l a n c e m o d e l s h a v e b e e n u s e d f o r t h e d e s i g n o f r e a c t o r c o n t r o l 
s t r a t e g i e s f o r t h e p r o d u c t i o n o f c o m p o s i t i o n a l l y homogeneous 
p o l y m e r s . F o r c o n t r o l p u r p o s e s , u s e h a s b e e n made o f t h e 
o b s e r v a t i o n t h a t f o r many t e r p o l y m e r i s a t i o n s ( a n d c o p o l y m e r i s a t i o n s , 
a l t h o u g h c o n t r o l was u n n e c e s s a r y f o r t h e monomer c o m b i n a t i o n u s e d i n 
t h i s w o r k ) i n d i v i d u a l monomers a r e c o n s u m e d by an a p p a r e n t f i r s t 
o r d e r p r o c e s s . When t h i s s i t u a t i o n p e r t a i n s ( a n d i f t h e r e a c t o r i s 
a s s u m e d t o be i s o t h e r m a l a n d t h e i n i t i a t o r h a s a l o n g h a l f - l i f e ) 
t h e n i t may be shown ( 9 ) t h a t t h e f o l l o w i n g e q u a t i o n s a r e t r u e f o r 
t e r p o l y m e r i s a t i o n s c a r r i e d o u t i n a s e m i - b a t c h r e a c t o r . 

d A / d t = - k l * A + F ( l ) * A ( F ) + [ F ( l ) + F ( 2 ) ] * A/V ( 1 ) 

d B / d t = - k 2 * B + [ F ( l ) + F ( 2 ) ] * B/V ( 2 ) 

d C / d t = - k 3 * C + F ( 2 ) + C ( F ) + T F ( 1 ) + F ( 2 ) ^ * C/V ( 3 ) 

w h e r e t h e monomer f e e d s a r e F ( l ) = T A / A ( F ) 1 * ( k l - k 2 ) a n d 
F ( 2 ) = rc / C ( F ) ] * ( k 3 - k 2 ) a n d k l , k2 a n d k 3 a r e a p p a r e n t f i r s t 
o r d e r r a t e c o n s t a n t s f o r i n d i v i d u a l monomers b u t a t a s p e c i f i c 
monomer c o m p o s i t i o n . I n t h e s e e q u a t i o n s t h e t h r e e monomer 
c o n c e n t r a t i o n s ( m o l e s ) a r e d e s i g n a t e d by A Β a n d C a n d i t i s a s s u m e d 
t h a t Β r e a c t s more s l o w l y t h a n A a n d C. The c o n c e n t r a t i o n o f t h e 
more r e a c t i v e monomers i n t h e f e e d s a r e A ( F ) a n d C ( F ) ( m o l e s / 1 ) a n d 
F ( l ) a n d F ( 2 ) a r e t h e f e e d r a t e s ( 1 / m i n ) . T h e s e e q u a t i o n s d e f i n e 
t h e f e e d p r o f i l e f o r t h e p r o d u c t i o n o f c o r n p o s i t i o n a l l y homogeneous 
p r o d u c t s . P r e c i s e k i n e t i c c o n s t a n t s a r e n e c e s s a r y i n o r d e r t o 
e x e c u t e e f f e c t i v e e x p e r i m e n t a l c o n t r o l o f t h e p o l y m e r s i a t i o n 
r e a c t o r s a n d t h e m e t h o d s u s e d t o o b t a i n t h e s e d a t a a n d some t y p i c a l 
c o n s t a n t s f o r o n e t e r n a r y s y s t e m a r e r e p o r t e d o v e r l e a f . 
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Table 1 . K i n e t i c p a r a m e t e r s u s e d i n s i m u l a t i o n s t u d i e s o f t h e 
c o p o l y m e r ! s a t i o n o f MMA w i t h TBTM. 

k d 1 . 5 0 . 1 0 e x p ( - 3 0 8 0 0 / R T ) s 

k l l 3 . 2 0 . 1 0 e x p ( - 7 0 0 0 / R T ) l / s / m o l 

k l 2 1 . 7 5 . 1 0 e x p ( - 9 4 8 0 / R T ) l / s / m o l 

k 2 1 4 . 2 0 . 1 0 e x p ( - 7 5 2 0 / R T ) l / s / m o l 

k 2 2 6 . 6 0 . 1 0 e x p ( - 6 3 0 0 / R T ) l / s / m o l 

k t l l = 1 . 2 3 . 1 0 e x p ( - 3 0 0 0 / R T ) l / s / m o l 

k t 2 2 = 

k t l 2 = ( k t l l * k t 2 2 ) 

Monomer 1 = MMA a n d monomer 2 = TBTM 

k l l = h o m o p o l y m e r i s a t i o n c o n s t a n t f o r monomer 1 

k 2 2 = h o m o p o l y m e r i s a t i o n c o n s t a n t f o r monomer 2 

k l 2 a n d k 2 1 a r e t h e c r o s s p r o p a g a t i o n c o n s t a n t s 

k t l 2 an a v e r a g e t e r m i n a t i o n c o n s t a n t 

A f u l l d e s c r i p t i o n o f t h e m o d e l l i n g a n d c o n t r o l o f m u l t i c o m p o n e n t 
p o l y m e r i s a t i o n s i s b e y o n d t h e s c o p e o f t h i s p r e s e n t a t i o n s i n c e t h e r e 
a r e many e x c e p t i o n s t o t h e a b o v e s i m p l i s t i c model h e n c e d e t a i l s w i l l 
be d e s c r i b e d e l s e w h e r e ( 9 ) . 

POLYMER SYNTHESIS 

A l l p o l y m e r i s a t i o n s w e r e c a r r i e d o u t i n n i t r o g e n p u r g e d x y l e n e 
s o l u t i o n s i n a t h e r m o s t a t i c a l l y c o n t r o l l e d o n e l i t r e g l a s s r e a c t o r . 
S e m i - b a t c h p r o c e s s e s w e r e c a r r i e d o u t i n a s i m i l a r r e a c t o r w h i c h was 
p r o v i d e d w i t h c a l i b r a t e d p e r i s t a l t i c pumps ( c o m p u t e r c o n t r o l l e d when 
n e c e s s a r y ) f o r d e l i v e r i n g t h e monomer f e e d s . T y p i c a l l y , e x p e r i m e n t s 

w e r e c a r r i e d o u t a t 8 0 ° C w i t h monomer c o n c e n t r a t i o n s w h i c h g a v e 
s o l i d s c o n t e n t s i n t h e r a n g e 10 - 60% a t 100% c o n v e r s i o n . 

The c o n t r o l s t r a t e g i e s f o r d e t e r m i n i n g t h e f e e d p o l i c i e s w e r e 
d e c i d e d on t h e b a s i s o f a n u m e r i c a l s o l u t i o n o f t h e 
t e r p o l y m e r i s a t i o n s d e s c r i b e d by e q u a t i o n s 1 - 3 u s i n g a 
m i c r o c o m p u t e r a n d a g e n e r a l p u r p o s e s i m u l a t i o n p a c k a g e , BEEBS0C 
( 1 0 ) . Where n e c e s s a r y , t h e s e d a t a w e r e a c q u i r e d i n t h e c o u r s e o f 
t h i s s t u d y , o t h e r w i s e l i t e r a t u r e v a l u e s w e r e u s e d . The a p p a r e n t 
f i r s t o r d e r r a t e c o n s t a n t s i n t e r p o l y m e r i s a t i o n s h a v e b e e n shown t o 
be c o m p o s i t i o n d e p e n d e n t . The v a r i a t i o n i n r a t e c o n s t a n t s w i t h 
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c o m p o s i t i o n a t 8 0 ° C c a n be d e s c r i b e d by t h e f o l l o w i n g e q u a t i o n s : 

k(MMA) = - 0 . 0 2 5 * X + 0 . 0 3 4 6 ( 4 ) 

k(TBTM) = 0 . 0 3 6 * X + 0 . 0 0 6 5 ( 5 ) 

k ( 2 E H A ) = 0 . 0 5 6 * X + 0 . 0 0 6 2 ( 6 ) 

w h e r e k ( ) i s t h e a p p a r e n t r a t e c o n s t a n t a n d X t h e i n i t i a l w e i g h t 
f r a c t i o n o f t h e r e s p e c t i v e monomer i n t h e r e a c t o r f e e d . 

The f o l l o w i n g m a t e r i a l s w e r e u s e d a s s u p p l i e d : t r i b u t y l t i n 
m e t h a c r y l a t e ( I n t e r n a t i o n a l P a i n t p i c ) , 2 - e t h y l h e x y l a c r y l a t e 
( A l d r i c h C h e m i c a l C o . L t d . ) , m e t h y l m e t h a c r y l a t e ( I C I p i c ) 
s u l p h u r - f r e e x y l e n e a n d c h l o r o f o r m (May arid B a k e r L t d . ) . 

POLYMER CHARACTERISATIO

A number o f m e t h o d s w e r e e x p l o r e d f o r m o n i t o r i n g t h e p r o g r e s s o f 
p o l y m e r i s a t i o n s . I n e a c h c a s e s a m p l e s w e r e r e m o v e d f r o m t h e r e a c t o r 
a t a p p r o p r i a t e t i m e i n t e r v a l s a n d a n a l y s e d o f f - l i n e . G a s - l i q u i d 
c h r o m a t o g r a p h y p r o v e d t o be u n r e l i a b l e f o r a n a l y s i s o f r e s i d u a l 
monomer c o n c e n t r a t i o n s b e c a u s e o f monomer d e c o m p o s i t i o n on t h e 
c o l u m n s a n d t h e r e l a t i v e l y l o w v o l a t i l i t y o f t h e t i n - c o n t a i n i n g 
monomer. G r a v i m e t r i c a n a l y s i s o f t h e p o l y m e r p r o d u c e d w i t h t i m e by 
p r e c i p i t a t i o n was a l s o shown t o be i n a c c u r a t e , p a r t i c u l a r l y a t l o w 
c o n v e r s i o n , b e c a u s e o f i n c o m p l e t e i s o l a t i o n o f l o w e r m o l e c u l a r 
w e i g h t m a t e r i a l a n d t h e r e t e n t i o n o f r e s i d u a l s o l v e n t a n d monomer 
b y t h e p r e c i p i t a t e . The p o l y m e r i s a t i o n s w e r e s u c c e s s f u l l y f o l l o w e d 
u s i n g g e l p e r m e a t i o n c h r o m a t o g r a p h y (GPC) t o m o n i t o r r e s i d u a l 
m o n o m e r s . 

The c h r o m a t o g r a p h ( W a t e r s A s s o c i a t e s ) was f i t t e d w i t h PL G e l 
c o l u m n s ( P o l y m e r L a b o r a t o r i e s L t d . ) a n d two i n f r a r e d d e t e c t o r s i n 
s e r i e s . C h l o r o f o r m was u s e d a s t h e e l u a n t . I n f r a r e d d e t e c t o r s w e r e 
u s e d b e c a u s e t h e t i n c o n t a i n i n g a c r y l i c monwner h a s a c h a r a c t e r i s t i c 
c a r b o n y l s t r e t c h i n g f r e q u e n c y a t 1 6 2 0 cm w h i c h i s w e l l r e m o v e d 
f r o m t h a t o f o t h e r a c r y l i c monomers w h i c h h a v e , c a r b o n y l a b s o r p t i o n s 
a t t h e more c h a r a c t e r i s t i c w a v e n u m b e r 1 7 2 0 cm" . B o t h p e a k s o b e y e d 
t h e B e e r L a m b e r t l a w . A t y p i c a l c h r o m a t o g r a m s h o w i n g t h e s e p a r a t i o n 
o f r e s i d u a l monomers a n d p o l y m e r i s shown i n F i g u r e 1 . 

POLYMER TESTING 

P o l y m e r f i l m s o f a p p r o x i m a t e l y 1 0 0 0 m i c r o n s w e t f i l m t h i c k n e s s w e r e 
l a i d down w i t h a b a r a p p l i c a t o r on PTFE c o a t e d g l a s s p a n e l s a n d t h e 
s o l v e n t a l l o w e d t o e v a p o r a t e a t a m b i e n t t e m p e r a t u r e f o r a s t a n d a r d 
p e r i o d o f s e v e n d a y s . A t y p i c a l p l o t o f s o l v e n t w e i g h t l o s s w i t h 
t i m e i s shown i n F i g u r e 2 . The t h i c k n e s s o f t h e w e t f i l m was 
d i c t a t e d by t h e n e e d t o h a v e a d e q u a t e m e c h a n i c a l s t r e n g t h i n t h e d r y 

f i l m s i n o r d e r t h a t t h e y m i g h t be s u i t a b l e f o r s u b s e q u e n t m e c h a n i c a l 
t e s t p r o c e d u r e s . D r y f i l m t h i c k n e s s e s w e r e a p p r o x i m a t e l y 3 0 0 
m i c r o n s a s m e a s u r e d by m i c r o m e t e r . The d r i e d p o l y m e r f i l m s w e r e 
e x a m i n e d by d y n a m i c m e c h a n i c a l t h e r m a l a n a l y s i s (DMTA) ( P o l y m e r 
L a b o r a t o r i e s L t d . ) . T y p i c a l DMTA d a t a f o r a p o l y m e r a n d p a i n t a r e 
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shown i n F i g u r e 3 . T e n s o m e t r y ( I n s t r o n M o d e l 1 0 2 6 ) was u s e d t o 
o b t a i n m e c h a n i c a l p e r f o r m a n c e d a t a on b o t h p o l y m e r a n d p a i n t f i l m s . 

PAINT PREPARATION AND TESTING 

P a i n t s w e r e p r e p a r e d f r o m p o l y m e r s o f d i f f e r e n t c o m p o s i t i o n a n d 
c o m p o s i t i o n d i s t r i b u t i o n u s i n g a s t a n d a r d c o p p e r t h i o c y a n a t e b a s e d 
f o r m u l a t i o n s i m i l a r t o t h a t w h i c h h a s b e e n d e s c r i b e d by H a i l s a n d 
Symonds ( 1 1 ) . A r o t a t i n g d i s c t e c h n i q u e ( 3 ) was u s e d t o m e a s u r e t h e 
p o l i s h i n g r a t e ( w h i c h i s a m e a s u r e o f h y d r o l y s i s r a t e ) o f p o l y m e r 
a n d p a i n t f i l m s . S t a n d a r d c o a t e d p a n e l s w e r e a t t a c h e d t o a d i s c 
( F i g u r e 4 ) i n a r a d i a l d i s p l a y a n d t h i s d i s c t h e n r o t a t e d a t a 
c o n s t a n t s p e e d ( 1 4 0 0 rpm) i n a t h e r m o s t a t i c a l l y c o n t r o l l e d t a n k 
( 2 5 ° C ) o f r e p l e n i s h e d s e a w a t e r . They h y d r o l y t i c s t a b i l i t y o f t h e 
f i l m s was a s s e s s e d b y t h e r a t e o f c h a n g e o f f i l m t h i c k n e s s a s 
m e a s u r e d b y a s u r f a c e p r o f i l i n g t e c h n i q u e ( F e r r a n t i S u r f c o m ) . 

