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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d c o l 
lections of data i n specia l areas of t o p i c a l interest that c o u l d 
not be a c c o m m o d a t e d i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
their papers d i s t r i b u t e d among several journals or not p u b 
l i shed at a l l . Papers are referred c r i t i ca l ly according to A C S 
edi tor ia l standards a n d receive the care fu l at tention a n d proc
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g i n a l contr ibut ions 
not p u b l i s h e d elsewhere i n w h o l e or major part a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y e m 
brace b o t h types of presentation. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
fw

00
1

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



PREFACE 

Τ η the late 1950's, as a consultant to F o r d M o t o r C o . , I ca l l ed to the 
attention of m y supervisor, G . L . Burns ide , the concept of e lectropho-

ret ic deposi t ion of water-borne pa in t composit ions. Soon the m a g n i t u d e 
of this project became apparent , a n d our thoughts a n d experimentations 
were disclosed i n confidence to some l e a d i n g pa int manufacturers . F o r 
me, this resulted i n a most pleasant cooperat ion w i t h m a n y fars ighted 
leaders i n research a n d development . Indeed, at that t ime farsightedness 
was needed to embark on the project of e lectrodeposi t ion of paint . F o r t u 
nately, the investigations were successful : e lectrodeposit ion is n o w a 
w o r l d w i d e operat ion. 

A b o u t t w o years ago, I was asked b y the officers of the A m e r i c a n 
C h e m i c a l Society D i v i s i o n of O r g a n i c Coat ings a n d Plastics C h e m i s t r y 
to preside at the S y m p o s i u m o n E lec t rodepos i t ion of Coat ings at the 
161st N a t i o n a l M e e t i n g of the A m e r i c a n C h e m i c a l Society, M a r c h - A p r i l , 
1971, i n L o s Angeles . T h e papers presented at this meet ing , together w i t h 
short in t roductory reviews of the total field, are the subject of the present 
vo lume. 

Sincere thanks go to the authors of these papers for accept ing m y 
inv i ta t ion to part ic ipate i n this p u b l i c a t i o n . T h e i r w o r k is p u b l i s h e d i n 
excellent company . B e y o n d the authors, credi t goes to their supervisors 
a n d organizations w h o have so generously furn i shed guidance a n d sup
p o r t i n g services w h i c h m a d e this v o l u m e possible. W h i l e I cannot at tempt 
to single out a l l these indirec t contributors i n a l l the organizations i n 
v o l v e d , m y o w n thanks go to G . L . B u r n s i d e , Η. N . Bogart , a n d P . H . 
P o n t a of F o r d M o t o r C o . , a n d last, but not least, to L . J . N o w a c k i a n d 
L . H . P r i n c e n of the A m e r i c a n C h e m i c a l Society, D i v i s i o n of O r g a n i c 
Coat ings a n d Plastics C h e m i s t r y . 

B r i g h t o n , M i c h . 
A u g u s t 1972 

GEORGE E. F . BREWER 

ix 
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1 

Conversion and Electrodeposited Coatings: 
A Total Concept 

JAMES I. MAURER and ROBERT M. LACY 

The Parker Co., Oxy Metal Finishing Corp., Occidental Petroleum Corp., 
P. O. Box 201, Detroit, Mich. 48220 

In the electrodeposition of paint, part of the substrate be-
comes an integral part of the deposited film and can influ
ence the coating properties. This paper covers the effect 
on paint quality of the cleaning of the metal surface, forma
tion of the conversion coating, post treatment, deionized 
water rinsing, and dryoff conditions. The system is evalu
ated for salt spray and humidity resistance, adhesion, fili
form corrosion, detergent resistance, and uniformity of 
paint film. For maximum selectivity of paint, the proper 
conversion coating, a reactive post treatment, and the 
dryoff oven should be used. By carefully matching the 
paint formulation with the conversion coating, quality fin
ishes can result, even if post treatment and the dryoff oven 
are eliminated. Electrodeposited paints require a more uni
form and complete coating than conventionally deposited 
paints. 

T t is accepted pract ice to c lean and to treat meta l surfaces to p roduce 
on them a convers ion coat ing before app l y ing indus t r i a l pa int finishes 

(1,2). Conve r s ion coatings as a base for pa int have been p roved va luab le 
du r ing many years of field use, w h i c h have shown that they prov ide a 
s imple , economica l means of substantia l ly increas ing the overa l l qua l i t y 
of pa in ted products . 

P roper meta l preparat ion, i n c l ud ing the format ion of a surface con
vers ion coat ing pr io r to pa int ing , contr ibutes to pa in ted p roduc t dura 
b i l i t y b y : 

( 1 ) decreas ing the spread of corros ion of the substrate meta l at areas 
where the pa int film is broken , and i n this w a y mater ia l ly r educ ing the 
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8 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

loss of pa in t that w o u l d o r d i n a r i l y l i f t a n d p e e l a w a y as a result of the 
ac t ion of the a lkal ine corrosion products . 

(2 ) p r e v e n t i n g or decreasing o n z i n c surfaces the react ion of the 
z i n c m e t a l w i t h the pa int b y v i r tue of the fact that the convers ion coat ing 
is a non-meta l l i c , non-react ive separat ing layer. 

(3 ) c o n t r o l l i n g the act ion of moisture w h i c h permeates the pa in t 
film to a substantial degree. T h i s el iminates or m i n i m i z e s b l i s ter ing u n d e r 
h i g h h u m i d i t y condit ions , thus c o n t r i b u t i n g to pa int film integr i ty . 

(4 ) i m p r o v i n g the m e c h a n i c a l pa int adhesion b y increas ing the sur
face area, and/or p r o v i d i n g a c a p i l l a r y b e d (3 ) into w h i c h the organic 
finish can penetrate. 

C o n v e r s i o n coatings are p r o d u c e d b y the c h e m i c a l react ion of a 
coat ing solut ion w i t h the m e t a l surface. I n most cases, components of 
the meta l surface react w i t h components of the coat ing solut ion to p r o 
duce a t ight ly adherent, water - insoluble inorganic coat ing on the meta l . 
T h e m e t a l surface is thus rendered non-metal l ic . 

C l e a n i n g a n d convers ion coat ing can be c o m b i n e d into one step. 
Processes of this type are general ly re ferred to as cleaner-coaters. M u c h 
greater flexibility i n operat ion a n d usua l ly h igher q u a l i t y can be ob
ta ined, however , b y separat ing the c leaning a n d the convers ion-coat ing 
step a n d b y post t reat ing the conversion coat ing to further enhance its 
a b i l i t y to h o l d pa int a n d m i n i m i z e corrosive attack of the m e t a l surface. 

A t y p i c a l process ing sequence before convent ional pa in t a p p l i c a t i o n 
today w o u l d consist of : 

( 1 ) C l e a n i n g the metal , 60 -90 seconds 
(2 ) W a t e r rinse, 30 seconds 
(3 ) Treatment to obta in a convers ion coat ing, 60 seconds 
( 4 ) W a t e r rinse, 30 seconds 
( 5 ) Post treatment or final rinse, 30 seconds 
(6 ) D r y o f f i n oven 
T h e t w o basic methods of treat ing m e t a l surfaces are b y the i m m e r 

sion process a n d b y the spray process (4, 5 ) . T h e i m m e r s i o n process is 
the older a n d the s impler a n d consists of d i p p i n g the p r o d u c t to be 
treated i n tanks conta in ing the treatment solut ion. M o s t h i g h p r o d u c t i o n 
treatments of p r e f o r m e d m e t a l parts today, however use the chemicals 
b y the spray process. T h e spray process, i n this case, is not the a p p l i c a 
t ion of the solut ion us ing finely dispersed part ic les , as is the case of the 
a p p l i c a t i o n of paints b y spray, b u t rather b y flooding the p r e f o r m e d parts 
b y i m p i n g i n g the solut ion onto the meta l surface t h r o u g h nozzles that 
have re la t ive ly h i g h v o l u m e capaci ty a n d w h i c h are des igned to p r o d u c e 
a m i n i m u m b r e a k u p of solut ion. T h e solut ion d r a i n i n g f r o m the parts runs 
back to a reservoir tank a n d is constantly rec i rcula ted onto the w o r k a n d 
cont inua l ly reused. C o n v e r s i o n coatings can be p r o d u c e d b y b r u s h i n g or 
w i p i n g a treat ing solut ion o n the meta l surface. Portable , heated spray 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 9 

e q u i p m e n t or steam generat ing e q u i p m e n t can be successfully used to 
a p p l y convers ion coatings outdoors or where spray or immers ion e q u i p 
ment is unavai lab le . N o r m a l l y these latter methods are used for l i m i t e d 
p r o d u c t i o n or for large or heavy items. 

O n e large use of p a i n t e d meta l is the p a i n t e d co i l -post formed ap
p r o a c h to the p r o d u c t i o n of items such as roof d e c k i n g , b u i l d i n g s i d i n g 
a n d t r i m , a n d m a n y other appl icat ions w h e r e the p r o d u c t can be f o r m e d 
after p a i n t i n g . Since the m e t a l is flat a n d i n c o i l f o r m , i t can be p u l l e d 
t h r o u g h a s t r ip l ine where each of the processing stages are separated b y 
squeegee rolls . T h i s process features very short treatment times a n d very 
h i g h l ine speeds (6). B o t h i m m e r s i o n a n d spray processes are used. 

A New Dimension 

U n t i l the i n t r o d u c t i o n of electrocoating (7, 8, 9 ) , the m e t h o d of ap
p l i c a t i o n of the paint film h a d l i t t le i f any bear ing on the q u a l i t y of the 
finished system. W i t h the i n t r o d u c t i o n of the electrodeposited pa in t film, 
however , i t is necessary to th ink no longer i n terms of a pa int a p p l i e d on 
a substrate but rather a pa int film f o r m e d o n a substrate, w i t h components 
of the substrate b e c o m i n g an integral part of the paint film (10, 11, 12, 
13,14,15). W i t h e lectrodeposited p a i n t i n g i t is the in terp lay of the tota l 
finish system that must be considered to ensure o p t i m u m balance of 
q u a l i t y a n d economy. T h i s paper deals w i t h the role p l a y e d b y con
vers ion coatings i n the total finishing system. 

Current Practice 

V a r i o u s conversion coat ing processes are used i n industry today. 
T h e type used depends on the type of meta l , the c o m b i n a t i o n of metals 
processed, a n d the q u a l i t y requirements of a g iven operat ion. T h e f o l 
l o w i n g summarizes the type of conversion coatings ava i lab le : 

Steel : 
(1 ) I ron phosphate—a mixture of i r o n phosphate a n d i r o n oxide; 

considered to be amorphous. C o a t i n g weights i n the range of 15 to 90 
m g / s q ft. 

(2 ) Z i n c phosphate—grey, crystal l ine, essentially a mixture of z i n c 
a n d i r o n phosphates. C o a t i n g weights i n the range of 100 to 600 m g / s q 
ft. 

( 3 ) M o l y b d a t e / p h o s p h a t e — a mixture of i r o n phosphate a n d m o -
lybdate w i t h i r o n oxides; cons idered to be amorphous. C o a t i n g weights 
i n the range of 15 to 50 m g / s q ft . 

Z i n c Surfaces: ( H o t D i p p e d G a l v a n i z e d a n d E l e c t r o g a l v a n i z e d Steel) 
(1 ) Z i n c phosphate—essent ia l ly z i n c phosphate w i t h traces of 

n i c k e l ; grey, crystal l ine. C o a t i n g w e i g h t range of 100 to 350 m g / s q ft. 
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10 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

( 2 ) M o l y b d a t e / p h o s p h a t e — a m i x t u r e of z i n c m o l y b d a t e a n d phos
phates; b l u i s h - g o l d e n i n color ; amorphous . 
A l u m i n u m : 

( 1 ) Z i n c p h o s p h a t e — a mixture of z i n c a n d a l u m i n u m phosphates ; 
crystal l ine , grey i n color. C o a t i n g w e i g h t range of 150 to 500 m g / s q ft . 

( 2 ) M o l y b d a t e / p h o s p h a t e — a m i x t u r e of a l u m i n u m m o l y b d a t e a n d 
phosphate ; go lden-blue i n color . 

( 3 ) C h r o m i c ox ide—oxides of a l u m i n u m w i t h c h r o m i c c o m p o u n d s ; 
colorless to g o l d e n ; cons idered to b e amorphous . C o a t i n g weight range 
of 10 to 50 m g / s q ft. 

I n terms of tota l m e t a l surface area treated, c o l d r o l l e d steel is cer
ta in ly the most impor tant m e t a l pa in ted b y electrodeposit ion. W e there
fore consider t w o of the most w i d e l y used convers ion coatings for this 
meta l—the z i n c phosphate a n d the i r o n phosphate convers ion coatings. 

A New Look at the Old 

Z i n c phosphate coatings are, to the n a k e d eye, l i g h t grey, scratchable 
coatings, w i t h an obvious , fine crysta l structure. U n d e r a l i g h t m i c r o 
scope, w e can see a definite crystal l ine structure, b u t i t is di f f icul t to 
obta in a rea l ly g o o d v i e w of the coat ing because the z i n c phosphate 
crystals are translucent to l ight , a n d they appear re la t ive ly coarse o n a 
m i c r o leve l . T h i s translucent property , c o m b i n e d w i t h the sha l low d e p t h 
of focus of a l i g h t microscope gave the photographs i l lustrated i n F i g u r e 1. 

Figure 1. SAE 1010 cold rolled steel sur
face coated with a zinc phosphate conver
sion coating using a spray, nitrite-accelerated 
process. 200 X using a light microscope. 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 11 

Figure 2. Same SAE as in Figure 1 but 
viewed at 200 X with a scanning electron 

microscope 

W i t h the advent of the scanning electron microscope (17), w h i c h fea
tures, a m o n g other things, a greater d e p t h of focus a n d because the coat
ings are essentially opaque to the electron beam, convers ion coatings c a n 
n o w be seen i n greater deta i l . 

F i g u r e 2 shows the same coat ing as i n F i g u r e 1 b u t v i e w e d u s i n g a 
scanning electron microscope. H i g h e r magni f ica t ion v i e w i n g w i t h the 
scanning electron microscope reveals further details of a phosphate con
vers ion coat ing o n steel. 

F i g u r e 3 shows a t y p i c a l z i n c phosphate coat ing as w o u l d be a p p l i e d 
to steel or z i n c at a magnif icat ion of 2000 χ . F i g u r e 4 shows a c a l c i u m 
m o d i f i e d , z i n c phosphate process on steel at 2000 χ . F i g u r e 5 shows an 
i r o n phosphate coat ing, w h i c h has heretofore been general ly considered 
amorphous , at a magni f ica t ion of 10,000 X . 

C o n v e r s i o n coat ing are non-metal l i c a n d are general ly descr ibed 
as non-conduct ive (18, 19). Since the electrodeposited paint film can 
be a p p l i e d only to a conduct ive surface, h o w can the convent ional 
convers ion coatings serve as a base for electrodeposited coatings? T h e 
answer is that w h i l e conversion coatings are essentially non-conduct ive , 
they are discontinuous, a n d the electrodeposit ion of pa int films begins i n 
the pores of the convers ion coat ing (14,15,16). 

A t y p i c a l processing sequence for treat ing metals before conven
t iona l p a i n t i n g consists of six stages. F o r electrodeposi ted paints , the 
f o l l o w i n g sequence is u s e d : 
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12 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

( 1 ) C l e a n i n g the meta l 
( 2 ) W a t e r r inse 
( 3 ) Trea tment to obta in a convers ion coat ing 
( 4 ) W a t e r r inse 
( 5 ) Post treatment or final rinse 
( 6 ) D e i o n i z e d water rinse, 10-15 seconds 
( 7 ) D r y o f f i n oven 

E a c h step is discussed b e l o w . A t y p i c a l spray p h o s p h a t i z i n g u n i t is 
s h o w n i n F i g u r e 6. 

Figure 3. SAE cold rolled steel treated 
with a spray nitrite-accelerated, zinc phos
phate process modified by nickel and flu

oride 

Cleaners 

T h e first step i n f o r m i n g a convers ion coat ing is attack of the m e t a l 
surface b y the coat ing solut ion. T o obta in a u n i f o r m i n i t i a l attack, a n d 
thus a u n i f o r m final conversion coat ing, a l l u n w a n t e d soils must be re
m o v e d f r o m the surface of the metal . A l m o s t a l l m e t a l used i n i n d u s t r y 
is coated w i t h a t h i n film of o i l b y the p r o d u c e r to protect i t d u r i n g ship
p i n g a n d storage. T o i d e n t i f y various grades of meta l , most mi l l s a p p l y 
a p r i n t e d ident i f icat ion o n their m e t a l sheets or coils , usual ly g i v i n g their 
tradename a n d type of meta l . M o r e o v e r , d u r i n g anneal ing a n d c o l d r o l l 
i n g , smut- l ike soils are f o r m e d , w h i c h consist of mixtures of p a r t i a l l y 
b u r n t r o l l i n g oils , finely d i v i d e d metal part icles , a n d oxides of the meta l . 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 13 

Figure 4. SAE 1010 cold rolled steel 
treated with a spray zinc phosphate process, 
calcium modified, ferrous ion present. 200 

X using a scanning electron microscope. 

T o fabricate meta l into the des ired shape, i t is often necessary to a p p l y 
pressing or d r a w i n g lubricants . These are useful because they adhere 
tenaciously to the metal , reduce f r i c t i o n a n d wear be tween the d ie a n d 
the meta l , a n d thus e l iminate scoring, scratching, a n d g a l l i n g . D u r i n g 

Figure 5. SAE 1010 cold rolled steel 
treated with a chlorate accelerated, spray, 
iron phosphate process. 10,000 X using a 

scanning electron microscope. 
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14 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

storage a n d d u r i n g their journeys through fabr ica t ion plants the m e t a l 
parts p i c k u p shop dir t , chalk , wax , a n d ink w h i c h are inspect ion aids or 
ident i f icat ion markings . These soils on the meta l surface can seriously 
affect the subsequent meta l processing steps a n d must be r e m o v e d . 

T h e cleaners f o r m u l a t e d a n d selected must be able to remove the 
various soils descr ibed above, a n d after the water rinse stage they must 
p r o d u c e a surface that is conduc ive to the convers ion coat ing process. 

ELEVATION 

L^-OAMPER 

ttiitiitt 
jiliiiih 

7X îtttttm 
jUiiiiij 

ttttttti! 
juiiiii| 

ttttttttt 
iiiiiiiii 

— ^ ttrttr 

V 

ttrttr 

V 
LONGITUDINAL SECTION 

A « 

|t>6A 4 6 44i0| 

REMOVABLE SCREENS' 

» «» ° «"» «j ' 

-7 I 
OVERFLOW CUTTER 

PLAN 

S C H E D U L E 

Z O N E T I M E 
C Y C L E 

OPERATING 
TEMP. »F 

N O Z Z L E S Z O N E T I M E 
C Y C L E 

OPERATING 
TEMP. »F N U M B E R T Y P E P R E S S 

P A R C O * C L E A N E R 45 SEC 150-180 1 3 5 H 3/8 U15070 15 PSI 
W A T E R R INSE 4 5 SEC 150-180 1 3 5 H 3/8 U15070 15 PSI 

P A R C O C L E A N E R 4 5 SEC 150-180 1 3 5 H 3/8 U15070 15 PSI 
W A T E R R INSE 45 SEC 130 - 1 8 0 1 35 H 3/8 U15070 15 PSI 

BONDER 1 T E ® T R E A T M E N T 60 SEC 130-180 105 3/8 BSS 50-50.1 IOPSI 
• 12 3/8KSS 30 IOPSI 

W A T E R RINSE 30 SEC NO HEAT 105 H 3/8 U15070 IOPSI 
P A R C O L E N E ® TREATMENT 30 SEC NO HEAT 84 3/8 KS S 30 IOPSI 
OEIONIZED WATER RINSE 15 SEC NO HEAT 48 3/8KSS30 IOPSI 

FRESH DEIONIZED RINSE 24 I/8KSS 10 IOPSI 
"FIRST SET OF SPRAYS IN THE BONDERITE ZONE 

Figure 6. Details of 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 15 

T h i s means that the cleaners must also condi t ion or treat the surface of 
the meta l to render i t recept ive to the conversion coat ing step. W e there
fore speak i n indus t ry of c leaning a n d c o n d i t i o n i n g the surfaces. C l e a n i n g 
has a lways been important i n p r e p a r i n g m e t a l for p a i n t i n g . W i t h the 
i n t r o d u c t i o n of e lectrodeposited paints, however , the necessity of obta in
i n g u n i f o r m conversion coatings has become even more important . W i t h 
convent ional paints, a reasonable degree of u n i f o r m i t y must be m a i n -

SECTION A-A 

FRESH WATER RINSE 

FRESH DEIONIZEO RINSE 

Λ 
~~^LcEILING DRIP 

SHIELD 

]jfT CARRY 

ο m I Ι^,οο.οοο,ιο l « . . . . . H 

! 1 
TO DRY OFF , 

β · I ! i 
lf> *lo 

ι< Li J1....I « , f y 

SETTLING 
TANK 

b d O O O 
DEIONIZER 

UNIT 

P U M P S SOL. TANK M O T O R S B T U / H R NET G Ρ Μ / Ε A HEAD PRESS G PM CAP. GALS, Η Ρ R Ρ M B T U / H R NET 

4.3 45 FT 6 0 0 18 0 0 10 17 5 0 2.1 0 0 , 0 0 0 
4.3 45 FT 6 0 0 18 0 0 10 17 5 0 1 , 8 0 0 , 0 0 0 
4.3 45 FT 6 0 0 18 0 0 10 17 5 0 1.800 . 0 0 0 
4.3 45 FT 6 0 0 1 8 0 0 10 1 7 5 0 1 , 8 0 0 , 0 0 0 
5.0 35 FT 6 0 0 1 8 0 0 10 1750 1 , 8 0 0 , 0 0 0 
3.0 
3.5 35FT 375 1 0 0 0 7 1/2 1750 
3.0 35FT 250 7 5 0 3 1750 
3.0 35FT 225 7 5 0 3 1750 
1.0 

spray phosphatizing unit 
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16 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

ta ined to prevent di f ferent ia l gloss of the pa int film. T h i s p r o b l e m is 
apparent w h e n a one-coat pa in t system is a p p l i e d over a m e t a l par t 
h a v i n g w i d e l y v a r y i n g crystal l ine forms of the convers ion coat ing. T h i s 
p r o b l e m has not, however , been very serious i n the industry , a n d coatings 
h a v i n g v i s u a l differences i n regard to streak-l ike discolorations or pat
terns of different co lored conversion coatings are satisfactori ly p a i n t e d 
w i t h o u t any sacrifice i n appearance or qua l i ty . T h e differences, v i s u a l l y 
apparent , i n m a n y conversion coat ing lines w h e n the c leaning is m a r g i n a l 
or w e a k reflects different size crystals a n d w i t h e lectrodeposited paints 
have been f o u n d to reflect differences i n apparent c o n d u c t i v i t y of the 
surface. G e n e r a l l y speaking, w i t h a z i n c phosphate coat ing, the finer 
the crysta l structure, the less the porosity i n the coat ing. Converse ly , the 
larger the crystal structure, the h igher the porosity. T h e difference i n the 
surface c o n d u c t i v i t y caused b y differences i n porosi ty means that a pa int 
film is a p p l i e d b y electrodeposit ion at a different rate over one type of 
coat ing structure than another; this can result i n v i s u a l differences that 
can be undesirable , p a r t i c u l a r l y w i t h one-coat pa int systems. It is thus 
increas ingly impor tant that the cleaner formulat ions be careful ly con
s idered w i t h respect to the soi l r e m o v a l a n d their ab i l i ty to c o n d i t i o n 
the surface to obta in a u n i f o r m convers ion coat ing. 

W i t h c a l c i u m modi f i ed , z i n c phosphate processes, a u n i f o r m , h a r d , 
dense, useful coat ing can be obta ined after strong a l k a l i cleaners. W i t h 
m a n y other processes, p a r t i c u l a r l y those useful for treat ing m i x e d pro
d u c t i o n of z i n c a n d steel or z i n c , steel, a n d a l u m i n u m , i t is necessary to 
use a surface ac t ivat ing c o m p o u n d based o n t i t a n i u m phosphate (20). 
Since the t i t a n i u m phosphate act ivator is not stable i n h i g h l y a lkal ine 
solutions, i t is necessary i n some operations to c lean i n t w o stages, sepa
ra ted b y a water rinse. I n the first stage specia l ly fo rm ula te d , strong 
cleaners are used to remove the b u l k of the soi l f r o m the surface. T h e 
re lat ively c lean surface is treated i n a m i l d e r cleaner conta in ing the 
ac t ivat ing agent, w h i c h i n t u r n produces a surface h i g h l y capable of 
accept ing a u n i f o r m convers ion coat ing. A n o t h e r w a y of h a n d l i n g this 
s i tuat ion w h e n the equipment is l i m i t e d to a single c leaning stage is to 
use a re la t ive ly strong cleaner i n the first stage a n d then inject cont inu
ously into the water rinse, a s lurry of the t i t a n i u m phosphate act ivat ing 
c o m p o u n d . 

Since indus t ry has become cr i t i ca l about the u n i f o r m i t y of the con
vers ion coat ing, the synthetic surfactant systems used i n the a l k a l i c leaner 
have a strong b e a r i n g on the recept iv i ty of the surface to the convers ion 
coat ing solut ion, a n d a n u m b e r of cleaners have been f o r m u l a t e d that 
have resulted i n i m p r o v e d u n i f o r m i t y i n the convers ion coat ing. 

I n electrocoating, there is a strong tendency for the i n i t i a l pa int 
deposi ted to migrate to the outermost skin of the finished surface. W i t h 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 17 

this migra t ion , inerts, smut- l ike soils, cha lk markings , m i l l ident i f i cat ion 
inks, etc., tend to show u p o n the finished surface. I n the case of pr imers , 
this l i f t i n g effect m a y not be significant. H o w e v e r , w i t h one-coat systems, 
p a r t i c u l a r l y l ight colors, this can result i n i r regular color patterns or i n 
readable markings . N o r m a l c leaning techniques m a y not adequate ly 
remove a l l these smut- l ike soils, a n d i t is sometimes necessary to resort 
to mechanica l effort ( 21 ) such as h a n d w i p i n g , m e c h a n i c a l b r u s h i n g , or 
specia l solvent touch ups. F o r hot r o l l e d steel, z inc , a l u m i n u m , or steel 
that has corroded, convent ional a lkal ine cleaners rare ly do a satisfactory 
job. I n the case of steel, i t m a y be necessary to remove the scale a n d 
rust b y convent ional a c i d p i c k l i n g . W i t h a l u m i n u m , d e o x i d i z i n g steps 
such as n i t r i c a c i d or chromate - f luor ide treatment m a y be necessary to 
remove the oxides. 

T h e best solut ion to corrosion is its prevent ion . Therefore , i m p r o v e d 
in-p lant storage is strongly r e c o m m e n d e d . W i t h convent ional pa int prac 
tices, i t is possible to cover u p a var ie ty of defects; this is not the case 
w i t h electrocoating. 

A l m o s t a l l of the cleaners used p r i o r to convers ion coatings are 
alkal ine . T h e formulat ions v a r y w i d e l y , a n d most are proprie tary . T h e 
formula t ion b e l o w is t y p i c a l of a heavy d u t y a l k a l i c leaner: 

10 to 2 0 % s o d i u m carbonate 
15 to 2 5 % tetrasodium pyrophosphate 
50 to 7 0 % s o d i u m metasil icate 

2 to 8 % non- ionic , l o w f o a m i n g , surfactant system 
A cleaner such as this w o u l d be used at concentrations f r o m 0.5 to 2 

ounces per ga l lon at 6 6 ° - 7 7 ° C ( 1 5 0 ° - 1 7 0 ° F ) for 1 to IV2 minutes 
b y spray appl i ca t ion . W h e n processing a l u m i n u m , i t is sometimes desir
able to use cleaners f o r m u l a t e d p r i m a r i l y of s o d i u m h y d r o x i d e to etch 
the surface of the meta l . F o r a l u m i n u m extrusions or stampings that 
have been scratched or a b r a d e d b y the f o r m i n g operat ion, the e tching 
type a l u m i n u m cleaners w i l l t end to smooth out a n d general ly i m p r o v e 
the appearance of the part . 

W h a t e v e r c h e m i c a l f o r m u l a t i o n is used, u n i f o r m , complete c lean ing 
is necessary since the nature of the c leaning has a strong bear ing on the 
conversion coat ing step. 

Water Rinses 

Genera l ly , the chemicals i n the cleaner, conversion coat ing, a n d post 
treatment stages of a p h o s p h a t i z i n g unit are not compat ib le . A water-
rinse stage is therefore p l a c e d between each stage to remove the u n -
reacted chemicals f r o m the meta l a n d thus m i n i m i z e d r a g - i n of chemicals 
f r o m one stage to another. Since this is p r i m a r i l y a d i l u t i o n process, s u c h 
concepts as the counterf low of the rinse solutions, break ing u p the rinse 
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18 E L E C T R O D E P O S I T I O N O F C O A T I N G S 

stage into t w o parts, a n d i n t r o d u c i n g the fresh water to the stage t h r o u g h 
nozzles at the exit of the water r inse stage are used to i m p r o v e efficiency. 

Conversion Coatings 

T h e pioneers i n the development of electrodeposited paints h a d 
h o p e d that this revolut ionary means of a p p l y i n g a pa in t film w o u l d re
q u i r e on ly superf ic ia l ly degreased surfaces a n d w o u l d not require conver
sion coatings for h i g h q u a l i t y m e t a l finishing (22). A s more k n o w l e d g e 
a n d experience w e r e obta ined , however , it became clear that p r o p e r meta l 
prepara t ion was not only important , but i n m a n y ways even more c r i t i ca l 
than w i t h convent ional methods of a p p l y i n g paint . N o t only were out
door exposure resistance, detergent resistance, filiform corrosion resist
ance, salt fog resistance, h u m i d i t y resistance, a n d p h y s i c a l tests inf luenced 
b y the meta l preparat ion b u t also the appearance of the pa in t film i n 
b o t h u n i f o r m i t y a n d i n color. S t i l l another factor that is inf luenced b y 
the m e t a l treatment is wet film adhesion, w h i c h is the ab i l i ty of the elect-
trodeposi ted film to resist the water r i n s i n g that i t is usual ly g iven after 
the depos i t ion of the paint film, p r i o r to c u r i n g . 

A l l of the c o m m e r c i a l l y used electrocoating paint systems a p p l y the 
pa int at the anode. W h e n steel is p a i n t e d b y the anodic electrocoat 
process, H + , 0 2 , a n d F e 2 + are f o r m e d at the anode b y the electrolyt ic 
process. T h e convent ional convers ion coatings are essentially non-
conduct ive , a n d this means that the i n i t i a l deposi t ion of the p a i n t occurs 
i n the areas between the crysta l structure (14). T h i s impl ies an inter
re lat ionship between the structure of the conversion coat ing, the paint , 
a n d the a p p l i c a t i o n parameters of a g iven formula t ion . T h a t is, d e p e n d 
i n g u p o n the c o n d u c t i v i t y characteristics of a g iven pa in t system, w e w i l l 
have either h igher or lower current densities, w h i c h w i l l i n t u r n m a k e for 
greater or lesser quantit ies of h y d r o g e n , oxygen, a n d ferrous i r o n . I n 
a d d i t i o n to the overa l l quantit ies of these materials p r o d u c e d i n the 
deposi t ion of a film, the rate at w h i c h they are p r o d u c e d can also have 
a bear ing on the overa l l results. I n turn , the nature of the convers ion 
coat ing influences b o t h the rate a n d w a y the deposit occurs. T h e m i g r a 
t i o n of the m e t a l d isso lved at the anode also is inf luenced b y the nature 
of the conversion coat ing. 