A n t i - f o u l i n g t e s t s
l a m i n a t e p a n e l s w h i c h
a n t i - c o r r o s i o n p a i n t . P e r f o r m a n c e was m e a s u r e d by v i s u a l 
o b s e r v a t i o n s o f t h e p a n e l s a f t e r p r o l o n g e d i m m e r s i o n (4 - 12 m o n t h s ) 
i n a known h i g h - f o u l i n g e s t u a r i n e e n v i r o n m e n t . 

RESULTS AND DISCUSSION 

The r e l a t i v e r e a c t i v i t y o f TBTM a n o MMA i s s u c h t h a t c o m p o s i t i o n a l l y 
homogeneous c o p o l y m e r s a r e p r o d u c e d t o c o m p l e t e c o n v e r s i o n o f 
monomers i n a f r e e - r u n n i n g b a t c h r e a c t o r . The r e a c t i v i t y o f 2EHA i s 
s i g n i f i c a n t l y l e s s t h a n t h a t o f e i t h e r o f t h e o t h e r two monomers i n 
t e r n a r y p o l y m e r i z a t i o n s a n d c o n t r o l a c t i o n i s r e q u i r e d d u r i n g 
p o l y m e r i z a t i o n i n o r d e r t o p r o d u c e homogeneous p r o d u c t s . The 
i n f l u e n c e o f c o n t r o l l e d monomer f e e d on t h e i n s t a n t a n e o u s r a t i o o f 
c o r e a c t a n t s c a n be s e e n i n F i g u r e 5 . The r a t i o o f MMA t o 2EHA 
r e m a i n s c o n s t a n t t h r o u g h o u t t h e r e a c t i o n w i t h c o n t r o l l e d MMA f e e d t o 
t h e r e a c t o r a n d t h e r a t i o o f TBTM t o 2EHA i s c o n s t a n t up t o 
a p p r o x i m a t e l y 97% c o n v e r s i o n o f monomers w i t h a c o n t r o l l e d TBTM 
f e e d . The s m a l l amount o f u n c o n t r o l l e d m a t e r i a l w h i c h i s i n t r o d u c e d 
i n t o t h e p r o d u c t b e y o n d 97% c o n v e r s i o n h a s b e e n c o n s i d e r e d 
i n s i g n i f i c a n t . The e r r o r i n m a k i n g a b s o l u t e m e a s u r e s o f r e s i d u a l 
monomer c o n c e n t r a t i o n s by GPC i n c r e a s e s a s t h e c o n c e n t r a t i o n s o f t h e 
monomers d e c r e a s e s a n d t h e r a t i o o f two i n a c c u r a t e s m a l l numbers c a n 
be m i s l e a d i n g a n d p r o b a b l y i s r e s p o n s i b l e f o r t h e l a r g e d e v i a t i o n 
shown i n t h e TBTM/2EHA r a t i o a t c o n v e r s i o n s >97%. 

G l a s s t r a n s i t i o n d a t a f o r c o p o l y m e r s a n d t e r p o l y m e r s o f 
c o n t r o l l e d a n d u n c o n t r o l l e d c o m p o s i t i o n a r e shown i n F i g u r e s 6 a n d 
7 . The T g ' s c a l c u l a t e d u s i n g t h e e q u a t i o n s 7 a n d 8 o f Fox ( 1 2 ) a n d 
Woods ( 1 3 ) h a v e b e e n u s e d w i t h t h e f o l l o w i n g h o m p o l y m e r T g ' s ; m e t h y l 
m e t h a c r y l a t e , 1 0 8 ° C ; t r i b u t y l t i n m e t h a c r y l a t e , 0 ° C ; 2 - e t h y l h e x y l 
a c r y l a t e , - 5 0 ° C ( 1 4 - 1 6 ) a r e a l s o s h o w n . 

Tg = w ( l ) . T g ( l ) + w ( 2 ) . T g ( 2 ) + w ( 3 ) . T g ( 3 ) ( 7 ) 

Tg = Γ Α ( 1 ) . w ( l ) / T g ( l ) ? + r A ( 2 ) . w ( 2 ) / T g ( 2 ) ] + Γ Α ( 3 ) . w ( 3 ) / T g ( 3 ) ] ( 8 ) 

In e q u a t i o n s 7 a n d 8 w ( i ) , T g ( i ) a n d A ( i ) a r e t h e w e i g h t f r a c t i o n 
a n d g l a s s t r a n s i t i o n s o f monomer w h e r e 1 = 1 , 2 o r 3 a n d A ( i ) i s a n 
a d j u s t a b l e p a r a m e t e r s . 
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FIGURE 1 . 

Elution Volume 

T y p i c a l GPC c h r o m a t o g r a m s o f r e s i d u a l monomers w i t h 
d e t e c t o r 1 s e t a t 1 7 2 0 c m ( - l ) a n d d e t e c t o r 2 a t 1 6 2 0 
c m ( - l ) . C o l u m n s ; 1 0 , 1 0 0 , 1 , 0 0 0 a n d 1 0 , 0 0 0 n m . , 
e a c h 30cm l o n g a n d p a c k e d w i t h 1 0 μ g e l p a r t i c l e s . 
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FIGURE 2 . T y p i c a l s o l v e n t l o s s ( b y w e i g h t ) f r o m a t h i n f i l m a t 
a m b i e n t t e m p e r a t u r e . W e i g h t o f d r y m a t e r i a l . 

0.6 

σ 0Â 

0.2 

0.0 

Polymer /" V - . ^ P a , n t 

T g 56°C / T g 6A°C 

20 AO 60 80 100 
Temperature (°C ) 

FIGURE 3 . T y p i c a l DMTA d a t a f o r t e r p o l y m e r a n d p a i n t . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
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(b) 

FIGURE 4 . S c h e m a t i c d i a g r a m o f r o t a t i n g d i s c p o l i s h i n g 
e q u i p m e n t . R o t o r s p e e d 1 4 0 0 r p m , t e m p e r a t u r e 2 5 ° C . 
( a ) p l a n v i e w o f d i s c a n d s a m p l e s ( b ) s i d e v i e w o f 
d i s c m o u n t e d i n w a t e r t a n k . 

FIGURE 5 . Monomer r a t i o i n c o n t r o l l e d (C) a n d u n c o n t r o l l e d (U) 
t y p i c a l t e r p o l y m e r i s a t i o n t a k e n t o h i g h c o n v e r s i o n . 
C o n t r o l was a c h i e v e d by f e e d i n g b o t h TBTM and MMA t o 
a s e m i - b a t c h r e a c t o r a t 8 0 ° C . Monomer r a t i o s 
m e a s u r e d by G P C . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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T h e r e a p p e a r t o be no r e p o r t e d v a l u e s f o r t h e Tg o f p o l y ( T B T M ) 
a n d i t p r o v e d d i f f i c u l t t o m e a s u r e a n y m e a n i n g f u l t r a n s i t i o n by 
d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y . The v a l u e o f 0 ° C was s e l e c t e d a s 
i t g a v e a r e a s o n a b l e f i t t o e x p e r i m e n t a l d a t a when u s i n g e q u a t i o n s 7 
a n d 8 . 

F o r b o t h t h e b i n a r y a n d t e r n a r y s y s t e m s t h e t r e n d s i n t h e T g ' s 
a r e a s m i g h t be e x p e c t e d i n a q u a l i t a t i v e s e n s e . N e i t h e r e q u a t i o n 7 
n o r 8 g i v e g o o d f i t s t o t h e e x p e r i m e n t a l d a t a o v e r t h e c o m p l e t e 
c o m p o s i t i o n r a n g e f o r e i t h e r t h e b i n a r y o r t e r n a r y c o p o l y m e r c a s e s 
b u t t h e g e n e r a l t r e n d i n T g ' s w i t h c o m p o s i t i o n i s a s m i g h t be 
p r e d i c t e d . T h e s e e q u a t i o n s a r e s e n s i t i v e t o t h e v a l u e s o f t h e 
h o m o p o l y m e r T g ' s u s e d . T h e r e i s no o b v i o u s r e a s o n why t h e r e s h o u l d 
be s u c h a s h a r p c h a n g e i n t h e o b s e r v e d T g ' s a t a b o u t 0 . 5 m o l e 
p e r c e n t o f m e t h y l m e t h a c r y l a t e a n d f o r t h e b i n a r y p o l y m e r o u r 
o b s e r v a t i o n s c a n b e a t t r i b u t e d t o t h e s m a l l a m o u n t s o f r e s i d u a l 
s o l v e n t w h i c h r e m a i n s i n t h e p o l y m e r s u s i n g t h e m e t h o d s we h a v e 
a d o p t e d t o p r o d u c e t h
a n a l y s e s . In t h e c o m m e r c i a
d r y i n a r e l a t i v e l y s h o r t t i m e a f t e r a p p l i c a t i o n ( 2 4 h o u r s o r 
l e s s ) . S h i p s may e n t e r s e r v i c e w e l l w i t h i n t h e t i m e s c a l e o f t h e 
s e v e n d a y d r y i n g p e r i o d u s e d f o r o u r l a b o r a t o r y p r e p a r e d f i l m s . 
A l t h o u g h t h e s o l v e n t r e m o v a l r a t e i s v e r y r a p i d i n i t i a l l y , t h e 
d i f f u s i o n r a t e o f s o l v e n t f r o m t h e f i l m s o o n becomes v e r y s l o w ( s e e 
F i g u r e 2 ) . A f t e r s e v e n d a y s t h e f i l m s m i g h t r e t a i n b e t w e e n 2 - 5 % 
s o l v e n t by w e i g h t d e p e n d i n g on t h e c o m p o s i t i o n o f t h e p o l y m e r f r o m 
w h i c h t h e s o l v e n t h a s h a d t o e s c a p e . In t h i s w o r k t h e d a t a h a v e 
b e e n o b t a i n e d w i t h m a t e r i a l s c o n t a i n i n g 4 . 0 + 0 . 5 % r e s i d u a l s o l v e n t . 
P r e c i s e s t u d i e s o f s o l v e n t e v a p o r a t i o n u n d e r c o n t r o l l e d c o n d i t i o n s 
h a v e n o t b e e n c a r r i e d o u t b u t i t i s e v i d e n t t h a t t h e l o w e r t h a n 
p r e d i c t e d Tg V a l u e s f o r h i g h m e t h y l m e t h a c r y l a t e c o n t e n t c o p o l y m e r s 
( F i g u r e 6 ) r e s u l t s f r o m t h e p l a s t i c i z i n g e f f e c t o f r e s i d u a l s o l v e n t . 
I t i s a p p r o p r i a t e t h a t m e a s u r e m e n t s a r e made on p o l y m e r a n d p a i n t 
f i l m s c o n t a i n i n g r e s i d u a l s o l v e n t a s t h e s e m e a s u r e m e n t s a r e more 
r e a l i s t i c i n r e l a t i o n t o t h e e n d u s e o f t h e m a t e r i a l s . F o r 
s c i e n t i f i c p u r p o s e s m e a s u r e m e n t s on t h e f u l l y d r i e d f i l m s a r e t h e 
o n l y o n e s o f r e l e v a n c e . Some t y p i c a l Tg d a t a f o r f u l l y d r i e d f i l m s 
a r e shown i n T a b l e 2 . On a v e r a g e t h e o b s e r v e d T g ' s a r e 1 0 ° C h i g h e r 
t h a n f o r f i l m s c o n t a i n i n g s m a l l a m o u n t s o f r e s i d u a l s o l v e n t . What 
i s n o t known i s t h e c o n t r i b u t i o n t o t h e p r o p e r t i e s o f s l o w s o l v e n t 
r e m o v a l f r o m p a i n t f i l m s i n s e r v i c e . In t h e c a s e o f n o n - s e l f 
p o l i s h i n g p a i n t s t h e c o n s e q u e n c e s m u s t be a t r e n d t o c o a t i n g s w h i c h 
a r e more b r i t t l e i n c h a r a c t e r . In t h e c a s e o f s e l f - p o l i s h i n g p a i n t s 
t h e s i t u a t i o n i s more c o m p l e x i n t h a t t h e s o l u b i l i z i n g e f f e c t o f t h e 
s e a w a t e r a t t h e c o a t i n g - w a t e r i n t e r f a c e i s l i k e l y t o c o u n t e r a c t t h e 
e m b r i t t l e m e n t w h i c h m i g h t o t h e r w i s e be o b s e r v e d . 

What i s a p p a r e n t i s t h a t T g ' s a r e i n s e n s i t i v e t o c o m p o s i t i o n a l 
h e t e r o g e n e i t y o f t h e p o l y m e r s . T h e r e i s some e v i d e n c e t h a t t h e T g ' s 
o f c o m p o s i t i o n a l l y homogeneous p o l y m e r s a r e h i g h e r t h a n f o r t h e 
h e t e r o g e n e o u s m a t e r i a l s b u t t h e d i f f e r e n c e i s s m a l l . F o r t h e 
comonomer s y s t e m s r e p o r t e d t h i s o b s e r v a t i o n i s n o t t o o s u r p r i s i n g 
s i n c e t h e r e a c t i v i t y r a t i o s o f TBTM a n d MMA a r e v e r y s i m i l a r . I t i s 
t h e r e a c t i v i t y o f t h e 2EHA w h i c h i s s i g n i f i c a n t l y d i f f e r e n t b u t t h i s 
monomer i s o n l y i n c o r p o r a t e d t o a r e l a t i v e l y s m a l l e x t e n t , <12% i n 
t h e t e r p o l y m e r , h e n c e t h e o v e r a l l i m p a c t o f c o m p o s i t i o n a l 
h e t e o g e n e i t y on t h e t h e r m a l a n d m e c h a n i c a l p r o p e r t i e s i s n o t l a r g e . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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Table 2. V a l u e s f o r X y l e n e - f r e e B i n a r y a n d T e r n a r y C o p o l y m e r s 

P o l y m e r Tg 
+ 4% X y l e n e 

Tg 
X y l e n e F r e e 

S t d . 1 
TBTM/MMA 
5 2 / 4 8 

57 65 

MMA/TBTM 
5 0 / 5 0 

4 9 58 

MMA/TBTM/2EHA (U) 
5 0 / 3 7 . 5 / 1 2 . 5 

4 2 57 

MMA/TBTM/2EHA (C) 46 6 0 

U U n c o n t r o l l e d p o l y m e r i s a t i o n 

C C o n t r o l l e d p o l y m e r i s a t i o n 

The p a i n t s made f r o m b o t h c o m p o s i t i o n a l l y c o n t r o l l e d p o l y m e r s 
a n d h e t e r o g e n e o u s p o l y m e r s show l i t t l e d i f f e r e n c e i n t h e i r t h e r m a l 
b e h a v i o u r , b u t t h e T g ' s f o r t h e f o r m e r a r e a g a i n s l i g h t l y h i g h e r 
t h a n f o r t h e l a t t e r ( F i g u r e 6 a n d 7 ) . The p a i n t s , a s m i g h t be 
e x p e c t e d , h a v e h i g h e r T g ' s t h a n t h e b a s e p o l y m e r s s i n c e t h e y c o n t a i n 
a p p r o x i m a t e l y 6 0 v o l u m e % i n o r g a n i c m a t e r i a l . 

T y p i c a l t e n s i l e t e s t d a t a a r e shown i n T a b l e 3 f o r b o t h b i n a r y 
a n d t e r n a r y p o l y m e r s , t h e m o s t s i g n i f i c a n t f e a t u r e s o f t h e s e d a t a 
a r e t h a t b i n a r y c o p o l y m e r s h a v e t h e g r e a t e r t e n s i l e s t r e n g t h , 
w h e r e a s t h e t e r n a r y m a t e r i a l s h a v e g r e a t e r e l o n g a t i o n a t b r e a k f o r a 
g i v e n TBTM c o n t e n t . The c o m p o s i t i o n a l l y c o n t r o l l e d t e r p o l y m e r s h a v e 
i n c r e a s e d t e n s i l e s t r e n g t h a n d e l o n g a t i o n a t b r e a k when c o m p a r e d 
w i t h t h e u n c o n t r o l l e d p o l y m e r s . The i n o r g a n i c p a r t i c u l a t e m a t e r i a l s 
r e i n f o r c e t h e p a i n t f i l m s a n d t h e e l o n g a t i o n t o b r e a k i s l e s s b u t 
t h e t e n s i l e s t r e n g t h i s g r e a t e r t h a n t h e p u r e p o l y m e r . 
The m a j o r f a c t o r i n f l u e n c i n g t h e t h e r m a l a n d m e c h a n i c a l p r o p e r t i e s 
i s t h e c o m p o s i t i o n d i f f e r e n c e s b e t w e e n t h e p o l y m e r s . G e l p e r m e a t i o n 
c h r o m a t o g r a p h y m e a s u r e m e n t s h a v e shown t h a t t h e m o l e c u l a r w e i g h t 
a v e r a g e s a n d m o l e c u l a r w e i g h t d i s t r i b u t i o n s a r e n o t s i g n i f i c a n t l y 
d i f f e r e n t f o r t h e s a m p l e s w h i c h h a v e b e e n s t u d i e d a n d a r e t h e r e f o r e 
n o t s e e n a s i m p o r t a n t a s f a r a s Tg a n d m e c h a n i c a l m e a s u r e m e n t s a r e 
c o n c e r n e d . 

The l o n g t e r m f o u l i n g a n d s e l f - p o l i s h i n g a r e s t i l l i n p r o g r e s s 
b u t i t i s a l r e a d y a p p a r e n t f r o m t h e d a t a f r o m p o l i s h i n g e x p e r i m e n t s 
s u m m a r i s e d i n T a b l e 4 t h a t t h e TBTM c o n c e n t r a t i o n i n c o p o l y m e r s h a s 
t o be i n e x c e s s o f 25 m o l e % i n o r d e r t o a c h i e v e r e a s o n a b l e 
p o l i s h i n g r a t e ( a l t h o u g h t h e c o r r e l a t i o n o f t h e a c c e l e r a t e d d i s c 
t e s t d a t a a n d i n s e r v i c e p e r f o r m a n c e o f t h e p a i n t s i s n o t s i m p l e ) . 
A b o v e 25 m o l e % t i n monomer t h e r a t e o f p o l i s h i n g i n c r e a s e s i n 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
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20' 1 '
0
Wt. Fraction of MMA in Copolymer 

FIGURE 6 . G l a s s t r a n s i t i o n d a t a f o r homogeneous TBTM-MMA 
C o p o l y m e r s a t d i f f e r e n t c o m p o s i t i o n s . 

80h 
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Wt. Fraction of MMA in Terpolymer 

FIGURE 7 . G l a s s t r a n s i t i o n d a t a f o r TBTM-MMA-MMA T e r p o l y m e r s 
a t d i f f e r e n t c o m p o s i t i o n s . 

p r o p o r t i o n t o t h e amount o f TBTM i n t h e c o p o l y m e r b u t a b o v e 30 m o l e 
% t h e p o l i s h i n g r a t e i s g r e a t l y i n c r e a s e d . In t h e c a s e o f t h e 
t e r p o l y m e r s , t h e r a t i o o f MMA t o 2EHA i s a l s o a s i g n i f i c a n t f a c t o r 
i n c o n t r o l l i n g p o l i s h i n g r a t e . t h e h y d r o l y s i s r a t e c a n be 
c o n t r o l l e d t h r o u g h t h e u s e o f a h y d r o p h o b i c monomer s u c h a s 2EHA. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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Table 3. T y p i c a l t e n s i l e t e s t data 

P o l y m e r 
C o m p o s i t i o n 

T e n s i l e ? S t r e n g t h 
Nm" 

C r o s s Head 
S p e e d mm/m1n 

E l o n g a t i o n To 
F a i l u r e 

% 

C o p o l y m e r 
TBTM/MMA 
M o l e R a t i o 

P o l y m e r P a i n t P o l y m e r P a i n t P o l y m e r P a i n t 

S t d . 2 2 . 3 3 . 5 5 5 2 . 5 1 . 1 

1 2 . 5 / 8 7 . 5 - - 5 5 - -
1 8 . 3 / 8 1 . 7 2 . 1 5 0 . 7 0 . 4 

1 5 . 9 / 7 4 . 1 1 . 5 2 . 4 5 5 1 . 8 1 . 0 

3 3 . 5 / 6 6 . 5 1 . 3 3 . 8 5 0 5 0 2 6 8 2 2 . 2 

4 4 . 0 / 5 6 . 0 0 . 8 1 . 8 5 0 5 0 5 1 3 1 0 0 

U n c o n t r o l l e d 
T e r p o l y m e r s 
TBTM/MMA/2EHA 

7 . 5 / 8 7 . 5 / 5 . 0 2 . 5 - 5 5 1 . 2 -
1 0 . 9 / 8 1 . 7 / 7 . 4 1 . 4 1 . 7 5 5 2 . 5 2 . 0 

1 5 . 5 / 7 4 . 1 / 1 0 . 4 1 . 1 2 . 2 5 5 5 . 6 4 . 8 

2 0 . 0 / 6 6 . 5 / 1 3 . 5 0 . 6 2 . 7 5 0 50 3 0 0 2 1 

2 6 . 2 / 6 6 . 5 / 1 7 . 8 0 . 1 0 . 3 50 5 0 287 

C o n t r o l l e d 
T e r p o l y m e r s 

7 . 5 / 8 7 . 5 / 5 . 0 5 . 1 3 . 2 5 5 3 . 3 1 . 6 

1 0 . 9 / 8 1 . 7 / 7 . 4 1 . 8 3 . 0 5 5 3 . 4 1 . 0 

1 5 . 7 4 . 1 / 1 0 . 4 1 . 4 2 . 1 5 5 3 . 6 1 . 3 

2 0 / 6 6 . 5 / 1 3 / 5 1 . 1 3 . 4 50 5 154 16 

2 6 . 2 / 5 6 / 1 7 . 8 0 . 1 0 . 1 100 100 4 5 4 3 3 0 

S t d . 2 = 2 7 . 4 ( T B T M ) / 7 2 . 6 (MMA) 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
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Table 4. Data from p o l i s h i n g experiments 

339 

R o t o r S p e e d 1 4 0 0 rpm 120 Days 

P a i n t A v e r a g e d e p l e t i o n C o m p a r i s o n w i t h C o m p a r i s o n w i t h 
o f p a i n t f i l m μ S t d . 1 = 1 . 0 S t d . 2 = 1 . 0 

S t d . 1 1 5 . 2 1 . 0 1 1 . 7 

S t d . 2 1 . 3 0 . 0 9 1 . 0 

TBTM/MMA 
1 2 . 5 / 8 7 . 5 

1 8 . 3 / 8 1 . 7 0 . 8 0 . 0 5 0 . 6 

3 3 . 5 / 6 6 . 5 P o l i s h e d away 

4 4 . 0 / 5 6 . 0 P o l i s h e d away 

R o t o r S p e e d 1 4 0 0 rpm 120 d a y s 

S t d . 1 1 7 . 1 1 . 0 1 3 . 1 5 

S t d . 2 1 . 3 0 . 0 8 1 . 0 

U n c o n t r o l l e d 
TBTM/MMA/2EHA 

7 . 5 / 8 7 . 5 / 5 . 0 1 . 3 0 . 0 8 1 . 0 

1 0 . 9 / 8 1 . 7 / 7 . 4 2 . 1 0 . 1 2 1 . 6 2 

2 0 . 0 / 6 6 . 5 / 1 3 . 5 1 . 3 0 . 0 8 1 . 0 8 

2 6 . 2 / 5 6 . 0 / 1 7 . 8 1 . 4 0 . 0 6 0 . 0 8 

C o n t r o l l e d 
TBTM/MMA/2EHA 

7 . 5 / 8 7 . 5 / 5 . 0 1 . 1 0 . 0 6 0 . 8 

2 6 . 2 / 5 6 . 0 / 1 7 . 8 3 . 1 0 . 1 8 2 . 4 

S t d . 1 = I n d u s t r i a l S t a n d a r d 

S t d . 2 = 2 7 . 4 ( T B T M ) / 7 2 . 6 (MMA) 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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CONCLUSIONS 

1 . The p o l y m e r i z a t i o n c o n t r o l s t r a t e g y w h i c h i s b a s e d on t h e f a c t 
t h a t e a c h o f t h e monomers i n a c o - o r t e r - p o l y m e r i z a t i o n i s 
l o s t i n a f i r s t o r d e r m a n n e r h a s b e e n shown t o be s a t i s f a c t o r y 
f o r t h e s y n t h e s i s o f homogeneous m u l t i - c o m p o n e n t p o l y m e r s . The 
MMA/TBTM/2 EH A i s n o t a d e m a n d i n g s y s t e m i n t h a t o n l y a s m a l l 
amount o f t h e r e l a t i v e l y u n r e a c t i v e 2EHA h a v e b e e n u s e d . 

2 . I t h a s b e e n d e m o n s t r a t e d t h a t r e l a t i v e t o t h e c o m p o s i t i o n a l l y 
h e t e r o g e n e o u s p o l y m e r s t h e homogeneous t e r p o l y m e r s s h o w : 
( i ) a m a r g i n a l i n c r e a s e i n t h e m e c h a n i c a l p r o p e r t i e s , 
( i i ) a m a r g i n a l i n c r e a s e i n t h e T g ' s i n b o t h t h e p u r e p o l y m e r 

a n d c o r r e s p o n d i n g p a i n t , a n d 
( i i i ) e n h a n c e d s e l f - p o l i s h i n g c h a r a c t e r i s t i c s w i t h l o w e r t i n 

c o n t e n t . 
3 . A h y d r o p h o b i c comonomer s u c h a s 2EHA c o n s i d e r a b l y r e t a r d s t h e 

s e l f p o l i s h i n g r a t
t e r p o l y m e r s h a v e a
TBTM/MMA c o p o l y m e r s w i t h t h e same TBTM c o n t e n t . The t h i r d 
monomer a l s o a c t s a s a n i n t e r n a l p l a s t i c i s e r r e d u c i n g t h e Tg 
a n d i n c r e a s i n g t h e e l o n g a t i o n t o b r e a k when s i m i l a r t i n c o n t e n t 
b i n a r y a n d t e r n a r y p o l y m e r s a r e c o m p a r e d . 

A c k n o w l e d g m e n t s 

The a u t h o r s g r a t e f u l l y a c k n o w l e d g e t h e f i n a n c i a l s u p p o r t o f t h e 
S c i e n c e a n d E n g i n e e r i n g R e s e a r c h C o u n c i l a n d M r . R. G o s d e n f o r 
a s s i s t a n c e w i t h t h e c o m p u t e r s i m u l a t i o n s . 
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Polyurethane Foam Component Lifetimes 

Κ. B. Wischmann 

Sandia National Laboratories, Albuquerque, ΝM 87185 

Access deterrent foam
arately stored an  pressurize  component  upo
Investigations have been conducted concerning the aging 
of both components of three separate polyurethane foam 
formulations. The polyol component of the first formu
lation, a propylene oxide adduct of phosphoric acid, 
hydrolyzes rapidly to give phosphoric acid. Since 
phosphoric acid can corrode the container as well as 
adversely affect the final foam properties, a second 
formulation not containing acid adduct was investi
gated. This second polyol was isothermally aged at 
room temperature, 60°C and 71°C and reactions followed 
by acid number determination. A reaction between the 
polyol and the blowing agent, Freon 11, was found to 
give high acid content. Attempts to add inhibitors to 
lengthen this initiation period failed. Finally, a 
third formulation was designed which placed the Freon 
11 in the isocyanate component thereby precluding the 
incompatibility of the blowing agent with the polyol. 
Subsequent aging studies indicate a long term (6-8 
years) storage foam system could be achieved. *This 
work was performed at Sandia National Laboratories 
supported by the U. S. Department of Energy under 
Contract Number DE-AC04-76DP00789. 

Stored prepacked polyurethane foam components, e.g., isocyanate, 
p o l y o l s , are prone to chemical aging, thereby j e o p a r d i z i n g t h e i r i n 
tended f u n c t i o n . In f a c t , many vendors of these Freon blown m a t e r i 
a l s w i l l not guarantee t h e i r product f o r more than 90 days. This i s 
f o r a v a r i e t y of reasons such as moisture a t t a c k on the isocyanate, 
blowing agent s e p a r a t i o n and general m a t e r i a l i n s t a b i l i t y , e.g., 
thermal degradation, i n c o m p a t i b i l i t y . Because of the expense to 
change-out foam components, we would l i k e our systems to l a s t as long 
as p o s s i b l e . 