T h e interplay be tween the anodic dissolut ion w i t h the concom-
mitant format ion of gases a n d meta l ions a n d the characteristics of the 
deposi ted paint film also result i n a p o r t i o n of the conversion coat ing 
b e i n g eroded a w a y a n d d is t r ibuted i n the resul t ing film. T h i s means 
that the pa int film is d e r i v e d not o n l y f r o m the res in a n d p i g m e n t of the 
pa in t f o r m u l a t i o n b u t also f r o m the dissolved substrate a n d the conver
sion coat ing components . T h e extent of the convers ion coat ing loss 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
1

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 19 

depends o n the nature of the coat ing itself a n d o n a par t i cu lar p a i n t 
f o r m u l a t i o n . T h e u p p e r part of T a b l e I i l lustrates the m a g n i t u d e of 
this loss. T h e l o w e r par t of T a b l e I shows the salt f o g corrosion resistance 
of the finishing systems (see also F i g u r e 7 ) . O b v i o u s l y there are great 
differences i n the amount of convers ion coat ing loss b e t w e e n var ious 
p a i n t systems, a n d this loss is a fu nc t i on of the p a r t i c u l a r convers ion 
coat ing. A l s o evident is the l ack of corre lat ion be tween coat ing loss a n d 
corrosion resistance. T h i s specific interdependence b e t w e e n the con
version coat ing a n d a specific e lectropaint f o r m u l a t i o n is one of the inter
esting characteristics of the electrodeposi ted p a i n t i n g process. A c c o r d i n g 
to M a y a n d S m i t h (10), the conversion coat ing r e m o v e d d u r i n g electro-

Table I. Coating Loss and Corrosion Resistance 

Initial Average 
Con- Coaling Weight 

version Prior to Painting 
Coating mg/sq ft 

Percent Conversion Coating Loss 
Electropaint Numbers 

A " 
Β 
C 
D 
Ε 
F 

308 
198 
256 

65 
155· 
129 

10 
43 
44 
14 
75 
79 

5 
0.6 
4 
0 

10 
1 

5 
5 
7 
0 

11 
12 

6 
30 
11 

3 
21 
12 

11 
16 

6 
1.5 

18 
18 

δ% Salt Fog Corrosion Resistanceb 

A „ * , « A A p a i n t creepage 0 1.5-2.5 2-3.5 1-1 0-1.5 
face rus t ing 2 2 2 3 7 

Β pa in t creepage 0 1-1 1.5-2 1-1 1-1 
face rus t ing 1 2 1 3 6 

C p a i n t creepage 0 1-1 0-1 1-1 1-1 
face rus t ing 2 1 1 3 4 

D p a i n t creepage 0-1 7 8 % Ρ 8 7 % Ρ 1.5-3.5 9 5 % Ρ 
face rus t ing 1 7 3 2 7 

Ε pa in t creepage 0.5-1 1-2 7s 1.5-2 1-1 1-1 
face rus t ing 1 3 3 3 7 

F pa in t creepage 0-1.5 1.5-2.5 1.52.5 1-1 1-1 
face rus t ing 2 6 2 3 7 

α Legend: A—zinc phosphate process, nitrite accelerated. 
Β—zinc phosphate process, calcium modified. 
C—zinc phosphate process, nickel and fluoride modified, nitrite ac

celerated. 
D—iron phosphate process, chlorate accelerated. 
Ε—zinc phosphate process, chlorate accelerated. 
F—zinc phosphate process, coating weights controlled by using a di

basic, dihydroxy acid, nickel and fluoride modified, nitrite 
accelerated. 

6 336 hours exposure to 5% salt spray (ASTM B117-64), average two panels, paint 
creepage is the loss of paint from a scribe in 1/16 inch increments or percent. Face 
rusting is a spot type corrosion of the painted surface; a rating of 1 is perfect; 8 is 100% 
rusing. See Figure 7 for examples of salt spray failure. 
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deposi t ion is u n i f o r m l y d i s t r ibuted throughout the cross-section of the 
pa in t film. C h e e v e r a n d W o j t k o o w i a k (15) also f o u n d that the z i n c f r o m 
the z i n c phosphate coat ing was d i s t r i b u t e d u n i f o r m l y on a macro scale 
throughout the p r i m e r that they s tudied . I n contrast to the above, w o r k 
b y S impson ( 3 ) , us ing an electron probe microanalysis technique, con
c l u d e d that there was no major di f fus ion or m i x i n g of the convers ion 
coat ing i n the par t i cu lar p r i m e r film he s tudied b u t that the r e m o v e d z inc 
phosphate coat ing r e m a i n e d near the p r i m e r - m e t a l interface. S impson 
p r o d u c e d a z i n c phosphate coat ing on S A E 1010 c o l d r o l l e d steel, u s i n g 
the conversion coat ing process C ( T a b l e I ), a p p l y i n g a p r i m e r b y electro
depos i t ion a n d c u r i n g at 197° C ( 3 9 5 ° F ) for 25 minutes . 

S m a l l strips of the sample were then m o u n t e d i n a solut ion of p o l y -
methacrylate , w h i c h , after h a r d e n i n g , was p o l i s h e d to expose a cross-
section of the pa in t film/steel substrate. T h e final p o l i s h was a 1-micron 
a l u m i n a i n water . F o l l o w i n g the p o l i s h i n g , the specimens were careful ly 
washed , p r i o r to v a c u u m deposi t ion of carbon, w h i c h was used to diss i -

Figure 7. Example of salt spray test results 
(see Table I) 

Left: salt fog creepage for 4-inch wide test panel; 
creepage 2-4. Right: "face rusting" with "5" rating. 
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Figure 8. Optical photomicrograph of section of painted 
steel 

pate electric charges d u r i n g the probe operat ion. F i g u r e 8 shows an 
o p t i c a l p h o t o m i c r o g r a p h of a t y p i c a l cross section at 800 X magnif icat ion. 

I n the electron probe microanalysis , a 1-micron diameter b e a m of 
electrons was scanned across the surface; the resultant a n d characterist ic 
x-rays were m o n i t o r e d b y s tandard x-ray fluorescence techniques. T h e 
specimens were thus scanned across the interface f r o m steel to the mount 
i n g m e d i a , w i t h measurements of the characterist ic x-ray intensities for 
i r o n , phosphorus , a n d z inc . T w o t y p i c a l intensi t ies-distance plots are 
s h o w n i n F igures 9 a n d 10. 

F r o m the data i n these figures, for conversion coat ing C , w i t h this 
par t i cu lar pr imer , S impson c o n c l u d e d that there was no major di f fus ion 
or m i x i n g of the z i n c phosphate coat ing caused b y either the anodic 
dissolut ion or the turbulent m i x i n g that m i g h t have o c c u r r e d d u r i n g the 
heat c u r i n g of the paint . O u r w o r k i n this area, a l though l i m i t e d , thus 
disagrees w i t h the conclusions of M a y / S m i t h a n d C h e e v e r / W o j t k o w i a k . 
Poss ib ly some electrodeposited formulat ions result i n more u n i f o r m di f 
fus ion of the r e m o v e d conversion coatings than others. F u r t h e r w o r k 
needs to be done. 

T h e q u a l i t y of i n d u s t r i a l l y pa in ted m e t a l is evaluated i n different 
ways . O f course, the i d e a l w a y to evaluate a finishing system is to 
place the finished p r o d u c t i n its n o r m a l exposure environment a n d 
examine i t over a lapse of t ime. Unfor tunate ly , w h i l e this a p p r o a c h 
provides a l o n g range evaluat ion, i t is not a prac t i ca l means of q u a l i t y 
contro l or a means of d e v e l o p i n g n e w products for i n d u s t r i a l use. H e n c e , 
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paint film I steel 

Figure 9. Electron probe scans across painted 
section. For Fe, scale X 1000 cpm; Zn and Ρ 

scale X 100 cpm. 

laboratory tests have been devised to a i d i n more r a p i d evaluat ion for 
research a n d development a n d q u a l i t y control . A m o n g the tests w h i c h 
are inf luenced b y conversion coatings are the 5 % salt fog test ( A S T M 
B-117) , a lka l ine detergent reistance test ( A S T M D-2248) , h u m i d i t y 
resistance test ( A S T M D-2247, 1 0 0 % relat ive h u m i d i t y ) , a n d the fili
f o r m corrosion (24) resistance test. I n a d d i t i o n , various p h y s i c a l tests 
are used to determine the adhesion of the organic coat ing system to the 
meta l , such as kni fe adhesion, de format ion tests, the c o n i c a l m a n d r e l , a n d 
i m p a c t tests. W e must also consider b y v i s u a l inspect ion the u n i f o r m i t y 
a n d any color changes that m i g h t have resulted f r o m the conversion 
coat ing o n the electrodeposited film. 

T o i l lustrate h o w convers ion coatings can a n d do influence a n u m 
ber of these q u a l i t y aspects of a finished part , w e present selected data 
cover ing electrodeposited films o n c o l d r o l l e d steel, g a l v a n i z e d steel, a n d 
a l u m i n u m . F i g u r e 11 ( t o p ) il lustrates the degree of difference that can 
be obta ined i n salt f o g exposure between a c leaned but uncoated c o l d 
r o l l e d steel surface vs. a steel surface treated to f o r m a z i n c phosphate 
coat ing. T h e untreated steel surface has almost comple te ly lost the elec
trodeposi ted p r i m e r whereas the z i n c phosphate treated c o l d r o l l e d steel 
surface has re ta ined almost a l l of the p r i m e r . T h e l o w e r r o w of panels 
( F i g u r e 11) shows salt spray corrosion resistance of c o l d r o l l e d steel 
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surfaces treated w i t h either an i r o n phosphate ( r i g h t p a n e l ) or a z i n c 
phosphate ( left p a n e l ) process. M a n y people have taught that an i r o n 
phosphate coat ing is infer ior to a z i n c phosphate coat ing, b u t w i t h specif ic 
electropaints a n d the proper i r o n phosphate process results can be ob
ta ined that are equivalent to the z i n c phosphate process. T h e r e are m a n y 
p r o d u c t i o n lines i n operat ion today us ing electrodeposi ted paints that 
prepare c o l d r o l l e d steel surfaces b y u s i n g an i r o n phosphate process. 

F i g u r e 12 il lustrates the corrosion resistance of a w h i t e electro
deposi ted paint o n a l u m i n u m . T h e test spec imen o n the left was c leaned 
a n d etched whereas that o n the r ight was c leaned, etched, a n d g iven a 
c h r o m i c oxide conversion coat ing. A f t e r 7,000 hours i n 5 % salt spray 
there is essentially no difference i n test results. T h e r e are a f e w p i n - p o i n t 
l ike blisters on the untreated a l u m i n u m , b u t for a l l p r a c t i c a l purposes the 
c leaned only a l u m i n u m surface b e h a v e d as w e l l as d i d the one w i t h the 
convers ion coat ing. T h i s i l lustrates that w i t h m a n y alloys of a l u m i n u m 
there is no need for a convers ion coat ing w h e n us ing electrodeposi ted 
paints. O n e explanat ion is that there is an in situ a n o d i z i n g of the a l u m i -

Figure 10. Electron probe scans across painted 
section. For Fe, scale X 1000 cpm; Zn and Ρ 

scale X 100 cpm. 
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n u m d u r i n g the i n i t i a l phases of e lectrodeposi t ion. W h a t e v e r the mecha
n i s m , however , i n most cases a convers ion coat ing is not needed on 
a l u m i n u m w h e n us ing electrodeposi ted pa int finishes. A possible excep
t ion w o u l d be i n lines t reat ing a mixture of a l u m i n u m w i t h other m e t a l 
surfaces. If the other m e t a l surfaces, such as c o l d r o l l e d steel or hot 
d i p p e d g a l v a n i z e d steel, are treated to p r o d u c e a convers ion coat ing o n 
their surfaces, the c o n d u c t i v i t y w i l l be s ignif icant ly different f r o m that of 
c leaned a n d etched a l u m i n u m . It m a y be necessary, under these c i r c u m 
stances to use a convers ion coat ing process that w i l l coat a l l three metals 
so that the amount of electrodeposi ted film w i l l be the same o n a l l three 
metals. I f the c o n d u c t i v i t y is not the same, the p a i n t film or its gloss 
w i l l be different. 

O n e ins idious type of corrosion that can occur o n the surface of 
p a i n t e d c o l d r o l l e d steel, i n relative humidi t i es f r o m 50 to 9 5 % , is a 
thread- l ike corrosion w h i c h has been n a m e d filiform cororsion. C o n 
vers ion coatings on steel surfaces w i l l not stop filiform corrosion, b u t as 
i l lustrated i n F i g u r e 13 w i l l substant ia l ly decrease i t . T h e p a n e l o n the 
left was c leaned a n d p a i n t e d ; the p a n e l on the r ight was c leaned, z i n c 

Figure 11. Salt spray corrosion test. Top 
row: zinc phosphate coating vs. untreated 
steel; bottom row: zinc phosphate coating vs. 

iron phosphate coating on steel. 
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Figure 12. Untreated vs. treated aluminum 
after salt spray exposure 

Figure 13. Filiform corrosion. Untreated vs. 
zinc phosphate coating on steel. 
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phosphate treated, a n d pa in ted . T h e test specimens s h o w n i n F i g u r e 14 
w e r e exposed for 30 days i n a relat ive h u m i d i t y of 8 7 % after first activat
i n g the test area b y exposing the panels for 4 hours i n a 5 % salt f o g 
chamber . 

O n e of the best convers ion coat ing for steel, w h e r e detergent resist
ance is of p r i m e concern, is the c a l c i u m m o d i f i e d , z i n c phosphate process. 
N o r m a l l y a n i c k e l - f l u o r i d e m o d i f i e d , ni tr i te accelerated z inc phosphate 
process is not as g o o d as a c a l c i u m m o d i f i e d , z i n c phosphate process 
w h e n c o m p a r e d i n the detergent resistance test. W i t h the electrode
pos i ted p a i n t formulat ions des igned for detergent resistance, w e have 
f o u n d the reverse to be t rue—the n i c k e l - f l u o r i d e , ni tr i te accelerated z i n c 
phosphate processes give better detergent resistance than do the c a l c i u m 
m o d i f i e d , z i n c phosphate coatings. T h i s is i l lustrated i n F i g u r e 14. 

F igures 15 a n d 16 s h o w that i t is necessary to select a par t i cu lar 
process w i t h i n a g iven class. F i g u r e 15 shows t w o different z i n c phos
phate processes for hot d i p p e d g a l v a n i z e d steel surfaces; bo th give excel
lent test results w i t h convent ional paints b u t show a substantial difference 
i n salt spray corrosion resistance w i t h the par t i cu lar e lectrodeposited 

Figure 14. Detergent test results. Calcium 
modified zinc phosphate (shown on left) vs. 
nickel-fluoride modified zinc phosphate coat

ings (shown on right). 
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Figure 15. Salt spray resistance. Two types 
of zinc phosphate coatings on hot dip galvan

ized steel. 

paint f o r m u l a t i o n used. T h e same type of difference is i l lus tra ted i n 
F i g u r e 16 w h i c h compares t w o different z i n c phosphate treatments o n 
c o l d r o l l e d steel. A g a i n w e see a difference w i t h the electrodeposited 
pa int formula t ion , whereas w i t h a convent ional pa int w e w o u l d expect 
to see l i t t le i f any difference between these t w o processes. 

These i l lustrations show that i t is imposs ib le to make general recom
mendations as to the proper conversion coat ing process to use for a 
meta l surface w i t h o u t a s tudy of the par t i cu lar e lectrodeposi ted pa int 
f o r m u l a t i o n that w i l l be used. 

Post Treatment, Deionized Water Rinse, and Dryoff s 

Conventional Paints. N o r m a l l y , convers ion coatings for convent ional 
paints are post treated w i t h a d i lu te chromate rinse a n d then d r i e d . T h e 
chromate post treatment can be as s imple as a 0 . 1 % c h r o m i c a c i d solu
t ion or as complex as combinat ions of c a l c i u m chromate, c a l c i u m phos
phate, or c h r o m i c chromate rinses w i t h contro l led p H ' s . T h e chromate 
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rinses reduce the tendency of paints bl ister u n d e r exposure to h i g h 
h u m i d i t y condit ions a n d he lp to i m p r o v e the corrosion resistance as 
resistance as measured b y the salt f o g test a n d outdoor exposure. U n f o r 
tunately, however , i n areas w h e r e the chromate rinses accumulate ( such 
as the bo t tom edges of parts, crevices, a n d a r o u n d holes) a p o i n t is 
reached w h e r e the b l i s ter ing occurs, either i n spite of or because of too 
h i g h a concentrat ion of chromate salts. 

T o e l iminate the p r o b l e m of salt accumula t ion , the p r o d u c t i o n items 
are r insed w i t h an essentially ion-free water ( d e i o n i z e d ) water . T h e 
d e i o n i z e d water rinse washes off the chromate a n d water salts, thus 
increas ing the h u m i d i t y resistance of the finish. H o w e v e r , u n t i l recently, 
the corrosion resistance was decreased b y this rinse. T h e p r o b l e m of 
decreased corrosion resistance resul t ing f r o m the use of a final d e i o n i z e d 
water rinse was recently so lved b y the in t roduct ion of the c h r o m i c -
chromate post treatment ( U . S . patents 3,222,226 a n d 3,279,958). T h e 
c h r o m i c - c h r o m a t e post treatment, operated as taught i n the reference 
patents, a l lows the r e m o v a l of the soluble salts f r o m the surface b y the 
d e i o n i z e d water rinse w i t h o u t d i m i n u t i o n of the corrosion resistance. 
W i t h convent ional paints, l i t t le i f any difference i n q u a l i t y is obta ined as 
a result of the type of d r y i n g i n the range of r o o m temperature u p to an 
oven temperature of 260° C , a n d f r o m 5 to 10 minutes. T h e essential 
requirement w i t h convent ional solvent-based systems is that the part be 
free of surface water before the finish is a p p l i e d . 

Electrodeposited Coatings. E lec t rodepos i ted finishes use a water-
based system that is sensitive to electrolyte content. Since the electro-
paints are water based, there s h o u l d be no reason w h y the ware has to 
be d r y p r i o r to entry into the paint . T h e obvious advantages of go ing 
i n wet , w i t h the e l i m i n a t i o n of costly dryoff ovens, the cost of f u e l to 
operate the dryoff ovens, a n d the e l iminat ion of the floor space for b o t h 
the oven itself a n d the coo l i ng area necessary to reduce the temperature 
of the part p r i o r to entry into the paint tank have p r o m p t e d extensive 
s tudy into the interre lat ionship a m o n g post treatment, dryoff , a n d the 
pa in t formulat ions . 

Since electrodeposited paint systems are sensitive to electrolyte 
content, i t is almost a lways necessary to rinse the conversion coatings 
w i t h d e i o n i z e d water to decrease the electrolyte d r a g i n to the pa int tank 
to a po int where i t does not cause any l o n g te rm problems. A t first, i t 
was suggested that the chromate salts f r o m the post treatments were the 
biggest p r o b l e m to the paint . Since m a n y p r i m e r formulat ions contain 
chromâtes, however , i t is apparent that chromâtes per se are not the p r i n 
c i p a l cause of paint problems, except for their cont r ibut ion to the total 
electrolyte content of the paint . 
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T h e exact amount of electrolyte that can be safely car r ied into the 
electrodeposit ion pa in t tank w i l l d e p e n d u p o n the rate of turnover of the 
paint , the relat ive drag-out of the paint , w h i c h is a f u n c t i o n of the part 
shape a n d d r a i n t ime, a n d the nature of the paint formula t ion . C l o s e 
cooperat ion is necessary between the pa in t suppl ier a n d the operator of 
the p lant to ensure adequate d e i o n i z e d water r ins ing i n c o m m e r c i a l 
pract ice . 

W e bel ieve the most efficient approach is to p r o v i d e a t h o r o u g h rinse 
b y a rec i rcu la t ing d e i o n i z e d water zone, f o l l o w e d b y a fresh d e i o n i z e d 
water spray. F i g u r e 6 shows a final d e i o n i z e d water stage as recom-

Figure 16. Salt spray resistance. Two types 
of zinc phosphate coating on steel. 

m e n d e d b y T h e Parker C o . , O x y M e t a l F i n i s h i n g C o r p . Since the 
effectiveness of the r ins ing step depends u p o n the quant i ty a n d q u a l i t y 
of the water as w e l l as the effectiveness of spray ing i t to reach a l l parts 
of the w o r k , i t is advisable to determine the electrolyte content of the 
water actual ly car r ied into the paint . T h e col lec t ion of the rinse d r i p 
pings f r o m the w o r k a n d the continuous measurement of their conduc
t iv i ty b y a carryout moni tor (see F i g u r e 6) p r o v i d e a s imple , effective 
means of ensuring that a predetermined m a x i m u m leve l of electrolyte 
i n p u t w i l l not be exceeded. 
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W h i l e the c o n d u c t i v i t y range of rinse d r i p p i n g s w i l l v a r y w i t h the 
pa int turnover a n d type of paint , a useful po in t of departure has been to 
adjust the d e i o n i z e d water r i n s i n g such that the d r i p p i n g s have a m a x i 
m u m c o n d u c t i v i t y (13) of 60 micromhos c m " 1 . I f w e accept this va lue 
a n d the need for the d e i o n i z e d water rinse to ensure cont inued h i g h 
per formance f r o m the paint , w e m i g h t ask i f any value is d e r i v e d f r o m a 
post treatment w i t h a chromate-containing solut ion w h e n a p p l y i n g elec
trodeposi ted finishes. W i t h post treatments, other than those covered b y 
U . S . patents 3,222,226 a n d 3,279,958 ( that is, rinses not operated w i t h 
t r ivalent c h r o m i u m a n d w i t h p H ' s outside the range of 3.8 to 6 ), w e find 
l i t t le i f any q u a l i t y i m p r o v e m e n t results f r o m their use. 

T h e need of or benefit d e r i v e d f r o m the post treatments covered b y 
the subject patents are a func t ion of the paint systems, the presence of 
or the lack of a dryoff step, a n d the type of conversion coat ing over w h i c h 
they are used. T h e c h r o m i c - c h r o m a t e rinses used as taught under the 
subject patents w i l l hereafter be t e r m e d react ive post-treatments. 

T h e degree of d r y i n g has l i t t le , i f any, effect on convent ional solvent-
based pa int systems. W i t h electrodeposited paints the nature of the d r y -

Figure 17. Effect of chromate post treatment on salt spray results when 
painted wet 

Test conditions reading from left to right: (1) steel, zinc phosphate, deionized 
water, painted wet; (2) steel, zinc phosphate, reactive chromate, deionized 
water, painted wet; (3) hot dipped galvanized steel, zinc phosphate, deionized 
water, painted wet; (4) hot dipped galvanized steel, zinc phosphate, reactive 

chromate, deionized water, painted wet 
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Figure 18. Effect of chromâte post treatment on salt spray results when 
painted after oven drying 

Test conditions reading from left to right: (1) steel, zinc phosphate, deionized 
water, oven dried; (2) steel, zinc phosphate, reactive chrornate, deionized water, 
oven dried; (3) hot dipped galvanized steel, zinc phosphate, deionized water, 
oven dried; (4) hot dipped galvanized steel, zinc phosphate, reactive chr ornate, 

deionized water, oven dried 

off can have a significant effect on the e n d qual i ty . T h e in terp lay of post 
treatment, dryoff oven, a n d pa int is most apparent w i t h salt spray corro
sion resistance, wet film adhesion, a n d whiteness of w h i t e , one-coat paints . 

I n general , a l l e lectrodeposited paints are i m p r o v e d b y reactive post 
treatment a n d a dryoff oven. T h e degree of i m p r o v e m e n t varies tre
mendously , however , w i t h the pa in t f o r m u l a t i o n a n d the type of con
vers ion coating. 

F igures 17, 18, 19, a n d 20 show the salt spray corrosion resistance 
of a n u m b e r of electropaints as a f u n c t i o n of the post treatment a n d 
dryoff . T o i l lustrate the differences that can be obta ined, data have been 
selected us ing z i n c phosphate on c o l d r o l l e d a n d hot d i p p e d g a l v a n i z e d 
steels. 

F i g u r e 17 is an example of the effect o n salt fog corrosion resistance 
us ing a z i nc phosphate coat ing w i t h a n d w i t h o u t a react ive post treat
ment w i t h a specific e lectropaint formual t ion . T h e t w o panels on the 
left are c o l d r o l l e d steel; the t w o panels on the r ight are hot d i p p e d 
g a l v a n i z e d steel. W i t h the c o l d r o l l e d steel, there is essentially no dif 
ference i n corrosion resistance as a func t ion of post treatment, whereas 
w i t h the ga lvan ized steel, there is a signif icant difference i n corrosion 
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resistance; the test spec imen w i t h o u t the react ive post treatment is m u c h 
weaker than the test spec imen treated w i t h the react ive post-treatment. 
I n contrast to the results i n F i g u r e 17, F i g u r e 18 shows a s imi lar test 
w i t h a different electropaint . I n this case w e see no difference i n the 
corrosion resistance of the hot d i p p e d g a l v a n i z e d steel w i t h or w i t h o u t 
a reactive post treatment w h i l e w e do see a difference i n the corrosion 

Figure 19. Salt spray test results with given 
electropaint as function of heating of con

version coating 

Left: steel, zinc phosphate, dried at 149°C 
(300°F) 

Right: steel, zinc phosphate, dried at 260°C 
(500°F) 

resistance of the c o l d r o l l e d steel surfaces. F i g u r e 19 shows the changes 
that can occur i n corrosion resistance w h e n the conversion coat ing is 
heated to d r i v e off three of the four waters of h y d r a t i o n . W i t h this par
t i cular electropaint , w e obta ined an i m p r o v e m e n t even at this re la t ive ly 
h i g h dryoff condi t ion . F i g u r e 20 illustrates that the effect of dryoff varies 
w i t h the conversion coat ing. H e r e , a l l four panels have been coated w i t h 
the same e lectropainted finish; however , the u p p e r r o w of panels has one 
type of z inc phosphate coat ing on it , the l o w e r r o w a different z i n c phos-
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 33 

phate coat ing. W e see l i t t le difference between the corrosion resistance 
w h e n the coatings are oven d r i e d p r i o r to the a p p l i c a t i o n of the p a i n t 
film b u t a considerable difference i n corrosion resistance w h e n the pa in t 
film is a p p l i e d on these wet convers ion coatings. 

T h e reason for a change i n the characteristics of an electrodeposi ted 
pa int film because of heat ing of the convers ion coat ing is not f u l l y under 
stood. O n e possible explanat ion appears to be f o u n d i n a s tudy of the 
d e h y d r a t i o n of the z i n c phosphate coat ing as a f u n c t i o n of temperature 
a n d t ime. Z i n c phosphate coatings have as their p r i n c i p a l constituents 
two minerals , p h o s p h o p h y l l i t e ( Z n 2 F e ( P 0 4 ) 2 ' 4 H 2 0 ) a n d hopeite 
( Z n 3 ( P 0 4 ) 2 ' 4 H 2 0 ) (25). A n extensive s tudy of the d e h y d r a t i o n of z i n c 

Figure 20. Effect of dryoff. Top: one type 
of zinc phosphate coating; bottom: another 

type of zinc phosphate coating. 

Upper left: steel, zinc phosphate, reactive chro
mate, deionized water rinse, painted wet 

Upper right: steel, zinc phosphate, reactive chro
mate, deionized water rinse, oven dried at 149°C 

(300° F) prior to painting 
Lower left: steel, zinc phosphate, reactive chro

mate, deionized water rinse, painted wet 
Lower right: steel, zinc phosphate, reactive chro
mate, deionized water rinse, oven dried at 149°C 

(300° F) prior to painting 
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phosphate convers ion coatings was car r ied out i n our laboratories i n 1961. 
F i g u r e 21 shows t y p i c a l data obta ined f r o m this s tudy (26). T h e process 
of d e h y d r a t i o n is at least p a r t i a l l y reversible , a n d the u n p a i n t e d z i n c 
phosphate convers ion coatings w i l l rega in lost water f r o m the atmosphere. 

W h e t h e r zero, one, t w o , or three molecules of water of crysta l l izat ion 
n e e d be r e m o v e d for m a x i m u m corrosion resistance w i l l d e p e n d u p o n a 
g i v e n pa int a n d the par t i cu lar type of z i n c phosphate conversion coat ing. 
I n general , r e m o v a l of t w o molecules of water of crysta l l izat ion , w h i c h 
w o u l d occur i n m a n y s tandard dryoff ovens, is adequate. H o w e v e r , this 
depends o n the pa int a n d the conversion coat ing; some paints i m p r o v e 
b y r e m o v a l of a t h i r d molecule of water ; others g ive satisfactory results 
w h e n p a i n t e d wet . 

4 

ο 
u 
ο 
ni 
W 

ο 

2 4 6 8 10 12 14 

D r y i n g T i m e - Minutes 

Figure 21. Dryoff vs. water of crystallization foss as function of temperature 

In E u r o p e a n d i n Japan, because of increased pressures to m i n i m i z e 
p o l l u t i o n , the t rend has been to e l iminate the post-treatment step i n 
p r e p a r i n g m e t a l p r i o r to electrodeposited paints. T h i s has been done 
because of their lack of disposal faci l i t ies to handle chromate conta in ing 
wastes or their disinterest i n p r o v i d i n g them. In b o t h E u r o p e a n d Japan, 
energy to p r o d u c e heat has a lways been at a p r e m i u m a n d therefore 
they have been a m o n g the first to e l iminate the dryoff oven step. U n d e r 
p r o d u c t i o n operations, us ing neither a reactive post-treatment nor a 
dryoff oven, they have experienced poor , w e t film adhesion. B y this w e 
m e a n a loss of the pa int d u r i n g the water r ins ing of the electrodeposited 
pa int film p r i o r to c u r i n g . T h i s loss of adhesion can be qui te spotty on 
a g i v e n part a n d apparent ly occurs general ly i n the areas of lowest 
current density. T h e p r o b l e m of poor , wet film adhesion is def initely 
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1. M A U R E R A N D L A C Y Conversion and Electrodeposited Coatings 35 

re lated to the pa int f o r m u l a t i o n a n d the amount of electrolyte content. 
F i g u r e 22 illustrates this p r o b l e m . H o w e v e r , w i t h everyth ing else h e l d 
constant, the p r o b l e m becomes more prevalent w h e n neither a react ive 
post treatment or a dryoff oven is used. I n most cases, the use of ei ther 
the reactive post treatment or a dryoff oven w i l l s ignif icantly i m p r o v e or 
e l iminate the p r o b l e m . 

Figure 22. Example of poor 
wet film adhesion 

W h i l e p o l l u t i o n pressures have forced some to be more concerned 
w i t h p o l l u t i o n of the environment than w e have been, w e are a w a k e n i n g 
to the p r o b l e m , a n d there is no doubt that the most compet i t ive tota l 
system us ing e lectrodeposi t ion w o u l d be one that produces a convers ion 
coat ing, that w h e n m a t c h e d w i t h an electrodeposited pa int provides 
acceptable q u a l i t y w i t h the e l iminat ion of the post-treatment stage a n d 
the dryoff stage. 

T h i s paper is concerned w i t h the effect of e l i m i n a t i n g the post-
treatment a n d the dryoff oven as i t relates to the convers ion coat ing 
system. T h e r e are other reasons to e l iminate the dryoff oven or to a v o i d 
the e l iminat ion of the dryoff oven, based o n considerations such as the 
presence of the sound deadener pads i n the case of the automot ive 
bodies. B y e l i m i n a t i n g the dryoff oven, the sound deadening pads go 
into the electrodeposited paints f u l l of water a n d therefore do not p i c k 
u p any significant amount of paint , thus r e d u c i n g o v e r a l l costs. I n some 
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cases, moisture or water i n crevices m a y result i n a d i l u t i o n , i n l o c a l areas, 
of the electrodeposi ted paints , resul t ing i n less than desirable coat ing 
deposi t ion . 

T h e electrodeposi ted one-coat w h i t e systems over a l u m i n u m or ga l 
v a n i z e d steel surfaces, i f p r o p e r l y c leaned a n d treated, do not present a 
serious p r o b l e m insofar as o b t a i n i n g a u n i f o r m w h i t e surface is concerned. 
H o w e v e r , the electrodeposi t ion of one-coat systems o n steel is another 
matter. Because of the anodic dissolut ion of the substrate, a degree of 
y e l l o w i n g or tan discolorat ion of the pa int film is obta ined f r o m the i r o n 
salts. E v e n w i t h the best convers ion coatings for steel, there is a tendency 
to discolor the pa int i f the react ion post treatment a n d the dryoff oven 
are omit ted . It appears that the passivi ty obta ined b y the reactive chro-
mate treatment goes a l o n g w a y to m i n i m i z e either the di f fus ion of the 
disso lved i r o n t h r o u g h the pa in t film or its ab i l i ty to react w i t h the p a i n t 
components . W h a t e v e r the mechanism, w e have f o u n d that the react ive 
post-treatments h e l p assure the p r o d u c t i o n of a more u n i f o r m a n d w h i t e , 
e lectrodeposi ted pa int systems. 

Conclusions 

It is necessary to recognize the interdependence of the options a v a i l 
able i n m e t a l treatment a n d electrodeposi ted pa int formulat ions . F o r 
m a x i m u m flexibility w i t h respect to the selection of electrodeposited 
paints , the p r o p e r convers ion coat ing, react ive post treatment, a n d dryoff 
oven s h o u l d be used. B y m a t c h i n g the electrodeposited pa int f o r m u l a t i o n 
w i t h the convers ion coat ing, q u a l i t y finishing can b e obta ined even w i t h 
the e l i m i n a t i o n of the react ive post treatment a n d the dryoff oven. 
T i g h t e r contro l of the electrodeposi ted pa in t a n d p a i n t i n g condit ions are 
r e q u i r e d w h e n these t w o steps are not used. 