Although g e n e r a l l y considered chemically i n e r t , Freon 11 ( t r i -
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chlorofluoromethane, CCI3F), the blowing agent used i n these foams, 
i s unstable under c e r t a i n c o n d i t i o n s - For example, t h i s popular i n 
d u s t r i a l r e f r i g e r a n t and a e r o s o l , i n the presence of moisture, w i l l 
r e a c t w i t h s t e e l or aluminum forming f r e e h y d r o c h l o r i c a c i d (1_,2)« 
As a r e s u l t , e f f o r t s are made to maintain anhydrous c o n d i t i o n s or 
provide a c i d scavengers. Although not widely known, Freon 11 w i l l 
r e a c t w i t h primary and secondary a l c o h o l s i n c l u d i n g p o l y o l s to l i b e r 
ate aldehydes, ketones and h y d r o c h l o r i c a c i d C3>^)* A l l the above 
mentioned r e a c t i o n s can be a c c e l e r a t e d w i t h temperature. At higher 
temperatures thermal decomposition of Freon 11 may produce hydro
c h l o r i c a c i d ( 5 ) . E f f o r t s have been made to f i n d s u i t a b l e s t a b i l i 
z e rs f o r t h i s f l u o r o c a r b o n ; u n f o r t u n a t e l y these e f f o r t s have met with 
l i m i t e d success (6-8). One of the b e t t e r s t a b i l i z e r s , a-methylsty-
rene was reported to be e f f e c t i v e but f o r only 3 months ( 6 ) . Because 
of long term requirements, we became concerned w i t h the r e l i a b i l i t y 
of these foam systems. 

In t h i s work three
i n v e s t i g a t e d . The f i r s
s i o n study was performed. Due to i n c o m p a t i b i l i t i e s , a second and a 
t h i r d system had to be formulated and aging s t u d i e s performed to i n 
sure a foam system that provided adequate aging c h a r a c t e r i s t i c s . To 
determine the l a t t e r two systems 1 l o n g e v i t y , we s t a r t e d an a c c e l e r 
ated aging program to simulate the i n d i v i d u a l foam component l i f e 
times. S p e c i f i c a l l y , the amine equivalent i n the isocyanate compo
nent and hydroxyl equivalent and a c i d number i n the p o l y o l component 
were followed at various temperatures (ambient, 60°, 71°C). L i f e t i m e 
estimates were made by Arrhenius modeling of the data. The f o l l o w i n g 
r e s u l t s and d i s c u s s i o n describe the e f f o r t s made to evaluate the 
aging c h a r a c t e r i s t i c s of these foam systems. 

Experimental 

The formulated isocyanate and p o l y o l components s u p p l i e d by a vendor 
(Coplanar Corp.) were aged i n one g a l l o n s t e e l v e s s e l s . The v e s s e l s 
were rat e d at 250 p s i and equipped w i t h Jenkins b a l l valves and 
pressure r e l i e f diaphragms (set f o r 170 p s i ) . The vapor pressure of 
Freon 11 a t the highest aging temperature (71°C) was 60 p s i g g i v i n g a 
4/1 s a f e t y margin. The a c t u a l isothermal aging was c a r r i e d out at 
ambient, 60° and 71°C. 

An a l y s i s of the isocyanate was accomplished by performing an 
amine eq u i v a l e n t determination (per ASTM D1638). The p o l y o l com
ponent was analyzed f o r hydroxol equivalent by an a c e t y l a t i o n proce
dure developed at Sandia N a t i o n a l L a b o r a t o r i e s . An 0.8 gram sample 
i s a c e t y l a t e d w i t h a 1/9 a c e t i c anhydride-pyridine mixture f o r 2 
hours at r e f l u x temperature and then the f r e e a c e t i c a c i d i s back 
t i t r a t e d w i t h base and compared to a blank. From t h i s i n f o r m a t i o n a 
hydroxol equivalent can be c a l c u l a t e d . The p o l y o l a c i d number was 
determined by ASTM D2849. 

Background - Corrosion Study of Formulation 1 

A two component polyurethane f o r m u l a t i o n was stored i n the f i e l d i n 
separate 208 l i t e r (55 g a l ) v e s s e l s of 0.95 cm w a l l thickness and 
under a 0.35 to 0.9 MN/m2 (50-100 p s i ) over pressure. Upon demand 
the components are mixed and discharged to form a r i g i d foam; r e -
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quirements n e c e s s i t a t e a foam d e n s i t y of 0.016 to 0.032 g/cc (1-2 
l b / f t ^ ) and 1-3 minute tack time. The p o l y o l component c o n s i s t s of 
a polypropylene oxide adduct of phosphoric a c i d . Upon aging i n the 
presence of moisture, t h i s phosphate e s t e r can hydrolyze to phos
ph o r i c a c i d which could l e a d to c o r r o s i o n of the metal co n t a i n e r as 
w e l l as change the r e s u l t a n t foaming c h a r a c t e r i s t i c s . To determine 
whether a p o t e n t i a l l y hazardous c o n d i t i o n p r e v a i l e d a c o r r o s i o n study 
was conducted* 

The p o l y o l component was known to c o n t a i n 26.8% by weight of the 
phosphate e s t e r . From a known hydroxyl number, a molecular weight of 
approximately 382 was c a l c u l a t e d . Assuming complete h y d r o l y s i s , 
about 7% by weight of phosphoric a c i d would be formed. A c t u a l l y com
p l e t e h y d r o l y s i s i s u n l i k e l y , however, a worst case s i t u a t i o n was 
d e s i r e d f o r t h i s a c c e l e r a t e d study. There are two commonly used 
methods to determine c o r r o s i o n r a t e s : 1) a weight l o s s technique and 
2) T a f e l e x t r a p o l a t i o n ( e l e c t r o c h e m i c a l method)  A weight l o s
periment was performed i n
a t e d ) , again a worst cas
( e s s e n t i a l l y u n d i s s o c i a t e d ) as i t might appear i n an organic medium. 
The i n i t i a l r a t e of 0.188 and 0.043 mm/year i n 7% and concentrated 
phosphoric a c i d r e s p e c t i v e l y decreased wi t h time, most l i k e l y due to 
c o r r o s i o n product buildup and i n s o l u b i l i t y i n concentrated a c i d . A 
value of approximately 0.102 mm/year appears to be a reasonable e s t i 
mate f o r long term exposure i n the 7% a c i d and about 0.003 mm/year 
f o r the concentrated phosphoric a c i d . From t h i s data i t was conclud
ed that the t e s t e d s t e e l shows b e t t e r r e s i s t a n c e i n concentrated 
r a t h e r than 7% phosphoric a c i d . The i n i t i a l c o r r o s i o n r a t e f o r m i l d 
s t e e l i n 7% a c i d (pH=l) was v e r i f i e d by the T a f e l e x t r a p o l a t i o n 
method. Results i n d i c a t e an i n i t i a l r a t e of 0.18 mm/year which was 
i n c l o s e agreement to the value determined by the weight l o s s method. 

The above r e s u l t s must be tempered w i t h the f o l l o w i n g c o n s i d e r a 
t i o n s that were omitted from t h i s study: 1) the v e s s e l was under a 
constant pressure of 0.35 to 0.7 MN/m̂  (50-100 p s i ) and may reach 2.0 
MN/m^ (300 p s i ) when the m a t e r i a l i s dispensed, t h i s would a f f e c t the 
c o r r o s i o n r a t e ; 2) the t e s t i s very s e n s i t i v e to environmental 
changes, e.g., temperature, s o l u t i o n homogeneity; 3) the t e s t s were 
not conducted on a c t u a l container m a t e r i a l s , data i n the l i t e r a t u r e 
show that some s t e e l s corrode at a much higher r a t e i n phosphoric 
a c i d ; and 4) there may be surface defects i n the v e s s e l that could 
l e a d to a c c e l e r a t e d l o c a l a t t a c k and premature f a i l u r e . With these 
q u a l i f i c a t i o n s , assuming complete h y d r o l y s i s (which i s u n l i k e l y ) and 
incomplete d i s a s s o c i a t i o n , excessive c o r r o s i o n would not be expected. 
However, these chemical changes w i l l a f f e c t the foaming c h a r a c t e r 
i s t i c s , thereby y i e l d i n g a product that does not meet design s p e c i f i 
c a t i o n s . 

Since the phosphate e s t e r ' s only purpose was f i r e r e t a r d a t i o n , a 
new nonphosphate system was recommended f o r f u t u r e a p p l i c a t i o n s . The 
f o l l o w i n g d i s c u s s i o n addresses the r e s u l t s of an a c c e l e r a t e d aging 
study on t h i s f o r m u l a t i o n . 

D i s c u s s i o n - A c c e l e r a t e d Aging Study of Formulation 2 

A second new dispensable r i g i d polyurethane foam f o r m u l a t i o n was ac
q u i r e d that d i d not c o n t a i n the phosphate adducts. C r i t i c a l design 
requirements were the same as i n the f i r s t f o r m u l a t i o n . The respec-
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t i v e isocyanate and p o l y o l components were placed i n ovens f o r i s o 
thermal aging. We have p r e v i o u s l y found that about a 10% change i n 
amine and hydroxyl e q u i v a l e n t s would a l t e r foaming, e.g., tack time, 
s u f f i c i e n t l y to devi a t e from design requirements. Thus, l i f e t i m e es
timates are based on a 10% change i n the above a n a l y t i c a l parameters. 

A f t e r 180 days aging, the isocyanate aged at a slow c o n t r o l l e d 
r a t e (see Figure 1) whereas the p o l y o l showed a dramatic change at 
7l°C and 180 days aging (see Table I ) . Before d i s c u s s i n g the reasons 
f o r the p o l y o l 1 s unusual behavior a d e s c r i p t i o n of the isocyanate 
aging w i l l f o l l o w . F i r s t , i t was b e l i e v e d that component A would 
show the most pronounced e f f e c t s of aging, since isocyanates are par
t i c u l a r l y s u s c e p t i b l e to moisture a t t a c k . In a 14 month study, reac
t i o n with the water was assumed to be the primary aging r e a c t i o n 
determining isocyanate l i f e t i m e . I f one uses the amine equivalent as 
a damage parameter, an Arrhenius p l o t can be constructed (see Figure 
2). From t h i s data an a c t i v a t i o n energy (fiJL) of ^9.3 kcal/mole was 
c a l c u l a t e d . ThisΔΕ correspond
(9) f o r other s i m i l a r isocyanat
Arrhenius p l o t , l i f e t i m e estimates can be made w i t h various aging 
temperatures. For example, i f the isocyanate component A was aged 
cont i n u o u s l y at 23°C, i t would take 6-8 years f o r a 10% change i n 
amine equivalent to take place. I f aged a t 49°C (120°F), i t would 
take only 2 years f o r the same amount of aging (see Figure 3 ) . Based 
on these p r o j e c t i o n s , a m a t e r i a l change-out would be recommended i n 
6-7 years. 

Table I. Foam Long-Term S t a b i l i t y f o r Formulation I I -
Chemical A n a l y s i s 

0 30 days 90 days 180 days 
Component A (Isocyanate) 
Amine E q u i v a l e n t , Ambient 142 142 142 142 
Amine E q u i v a l e n t , 60°C 142 144 145 
Amine E q u i v a l e n t , 71°C 144 147 150 

Component Β ( P o l y o l ) 
Hydroxyl E q u i v a l e n t , Ambient 104 105 104 106 
Hydroxyl E q u i v a l e n t , 60°C 107 104 108 
Hydroxyl E q u i v a l e n t , 71°C 107 107 191 

Ac i d Number, Ambient 0.2 0.8 0.6 1.0 
Ac i d Number, 60°C 2.0 1.5 2.0 
Aci d Number, 71°C 2^0 3.0 111.0 

The p o l y o l component Β experienced c a t a s t r o p h i c change i n both 
hydroxol e q u i v a l e n t and a c i d number at 71°C and 180 days aging. Be
cause of the l a r g e increase i n a c i d number, i t was i n i t i a l l y thought 
that Freon 11 (t r i c h l o r o f l u o r o m e t h a n e ) was generating f r e e hydro
c h l o r i c a c i d by r e a c t i o n w i t h other components. Free h y d r o c h l o r i c 
a c i d was v e r i f i e d by adding AgN03 to an aged p o l y o l sample and ob
t a i n i n g a p r e c i p i t a t e of AgCl. The l i t e r a t u r e c e r t a i n l y confirms the 
i n s t a b i l i t y of Freon 11 ( 1 ) , t h e r e f o r e a su p e r i o r s t a b i l i z e r was 
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sought. Communication w i t h the manufacturer, revealed that the s t a 
b i l i z e r used i n Freon 11 was a m a t e r i a l c a l l e d alloocimene 
(2,6-dimethyl 2,4,6-octatriene). The manufacturer suggested employ
i n g 1% by weight α-methylstyrene as a s t a b i l i z e r . The p o l y o l aging 
study was repeated using the newly s t a b i l i z e d t r i c h l o r o f l u o r o m e t h a n e , 
termed Freon 11A. At e x a c t l y the same aging s t a t i o n (180 days), 
again l a r g e changes i n hydroxyl equivalent and a c i d number occurred. 

CC1 3F + CH 3CH 20H • CHC1 2F + CH3CHO + HC1 

Why the r e a c t i o n takes place so d r a m a t i c a l l y at about 180 days ra t h e r 
than g r a d u a l l y i s not understood; perhaps i t i s simply due to an i n 
d u c t i o n period or perhaps the s t a b i l i z e r i s expended at that time. 

This r e a c t i o n i s not a widely known t e x t book r e a c t i o n , i n f a c t , 
i t was only found i n the patent l i t e r a t u r e ( 4 ) . However, t h i s r e ac
t i o n e x p l a i n s the evidenc f f r e  h y d r o c h l o r i  a c i d  Sinc
bonyl group, e.g., aldehyde
t h i s group should be observabl
the aged p o l y o l revealed formation of a carbonyl a t about 5.8 
microns. Unaged p o l y o l shows n e g l i g i b l e carbonyl formation. 
According to the patent ( 4 ) , t h i s r e a c t i o n i s p e c u l i a r to any 
c h l o r o f l u o r o a l k a n e c o n t a i n i n g three or more c h l o r i n e s , i . e . , 
t r i c h l o r o t r i f l u o r o e t h a n e s , C2F3CI3; t e t r a c h l o r o d i f l u o r o e t h a n e s , 
C2F3CI4. D i c h l o r o f l u o r o a l k a n e s , i . e . , Freon 12, d i c h l o r o d i f l u o r o 
methane, are apparently f r e e from such r e a c t i o n s . The r e a c t i o n of 
Freon 11 w i t h a p o l y o l appears inescapable; consequently long term 
storage of foam systems of t h i s composition are not a d v i s a b l e . 