Present meta l treatments result i n h i g h q u a l i t y finishing systems. 
T h e m e t a l treatment indust ry cannot be complacent , however , because 
of the increased awarness a n d concern for e l i m i n a t i n g the p o l l u t i o n of 
our environment , i t is essential that m e t a l t reatment—electrodeposi t ion 
systems be deve loped that p r o v i d e q u a l i t y finishes w i t h o u t p o l l u t i o n . 
D e v e l o p m e n t of such systems w i l l require the cooperat ion a n d f u l l under
s tanding of a l l parties concerned—those w o r k i n g i n m e t a l treatment, 
pa in t f o r m u l a t i o n , a n d e q u i p m e n t des ign a n d finally the user himself . 
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New Developments in the Theory and 
Practice of Pretreatment of Metals 
Prior to Electrophoretic Coating 

L E S T E R STEINBRECHER 

Amchem Products, Inc., Ambler, Pa. 19002 

Any conversion coating system for metal parts to be elec-
trocoated must be adapted to the entire ultimate paint 
system, and the optimum operating conditions must be 
determined by experimentation. Zinc phosphate and iron 
phosphate coatings are the two recommended systems for 
steel. Both suffer stripping during electrocoating, the spe
cific amount of weight loss varying with the pH of the paint 
and the applied voltage. Weight losses of about 5-10% of 
the original coating are not uncommon. Poor "wet paint 
adhesion," which on rare occasions is evidenced by removal 
of part of the electrocoat film during water rinsing, has been 
tied in with excessive coating weight loss. The weight of the 
zinc phosphate coatings applied can vary up to 500 mg/sq ft. 
Thin phosphate coatings are less corrosion resistant but allow 
better paint gloss and provide greater resistance to adhesion 
loss as in stone chipping. A zinc phosphate coating system 
has been developed which eliminates the problem of dis
coloration of white electrodeposited paints. 

" E a c h electrophoret ic pa int system must be checked under various types 
of pretreated surfaces to ensure that the paint system is compat ib le 

w i t h the coated surface a n d produces o p t i m u m corrosion resistance a n d 
p h y s i c a l properties . T h i s n o v e l m e t h o d of pa in t a p p l i c a t i o n has m o t i v a t e d 
researchers i n the field of prepaint treatments of meta l surfaces to i n 
vestigate exist ing a n d ent ire ly n o v e l processes w h i c h offer o p t i m u m 
substrates for the m a n y different types of electrophoret ic pa int systems. 
F u r t h e r m o r e , solutions to problems w h i c h are specific to e lec tropaint ing 

38 
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2. S T E I N B R E C H E R Pretreotment of Metals 39 

has forced us i n some cases to requi re extremely close contro l of a l l pre-
treatment stages a n d f o r m u l a t i o n of n e w products to dea l w i t h specific 
situations. T h i s paper deals w i t h the methods of eva luat ing pretreatments 
of meta l parts to be electropainted, phosphate s t r i p p i n g d u r i n g electro
deposi t ion, o p t i m u m methods of c leaning, water r ins ing , phosphat ing , 
passivat ion r ins ing , effects of d r y i n g at different temperatures p r i o r to 
electropaint ing, a n d r ins ing after p a i n t i n g . 

Evaluation 'Procedure 

Before an o p t i m u m prepaint treatment recommendat ion can be 
offered, w e h a d to test the par t i cu lar pa int i n quest ion i n our electropaint 
laboratory. Panels of 4 " X 1 2 " c o m m e r c i a l grade steel a n d g a l v a n i z e d 
steel are treated, u t i l i z i n g sequences of c leaning a n d p h o s p h a t i z i n g , sub
jected to different condit ions of final rinse, such as no rinse, D I water 
( D I = d e i o n i z e d ) , chromate a n d non-chromate pass ivat ing rinses, a n d 
pass ivat ing rinses f o l l o w e d b y D I water . F u r t h e r m o r e , each of these 
variat ions is then air d r i e d , b a k e d , or left wet before enter ing the elec
tropaint bath . T h e panels are then e lectropainted i n the laboratory ap
paratus w h i c h consists of the f o l l o w i n g : a d c p o w e r s u p p l y w h i c h operates 
at a m a x i m u m of 1000 volts a n d 25 amps a n d a 15-liter stainless steel 
storage vessel for paint w h i c h is m a i n t a i n e d at a constant temperature i n 
a water ba th . Sometimes the p a n e l is l o w e r e d into the pa int ba th , a n d 
the voltage is a p p l i e d s lowly , never a l l o w i n g the current to exceed 3 amps. 
A t other times the p a n e l is l o w e r e d into the b a t h at a contro l led rate w i t h 
p o w e r on to simulate specific p r o d u c t i o n condit ions . T h e p a n e l is re
m o v e d f r o m the pa in t bath , r insed w i t h D I water , a ir d r i e d , a n d oven 
b a k e d at the suggested temperature a n d t ime. T h e p h o s p h a t i n g is per
f o r m e d i n the same laboratory so that ag ing of the coat ing does not 
become a var iable i n the test ing a n d closely simulates l ine condit ions 
between the t ime of phosphat ing a n d e lectropaint ing. T h e p a i n t e d panels 
are then tested for salt spray resistance, h u m i d i t y , var ious adhesion 
properties , a n d gravelometer resistance. 

Phosphate Stripping during Electrodeposition Studies 

I n general , results indicate the dissolut ion or pee l ing of z inc phos
phate coatings d u r i n g the electrodeposi t ion varies w i t h the p H of the 
pa int a n d the voltage a p p l i e d . Paints operat ing i n the lower p H range 
of 7.4 to 7.8 have y i e l d e d highest coat ing w e i g h t losses f r o m 25 to 5 0 % . 
H i g h e r p H systems, above 9.0, have y i e l d e d the lowest losses of 0 to 3 % . 
F o r a g iven paint system, h a l v i n g the voltage r e d u c e d the amount of 
coat ing lost b y a factor of 3. R e p r o d u c i b l e phosphate coat ing weight 
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losses w i l l be obta ined o n l y i f a cer ta in procedure of test ing is str ict ly 
f o l l o w e d . 

A f t e r s t u d y i n g m a n y p a i n t systems or ig inat ing f r o m a l l over the 
w o r l d , it was f o u n d that the z i n c phosphate w h i c h is d isso lved becomes 
a n integral part of the pa int coat ing itself. C h e m i c a l analyses of used 
pa in t baths i n our laboratories have s h o w n the complete absence of z i n c 
phosphate i n the pa int b a t h proper . 

O n rare occasions pa int systems'have been encountered w h i c h show 
extremely poor adhesion to the z i n c phosphated surface w h e n the elec
trodeposi ted film is water r insed i m m e d i a t e l y after p a i n t i n g . T h e paint is 
either complete ly or p a r t i a l l y r e m o v e d b y the spray water r inse or can 
be easily r e m o v e d b y gentle r u b b i n g . W h e n this p h e n o m e n o n occurs, 
the z i n c phosphate coat ing is almost complete ly removed . T h e p H of 
the pa in t system does not appear to be a significant factor d a r i n g this 
severe s t r i p p i n g of the z i n c phosphate coat ing. T h e theoret ical factors 
causing this p r o b l e m are at present u n k n o w n to us, but w e bel ieve that 
the entrapment of this large amount of z i n c phosphate i n the pa int film 
itself is a p a r t i a l cause of this poor w e t adhesion. O u r laboratories have 
f o u n d procedures to m i n i m i z e or complete ly correct this p r o b l e m (dis 
cussed la ter ) . 

O c c a s i o n a l l y one comes across the statement i n the l i terature that 
i r o n phosphate coatings are not d isso lved d u r i n g the e lec tropaint ing op
eration. If this were true, i r o n phosphates c o u l d be used successfully as 
substrates to electrodeposit w h i t e paints . A c t u a l l y , i r o n phosphate-coated 
steel shows more discolorat ion i n a w h i t e electrodeposit than z i n c phos
p h a t e d steel. Since i r o n phosphates have coat ing weights o n the order 
of o n l y 20 to 40 m g / s q ft, a 1 0 % w e i g h t loss d u r i n g p a i n t i n g w o u l d 
amount to o n l y 2 to 4 m g / s q ft c o m p a r e d w i t h about 15 to 30 m g / s q ft 
loss i n the case of z inc phosphate coatings. T h u s , less phosphate coat ing 
is incorporated i n the pa int film i n the case of i r o n phosphates. 

If a par t i cu lar pa int system is operated b e l o w the rupture voltage, 
there does not appear to be any corre lat ion between the amount of coat
i n g lost d u r i n g e lectrodeposi t ion a n d the corrosion resistance of the paint . 

Cleaning 

T h e use of a proper cleaner is essential for qua l i ty . T h e most i m p o r 
tant factor to consider is that the cleaner is compat ib le w i t h the phos
p h a t i n g processes a n d that the surface be free of soi l , o i l , a n d so l id dust 
particles so that it can accept a u n i f o r m a n d t ight coat ing. A n y i r regu
larities i n the coat ing appearance (streaks, o i l stains, or rust or dust ) 
w i l l be magni f ied d u r i n g the e lec tropaint ing operat ion. 
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W h e n aqueous strong a lka l ine solutions are used for c leaning p r i o r 
to a z i n c phosphate process, i t is essential for suitable appearance a n d 
h i g h q u a l i t y per formance that a gra in ref ining m a t e r i a l c o n t a i n i n g t i t a n i u m 
phosphate be used i n the stage p r e c e d i n g the z i n c phosphate b a t h so 
that a u n i f o r m fine crysta l w i l l be obta ined. W h e r e m i l d e r c leaning at 
a p H b e l o w 10 can be used, t i t a n i u m base m a y be incorpora ted i n the 
cleaner proper . S t rong a l k a l i c leaning , f o l l o w e d b y a separate re f in ing 
stage is preferred. I n the case of i r o n phosphate processes strong a lka l ine 
cleaners are preferred a n d t i tanat ion is unnecessary. 

A s a result of the strong a l k a l i treatment, p H 12 or h igher , numerous 
n u c l e i are inac t iva ted because they are covered b y oxides or hydroxides 
w h i l e su l fur ic or h y d r o c h l o r i c a c i d p i c k l i n g m a y destroy u p to 9 0 % of 
the act ive centers. B y treat ing the meta l surface w i t h a t i t a n i u m phos
phate solut ion, or w i t h s imi lar ac t ivat ing solutions, numerous n e w crysta l 
n u c l e i are created at the l o c a l cathode, u p o n w h i c h the phosphates c a n 
then g r o w . T h i s crysta l g r o w t h proceeds p a r t i c u l a r l y easi ly u p o n crysta l 
n u c l e i , w h i c h themselves consist of phosphates. T h e larger the n u m b e r 
of n u c l e i , the less is the distance of the n u c l e i f r o m the m e t a l surface. 
T h e crystals of the heavy meta l phosphate w i l l then be ve ry closely 
p a c k e d so that the numerous crystals w i l l soon contact each other. There 
fore, fine-grained a n d t h i n phosphate coatings w i l l be obta ined. Coarse
g r a i n e d z inc phosphate coatings w h i c h result after strong a lkal ine c lean ing 
or a c i d p i c k l i n g a n d no t i t a n i u m act ivat ion a lways have a greater area 
of pores than fine g r a i n e d z i n c phosphate coatings. A greater n u m b e r of 
pores present i n a coarse z i n c phosphate coat ing produces a more con
d u c t i v e surface a n d consequently a h igher pa int film thickness t h a n that 
p r o d u c e d o n a fine-grained surface. If a steel pane l is c leaned i n a strong 
a lkal ine solut ion a n d the bot tom hal f is treated i n a d i l u t e t i t a n i u m phos
phate solut ion, z i n c phosphated , a n d then e lectropainted, the interface 
be tween the coarse a n d ref ined area w i l l be easily seen a n d the pa int 
film thickness w i l l be greater i n the coarse area. T h u s , a n o n - u n i f o r m 
z i n c phosphate coat ing w i l l result i n a n o n - u n i f o r m electropaint film. 

W o r k w h i c h has been prev ious ly derusted i n areas w i t h a phosphor ic 
a c i d deruster is left w i t h a very l ight i r o n phosphate film i n these areas. 
If this w o r k is then passed t h r o u g h a p o w e r spray washer a n d z i n c phos
phated , the i ron phosphate areas resist the z inc phosphate solut ion. T h e 
resul t ing phosphated part appears w i t h patches of amorphous i r o n phos
phate surrounded b y z inc phosphate crystals. If this part is n o w electro-
pa inted , the areas of i r o n phosphate w i l l show a m u c h higher film thick
ness than the s u r r o u n d i n g z inc phosphated surface a n d m i g h t ac tual ly 
show signs of r u p t u r e i n these areas. Therefore , non-phosphor ic a c i d 
derusters should be used i f the par t is to be subsequently z i n c phosphated 
a n d e lectropainted. 
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Phosphating 

T h e choice be tween z i n c phosphate, i r o n phosphate, or no phosphate 
is governed b y the e n d use of the art icle , a n d i n general fo l lows the same 
pattern as for convent ional p a i n t i n g . I n general , z inc phosphate-treated 
surfaces produce the best corrosion resistance. O u r laboratories have 
f o u n d i r o n phosphates to be suitable i n appl icat ions w h e r e less corrosion 
resistance is p e r m i t t e d a n d w h e n one-coat systems are used, the latter 
p r i m a r i l y because of gloss considerations. 

Z i n c phosphate convers ion coatings w h i c h have a n extremely fine 
crysta l structure, p r o v i d e the best substrate for electropaints w i t h respect 
to surface appearance, adhesion, a n d corrosion resistance. A l t h o u g h a 
c a l c i u m - z i n c process produces a n almost amorphous type of coat ing on 
steel, it is unsui table for treat ing ga lvan ized steel surfaces. T h e thinner , 
more densely p a c k e d coat ing produces o p t i m u m adhesion a n d cohesion 
of the a p p l i e d organic film since less contaminant i n the f o r m of z i n c 
phosphate is i n t r o d u c e d into the pa int film proper d u r i n g the electro
deposi t ion process. Z i n c phosphate coatings i n w e i g h t range of 150-200 
m g / s q ft offer w i t h m a n y paint systems the best compromise for o p t i m u m 
corrosion resistance a n d adhesion performance. 

Important n e w p h o s p h a t i n g systems for pretreat ing steel surfaces 
pr ior to the e lectrodeposi t ion of one-coat w h i t e paints have been deve l 
oped . W h e n a steel surface coated w i t h convent ional i r o n , z inc , or ca l 
c i u m - z i n c phosphates is e lectropainted w i t h a w h i t e film, the resul t ing 
w o r k appears yel low-off w h i t e w i t h r e d stains, blotches, a n d various types 
of blemishes s h o w i n g through the w h i t e film. It is b e l i e v e d that the m a i n 
source of this d iscolorat ion is caused b y the ox idat ion of meta l l i c i ron 
at the anode to various types of i r o n hydrates w h i c h become part of the 
pa int film. T h e i r o n hydrates entrapped i n the pa int film are dark a n d 
tend to discolor the film. I n a d d i t i o n , the hydrates f o r m i r o n oxides w h e n 
the pa int film is subjected to heat d u r i n g the c u r i n g operat ion. These i r o n 
oxides because of their dark color then show through the w h i t e pa int film. 

If meta l l i c copper is p a i n t e d w h i t e e lectrophoret ical ly , the copper 
is also o x i d i z e d at the anode to c u p r i c ions. T h e c u p r i c hydrates w h i c h 
become part of the w h i t e pa int film are b lue a n d thus discolor the w h i t e 
pa int film. F o r example, i n an amine-so lub i l i zed system the c u p r i c ions 
combine w i t h the amines i n the paint system to f o r m the intense blue* 
copper a m m o n i u m complex , C u ( N H 3 ) 4 . 

P h o s p h a t i n g systems have been formula ted b y incorpora t ing smal l 
quantit ies of copper i n the coat ing solutions. T h e resul t ing phosphate 
coatings i n c l u d e traces of copper w h i c h d u r i n g the electrophoret ic paint 
i n g is o x i d i z e d to the characterist ic b lue hydrates , w h i c h f u n c t i o n to 
cance l the undes i red colors of the i r o n hydrates or oxides. T h e result is 
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an u n b l e m i s h e d p a i n t film that is a w h i t e r - w h i t e color or a b lue- t in ted 
w h i t e color, d e p e n d i n g o n the amount of copper that was deposi ted on 
the surface. T h e amount depos i ted is regulated b y c o n t r o l l i n g the copper 
content of the system. T h i s pretreatment system i n conjunct ion w i t h 
w h i t e electropaints presently i n use should enable the paint industry to 
use w h i t e formulat ions successfully i n everyday p r o d u c t i o n . 

Passivation Acidulated Rinse 

W h e n z inc phosphated parts enter the electropaint b a t h either a ir 
d r y or wet , the use of a pass ivat ing rinse conta in ing b o t h hexavalent a n d 
tr ivalent c h r o m i u m enhances salt spray results. W h e n a dryoff oven is 
u t i l i z e d pr ior to the electropaint tank, a chromate rinse neither helps 
nor hinders the final corrosion resistance. O n e m a y or m a y not use a 
chromate rinse i f a dryoff oven is used a n d obta in the same result. H o w 
ever, a chromate rinse is also desired to m i n i m i z e the rus t ing of parts 
d u r i n g l ine stops. F u r t h e r m o r e , i t has been general ly f o u n d that i f the 
w o r k is oven d r i e d w i t h o u t a chrome rinse, the results w i l l be better t h a n 
a i r - d r i e d meta l even w h e n f o l l o w e d b y a n o p t i m u m chromate rinse sys
tem. O v e n - d r i e d w o r k w i t h or w i t h o u t a chromate final rinse w i l l a lways 
p r o d u c e better corrosion resistance than an a i r - d r i e d system f o l l o w e d b y 
a chromate rinse. 

N o n - c h r o m a t e final rinses have been deve loped w h i c h p r o d u c e equiv
alent corrosion resistance to s tandard hexavalent c h r o m i u m conta in ing 
rinses w h e n p a i n t e d w i t h electrophoret ic pr imers . 

I n the case of i r o n phosphate coatings, an after-treatment w i t h a 
pass ivat ing solut ion conta in ing b o t h hexavalent a n d tr ivalent c h r o m i u m 
compounds is absolute ly necessary for suitable corrosion resistance. T h e 
use of a dryoff oven has no effect on the ul t imate q u a l i t y w h e n these 
amorphous-coated surfaces are e lectropainted. 

A par t ia l ly r e d u c e d chromate after-rinse leads to a r e d u c t i o n i n the 
area o c c u p i e d b y the press. T h e tr ivalent a n d hexavalent c h r o m i u m rinse 
actual ly leads to a " c l o g g i n g " of the pores b y the format ion of a c h r o m i u m 
chromate gel . 

Deionized Water Rinsing 

A d e i o n i z e d water rinse is a lways r e c o m m e n d e d as the final step i n 
the treatment of the metal , whether or not an oven dryoff is used. T h i s 
prevents carry-over of fore ign ions into the paint bath . It has been s h o w n 
that w h e n certain concentrations of ch lor ide or chromate are reached i n 
the pa in t bath , r u p t u r i n g of the paint occurs a n d the paint q u a l i t y fal ls 
off drast ical ly . A b o v e 60 p p m of ch lor ide ions the salt spray resistance 
decreases, a n d at 100 p p m scribe fa i lure is severe. H o w e v e r , i t is not 
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chromâtes or chlorides per se w h i c h affect e lectropaint ing baths b u t any 
electrolyte w h i c h m i g h t elevate the c o n d u c t i v i t y of the paint ba th . 

D e i o n i z e d water a p p l i c a t i o n after the pass ivat ing chromate r inse w i l l , 
i n general , not alter the salt spray resistance of an electropaint p r i m e r . 
T h e t ime be tween the a p p l i c a t i o n of the chromate r inse a n d the d e i o n i z e d 
rinse was not significant w h e n d w e l l t imes w e r e v a r i e d between 10 a n d 
300 seconds. 

T h e p u r i t y of the rinse stages has been f o u n d to be re lated to the 
wet adhesion p r o b l e m prev ious ly discussed. W h e n a cer ta in pa in t f o r m u 
la t ion is m a r g i n a l i n its wet adhesion properties , a s m a l l increase i n the 
c o n d u c t i v i t y of the D I r inse w i l l t end to produce m u c h poorer adhesion 
of the wet film. T h u s , close contro l of the rinse stages becomes essential 
w h e n this p r o b l e m is at h a n d . T h e presence of specific ions i n the passi
v a t i n g rinse solut ion also tends to m i n i m i z e or complete ly e l iminate the 
p r o b l e m . 

Drying of Phosphate Coatings Prior to Electropainting 
W i t h most pa int systems tested, oven d r y i n g of the z inc phosphate 

coat ing before p a i n t i n g i n the general range of 150° - 2 0 5 ° C for times of 
5 - 1 0 minutes greatly increases the salt spray performance c o m p a r e d w i t h 
parts w h i c h were p a i n t e d air d r y . 

If the oven temperature greatly exceeds 250°—i.e., 2 5 0 ° - 3 0 0 ° C for 
times of 6 -10 minutes—corros ion resistance drops apprec iab ly . Recent 
w o r k o n the thermal behavior of z inc phosphate crystals scraped f r o m a 
steel surface a n d on the steel surface itself, u t i l i z i n g thermogravimetr ic 
a n d di f ferent ia l t h e r m a l ana ly t i ca l techniques, have s h o w n the exact de
gree of d e h y d r a t i o n of the z i n c crysta l at various temperatures. T h e 
change i n the degree of h y d r a t i o n of the z i n c phosphate crysta l is f o l l o w e d 
b y a change i n the corrosion resistance. F i g u r e 1 i l lustrates the results of 
thermogravimetr ic analysis ( T G A ) a n d dif ferent ia l thermal analysis 
( D T A ) of z i n c phosphate scraped f r o m steel surfaces. T h e r m o g r a v i m e t r i c 
analysis is a measurement b y a thermobalance of the ac tual we ight change 
of a sample as a f u n c t i o n of t ime or temperature. A sample is w e i g h e d 
before a n d after heat ing to a desired temperature for a desired t ime. 

D i f f e r e n t i a l t h e r m a l analysis demonstrates calorif ic phenomena—i.e. , 
disassociation, a l lotropie changes, a n d phase changes. D T A a n d T G A 
are of ten used together, as w e d i d i n the z i n c phosphate study, to d e m o n 
strate decomposi t ion . T h u s , as the T G A curve s h o w e d a w e i g h t loss 
caused b y water evolut ion , the D T A c u r v e s h o w e d a n endothermic reac
t i o n t a k i n g place at the decomposi t ion temperature or temperature where 
water was d r i v e n off. 

T h e first t w o molecules of water of h y d r a t i o n are lost at 180 ° C w h i l e 
the last traces of water disappear at 320 °C . T h e corresponding D T A 
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curve shows endothermic peaks at 1 8 0 ° C a n d 3 2 0 ° C also. T h e increase 
i n corrosion resistance on us ing a dryoff oven is caused b y the loss of 
t w o molecules of water of h y d r a t i o n f r o m the hopei te a n d p h o s p h o p h y l l i t e , 
each c rys ta l l i z ing w i t h four molecules of water of crysta l l izat ion. 

TGA 

\ 

'VI 
1 1 1 

r 

1 1 1 1 1 
100 200 300 400 500 600 700 800 900 

TEMPERATURE °C 

Figure 1. TGA and DTA of zinc phosphate scraped from steel surfaces 

T h e r m o g r a v i m e t r i c analysis of a z i nc phosphate coat ing o n the sur
face of steel general ly showed the same decomposi t ion temperatures as 
that of the scraped z i nc phosphate crystals. H o w e v e r , above 4 0 0 ° C a 
w e i g h t g a i n was observed i n the T G A curve. A s the temperature was 
gradua l ly increased (heat ing rate was 10°C/min. ), the increase i n weight 
cont inued at a m u c h greater rate. 

M i c r o s c o p i c studies of the crystals were also p e r f o r m e d after sub
ject ing the meta l to various e levated temperatures. A t extremely h i g h 
temperatures above 430 ° C the anhydrous crysta l ac tual ly shrinks to f o r m 
more voids i n the meta l surface. M i c r o s c o p i c pictures have s h o w n a 
shrinkage i n the crystal above 4 0 0 ° C . T h u s , the T G A analysis i n con
junct ion w i t h photomicrographs indicates that as the z inc phosphated 
surface is exposed to temperatures above 400 °C, the coat ing shrinks 
a n d ox idat ion of the metal takes over r a p i d l y , causing a sharp increase 
i n weight . 
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Rinsing after Painting 

Some pa int systems are sensitive to tap water r ins ing even i f f o l l o w e d 
b y a final d e i o n i z e d water rinse. M o s t paint systems, however , can be 
r insed w i t h tap water i f the final rinse before d r y i n g is d e i o n i z e d water . 
If tap water is used as a final rinse after pa in t ing , spott ing occurs o n the 
surface either b y react ion of the tap water salts w i t h the u n c u r e d paint 
or evaporat ion of the tap water itself. A trace quant i ty of w e t t i n g agent 
is a d d e d to the final d e i o n i z e d rinse b y some paint manufacturers . 

Pretreatment of Zinc and Aluminum 

T h e pretreatment of z inc , i n general , fo l lows the same rules as the 
pretreatment of steel. F o r passivated g a l v a n i z e d steel sheets a z i n c phos
phate solut ion conta in ing f luor ide w i l l be h e l p f u l i n f o r m i n g the coat ing. 

T h e most important steps i n treat ing a l u m i n u m p r i o r to electropaint
i n g are a lkal ine c leaning a n d d e o x i d i z i n g the surface. If the surface has 
scratches a n d other imperfect ions , e tching the a l u m i n u m i n strong a l k a l i 
solutions f o l l o w e d b y a desmutt ing operat ion is of ten desirable. O u r 
recent research w o r k has s h o w n that chromate coated a l u m i n u m per
f o r m e d better i n a c i d salt spray after e lectropaint ing t h a n a l k a l i etched 
a n d d e o x i d i z e d a l u m i n u m . T h e use of acetic a c i d to lower the p H of salt 
solutions used i n accelerated test programs has s h o w n that i t is a useful 
tool i n d i s t inguish ing between a good composite system a n d one w h i c h 
is infer ior . 

F o r a l u m i n u m parts w h i c h are contiguous to steel, a n d the parts are 
z i n c phosphated, convent ional treatments w i l l coat only the steel. T h u s , 
the part w i l l be z i n c phosphated steel a n d bare a l u m i n u m . Since there 
is a large difference i n c o n d u c t i v i t y be tween z inc phosphated steel a n d 
bare a l u m i n u m , there is a poss ib i l i ty that r u p t u r i n g of the electropaint 
o n the more conduct ive a l u m i n u m surface w i l l occur. Therefore , a treat
ment w h i c h w i l l z inc phosphate b o t h a l u m i n u m a n d steel w o u l d be 
r e c o m m e n d e d i n this case. 
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Changes in Zinc Phosphated Steel Surfaces 
during Electrodeposition 

C. A. MAY 

Shell Development Co., Emeryville, Calif. 94608 

During the electrodeposition of a surface coating 30-40% 
of a phosphatized surface can be electrodissolved because of 
a decrease in the pH. Interestingly, this loss of the phos-
phatizing material does not reduce the corrosion protection, 
and scanning electron microscope studies show that the 
phosphate crystal coating is not ruptured. Previous studies 
have shown that the most probable cause for reduced cor
rosion protection is the electrodissolved ions which are 
occluded in the coating. Potentiodynamic anodic polariza
tion curves show that the water of hydration in the crystal 
structure also changes during electrodeposition. This source 
of reduced corrosion protection, however, depending on the 
phosphating treatment, can be corrected by heating. 

~\J"ost of the vehicles used i n the electrodeposit ion of surface coatings 
ly** are carboxylated versions of convent ional coat ing molecules . T h e 
c a r b o x y l group is r e q u i r e d for aqueous so lub i l i ty b y neutra l iza t ion w i t h 
various bases, general ly organic amines, a n d the resultant i o n provides 
the necessary e lectr ical charge for attract ion to anodic surfaces d u r i n g 
the a p p l i c a t i o n of the coat ing. 

T h e chemistry of these anodic deposit ions is qui te complex a n d has 
been w i d e l y discussed i n the l i terature. A l t h o u g h there is not complete 
agreement a m o n g the various investigators, a n u m b e r of the anodic 
events have been w e l l def ined. D u r i n g the coat ing process the p H at 
the anode is r e d u c e d ( I ) w h i c h results i n coagulat ion of the resin o n the 
anode surface. A d d i t i o n a l coagulat ion of the resin results f r o m the cations 
generated b y electrodissolut ion of the substrate (2)—e.g., i n the case of 
a steel surface, ferrous ions. I n a d d i t i o n the carboxylate ions can undergo 
a K o l b e ox idat ion {3,4,5). T h e p ic ture becomes even more c o m p l i c a t e d 
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cons ider ing that most steel substrates are pretreated b y some sort of phos
p h a t i n g process p r i o r to coat ing. M e n z e r (6 ) has stated that d e p e n d i n g 
o n the nature of the substrate a n d the e lectrodeposi t ion process, 4 0 - 6 0 % 
of a phosphated surface can be dissolved d u r i n g electrodeposit ion. 

O u r o w n studies have s h o w n that the m e t a l ions generated d u r i n g 
the e lectrodeposi t ion process are o c c l u d e d i n the coat ing rather t h a n 
passed into the electrodeposi t ion bath ( 2 ) . W e were subsequently able 
to demonstrate that these o c c l u d e d ions are responsible for r e d u c e d cor
ros ion protec t ion as measured b y salt spray testing ( 7 ) . W e also f o u n d 
that i f a phosphated steel p a n e l was soaked i n water for as l i t t le as one 
hour , a l l o w e d to d r y , a n d coated b y solvent appl i ca t ion , the salt spray 
protec t ion was also r e d u c e d . T h i s latter effect was subsequent ly t raced 
to a n increased water of h y d r a t i o n of the phosphated surface b y analogy 
to the recent w o r k of C h a n c e a n d F r a n c e ( 8 ) . These authors d e m o n 
strated that i t was possible to predic t w h i c h phosphated surfaces w o u l d 
give in fer ior results b y the use of anodic po lar iza t ion scans. 

U s i n g a s i m i l a r p o l a r i z a t i o n technique w e s t u d i e d the effects that 
the e lectrodeposi t ion process h a d o n the h y d r a t i o n of phosphated sur
faces. T h i s a p p r o a c h p r o v e d use fu l not on ly i n def in ing the nature of 
various phosphated pretreatments but also for est imating desirable b a k i n g 
schedules for electrodeposited coatings. 

General Experimental Approach 

A general discussion of the exper imental a p p r o a c h at this po in t ap
pears advisable for a better unders tanding of the data w h i c h fo l lows . If 
a m e t a l substrate is p l a c e d i n an aqueous solut ion of a n inorganic salt 
a n d connected to a s tandard ca lomel electrode ( S C E ) t h r o u g h a n in - l ine 
voltmeter , a potent ia l is noted. I n the case of a p h o s p h a t e d steel surface 
this is a r o u n d —0.6 volt . If a potentiostat is p l a c e d i n this system a n d 
a voltage is a p p l i e d i n a posi t ive ( a n o d i c ) d i rec t ion , e lectrodissolut ion 
takes place a n d a current is deve loped . T h e m a g n i t u d e of the current is 
a measure of the rate of d isso lut ion of the substrate at the a p p l i e d voltage. 
B y increas ing the voltage at a u n i f o r m rate, a p lo t of the amperage as a 
f u n c t i o n of the voltage can be obta ined. If the rate of voltage increase 
is kept constant for a l l experiments, the po lar iza t ion scans are qui te 
r e p r o d u c i b l e for a g i v e n set of exper imenta l condit ions . 

Results and Discussion 

W e d e c i d e d to examine three types of phosphated steel surfaces 
us ing this a p p r o a c h to ascertain h o w various meta l pretreatments m a y 
inf luence the electrodeposi t ion process. T h e three surfaces used w e r e 
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t y p i c a l c o m m e r c i a l products ( P a r k e r R u s t p r o o f m g D i v . , H o o k e r C h e m . ) , 
A - B o n d e r i t e 100, B - B o n d e r i t e E P - 2 , a n d C - B o n d e r i t e E P - 8 9 : 

A . A s tandard z i n c phosphate process, n i t r i l e accelerated. 
B . Z i n c phosphate process, n i c k e l a n d fluoride m o d i f i e d , n i t r i l e ac

celerated. 
C . Z i n c phosphate process, c a l c i u m m o d i f i e d . 
Pretreatment A is a c o m m o n l y used meta l pretreatment for q u a l i t y 

finishes. Pretreatment Β is a m o d i f i e d vers ion of the z i n c phosphate 
process r e c o m m e n d e d as a good start ing po in t for the evaluat ion of elec
trodeposi t ion coatings. Pretreatment C is r e c o m m e n d e d for l ight co lored 
electrocoats. 