Formulation 3 

At t h i s j u n c t u r e , i t was decided to make a r a d i c a l f o r m u l a t i o n 
change. F i r s t , because of the i n c o m p a t i b i l i t y of the Freon 11 w i t h 
the p o l y o l , the Freon 11 would be removed from the p o l y o l and placed 
i n the isocyanate component. Second, s i n c e 1/1 component r a t i o s are 
necessary to accommodate the mixing machine, d i f f e r e n t isocyanate and 
p o l y o l components were formulated to e s t a b l i s h a p p r o p r i a t e v i s c o s i 
t i e s . The f i n a l f o r m u l a t i o n i s shown below. 

Isocyanate Component A P o l y o l Component Β 

PAPI-580 117 pbw PEP-550 117 pbw 
Freon 11 33 pbw DC-197 1 pbw 

DABCO 5 pbw 
Freon 12 25 pbw 

In subsequent aging s t u d i e s the p o l y o l component showed v i r t u a l l y 
no change i n a c i d number at any of the aging temperatures (ambi
ent, 60°, 71°C) over 13 months. The isocyanate was shown to age 
s i m i l a r l y to the isocyanate i n Formulation 2. As a r e s u l t , the 
above f o r m u l a t i o n i s being employed i n the f i e l d . 

Summary And Conclusions 

Two d i f f e r e n t dispensable r i g i d polyurethane foam formulations were 
found inadequate o v e ^ ^ P ^ g f o f ^ f i ^ j g ^ e f i r s t system con-

L i b r a r y 
1155 16th St., N.W. 

Washington, D.C. 20036 
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t a i n e d phosphoric a c i d adducts which can hydrolyze i n the presence of 
moisture, thereby changing t h e i r foaming c h a r a c t e r i s t i c s . A r e f o r 
mulated system e x c l u d i n g the phosphate e s t e r s a l s o e x h i b i t e d poor 
aging, simply because the Freon 11 blowing agent r e a c t s w i t h the 
p o l y o l l i b e r a t i n g f r e e h y d r o c h l o r i c a c i d , an unacceptable s i t u a t i o n . 
The l a t t e r r e a c t i o n was not common knowledge, y e t , i t must be recog
n i z e d i n view of the wide-spread p o p u l a r i t y of t h i s r e f r i g e r a n t and 
blowing agent* 

F i n a l l y , a t h i r d f o r m u l a t i o n was devised which excluded the use 
of Freon 11 i n the p o l y o l component. Freon 11 was placed i n the i s o 
cyanate component and both isocyanate and p o l y o l components were 
changed to meet v i s c o s i t y c o n s i d e r a t i o n s * Subsequent aging s t u d i e s 
showed the isocyanate to age s i m i l a r l y to the p r e v i o u s l y aged (F o r 
mulation 2) isocyanate. The p o l y o l showed v i r t u a l l y no increase i n 
a c i d number at any aging temperature over 13 months. Thus, a t 
ambient temperature we would expect a 6-8 year system l i f e t i m e on the 
isocyanate before a 10
a m a t e r i a l change-out. Th
time, but would probably be replaced at the same time. 
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Rubber Coatings for Fiberglass Protection 
in an Alkaline Environment 
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Glass is know
alkali. This was reaffirmed in the present study when 
samples of s tyle 3701 Ε-glass fabric los t 90% of their 
original tensile strength after immersion in aqueous 
alkali at pH 13 and 80°C for 7 days. The purposes of 
this study were to gain some understanding of the 
relative importance of the factors that influence the 
degradation of glass and coated glass in alkaline 
environments and to use that knowledge to develop a 
p r o t e c t i v e c o a t i n g . Factors evaluated included the 
composi t ion , surface area and and nature of the sur
face of the glass. The effects of the nature, uniform
ity, thickness and degree of bonding of glass coatings 
as wel l as different methods of applying coatings were 
cons idered . I t was shown that well-bonded rubber 
coatings can lead to good protection of glass i n alka
line environments. 

Glass i s known to be r e a d i l y attacked by strong a l k a l i Q_). This was 
r e a f f i r m e d i n the present study when samples of s t y l e 3701 E-glass 
f a b r i c from B u r l i n g t o n Glass F a b r i c s Co. l o s t 90% of t h e i r o r i g i n a l 
t e n s i l e strength a f t e r immersion i n aqueous a l k a l i at pH 13 and 80°C 
f o r 7 days. The purposes of t h i s study were to gain some understand
i n g o f the r e l a t i v e i m p o r t a n c e o f the f a c t o r s that i n f l u e n c e the 
d e g r a d a t i o n o f g l a s s and coated g l a s s i n a l k a l i n e environments and 
to use the knowledge gained to develop a co a t i n g that would p r o t e c t 
glass i n a l k a l i n e environments. 
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Experimental 

M a t e r i a l s . T a b l e I l i s t s the k i n d s and sources of glass f i b e r s , 
b a r s and s l i d e s used i n t h i s s t u d y . E - g l a s s f a b r i c s were from 
B u r l i n g t o n Glass F a b r i c s Co. Glass beads were from Petrarch Systems, 
Inc. or Po t t e r s I n d u s t r i e s , Inc. 3-Aminopropyltriethoxysilane as was 
o b t a i n e d from P e t r a r c h Systems, I n c . The b u l k polybutadiene was 
F i r e s t o n e ' s Diene 35 NFA, a n o n c r y s t a l l i z y i n g a n i o n i c polybutadiene 
of M n«150,000 and cis:trans: v i n y l (%) * 36:54:10. Nat u r a l rubber 
l a t e x e s (45 and 55% s o l i d s ) were from K i l l i a n Latex Inc. and SBR 
l a t e x P o l y s a r XE-404 was from Polysar Resins Inc. Dicumyl peroxide 
(DICUP R) was from Hercules, Inc. The aqueous a l k a l i s o l u t i o n was 
prepared using 0.008g (0.022 m o l e s ) / l sodium hydroxide, 3.45g (0.062 
m o l e s ) / l p o t a s s i u m hydroxide and 0.48g (0.006 m o l e s ) / l calcium hy
d r o x i d e . A c e t a t e s p l i c i n g s o l u t i o n was obtained from B u r l i n g t o n 
G l a s s F a b r i c s Co. Alumina a c i d (80-200) mesh and calcium oxide were 
from F i s h e r S c i e n t i f i c Co
Thiokol/Venton D i v i s i o n

Weight Loss S t u d i e s . G l a s s samples were r i n s e d s u c c e s s i v e l y 
w i t h t o l u e n e and acetone and d r i e d i n an oven at 80°C f o r 10 min. 
G l a s s samples f o r t e s t i n g i n water were placed i n a l a r g e Soxhlet 
e x t r a c t o r ( f r o m a 120 mm j o i n t ) and e x t r a c t e d w i t h d i s t i l l e d water 
f o r 24 h r s . b e f o r e d r y i n g and reweighing. The weight l o s s was the 
d i f f e r e n c e between the i n i t i a l weight and the f i n a l weight. Since 
none of the samples l o s t a p p r e c i a b l e weight, t h i s method was a l s o 
used f o r washing samples f o r weight l o s s s t u d i e s a f t e r immersion i n 
a l k a l i . A f t e r c o o l i n g , weighed samples f o r t e s t i n g i n a l k a l i were 
p l a c e d i n p r e c l e a n e d 1000 ml p o l y p r o p y l e n e b o t t l e s f i t t e d w i t h 
d i v i d e r s from porous polypropylene when appro p r i a t e . Beads, chopped 
f i b e r s and powders were placed i n T e f l o n e x t r a c t i o n thimbles before 
p u t t i n g i n t o the b o t t l e s . Long f i b e r s were wrapped around s p e c i a l 
porous p o l y p r o p y l e n e h o l d e r s as l o n g as the b o t t l e s and then put 
i n t o the b o t t l e s . The b o t t l e s were then f i l l e d w i t h the aqueous 
a l k a l i s o l u t i o n , c l o s e d w i t h T e f l o n l i n e d caps and placed f o r 7 days 
i n a c i r c u l a t i n g water b a t h a t 80°C. The samples were removed, 
t h o r o u g h l y r i n s e d w i t h w a t e r , d r i e d o v e r n i g h t i n an a i r oven at 
80°C, c o o l e d i n a d e s s i c a t o r and reweighed. Dumbbells from cured 
rubber samples were s i m i l a r l y t e s t e d . 

A l k a l i D u r a b i l i t y Tests of Glass F i b e r s and Glass F a b r i c s . These 
t e s t s were c a r r i e d out u s i n g a m o d i f i c a t i o n o f B u r l i n g t o n Test 
P r o c e d u r e FP-017. For d u r a b i l i t y t e s t s g l a s s f i b e r s were t r e a t e d i n 
the same way as f o r w e i g h t l o s s s t u d i e s . Care was taken to run 
t e n s i l e t e s t s o n l y on th o s e p o r t i o n s of the f i b e r , which had not 
been bent around the edges of the holder. Samples of glass f a b r i c 
27.9 cm. (11") l o n g ( i n the warp d i r e c t i o n ) and 15.2 cm. (6") wide 
( i n the f i l l d i r e c t i o n ) were cut from r o l l s of f a b r i c and coated as 
d e s i r e d . The prepared c l o t h specimens were placed i n heavy-duty 4.5 
- m i l t h i c k 24.13 χ 40.64 cm Kapak he a t - s e a l a b l e pouches. Enough 
a l k a l i s o l u t i o n to f i l l the bag was added, the pouch was heat-sealed 
u s i n g a Scotch Pak Pouch Sealer and placed i n the c i r c u l a t i n g water 
b a t h a t 80°C f o r 7 days. The f a b r i c was removed from the a l k a l i 
s o l u t i o n , r i n s e d w i t h w a t e r , d r i e d o v e r n i g h t i n a vacuum oven at 
60°C, and prepared f o r t e n s i l e t e s t i n g . 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



Ta
bl

e 
I.

 
We

ig
ht

 L
os

s 
Co

mp
ar

is
on

 f
or

 D
if

fe
re

nt
 
Gl

as
se

s 

Gl
as

s 
Fo

rm
 

So
ur

ce
 

% 
Wt

. 
Lo

ss
 

Ap
pe

ar
an

ce
 

Ε 
Fi

be
rs

 
Bu

rl
in

gt
on

 G
la

ss
 F

ab
ri

cs
 
Co

. 
wa

te
r;

 
al

ka
li

: 
18

.3
 

Ba
rs

2 
PP

G 
In

du
st

ri
es

* 
In

c.
 

wa
te

r:
 

0.
07

 
No
 
ch

an
ge

 
al

ka
li

: 
0.

14
 

Sl
ig

ht
 

Fo
gg

in
g 

Fi
be

rs
 

Ce
m-

FI
L 

Co
rp

* 
wa

te
r:

 
1.
4 

St
if

f,
 
no

t 
mu

ch
 

ch
an

ge
 

al
ka

li
: 

1.
6 

So
ft
 a

nd
 w

oo
ly

 
Py

re
x 

Ba
rs

2 
Fi

ve
 P

oi
nt

s 
Gl

as
s 

Co
. 

wa
te

r:
 

0.
03

5 
No
 
ch

an
ge

 
al

ka
li

: 
0.

04
 

No
 
ch

an
ge

 
Qu

ar
tz

 
Ba

rs
2 

Fi
ve

 
Po

in
ts

 G
la

ss
 
Co

. 
wa

te
r:

 
0.

03
3 

No
 
ch

an
ge

 
al

ka
li

: 
0.

10
 

Un
if

or
m 

fo
gg

in
g 

So
da

 L
im

e 
Sl

id
es

4 
Ki

mb
le

 
wa

te
r:

 
0.

07
 

Fo
gg

ed
, 

ex
tr

em
el

y 
di

sc
ol

or
ed

 
al

ka
li

: 
0.

35
 

Un
if

or
m 

fo
gg

in
g 

Af
te

r 
im

me
rs

io
n 

in
 t

he
 m
ed

iu
m 

sh
ow

n 
in

 c
ol

um
n 

4 
ac

co
rd

in
g 

to
 t

he
 p

ro
ce

du
re

 
gi

ve
n 

in
 t

he
 e

xp
er

im
en

ta
l 

se
ct

io
n.

 
Ε-
gl
as
s 

we
re

 r
an

do
m 

si
ze

s 
un

su
it

ab
le

 f
or

 p
ee

l 
te

st
s.

 
Py

re
x 

an
d 

qu
ar

tz
 b

ar
s 

we
re

 1
27

 χ
 2

5 
χ 
6.
5m
m.
 

Al
ka

li
-r

es
is

ta
nt

 
gl

as
s.

 
Pr

e-
cl

ea
ne

d 
mi

cr
os

co
pe

 
sl

id
es

. 

In Polymeric Materials for Corrosion Control; Dickie, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



352 POLYMERIC MATERIALS FOR CORROSION CONTROL 

T e n s i l e T e s t i n g . T e n s i l e t e s t s were run on an Inst r o n 1000 
u s i n g a 5.08 cm (2 i n c h ) guage l e n g t h and a speed of 12.7 cm (5 
i n c h e s ) / m i n . The p r o c e d u r e s i n B u r l i n g t o n Test Procedure FP-015 
(ASTM-D-579) were fol l o w e d . At l e a s t 5 specimens of each sample were 
t e s t e d . F a b r i c t e s t s r e s u l t s are quoted f o r the warp d i r e c t i o n 
o n l y . The percent r e t e n t i o n of t e n s i l e strength was c a l c u l a t e d from 
the e q u a t i o n : % r e t e n t i o n « (PA^ F NA^ x 100 where F^ and FJJA A R E T N G 

strength a f t e r and before a l k a l i immersion, r e s p e c t i v e l y . 
S i l a n e Treatment. Glass bars, f i b e r s or f a b r i c were soaked 5 

min i n s t i r r e d s o l u t i o n s (0.5, 1.0, 1.5, or 2.0%) of 3-aminopropyl-
t r i e t h o x y s i l a n e i n 95% e t h a n o l , then f o r 10 min. i n 95% ethanol, and 
f i n a l l y f o r 1 min. i n absolute ethanol. The glass was heated over
n i g h t i n a vacuum oven at 110°C to form a p o l y s i l o x a n e l a y e r bonded 
to the g l a s s ( 2 ) . 

L a t e x Treatment. A t y p i c a l procedure f o r l a t e x treatment i s 
shown s c h e m a t i c a l l y i n Figure 1  D e t a i l s of the procedure are given 
i n U.S. P a t e n t A p p l i c a t i o
Blowers were used to dislodg
pane" l i k e f i l m s between bundles of f i b r e s i n the f a b r i c . The tem
p e r a t u r e i n the f i r s t two dryers was maintained at 75-85°C, too low 
a temperature to cure the l a t e x during the d r y i n g time. The temper
a t u r e i n the t h i r d dryer was t y p i c a l l y 120°C and c u r i n g of the rub
ber was c o n t i n u e d a t t h a t t e m p e r a t u r e f o r 30 minutes. Microscopy 
r e v e a l e d t h a t the f i r s t d i p r e s u l t s i n rubber p e n e t r a t i o n of the 
f i b e r b u n d l e but does not co a t the bundle. The second and t h i r d 
d i p s produce c o a t i n g s of about 10 micrometers each. Figure 2 i s a 
schematic r e p r e s e n t a t i o n of the manner i n which the coatings deposit 
on the f i b e r s i n the f i b e r bundle. 