Table I. Metal Concentration Found in Electrodeposited 
Coatings on Various Phosphated Surfaces 

Pretreatment A B C 

I ron , % w 0.07 0.06 0.03 
Zinc , % w 0.95 0.57 0.24 
N i c k e l , % w — 0.45 — 
C a l c i u m , p p m — 34 280 

A n electrodeposited coat ing o n each type of substrate was first ex
a m i n e d for the concentrat ion of the various o c c l u d e d , e lectrodissolved 
metals. T h e results are g iven i n T a b l e I. T h e electrocoating vehic le 
used i n this determinat ion a n d throughout the invest igat ion was a 
m a l e i n i z e d , o i l m o d i f i e d , epoxy ester of the b i sphenol type ( 9 ) . A s seen, 
pretreatments A a n d Β gave approx imate ly the same concentrat ion of 
meta l . T h e n i c k e l m o d i f i e d pretreatment y i e l d e d a l o w e r z inc concen
trat ion, b u t this was compensated for b y the o c c l u d e d n i c k e l ions. T h e 
c a l c i u m phosphate modi f i ca t ion ( C ) y i e l d e d m u c h less meta l , p a r t i c u l a r l y 
electrodissolved i ron . T h e latter fact p r o b a b l y accounts for the better 
color of electrocoatings on this surface since i r o n salts discolor d u r i n g 
the b a k i n g of the finish. 

T h e three phosphate surfaces were first examined as rece ived f r o m 
the suppl ier . P r i o r to sampl ing , each substrate was heated for three m i n 
utes at 190 ° C to ensure the u n i f o r m i t y of the start ing surface. T h i s is a n 
important precaut ion since the water of h y d r a t i o n w i l l increase s l o w l y o n 
storage under n o r m a l laboratory condit ions ( 7 ). E a c h pretreatment gives 
a characterist ic po lar iza t ion curve as s h o w n i n F i g u r e 1. T h e reproduc
i b i l i t y of the data is qui te good, a n d hence the curves c o u l d be used for 
ident i f icat ion purposes i n m u c h the same manner that in f rared spectra 
are used to i d e n t i f y organic compounds . T h e dot ted port ions of the 
curves are anomalies w h i c h sometimes appear i n the anodic scans, p r o b 
ab ly as a result of variat ions i n the phosphate pretreatment over the 
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. 12 

PRETREATMENT A 

\ 1 

PRETREATMENT Β 

PRETREATMENT C 
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Figure 1. Anodic polarization curves for various phosphated surfaces 

surface tested. T h e s tandard z i n c phosphate ( A ) a n d the n i c k e l m o d i f i e d 
z inc phosphate ( B ) surfaces give s imi lar results, b u t the c a l c i u m phos
phate surface is qui te different. 

These differences are also seen b y microscopic examinat ion of the 
three substrates. F i g u r e 2 shows scanning electron microscope photo
micrographs of each surface at 1000 X ( t imes) magnif icat ion. A s might 
be expected pretreatments A a n d Β appear qui te s imi lar , b u t C , the ca l 
c i u m phosphate modi f i ca t ion , is qu i te different. I n the latter case the 
phosphate crystals appear to be m u c h less in t imate ly associated w i t h the 
steel substrate. 

Figure 2. Phosphated surfaces before electrodeposition (X 450) 
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T h e effect of e lectrodeposi t ion ( E / D ) o n the three phosphated sur
faces is s h o w n i n F i g u r e s 3, 4, a n d 5. T h e samples w e r e p r e p a r e d b y 
electrodeposi t ing the epoxy ester o n the substrate i n quest ion, w a s h i n g 
the film off w i t h te t rahydrofuran , d r y i n g at r o o m temperature, p u n c h i n g 
out the test specimen, a n d d e t e r m i n i n g the anodic p o l a r i z a t i o n charac
teristics. 

20 

-
AFTER E/D 

-
AS SUPPLIED OR AFTER E/D 

-
\ + 3 M I N . A T 190 eC 

1 , 1 , 1 ^ ι . ι . ι ι , P ^ r 5 5 8 ^ 
0.2 0.1 0 -0.1 -0 .2 -0 .3 -0.4 -0.5 -0.6 

VOLTS v$ SCE 

Figure 3. Effect of electrodeposition on pretreatment A 

A s F igures 3 a n d 4 show, the s tandard z i n c phosphate pretreatment 
a n d the n i c k e l a n d fluoride modi f i ca t ion behave i n a s imi lar fashion. 
A f t e r e lectrodeposi t ion the anodic excursions gave peaks at approximate ly 
—0.37 a n d +0 .13 vol t i n each case. B y heat ing either pretreatment for 
three minutes at 190 ° C after i t h a d been through the electrodeposi t ion 
process, the o r i g i n a l po lar iza t ion scan was restored. W i t h the c a l c i u m 
phosphate m o d i f i e d pretreatment the results are more complex. Before 
electrodeposit ion the anodic p o l a r i z a t i o n curve looks qui te s imi lar to the 
other t w o phosphate coatings after e lectrodeposit ion. T h e coat ing process 
changes the curve to a pos i t ion more nearly s imi lar to the o r i g i n a l curves 
for pretreatments A a n d B . W h e n this substrate was heated to 190 ° C 
after e lectrodeposit ion, the i n i t i a l po lar iza t ion characteristics were not 
always restored. A l t h o u g h the results w i t h this substrate were i n c o n 
sistent, the general shape of the po lar iza t ion curve f o l l o w i n g the post-
electrodeposit ion heat ing is as s h o w n i n F i g u r e 5. T h u s , there appeared to 
have been some permanent damage to this pretreatment caused b y the 
electrodeposit ion process. 
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20 
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Figure 4. Effect of electrodeposition on pretreatment Β 

A s stated earlier, par t of the phosphated surface is electrodissolved 
d u r i n g coat ing deposi t ion. T h e results thus far l e a d to the conc lus ion 
that r e d u c i n g the amount of p h o s p h a t i n g also does not change the polar
i z a t i o n characteristics i f the substrate is p r o p e r l y heated f o l l o w i n g elec-
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Figure 5. Effect of electrodeposition on pretreatment C 
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2 0 , 

53 

.6 h 

0.2 0.1 0 -0.1 -0.2 -0 .3 -0.4 -0 .5 -0.6 
VOLTS vs SCE 

Figure 6. Effect of soaking in Ε/D bath on pretreatment Β 

t rodeposi t ion a n d film r e m o v a l . H o w e v e r , i n k e e p i n g w i t h the findings 
of C h a n c e a n d F r a n c e , the electrodeposi t ion process or contact w i t h the 
aqueous b a t h appears to have increased the water of h y d r a t i o n i n the 
phosphate crysta l structure. Invest igat ion of the latter po in t p r o v e d i n 
teresting i n that i t p o i n t e d out further differences between the phosphated 

20 ! — , 

VOLTS v$ SCE 

Figure 7. Effect of soaking in Ε/D hath on pretreatment C 
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surfaces. D u r i n g our laboratory operations a m a x i m u m of five minutes 
is r e q u i r e d f r o m the t ime a p a n e l is p l a c e d i n the electrodeposi t ion b a t h 
u n t i l the coat ing is ready to be p l a c e d i n a n o v e n for b a k i n g . A c c o r d 
i n g l y , panels w i t h each surface pretreatment were soaked i n the electro
deposi t ion b a t h for five minutes , r insed w i t h te t rahydrofuran , a ir d r i e d , 
a n d examined b y anodic polarography. F igures 6 a n d 7 show that the 
n i c k e l m o d i f i e d z i n c phosphate ( Β ) a n d the c a l c i u m phosphate m o d i f i c a 
t i o n ( C ) are essentially unaffected b y this procedure . T h e s tandard z i n c 
phosphate ( A ) , o n the other h a n d ( F i g u r e 8 ) , p a r t i a l l y approaches the 
characteristics of a p a n e l w h i c h has been subjected to the electrodeposi
t i o n process. T h i s i n a sense explains w h y the n i c k e l a n d f luor ide m o d i f i e d 
z i n c phosphate m a y have been the r e c o m m e n d e d pretreatment for elec
trocoat ing. T h e s tandard z i n c phosphate finish changes somewhat b y 
mere ly b e i n g exposed to the electrodeposi t ion b a t h ; the c a l c i u m phos
phate m o d i f i e d finish is not changed b y soaking, b u t the electrodeposit ion 
process changes the pretreatment to the extent that the damage m a y be 
permanent . O n the other h a n d , the n i c k e l m o d i f i e d z i n c phosphate 
changes o n l y d u r i n g e lectrodeposit ion a n d recovers w h e n reheated. It 
w o u l d thus appear that this finish a n d the s tandard z i n c phosphate should 
recover the proper degree of h y d r a t i o n i f the electrodeposited coat ing is 
b a k e d at a sufficiently h i g h temperature. 

O u r efforts were next extended to an invest igat ion of the proper 
b a k i n g temperatures for the various pretreatments. A p r e l i m i n a r y check 

20 
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Figure 8. Effect of soaking in Ε/D bath on pretreatment A 
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Figure 9. Effect of baking polystyrene film on pre-electrodeposited pretreat
ment A 

s h o w e d (see F i g u r e 9) that i f the u n c u r e d , e lectrodeposited film was 
solvent w a s h e d off of a pane l , i n this case pretreatment A , heat ing at 
the re lat ively m i l d condit ions of one-half h o u r at 120 ° C restored the 
o r i g i n a l p o l a r i z a t i o n characteristics. W e suspected, however , that the 
presence of the coat ing w o u l d re tard the " recovery" because of d i f fus ion 
l imitat ions . A s w i l l be s h o w n , this p r o v e d to be the case. Because of our 
suspicions, subsequent experiments were des igned as near ly as possible 
to s imulate an electrodeposi t ion procedure . 

T h e first attempt to s imulate the electrodeposi t ion process consisted 
of e lectrocoat ing w i t h the m a l e i n i z e d epoxy ester, b a k i n g at various 
temperatures, a n d then r e m o v i n g the film b y s w e l l i n g i n a strong organic 
solvent. I n every case the current peaks of the anodic p o l a r i z a t i o n scans 
were greatly d i m i n i s h e d i n d i c a t i n g that some of the coat ing c o u l d not 
be removed . A c c o r d i n g l y , this a p p r o a c h was abandoned. 

T h e p r o b l e m was then approached b y electrodeposi t ing the coat ing, 
w a s h i n g off the u n c u r e d coat ing w i t h te t rahydrofuran , d r y i n g , a n d i m 
media te ly a p p l y i n g a coat ing of polystyrene f r o m toluene solut ion i n a 
thickness w h i c h w o u l d be obta ined f r o m the electrodeposited coat ing. 
T h e polystyrene coated p a n e l was then b a k e d at the des ired temperature , 
the coat ing w a s h e d off w i t h toluene, a n d the p o l a r i z a t i o n scan deter
m i n e d . A s seen f r o m F i g u r e 9 w i t h pretreatment A a p a r t i a l " recovery" 
was obta ined after a bake of one-half hour at 120 ° C . Since complete 
recovery was obta ined under the same condit ions i n the absence of a 
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coat ing, the coat ing def ini te ly slows d o w n the r e m o v a l of the water of 
h y d r a t i o n f r o m the phosphate crysta l structure. W h e n the polystyrene 
coat ing was b a k e d at 150 ° C , however , diff iculties w e r e encountered. 
E v e n soaking overnight i n the solvent d i d not remove a l l of the p o l y 
styrene. A p p a r e n t l y , d u r i n g the b a k i n g operat ion at the higher tem
perature, the p o l y m e r penetrates the phosphate crysta l structure to a 
degree that i t cannot be easily removed . T h e net result is a p o l a r i z a t i o n 
curve for the 150 ° C experiment as s h o w n i n F i g u r e 9. A s j u d g e d b y the 
terminat ion of the anodic dissolut ion at —0.15 vol t , the p r o p e r degree 
of h y d r a t i o n has been restored since this is characterist ic of the phosphate 
surface before e lectrodeposit ion. H o w e v e r , the d o u b l e peaks, character
istic of a phosphated surface after e lectrodeposit ion, casts some doubt 
o n this conclus ion . 
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Figure 10. Effect of paraffin heating on pre-electrodeposited pretreatment A 

T h e most satisfactory procedure consisted of electrodeposit ion, re
m o v a l of the u n c u r e d coat ing w i t h a solvent, a n d heat ing the sample for 
the desired t ime a n d temperature u n d e r a p o o l of m o l t e n paraffin wax. 
Samples thus obta ined c o u l d be readi ly c leaned b y soaking for a f e w m i n 
utes i n benzene. T h e results showed that this recovery temperature is 
about 50 ° C h igher than w o u l d be r e q u i r e d i n actual pract ice where a th in 
coat ing is on the surface. H o w e v e r , the data p e r m i t an est imation of the 
m i n i m u m desirable b a k i n g temperature a n d also the temperature differ
ences w h i c h m a y be r e q u i r e d for proper d e h y d r a t i o n of different phos
phate treatments. 
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S h o w n i n F i g u r e 10 are the results ob ta ined w i t h the s tandard z i n c 
phosphate pretreatment ( A ) . T h e heat ing p e r i o d i n each case was one-
hal f hour . A t 150° a n d 175 ° C a p r o n o u n c e d change occurs i n the polar 
i z a t i o n scan, b u t complete recovery is not n o t e d u n t i l the spec imen is 
heated at 2 0 0 ° C . C o m b i n i n g this data w i t h the results i n F i g u r e 9, it 
w o u l d appear that the proper b a k i n g for a coat ing e lectrodeposi ted o n 
this substrate is less t h a n 200 ° C a n d m o r e l i k e l y close to 150 ° C . U n 
d o u b t e d l y i t is m u c h more dif f icul t for the water to escape t h r o u g h the 
re lat ively " t h i c k " paraff in layer than 0.5-1 m i l of surface coat ing. 
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Figure 11. Effect of paraffin heating on pre-electrodeposited pretreatment Β 

E x a m i n a t i o n of F i g u r e 11 reveals further differences be tween the 
n i c k e l a n d f luor ide m o d i f i e d z i n c phosphate ( B ) a n d the s tandard pre
treatment ( A ) . M o s t important is the fact that complete recovery does 
not occur u n t i l 225 ° C , 25 ° C h igher than that observed w i t h the s tandard 
z i n c phosphate . T h u s i f a compar i son w e r e m a d e between pretreatments 
A a n d Β w i t h regard to salt spray performance , i t w o u l d be expected that 
coatings b a k e d at 150 ° C w o u l d g ive s imi lar results, a n d any differences 
w o u l d o n l y appear w h e n b a k i n g temperatures of 175 ° C or h igher w e r e 
used. T h e results also show that i n a d d i t i o n to the h igher recovery tem
perature r e q u i r e d , the p a r t i a l changes observed at the lower b a k i n g 
temperatures w i t h pretreatment ( a ) are not as apparent i n this case. 

T h e c a l c i u m phosphate modi f i ca t ion ( C ) behaved i n a m a r k e d l y 
different manner f r o m the other t w o bondcoats ( F i g u r e 12) . E x c l u d i n g 
the aforement ioned inconsistencies, w h i c h were also evident i n these 
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Figure 12. Effect of paraffin heating on pre-electrodeposited pretreatment C 

experiments, revers ion to the i n i t i a l p o l a r i z a t i o n scan c o u l d occur at any 
temperature f r o m 120 ° C u p w a r d s . 

V i s u a l examinat ion of the three phosphate surfaces after electro
depos i t ion w i t h the scanning electron microscope makes the behavior of 
pretreatment C more understandable . T h e photomicrographs are s h o w n 
i n F i g u r e 13. T h e s tandard z i n c phosphate pretreatment ( A ) has not 
c h a n g e d m a r k e d l y . Some of the fragmentary crysta l structure, however , 
appears to have been r e m o v e d . C o n s i d e r i n g the n i c k e l modi f i ca t ion ( Β ), 
a n apparent flaw or crack was discovered at 1000 X magnif icat ion . O n 
closer examinat ion (3000 X ) , however , even i n this area the steel sub
strate is not v is ib le a n d the pretreatment appears intact . T h e c a l c i u m 
phosphate m o d i f i e d pretreatment ( C ) is a different story. M i c r o s c o p i c 
examinat ion at 1000 X i n d i c a t e d that there m a y w e l l be areas of bare 
( unphosphated ) m e t a l showing . T h i s is qui te evident at 3000 X m a g 
nif icat ion. T h e ridges w h i c h are characterist ic of the untreated, p o l i s h e d 
steel substrate are r e a d i l y apparent . M a n y such areas can be seen i n this 
p ic ture . T h e electrodeposi t ion process has actual ly r u p t u r e d the phos
phate coat ing. It thus appears that i f the b o n d coat is r u p t u r e d , the 
anodic p o l a r i z a t i o n scans are erratic, recovery is not a lways consistent 
a n d depends on the area selected for testing. It is also possible that flaws 
are present i n the o r i g i n a l c a l c i u m phosphate pretreatment a n d are en
larged b y the electrodeposit ion. Based o n the a n a l y t i c a l data presented 
i n T a b l e I, since less of the pretreatment is e lectrodissolved d u r i n g the 
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3. M A Y Zinc Phosphated Steel Surfaces 59 

Figure 13. Photomicrographs on the phosphated surfaces after electrodepo
sition 

Magnification: upper left, X 500; lower left, X 1500; middle, X 500; upper right, 
X 500; lower right, X 1500 

coat ing process, the ease of r u p t u r e w o u l d indica te a thinner phosphate 
coat ing. 