P e e l T e s t s . Ε-glass p l a t e s (0.635 χ 20.32 χ 20.32 cm, 1/4 χ 8 
χ 8") were c u t t o ~2. 54 χ 7.62cm (1 χ 3") using a glass saw. The 
ba r s were c l e a n e d by b o i l i n g i n 2% M i c r o s o l u t i o n (a l a b o r a t o r y 
c l e a n e r from I n t e r n a t i o n a l Products Corp.), washed f o r 48 h r s . w i t h 
d i s t i l l e d water i n a Soxhlet e x t r a c t o r , d r i e d f o r 2 hr s . i n an a i r 
oven at 150°C and stored i n a d e s s i c a t o r over P2O5 u n t i l used. Peel 
t e s t specimens f o r t e s t i n g without immersion i n the aqueous a l k a l i 
were p r e p a r e d and t e s t e d a c c o r d i n g t o p r o c e d u r e s p r e v i o u s l y 
d e s c r i b e d ( 3-5) . Thus, d i c u m y l peroxide was mixed i n t o p olybuta-
d i e n e on an open m i l l . B e f o r e bonding, the elastomer was pressed 
i n t o a t h i n l a y e r (-0.2 mm) by premolding f o r 1 hr. at 65°C, then 
p r e s s e d i n t o a sheet of cotton c l o t h and again premolded f o r 1 hr. 
at 65°C. The c l o t h backed l a y e r was then p r e s s e d a g a i n s t t h e 
cleaned g l a s s s l i d e s f o r 2 hr. at 150°C i n a PHI press at a pressure 
of -6 p s i / 5 i n ram i n order to cure the elastomer. The thickness of 
the e l a s t o m e r i n t e r l a y e r i n the r e s u l t i n g c l o t h - e l a s t o m e r - g l a s s 
sandwich was ~0.2mm. 180° P e e l i n g t e s t s were c a r r i e d out on s t r i p s 
of c l o t h backed e l a s t o m e r l a y e r a f t e r trimming them to a uniform 
w i d t h on the gl a s s of 2 cm. The elastomer was peeled o f f the g l a s s 
a t a c o n s t a n t r a t e , 0.5 cm/min (0.0083 cm/sec) using a t a b l e model 
I n s t r o n . The work of adhesion, Ŵ , was c a l c u l a t e d from the equation 

• 2P/w, where Ρ i s the time average p e e l f o r c e and w i s the width 
of the detaching l a y e r . 

Samples f o r t e s t i n g i n a l k a l i were cured between a c l o t h backed 
r u b b e r sheet and an unbacked ru b b e r sheet u s i n g the same c u r i n g 
c o n d i t i o n s and then were trimmed i n two stages. In the f i r s t stage 
the specimens were cut apart so that the glass bars were completely 
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APPLY SILANE 
FINISH TO GLASS 
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Figure 1. Flow sheet showing steps i n c o a t i n g process. 
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Figure 2. Schmatic view of gla s s f i b e r bundles. 
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embedded i n the cured elastomer. Care was taken to insure that there 
were no holes through the elastomer to the g l a s s , because a l k a l i can 
seep t h r o u g h h o l e s , degrade the g l a s s , and i n v a l i d a t e the measure
ments. The thic k n e s s of the elastomer was 1 mm or more on a l l sides 
e x c e p t the one wi t h the c l o t h backed elastomer, where the elastomer 
t h i c k n e s s was 0.4-0.6 mm. The samples were t r e a t e d w i t h a l k a l i as 
d e s c r i b e d above, removed from the a l k a l i , and d r i e d overnight i n a 
vacuum oven a t 60°C. For peel t e s t s , s t r i p s of c l o t h backed e l a s 
tomer were obtained by trimming as above. The strength of the rub
b e r impregnated c o t t o n c l o t h b a c k i n g was r e t a i n e d a f t e r a l k a l i 
t r e a t m e n t , even though untreated c l o t h d i s i n t e g r a t e d under the same 
c o n d i t i o n s . F i r e s t o n e ' s Diene 35 NFA was the rubber used f o r these 
s t u d i e s . 0.05% p a r t s per hundred of rubber of dicumyl peroxide was 
used f o r c u r i n g . 

Coating w i t h Bulk Polybutadiene. Ε-glass f a b r i c was embedded i n 
F i r e s t o n e ' s Diene 35 NFA u s i n g p r o c e d u r e s v e r y s i m i l a r to those 
used t o p r e p a r e p e e l t e s
mixed w i t h 0.05% d i c u m y
s h e e t s t o the d e s i r e d thickness(0.308, 0.151, or 0.100 cm) and s i z e 
(- 30.5 χ 18 cm) by mo l d i n g f o r 1 hour at 60°C. and 40,000 l b s / 5 " 
ram. F a b r i c was c u t so t h a t the f i n a l s i z e was at l e a s t one in c h 
s m a l l e r than the r u b b e r s h e e t s i n a l l d i r e c t i o n s . A sandwich was 
made from the f a b r i c and two premolded rubber sheets of the same 
t h i c k n e s s and about h a l f the t o t a l t h i c k n e s s of the f i n a l sandwich. 
The sandwich was cu r e d i n a p r e s s f o r 2 hours a t 150°C and 5000 
l b s / 5 " ram. I n the c u r e d specimen the f a b r i c was embedded i n the 
c e n t e r o f the molded specimen (0.15 -0.40 i n t h i c k ) . Samples were 
immensed i n a l k a l i before c u t t i n g to s i z e f o r t e n s i l e t e s t s . 

T h i n n e r c o a t i n g s on f a b r i c s and f i b e r s were prepared by d i p 
p i n g the f a b r i c or f i b e r s i n t o a s o l u t i o n c o n t a i n i n g 500 ml hexane, 
50 g polybutadiene and 0.02 g dicumyl peroxide. Excess s o l u t i o n was 
squeezed o f f by p a s s i n g the f a b r i c or f i b e r s between r o l l e r s , the 
hexane was removed by e v a p o r a t i o n , and the rubber was cured f o r 2 
hours i n a vacuum oven at 150°C. 

Microscopy. A L e i t z Orthoplan microscope f i t t e d w i t h a 
P o l a r o i d Land Camera was used to examine samples at low m a g n i f i c a 
t i o n . Scanning electronmicrographs were taken with an ISI-SS40. 

Res u l t s and D i s c u s s i o n 

Many o f the f a c t o r s t h a t i n f l u e n c e the degradation of glas s i n an 
a l k a l i n e environment are obvious. They i n c l u d e the composition of 
the g l a s s , the s u r f a c e a r e a o f the g l a s s , and the nature of the 
surface of the g l a s s . When coatings are a p p l i e d to the g l a s s , a d d i 
t i o n a l f a c t o r s need to be considered a l s o . These a d d i t i o n a l f a c t o r s 
i n c l u d e the u n i f o r m i t y of the c o a t i n g , the i n f l u e n c e of the t h i c k 
ness o f the c o a t i n g , the degree of bonding between the c o a t i n g and 
the g l a s s , and the e f f e c t of d i f f e r e n t methods of applying the coat
i n g . A comprehensive c o n s i d e r a t i o n o f each o f these f a c t o r s i s 
beyond the scope o f t h i s paper but each of them was examined i n at 
l e a s t a p r e l i m i n a r y way. The conclusions of t h i s study are based on 
weig h t l o s s s t u d i e s , microscopy, peel t e s t measurements and t e n s i l e 
p r o p e r t i e s b e f o r e and a f t e r immersion i n the aqueous a l k a l i 
s o l u t i o n . 
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Studies on Glass Alone. Weight l o s s comparisons f o r d i f f e r e n t 
k i n d s of g l a s s a f t e r immersion i n water and a l k a l i are given i n 
T a b l e I . The d a t a showed that a l l the glasses l i s t e d were reason
a b l y s t a b l e i n water, that f i b e r s were more severely degraded then 
b a r s , e s p e c i a l l y i n a l k a l i n e s o l u t i o n s and t h a t o f the g l a s s e s 
t e s t e d , Ε-glass and soda lime glass were the most sever e l y corroded 
by the a l k a l i . The d i f f e r e n c e among the kinds of g l a s s can be par
t i a l l y e x p l a i n e d i n terms of the r e l a t i v e s t a b i l i t y i n water and 
a l k a l i of the var i o u s m a t e r i a l s comprising the g l a s s e s . Some t y p i 
c a l f ormulations are given i n Table I I (6-8). 

Table I I . T y p i c a l Weight % Composition of Glasses ( 6 - 8 ) 1 

Oxide Glass 

Ε AR 2 Pyrex Quartz Soda Lime 
S i 0 2 54.5 
Na 20 1 + 
CaO 17.0 13 
A 1 2 0 3 14.5 2.2 1 
B 2 0 3 8.5 12.9 
MgO 4.5 
K 20 4.0 0.4 
Z r 0 2 16.1 
L i 2 0 1 

1 Only the major o x i d e s ( 1 % or greater) are l i s t e d . Most glasses 
a l s o have s m a l l amounts of other metal oxides such as Fe203» T i 0 2 , 
Mn 2Û3, e t c . 
2 A l k a l i - r e s i s t a n t g l a s s . 

A comparison of the r e s u l t s i n T a b l e I w i t h the compositions i n 
T a b l e I I suggests that high concentrations of CaO and A 1 2 0 3 l e a d to 
d e c r e a s e d d u r a b i l i t y i n a l k a l i . T h i s i s not s u r p r i s i n g when the 
r e s u l t s of % weight l o s s s t u d i e s on these metal oxides alone and 
t h e i r known c h e m i s t r y a re con s i d e r e d . A l 2 0 3 , when exposed to the 
s t a n d a r d a l k a l i n e c o n d i t i o n s , l o s t 8.3% by w e i g h t . A 1 2 0 3 , when 
h y d r a t e d , i s a m p h o t e r i c , i s s o l u b l e i n strong a l k a l i s , and forms 
compounds l i k e NaA10 2 or C a ( A 1 0 2 ) 2 . Thus the high c o n c e n t r a t i o n of 
A 1 2 0 3 i n Ε-glass can a t l e a s t p a r t i a l l y account f o r the observed 
weight l o s s . ( B 2 0 3 was t o t a l l y s o l u b l e under the usual a l k a l i n e 
c o n d i t i o n s and when hydrated, i n a c i d i c . However, the s t a b i l i t y of 
Pyrex g l a s s suggests th a t boron i s present i n glass not as B 2 0 3 but 
i n some form t h a t i s not r e a d i l y a t t a c k e d by a l k a l i . ) CaO, when 
exposed to the standard a l k a l i n e c o n d i t i o n s , gained 13.3% by weight. 
T h i s i s u n d e r s t a n d a b l e because CaO can r e a c t w i t h water to form 
C a ( 0 H ) 2 and w i t h d i s s o l v e d C 0 2 t o form CaC0 3. Both products have 
h i g h e r m o l e c u l a r w e i g h t s than CaO. In o r d e r t o account f o r the 
ob s e r v e d w e i g h t l o s s w i t h Ε-glass and even more so wit h soda lime 
g l a s s , i t must be assumed that e i t h e r these products slowly d i s s o l v e 
i n the a l k a l i or e l s e they are washed o f f the surface of the g l a s s . 
( A g a i n the Na 20 present i n s i g n i f i c a n t q u a n t i t i e s i n soda lime can
not account f o r the s e v e r e weight l o s s o b s e r v e d w i t h soda lime 
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g l a s s , because AR ( a l k a l i - r e s i s t a n t ) g l a s s a l s o contains much Na 20 
and i s e s p e c i a l l y formulated to be and indeed i s observed to be more 
r e s i s t a n t to a l k a l i ) . 

T e n s i l e measurements of the E-glass and AR-glass f i b e r s showed 
t h a t a l t h o u g h the Ε-glass f i b e r s were stronger i n i t a l l y than the 
A R - g l a s s f i b e r s , t he A R - g l a s s r e t a i n e d i t s strength b e t t e r i n the 
a l k a l i . E-glass f i b e r s were too weak to t e s t a f t e r immersion i n the 
a l k a l i , whereas A R - g l a s s f i b e r s showed 19% r e t e n t i o n of i n i t i a l 
s t r e n g t h . 

The much greater weight l o s s observed w i t h E-glass f i b e r s 
r e l a t i v e to Ε-glass bars suggests that exposed surface area plays an 
i m p o r t a n t r o l e i n d u r a b i l i t y i n a l k a l i n e s o l u t i o n s . The e f f e c t of 
s u r f a c e area was examined by determining the percent weight l o s s of 
soda l i m e beads o f d i f f e r e n t but known diameter a f t e r immersion i n 
the a l k a l i . As shown i n F i g u r e 3 the weight l o s s increased l o g a 
r i t h m i c a l l y w i t h the square of the beads' diameters  i . e  of t h e i r 
surface area. 

We concluded tha
i s r e l a t e d to i t s chemical composition and that a coating was needed 
t o p r o t e c t the g l a s s . A s u i t a b l e c o a t i n g s h o u l d both reduce the 
s u r f a c e a r e a exposed to the a l k a l i and prevent contact between the 
degradable components i n the gl a s s and the a l k a l i . 

Studies on Coated Glass. Glass beads, f i b e r s , and f a b r i c s are 
commercially a v a i l a b l e w i t h v a r i o u s p o l y s i l o x a n e c o a t i n g s , which are 
c h e m i c a l l y bonded t o the g l a s s t h r o u g h the s i l a n o l groups (_2). 
U s u a l l y the p o l y s i l o x a n e coatings contain other f u n c t i o n a l groups, 
which can s e r v e as bonding s i t e s f o r o t h e r c o a t i n g s . I t was of 
i n t e r e s t to compare the degree to which these p o l y s i l o x a n e s rendered 
the g l a s s c o r r o s i o n r e s i s t a n t to a l k a l i n e s o l u t i o n . Weight l o s s data 
g i v e n i n Ta b l e I I I , showed s i g n i f i c a n t d i f f e r e n c e s . P o l y s i l o x a n e s 
w i t h a l o n g a l k y l group l i k e o c tadecyl gave coatings that r e s u l t e d 
i n a s i g n i f i c a n t i n c r e a s e i n the d u r a b i l i t y of the coated g l a s s i n 
a l k a l i . S h o r t e r a l k y l s u b s t i t u e n t s l i k e e t h y l , dimethyl and v i n y l 
were d e l e t e r i o u s and most p o l a r s u b s t i t u e n t s t e s t e d ( g l y c i d o x y - , 
m e t h a c r y l o x y - ) seemed to encourage weight l o s s . The b a s i c 3-amino-
p r o p y l group gave some p r o t e c t i o n . These data suggest that c o n t i 
nuous nonpolar hydrocarbon coatings might p r o t e c t the glass and that 
a p o l y s i l o x a n e c o a t i n g w i t h 3-aminopropyl-groups to promote bonding 
wit h the hydrocarbon l a y e r (2,3) should not be disadvantageous. 

S t u d i e s w i t h Rubber C o a t i n g s . The above s u g g e s t i o n s were 
v e r i f i e d i n st u d i e s w i t h rubber coatings on glas s p l a t e s , f i b e r s and 
f a b r i c s . 180° peel t e s t s on E-glass p l a t e s showed that w i t h or w i t h 
out p r i o r surface c o a t i n g of the p l a t e s w i t h the aminopolysiloxane, 
t h e r e was no de c r e a s e i n the adhesion between the glass and per
o x i d e - c u r e d p o l y b u t a d i e n e c o a t i n g s . The r e s u l t s are summarized i n 
F i g u r e 4. Most samples f a i l e d c o h e s i v e l y i n the rubber l a y e r . The 
s t r e n g t h of the samples t h a t were not exposed to a l k a l i increased 
s t e a d i l y w i t h the p e r c e n t o f 3-aminospropytriethoxysilane (AS) i n 
the s o l u t i o n used t o t r e a t the g l a s s . The s t r e n g t h s of samples 
exposed t o a l k a l i were e s s e n t i a l l y constant at concentrations of 1% 
AS and above. Bars t h a t were not c o a t e d w i t h the p o l y s i l o x a n e 
f a i l e d adhesively and the s c a t t e r i n the r e s u l t s (± ~ 35%) r e f l e c t e d 
the f a c t that the surface of the bars was not as smooth as the sur
f a c e o f m i c r o s c o p e s l i d e s and other bars used i n previous s t u d i e s 
(3-5). 
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Figure 3. E f f e c t of soda lime bead s i z e on percent weight 
l o s s a f t e r immersion i n a l k a l i f o r 7 days at 80°C. 
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Figure 4. Peel t e s t r e s u l t s on Ε-glass p l a t e s as a f u n c t i o n 
of percent of 3-aminopropyltriethoxysilane i n s o l u t i o n used to 
t r e a t p l a t e s , x: r e s u l t s a f t e r immersion i n a l k a l i f o r 7 days 
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Table I I I . Studies w i t h S i l a n e Coated Soda Lime Glass Beads 

F u n c t i o n a l Group 1 Size % Wt. Loss 
on S i l i c o n Mesh i n A l k a l i 

C H 3(CH 2)i7 - 70-140 145 0.86 
NH 2(CH 2) 3 - 70-140 145 2.08 
Uncoated 70-140 145 2.27 
CH2-CH- 70-140 145 3.18 
CH 3CH 2- 70-140 145 3.58 
C H 3 ) 2 - 70-140 145 4.88 
Uncoated 
0 

325 25 4.50 

CH 2CHCH 20(CH 2) 3- 325 25 5.87 

CH 2-C(CH 3)CO(CH 2) 3- 325 25 10.89 
1 S i l a n e coatings are chemicall
groups on the g l a s s s u r f a c e
r e a c t i n g a t r i a l k o x y a l k y l s i l a n e , ( R 0 ) 3 S i R f , w i t h the glass and then 
h e a t i n g t o form a p o l y s i l o x a n e l a y e r w i t h the f u n c t i o n a l group from 
R', i f any, i n the surface and a v a i l a b l e f o r f u r t h e r r e a c t i o n (2.). A 
d i a l k o x y d i a l k y l s i l a n e , ( R O ) 2 S i R ,

2 , can be used i n the same way. I f 
R ? i s CH 3 and the s i l a n e i s (R O ) 2 S i R ' 2 , e.g., the p o l y s i l o x a n e l a y e r 
w i l l have two CH 3 groups and fewer bonds to the gla s s surface. 

A R - f i b e r coated w i t h the same p o l y s i l o x a n e and passed through a 
hexane s o l u t i o n c o n t a i n i n g polybutadiene and peroxide before c u r i n g , 
showed 100% strength r e t e n t i o n i n a l k a l i n e s o l u t i o n . E-glass f a b r i c 
embedded i n peroxide-cured polybutadiene showed n e a r l y 100% r e t e n 
t i o n o f o r i g i n a l s t r e n g t h f o r polybutadiene thicknesses of 1 mm or 
more. The s t r e n g t h t y p i c a l l y o b s e r v e d f o r #3701 greige goods as 
rece i v e d was 26.8-29.1 kN/m (153-166 l b s . per inch w i d t h ) . Strength 
r e t e n t i o n i n the a l k a l i was a t most 10%. P o l y b u t a d i e n e coated 
specimens had i n i t i a l s t r e n g t h s of 16.6-19.8 kN/m (95-113 l b s per 
i n c h w i d t h ) , and s t r e n g t h r e t e n t i o n i n the a l k a l i was 80-100% f o r 
c o a t i n g s 1 mm t h i c k o r g r e a t e r . (The s t r e n g t h o f the composite 
v a r i e d w i t h the t h i c k n e s s o f the p o l y b u t a d i e n e . Thicker coatings 
gave weaker o v e r a l l composite strengths.) From l a t e x e s , coatings as 
t h i n as 0.03 mm gave good p r o t e c t i o n . T y p i c a l d a t a i s shown i n 
Figure 5. M u l t i p l e dippings were necessary, since the f i r s t d i p gave 
o n l y p e n e t r a t i o n o f the f i b e r b undle and no c o a t i n g . The f i r s t 
l a t e x d i p i s p r e f e r a b l y i n t o a l a t e x other than n a t u r a l rubber (e.g. 
SBR l a t e x ) because good a d h e s i o n between the glass and a coa t i n g 
from n a t u r a l rubber l a t e x i s not obtained. 
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Figure 5. Percent r e t e n t i o n of strength of l a t e x coated #3701 
f a b r i c w i t h 3-aminopropylpolysiloxane c o a t i n g , a f t e r immersion 
i n a l k a l i f o r 7 days at 80°C, as a f u n c t i o n of number of dips 
i n l a t e x , k i n d of l a t e x , and cu r i n g c o n d i t i o n s . 
PI#2 i s K i l l i a n 500 c l e a r polyisoprene l a t e x - Cure 2; 
PI M i s K i l l i a n 500 c l e a r polyisoprene l a t e x - Cure 4; 
PI#2 and PI//4 were rec e i v e d from K i l l i a n as p a r t i a l l y cured 
r e s i n s . SBR i s Po l y s a r XE-432 styrene-butadiene l a t e x . 
The temperature and time of cure are c i t e d a f t e r each l a t e x . 
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E l e c t r i c a l equivalent c i r c u i t , model 
f o r painted s u r f a c e s , 60-61 
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2 - E t h y l h e x y l a c r y l t e (2EHA), 

r e a c t i v i t y , 332 
Exchange current d e n s i t y , BTA- and 

PVI-1-coated copper, 263 

F 

Faradaic impedance, c a l c u l a t e d , 59-60 
Fatigue t e s t i n g , used i n adhesive 

j o i n t s study, 195 

F i b e r g l a s s , rubber coatings, 349-358 
F i l m s — S e e Plasma-deposited f i l m s , 

Coatings 
F l a s h r u s t i n g 

e f f e c t of pH i n c r e a s e , 21-23 
mechanism, 29 
r o l e played by formulation pH during 

wet f i l m c o n d i t i o n s , 19 
s t u d i e s , 21-23 
s u b s t r a t e s , p a i n t s and coatings 

used, 20 
F o i l r e s i s t a n c e , changes of immersion 

i n sodium c h l o r i d e , 25f,26f 
F o u l i n g , ship h u l l s , 327-328 
F o u r i e r transform i n f r a r e d r e f l e c t i o n 

absorption spectroscopy 
aged araine-cured epoxy 

c o a t i n g  103-106 

G 

Galvanized s t e e l 
adherents 

j o i n t s t r e n g t h , 185 
shear strength versus exposure 

time, I86f 
d u r a b i l i t y , 187 
exposure to K e s t e r n i c h aging, 148 
i n t e r f a c i a l chemistry of 

corrosion-induced f a i l u r e , 148 
phosphating adherents, 187 

Gas b l i s t e r i n g 
epoxy c o a t i n g , 130f 
phenomenon, 129 

Glass 
a t t a c k by strong a l k a l i , 349 
beads, s t u d i e s with s i l a n e - c o a t e d 

soda lime, 358t 
co a t i n g s , process, 353f,354 
f a b r i c s , a l k a l i d u r a b i l i t y 

t e s t s , 350 
f a c t o r s that i n f l u e n c e the 

degradation a l k a l i , 354 
f i b e r 

a l k a l i d u r a b i l i t y t e s t s , 350 
bars, and sides used i n rubber 

coatings study, 350 
t e n s i l e measurements, 356 
view of bundles, 353f 

l a t e x treatment, 352-354 
peel t e s t s , 352-354 
p o l y s i l o x a n e c o a t i n g s , 356 
rubber coated, 356-358 
s i l a n e 

c o a t i n g s , 358 
treatment, 352-354 

soda l i n e 
a l k a l i c o r r o s i o n , 355 
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G1a s s—Cont inued 
bead-size e f f e c t on percent weight 

l o s s , 355f 
t e n s i l e t e s t i n g , 352-354 
t y p i c a l weight percent 

composition, 355 
weight l o s s 

comparison, 351t 
i n water and a l k a l i , 355 

Glass t r a n s i t i o n data 
copolymers i n tin-based p a i n t 

study, 332-335 
e f f e c t of heterogeneity of the 

polymers, 335-336 
TBTM-MMA copolymers, 337f 
TBTM-MMA-MMA terpolymers, 337f 

Glow discharge plasma, use, 291 

H 

H a l o f l e x 202, c h a r a c t e r i z a t i o n of 
underfilm darkening, 29 

Harmonic a n a l y s i s , 32,34t 
Hermetic cans, c o r r o s i o n c o n t r o l of 

implanted medical devices, 300 
Hydration 

degree, chromium hyroxide, 163 
i n h i b i t o r s , 248 
prebaking e f f e c t on chromium 

hydroxide, 163 
r e s i s t a n c e of aluminum coatings, 240 

Hy d r o l y s i s , i r o n , 2 
Hydroxide i o n 

cathodic delamination r o l e , 170 
increased water absorption, 171 
s a t u r a t i o n of polymer with 

water, 177 
N-(2-Hydroxyalky1)aerylamide 

copolymers 
calcium phosphate i n h i b i t i o n , 286 
cor r o s i o n c o n t r o l use, 283-289 
dispersant a c t i v i t y , 286-287 
e v a l u a t i o n , 286 
r a t i o , 289 

N-(2-Hydroxyethyl)acrylamide, 
s y n t h e s i s , 284 

N-(2-Hydroxymethyl)acrylamide, 
copolymerization, 285 

N-(2-Hydroxypropy1)aerylamide 
copolymerization, 285 
sy n t h e s i s , 284 

Impedance—Cont inued 
polymer f i l m s , 3 3 t 
Warburg-type, phosphated and coated 

s t e e l , 61 
Impedance diagrams, zinc-pigmented 

coatings, 231 
Impedance spectroscopy, coating 

systems a p p l i c a t i o n , 6 
Implant devices, leakage, 302 
Implant f a i l u r e , mechanisms, 301 
Indazole, 268 
I n h i b i t o r compounds, l i n e a r 

p o l a r i z a t i o n 
measurements, 263,264f 

Ions, migration i n t o unprotected 
semiconductors, 301 

IR spectroscopy, epoxy r e s i n s , 319f 
Iron 

ferrous i o n , 2 
mechanism, 58 

h y d r o l y s i s , 2 
Iron oxide 

d i s p e r s i o n t e s t , 288t 
formation, 2 

Iron phosphate, conversion coating 
process, 204 

Isocyanate 
aging, 345f 
coat i n g s , e f f e c t of c r o s s - l i n k 

d e n s i t y , 110-114 
isothermal aging, 344 
l i f e t i m e p r e d i c t i o n , 346f 

J 

J o i n t , lap-shear samples, 185 
J o i n t s t r e n g t h , zincrometal 

adherents, 191 

Κ 

Kapton polyamide f i l m , water f l u x 
changes due to plasma 
deposits, 294t 

Kapton polyimide f i l m , 
permeation, 293,295 

Kesternich aging, galvanized 
s t e e l , 148 

Imidazole, 268 
Impedance 

comparison to harmonic a n a l y s i s , 33 
expression, 60 

Lap shear bond t e s t s 
s i l i c o n e s , 309 
substrates with primer-elastomer 

coatings, 3 0 9 t 
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Lap shear j o i n t s , shear strength 
versus exposure time, I 8 6 f 

Lap shear samples 
j o i n t , 185 
s a l t fog t e s t s , 185 
SEM a n a l y s i s , 185 

Large volume microwave plasma, 
r e a c t o r , 292 

Leakage current 
measurement apparatus i n s i l i c o n e 

polymer study, 306 
measurement f o r s i l i c o n e 

s u b s t r a t e s , 307-309 
Levich r e l a t i o n , 260 
London f o r c e s , i n t e r a c t i o n of polymers 

with neighboring molecules, 9 

M 

N i t r i l e - m o d i f i e d epoxy s t r u c t u r a l 
adhesive, 236 

N i t r i l o t r i s m e t h y l e n e phosphonic a c i d , 
pH r e l a t i o n s h i p to coverage on 
aluminum, 239 

Nitrogen-oxygen r a t i o , adhesives 
compared a f t e r c o r r o s i o n 
f a i l u r e , 198-200 

Nonmetallic m a t e r i a l s , c o r r o s i o n 
s i g n i f i c a n c e , 1 

Nucleophile, displacement r a t e s , 247t 
Nyquist p l o t s 

a c r y l i c and c h l o r i n a t e d rubber 
coatings, 28f 

c h l o r i n e c o n t a i n i n g v i n y l a c r y l i c 
c o a t i n g , 27f 

e f f e c t of rate constants, 60 
mild s t e e l i n standard p a i n t  22f 

M a t e r i a l performance, e v a l u a t i o n , 17 
Mechanical i n t e r l o c k i n g 

aluminum, 181 
d e f i n i t i o n , 181 

Mercaptopropylsilane, bond strength of 
aluminum coatings, 244 

Metal oxides, absorption of a n i o n i c 
p o l y e l e c t r o l y t e s from water, 287 

Metal paint i n t e r f a c e , e f f e c t of 
p o l l u t a n t s , 9 5 - 1 0 0 

Metal-adhesive i n t e r f a c e , formation of 
h y d r o p h i l i c i o n i c 
products, 1 9 6 - 1 9 7 

Metal-polymer bond, performance, 235 
M e t a l l i c c o r r o s i o n — S e e Corrosion, 

m e t a l l i c 
Metals 

adsorption i n h i b i t o r s , 4 
pretreatraent processes, 2 0 3 
suppression of anodic 

d i s s o l u t i o n , 3-4 
s u r f a c e , adhesion l o s s 

mechanisms, 124-135 
usefulness of a c t i v e 

c o r r o s i o n - i n h i b i t i n g pigments, 4 
Methyl methacrylate (MMA), 332 
L-Methylstyrene, 342 
M i c r o e l e c t r o n i c s , humidity 

p r o t e c t i o n , 12 
Molecular packing, p e r m e a b i l i t y of the 

binder, 2 2 3 
Mud c r a c k i n g , long t r a n s i e n t , 1 2 0 f 

Ν 

N a t u r a l weathering t e s t s , 89 
Neuromuscular s t i m u l a t o r s , 300 

0 

Oligomers, s y n t h e s i s , 111 
Open c i r c u i t p o t e n t i a l 

c o r r o s i o n r e s i s t a n c e , 54 
measurement on photocured 

coatings, 54 
temperature c o r r e l a t i o n , 56 

Organic c o a t i n g s — S e e Coatings, 
organic 

O r g a n i c - s i l i c o n e plasma f i l m , water 
permeation, 293 

Organo-silicones, d e p o s i t i o n 
r a t e s , 297f 

Organophosphonates 
e f f e c t of pH on adsorption onto 

anodized aluminum, 235 
f u n c t i o n a l groups that couple with 

applied polymeric epoxy 
systems, 235 

Organosilanes, surface coverage on 
aluminum, 239 

Organosiloxane, f u n c t i o n a l groups that 
couple with a p p l i e d polymeric 
epoxy systems, 235 

Ortho-novolak r e s i n s , posttreatment 
over phosphated conversion 
coatings, 206 

Osmotic b l i s t e r i n g , phenomenon, 129 
Osmotic pumping, s i l i c o n e 

elastomers, 304 
Oxidation, suppression by PVI, 280 
Oxygen 

migration through organic 
coatings, 134 

p e r m e a b i l i t i e s of c o a t i n g s , 112t , 1 1 3 
reduction, 253 
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Ρ 

Pacemakers, 300 
Paint 

ac impedance and underfilm darkening 
s t u d i e s , 18-30 

adhesion l o s s dependence on t e s t 
c o n d i t i o n s , I 4 4 t , l 4 5 t 

c h a r a c t e r i s t i c s i n t e s t study, 89t 
cor r o s i o n r a t e of z i n c 

phosphate-free, 21 
elec t r o c h e m i c a l data, 23 
f i l m s , d i f f u s i o n r a t e of 

sol v e n t , 335 
p o r o s i t y , 212 
re s i s t a n c e values, 63 
rus t b l i s t e r s on s t e e l panels  90 
tin-based 

environmental problems
preparation and t e s t i n g , 332 
solvent l o s s at ambient 

temperature, 333f 
str u c t u r e - p r o p e r t y 

r e l a t i o n s h i p , 327-340 
z i n c - r i c h , a c o u s t i c emission 

procedure, 116 
Paint coatings 

ac impedance t e s t r e s u l t s , 95 
ch l o r i d e contaminant e f f e c t , 97-100 
degradation, 86 
outdoor and laboratory t e s t s on 

s t e e l panels, 91-94t 
s a l t spray r e s u l t s , 90-95 
weathering t e s t r e s u l t s , 95 

Peel t e s t , Ε-glass p l a t e s , 357f 
Per m e a b i l i t y 

b a r r i e r coatings, 223 
i n f l u e n c i n g f a c t o r s of coatings, 110 
measurement i n coating p e r m e a b i l i t y 

study, 112 
Permeation c o e f f i c i e n t 

equation, 294 
Kapton polyimide f i l m , 293f 

pH 
adhesion l o s s r e l a t i o n s h i p , 142 
cathodic delamination, 126,170 
current l e v e l s a f f e c t e d , 173 
r e l a t i o n s h i p to n i t r i l o t r i s -

methylene phosphonic a c i d 
coverage, 239 

Phenol-formaldehyde emulsions, post 
treatments over phosphated 
conversion c o a t i n g , 206 

Phenol-formaldehyde r e s i n s , post 
treatments over phosphated 
conversion c o a t i n g , 206 

Phenolic r e s i n s , conversion coating 
process, 206 

Phosphate b u f f e r , 
voltammograra, 256-258 

Phosphating 
d e s c r i p t i o n , 283 
e f f e c t on m e t a l l i c c o r r o s i o n , 63-64 
s a l t spray t e s t s , 64 

Phospho-chromic s o l u t i o n , e f f e c t of 
treatment on coatings, 63-64 

Pho s p h o s i l i c a t e glasses (PSG), 
p a s s i v a t i o n c o a t i n g , 302 

Physicochemical mechanism, c o r r o s i o n , 
p r o t e c t i o n , 223-224 

Pigments 
a n t i c o r r o s i v e f u n c t i o n , 224 
a n t i c o r r o s i v e use, 225 
e f f e c t on perm e a b i l i t y of 

b a r r i e r s , 8 
P i t t i n g , aluminum coatings, 245 
Plasma, c o r r o s i o n p r o t e c t i o n use, 292 

aluminum, 295-297 
de p o s i t i o n k i n e t i c s , 297 
morphology dependence on de p o s i t i o n 

v a r i a b l e s , 295 
performance aspects, 291-297 

Plasma o r g a n o - s i l i c o n e s , 292 
P l a s t i c s 

future needs, 13 
r e s i n - r i c h surface l a y e r , 314-315 
use, 314 

P o l a r i z a b i l i t y , a c i d s and bases, 9 
P o l l u t a n t s , e f f e c t on the metal-paint 

i n t e r f a c e , 95-100 
P o l y - 4 ( 5 ) - V i n y l i m i d a z o l e , 

s y n t h e s i s , 270 
Pol y - 4 ( 5 ) - V i n y l i m i d a z o l e copper(II) 

complex, 270 
Poly-4-vinylphenol 

molecular weight and co r r o s i o n 
r e s i s t a n c e , 209 

posttreatraents over phosphated 
conversion coatings, 206 

Poly-4-vinylphenol-formaldehyde 
condensate, Mannich 
adduct, 206-207 

Pol y - methyl(2-hydroxyethyl)amino 
methyl-4-vinylphenol, treatment 
on phosphated conversion 
coatings, 207t 

Polyalkyloamide-alkenyl 
copolymers, 268 

Polyamides, creep f a i l u r e , 303 
Polybutadiene 

el e c t r o c h e m i c a l e v a l u a t i o n , 49 
gl a s s coating, 354 
gla s s specimens, 358 

Polybutadiene coating 
F o u r i e r transform IR 

spec t r a , 106,107-108f 
humidity-induced adhesion 

l o s s , 147-148 
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P o l y c a r b o x y l a t e s , pH i n f l u e n c e on 
adsorption, 287-289 

Po l y e s t e r r e s i n s 
chemical s t r u c t u r e s , 316f 
c o r r o s i o n behavior, 318-323 
e f f e c t of temperature on c o r r o s i o n 

r a t e , 324f 
e f f e c t of temperature on r e t e n t i o n 

of f l e x u r a l strength of sodium 
hydroxide, 322f 

IR a n a l y s i s of c o r r o s i o n 
l a y e r , 318-323 

p r e d i c t i o n of s t r e n g t h , 323-325,326f 
strength r e t e n t i o n , 318-323 
v a r i a t i o n of c o r r o s i o n depth with 

immersion time, 324f 
Polyethylene f i l m s , m i g r a t i o n , 134 
Polymaleic a c i d , 268 
Polymer f i l m s , appearance i

a n a l y s i s study, 34t 
Polymer-metal bond, nature,
Polymeric c o a t i n g s — S e e Coatings, 

polymeric 
Polymeric m a t e r i a l s 

overview, 1-16 
P o l y m e r i z a t i o n , modeling 

techniques, 329 
Polymers 

c h a r a c t e r i z a t i o n i n tin-based p a i n t s 
study, 331 

composition e f f e c t on c o r r o s i o n 
c o n t r o l , 11 

high n i t r i l e , b a r r i e r p r o p e r t i e s , 48 
methods of e v a l u a t i n g 

performance, 4-7 
permeability of systems, 8 
s i l i c o n e s 

implanted medical e l e c t r o n i c 
prostheses, 299 

i n t e r f a c i a l p r o p e r t i e s , 303 
s w e l l i n g , 127 
t e s t i n g i n tin-based p a i n t s 

study, 331-332 
See a l s o Adhesion 

P o l y o l 
a c i d number increase with aging, 344 
components i n polyurethane 

study, 343 
isothermal aging, 344 
r e a c t i o n with 

t r i c h l o r o f l u o r o m e t h a n e , 347 
P o l y s i l o x a n e s , encapsulants, 300 
P o l y t h i o p r o p i o n a t e , 268 
Polyurethane 

formulation, 347 
outdoor and laboratory t e s t s of 

coatings, 94t 
Polyurethane foam 

aging study, 343-347 
a n a l y s i s of isocyanate, 342 
a n a l y s i s of p o l y o l s , 342 
component l i f e t i m e s , 341-348 

Polyurethane foam—Continued 
components, 341 
c o r r o s i o n study, 342-343 
formulations, 342 
long-term s t a b i l i t y , 344t 

Polyurethane p a i n t , 72 
P o l y v i n y l i m i d a z o l e s 

advantages as c o r r o s i o n 
i n h i b i t o r s , 269 

comparison with BTA and UDI, 272-275 
e f f e c t on e l e c t r o c h e m i c a l processes 

of copper c o r r o s i o n , 263 
FT-IRRAS 

spec t r a , 274f,276f,277f,278f,279f 
high temperature study, 275 
o x i d a t i o n suppression, 280 
R-A s p e c t r a , 271f 
s t r u c t u r e s , 271f 

posttreatraen  phosphate
conversion coatings, 208t 

posttreatment over phosphated 
conversion coatings, 207-209 

surface a n a l y s i s of post-
treatments, 209 

treatment s o l u t i o n s temperature and 
pH r e l a t i o n s h i p , 209 

P o l y v i n y l p y r r o l i d o n e , temperature 
e f f e c t on r u s t r a t i n g , 55 

Pore r e s i s t a n c e , use f o r water b a r r i e r 
comparisons, 60-61 

P o t e n t i a l - t i m e behavior, s t e e l i n 
p a i n t f i l m , 25f 

Primers 
e f f e c t on debonding, 178 
formulation, based on c h l o r i n e 

containing v i n y l a c r y l i c 
l a t e x , 30 

performance i n s i l i c o n e 
study, 310-311 

See a l s o Adhesive primers 
Py r o a u r i t e group, general formula, 29 

R 

R e s i n s — S e e Epoxy r e s i n s , P o l y e s t e r 
r e s i n s 

R e s i s t a n c e — S e e Charge-transfer 
r e s i s t a n c e 

Rest p o t e n t i a l , polymer f i l m s , 33t 
Rotating d i s k electrode (RDE) 

technique, copper electrodes 
s t u d i e s , 251 

Rotating d i s k p o l i s h i n g equipment, 
schematic diagram, 334f 

Rust r a t i n g , temperature 
c o r r e l a t i o n , 55 

Rusting grades, examined on paint 
f i l m s i n t e s t s study, 90 
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S 

S a l t , impedance measurements on 
polymer f i l m s , 28 

S a l t fog t e s t s 
c o r r o s i o n r e s i s t a n c e of photocured 

coatings, 52 
lap-shear samples, 185 
pai n t systems, 90 
zincrometal adherents, 191 

S a l t spray t e s t s 
chromate conversion coatings, 213 
coating p e r m e a b i l i t y , 113-114 
c o l d - r o l l e d s t e e l adherends, 196 
c o r r o s i o n information obtained, 144 
e f f e c t on phosphated coatings, 64 
poly- 4 - v i n y l p h e n o l , 209 
r e s u l t s on paint c o a t i n g s
r e s u l t s on phosphated 

coatings, 65-66 
used i n adhesive j o i n t s study, 195 
zinc-pigmented coa t i n g s , 230 

Scanning e l e c t r o n microscopy (SEM) 
adhesion f a i l u r e o f epoxy-ester 

c o a t i n g , 150f 
f r a c t u r e surface o f s t e e l , I62f 
lap-shear samples, 185 
micrograph of pol y e s t e r r e s i n a f t e r 

f l e x u r a l t e s t , 322f 
S e a l e r s , c o r r o s i o n p r o t e c t i o n 

system, 11 
Seawater, screening f o r 

adhesives, 177-178 
Secondary i o n mass spectroscopy (SIMS) 

adhesion l o s s a n a l y s i s , 152f 
i n t e r f a c i a l substrate surface, 151f 
zinc-phosphated s t e e l a f t e r adhesion 

f a i l u r e , 150f 
S e l f - p o l i s h i n g copolymer (SPC) p a i n t s , 

f o u l i n g prevention, 328 
Si l a n e f i l m , c o r r o s i o n r e s i s t a n c e on 

aluminum, 247 
Sil a n e s 

adhesive bond d u r a b i l i t y on 
aluminum, 243f 

adsorption onto aluminum epoxy 
coating s u r f a c e s , 240t 

e f f e c t i v e adhesion 
promoters, 247-248 

p r o t e c t i o n o f aluminum coatings, 246 
S i l i c o n d i o x i d e , chip p r o t e c t i o n , 301 
S i l i c o n n i t r i d e , chip p r o t e c t i o n , 301 
S i l i c o n e elastomers 

adhesion, 303-304 
co r r o s i o n p r o t e c t i o n use, 299 
osmotic pumping, 304 
tested i n implant study, 305 

S i l i c o n e s 
c h a r a c t e r i z a t i o n o f parameters, 304 
cor r o s i o n c o n t r o l use, 300 
dust c o n t r o l , 311 

Si 1icones—Cont inued 
e f f e c t of water-soluble 

contaminants, 311 
e l e c t r o n i c encapsulation, 304 
leakage current measurements, 306 
mechanical d e f e c t s , 302 
r i s e of leakage to steady-state 

values, 310 
unprimed sample performance, 310 

Sodium c h l o r i d e s o l u t i o n s , 
delamination r a t e s , 173 

Sodium hydroxide 
e f f e c t of temperature on r e t e n t i o n 

of f l e x u r a l strength of 
polye s t e r r e s i n s , 3 2 1 f 
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