Conclusions 

A n o d i c p o l a r i z a t i o n techniques appear to be a useful too l for s tudy
i n g changes i n the water of h y d r a t i o n of phosphated surfaces d u r i n g the 
electrodeposit ion of a surface coating. T h e y not o n l y p r o v i d e a means 
of i d e n t i f y i n g various phosphate surfaces b u t indicate the condit ions 
w h i c h change the nature of the surface d u r i n g the electrodeposi t ion 
process a n d h o w these changes m a y be recti f ied. 

T h e n i c k e l a n d fluoride modi f i ca t ion of the p h o s p h a t i n g process has 
the advantage of re tard ing changes i n the phosphate crysta l structure 
resul t ing f r o m exposure to the aqueous pa int system. T h e changes w h i c h 
are brought about b y electrodeposit ion, however , can o n l y be rect i f ied 
b y b a k i n g the coated meta l at 25 ° C higher than that r e q u i r e d for a stand
a r d z i n c phosphate treatment. T h e important po in t to emphasize is that 
evaluations of a pretreatment for corrosion protect ion, w h e n u s i n g the 
electrodeposit ion process, s h o u l d be based o n coatings b a k e d over a 
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b r o a d range of temperatures. T h e differences w h i c h are observed m a y 
not be the result of a greater degree of cure of the coat ing at a h igher 
temperature b u t rather a change i n the nature of the phosphate crysta l 
structure. 

Experimental 

A schematic of the exper imenta l setup is s h o w n i n F i g u r e 14. T h e 
apparatus consists of a s tandard ca lomel reference electrode ( S C E ) , a 
p l a t i n u m counter electrode, a n d the spec imen w h i c h are connected to a 
potentiostat. T h e potentiostat is i n t u r n connected to an X - Y recorder 
to obta in the voltage a n d amperage measurements. 

STANDARD 
CALOMEL 

ELECTRODE 

SPECIMEN 
HOLDER 

POTENTIOSTAT 
S 1 

1 r · ! 

X-Y 
RECORDER 

PLATINUM REFERENCE 
ELECTRODE 

SOLUTION 

JACKETED TEMPERATURE 
CONTROLLED CONTAINER 

Figure 14. Schematic for anodic polarization equipment 

A f t e r t reat ing a par t i cu lar phosphated surface i n the desired fashion, 
specimens were p u n c h e d f r o m the pane l , a n d one was m o u n t e d i n a 
spec ia l ho lder (10). T h e ho lder is s h o w n i n F i g u r e 15. M i c r o s c o p i c 
examinat ion s h o w e d that the shear p u n c h i n g operat ion d i d not damage 
the phosphate crystals i n the test area. F u r t h e r , the p r e p a r e d specimens 
r e p r o d u c i b l y re ta ined their po lar iza t ion characteristics over a p e r i o d of 
several days. T h e t ime be tween sample prepara t ion a n d testing was thus 
not a factor. 

A f t e r m o u n t i n g the spec imen i n the holder , i t was immersed i n the 
electrolyte solut ion, 0 . 6 M a m m o n i u m nitrate. T h e solut ion was m a i n 
ta ined oxygen free b y a h i g h p u r i t y n i t rogen sparge a n d thermostat ical ly 
h e l d at 25.0 ± 0.1 ° C Star t ing f r o m a rest potent ia l of —0.61 vo l t vs. 
S C E the potent ia l was increased at a rate of 1.2 volts per h o u r i n the 
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3. M A Y Zinc Phosphated Steel Surfaces 61 

Figure 15. Specimen holder 

posi t ive ( a n o d i c ) d i rec t ion . T h e po lar iza t ion curve was thus obta ined 
b y r e c o r d i n g the voltage-amperage re lat ionship o n the X - Y recorder. 
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4 

Power Supplies for Electrodeposition of 
Coatings 

C L A Y B O U R N E M I T C H E L L , JR. 

Elcoat Systems, Inc., 38780 Grand River Rd., Farmington, Mich. 48024 

The basic principles of power supply (rectifier) design for 
electrodeposition of coatings are examined. All system com
ponents from the primary ac input to the dc output, along 
with design criteria, are briefly discussed to aid scientists 
and production personnel in selecting power systems. Ex
perimental measurements were made of current demand 
during the electrocoating cycle. These confirmed that the 
most severe transient conditions on the rectifier occur during 
the high initial current risetimes of 200—1000 μsec, which 
rapidly decline 25% or more in 1-3 seconds. 

" E l e c t r i c a l p o w e r for i n d u s t r i a l a n d domest ic consumers is s u p p l i e d i n 
the U n i t e d States a n d throughout the w o r l d p r i n c i p a l l y as a l ternat ing 

current , a n d as such, i t p e r i o d i c a l l y flows i n opposite direct ions. F o r 
i n d u s t r i a l processes r e q u i r i n g essentially u n i d i r e c t i o n a l current flow, i t is 
necessary to use appropr ia te e q u i p m e n t to rect i fy the current . Conse
quent ly , an al ternat ing current (ac ) to direct current ( d c ) convers ion is 
effected, a n d the equipment is t y p i c a l l y ca l l ed a rectifier, a name w h i c h 
or ig inated d u r i n g the early era of e lectroplat ing. 

Basic Components of a Rectifier 

T h i s paper discusses the basic components of a t y p i c a l p o w e r supply 
( rec t i f ier ) , p a r t i c u l a r l y as re lated to an electrocoating process. C o n s i d e r a 
t ion of its design a n d funct ions i n c l u d e the type of output control ler , 
m a n u a l or automatic contro l features, meter ing, protect ion, alarms, a n d 
p o w e r s u p p l y r i p p l e . T h e basic components of a rectif ier are s h o w n i n 
F i g u r e 1, a n d each of these is discussed i n deta i l b e l o w . 

A c Input. T h e i n c o m i n g i n d u s t r i a l p o w e r u t i l i z e d is t y p i c a l l y three-
phase ac for outputs greater t h a n 5 k w , a n d the i n p u t ac voltages m a y 
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4. M I T C H E L L Power Supplies 63 

range f r o m 208 to 550 volts, d e p e n d i n g o n geographica l locale a n d the 
age of the plant's e lectr ica l system. T h u s , w h e r e i t is economica l ly feasible 
to operate a l o w p o w e r laboratory s u p p l y f r o m a single phase, 120-volt 
ac c i rcui t , i t is qui te the contrary for a large m a n u f a c t u r i n g instal lat ion. 

Immedia te ly f o l l o w i n g the i n p u t ac terminals , e lectr ical code requires 
a three-phase disconnect s w i t c h or c i rcu i t breaker, either in terna l or 
external to the rectifier. T h i s makes i t possible to isolate safely the i n 
c o m i n g p o w e r for maintenance. F o l l o w i n g the disconnect s w i t c h or cir
cui t breaker, there can also be a contactor or starter ( w h i c h m a y be 
remote ly operated ) to contro l the i n p u t p o w e r d u r i n g various operat ional 
phases. A contactor is a magnet i ca l ly actuated s w i t c h to energize a n d 
de-energize the p r i m a r y ac current . A starter is a contactor w i t h t h e r m a l 
over load sensors that automat ica l ly disengage the starter i n the event of 
excessive ac current for a p e r i o d of t ime. W h e r e a saturable reactor or 
s i l i con contro l led rectif ier ( S C R ) p r i m a r y control ler is used, i t is fre
quent ly used as the p o w e r deact ivator to save the a d d i t i o n a l expense of 
a contactor or starter. 

Input Starter 

AC 

Controller Transformer Rectifier 

T^FI iï^h 
niter 

τ 

DC 

Feedback 

Figure 1. Basic components of a rectifier 

Controller. A l t h o u g h the control ler m a y be located i n the p r i m a r y 
or secondary currents of the p o w e r transformer ( subsequently discussed ), 
most present d a y electrocoating rectifier designs u t i l i ze t h e m i n the p r i 
mary . T h e p r i m a r y currents are t y p i c a l l y less than the secondary, a n d 
for certa in types of sol id state control , p r i m a r y contro l results i n less 
r i p p l e . 

T h e simplest a n d least flexible contro l results f r o m not h a v i n g one. 
T h e output voltage is determined b y l ine voltage condit ions ( ± 1 0 % ) , 
transformer turns rat io , a n d l o a d (—10/15% at f u l l c u r r e n t ) . F o r a 
non-sensit ive appl i ca t ion , w i t h no regard to coat ing thickness or q u a l i t y , 
coverage can be obta ined. H o w e v e r , compensat ion cannot be m a d e for 
variables , i n c l u d i n g the most sensit ive—the coat ing solut ion. 

A tap s w i t c h control , m a n u a l or motor operated, offers l i m i t e d range 
contro l ( 3 0 - 1 0 0 % ) i n a discrete n u m b e r of steps that varies the output 
voltage b u t achieves no regulat ion i n response to l ine or l o a d changes. 

V a r i a b l e transformer control , m a n u a l or motor operated, gives a 
range ( 0 - 1 0 0 % ) of almost stepless output contro l b u t otherwise has the 
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64 E L E C T R O D E P O S I T I O N O F COATINGS 

regula t ion deficiencies of a tap swi tch . N e i t h e r a tap s w i t c h nor var iab le 
transformer is economica l ly feasible for h i g h p o w e r p lant - installations. 

T h e i n d u c t i o n regulator is a motor d r i v e n (a l though m a n u a l l y oper
able for emergency operat ion) mechanism w h i c h "bucks out" or nul ls 
par t of the i n c o m i n g ac voltage to p r o v i d e cont inuous ly var iable contro l 
of the output voltage. T h i s type of contro l is in f requent ly encountered i n 
operat ing systems o w i n g to the size, cost, a n d l i m i t e d contro l accuracy 
of a c losed loop w i t h a motor d r i v e as one element of the system. 

A saturable core reactor contro l is f requent ly used for electrocoating 
rectif ier control , a n d it , p lus S C R ' s , account for p r o b a b l y 9 0 - 9 5 % of 
current p r o d u c t i o n . T h e operat ional p r i n c i p l e of the reactor is based o n 
the i n c o m i n g ac currents b e i n g l o o p e d a r o u n d a core of magnet i ca l ly 
saturable mater ia l . A bias w i n d i n g is also looped t h r o u g h the core, a n d 
dc current is a p p l i e d to this w i n d i n g . I n the absence of a d c bias current , 
the core mater ia l is unsaturated d u r i n g the ac cycle , a n d the voltage 
output is m i n i m u m whereas f u l l bias current results i n core saturation 
( m i n i m u m i n d u c t i v e reactance) a n d the m a x i m u m voltage output . T h e 
o u t p u t range of contro l is 5 - 9 5 % of f u l l output voltage. 

O f par t i cu lar interest w i t h this type of control , as w e l l as the S C R , 
is its effect u p o n the i n c o m i n g s inusoidal voltage, as s u p p l i e d b y the 
electr ic u t i l i ty . Whereas the tap swi tch , var iab le transformer, a n d i n d u c 
t ion regulator decrease the a m p l i t u d e of the i n c o m i n g w a v e a n d conduct 
throughout the entire cyc le , a phas ing contro l of the saturable reactor 
a n d S C R type do not alter the a m p l i t u d e but rather conduct for on ly a 
f rac t ion of the cycle . 

T h i s is s h o w n i n F i g u r e 2 where , for example, c o n d u c t i o n w o u l d 
occur f r o m 135 to 180 degrees on the first hal f of the cycle a n d 315 to 360 
degrees on the second hal f cycle . T h e equat ion for the output voltage i s : 

A s a result of this m e t h o d of v a r y i n g the output voltage, the i n c o m i n g 
voltage a n d current are c h o p p e d into segments. T h i s results i n w a v e f o r m 
dis tor t ion , a n d the output r i p p l e is greater than that p r o d u c e d w i t h a tap 
s w i t c h or var iable transformer control ler . R i p p l e is discussed be low. 

A n S C R is a so l id state phas ing contro l w h i c h operates o n the same 
p r i n c i p l e as a saturable reactor. Its chief differences are a considerably 

where Ε p = peak voltage 
oit = phase angle of i n c o m i n g voltage (0-x rad) 
θ ι = angle at i n i t i a t i o n of conduct ion 
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4. M I T C H E L L Power Supplies 65 

Figure 2. Phase controller conduction angle 

smaller size, greater efficiency, faster response, a n d 0 - 1 0 0 % operat ing 
range. 

Proponents of saturable reactor controllers cite their a b i l i t y to w i t h 
stand heavy current surges, w h i c h m a y occur because of large tank loads 
or short ing of the tank b y d a n g l i n g or scraping parts. H o w e v e r , g o o d 
engineering des ign of an S C R control ler protects it against these surges, 
as w e l l as the tank a n d load . 

Manual/Automatic Control. M a n u a l a n d automatic controls are 
avai lable for laboratory or p r o d u c t i o n rectifiers. A m a n u a l contro l estab
lishes a n o m i n a l output voltage, w h i c h m a y be affected b y l ine voltage 
or l o a d changes. In an extreme case, the output voltage c o u l d d r o p as 
l o w as 2 5 % , for example. 

A n automatic control samples the output voltage and/or current a n d 
compares it w i t h a reference voltage. Differences between the output 
a n d reference constitute an error s ignal w h i c h is used, after appropr ia te 
s ignal c o n d i t i o n i n g , to alter the output appropr ia te ly . T y p i c a l regula t ion 
achieved i n pract ice is ± 2 % for a saturable reactor or i n d u c t i o n regu
lator a n d ±i% or better for a n S C R . 

Transformer. T h e transformer serves t w o p r i m a r y purposes : 
( 1 ) Step-up or s tep-down of the p r i m a r y l ine voltage to the neces

sary secondary voltage, so that i n conjunct ion w i t h the selected c i rcui t 
conf igurat ion, the r e q u i r e d d c voltage is obta ined. 

(2 ) Isolat ion of the l o a d current f r o m the l ine current , m a k i n g i t 
possible to g r o u n d either po lar i ty of the d c output , or neither. 
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Rectifier or Rectifier/Control. I n the contro l and/or rect i f icat ion 
( s h o w n i n F i g u r e 1) w h i c h m a y occur i n the secondary c i r c u i t of the 
transformer, the control ler is usual ly i n the p r i m a r y . I n the cases w h e r e the 
control ler is i n the secondary, it c o u l d be a saturable core reactor b u t is 
more t y p i c a l l y S C R ' s or S C R ' s a n d d i o d e rectifiers. W i t h a p r i m a r y con
trol ler , diodes are used i n the secondary because o n l y rect i f icat ion is 
r e q u i r e d . 

S C R s i n the secondary c i r cu i t of the transformer p e r f o r m the same 
f u n c t i o n as i n the p r i m a r y — p h a s e control of the a l ternat ing voltage. T h i s 
type of contro l is p a r t i c u l a r l y advantageous i f the i n c o m i n g p r i m a r y 
voltage is greater than 600 volts a c — f o r example, 2400 or 4160 volts . 
A p r i m a r y S C R control ler w o u l d require a s tep-down isolat ion trans
former to reduce the i n c o m i n g voltage to a va lue (220-550 volts ac) 
compat ib le w i t h the S C R peak reverse voltage rat ing . A secondary S C R 
is subjected to the potentials t y p i c a l of electrocoating voltages a n d there
fore does not require a d d i t i o n a l t ransformation. 

D i o d e s are c o m b i n e d w i t h S C R ' s for cost r e d u c t i o n ( for comparable 
current a n d voltage ra t ing , diodes are cheaper than S C R ' s ) a n d s impler 
S C R t r igger ing requirements . H o w e v e r , where the current output re
quires the p a r a l l e l i n g of S C R ' s , care fu l engineer ing is necessary to assure 
b a l a n c i n g of the S C R currents—a more dif f icult task than b a l a n c i n g only 
d i o d e currents. I n a d d i t i o n , the S C R - d i o d e c o m b i n a t i o n produces a 
greater r i p p l e output than a p r i m a r y S C R or a l l S C R secondary con
trol ler . T h i s necessitates great ly increased filtering requirements w h e r e 
the specifications indicate a l o w r i p p l e ( 1 0 - 2 0 % ) at short c o n d u c t i o n 
cycles ( 2 5 - 3 0 % of f u l l voltage o u t p u t ) . 

Operation of a Rectifier 

Circuit Protection. C i r c u i t protect ion appears i n various forms a n d 
serves the m u l t i p l e purposes of personnel a n d equipment protect ion, 
m i n i m i z a t i o n of fire h a z a r d , a n d protect ion of the p r o d u c t b e i n g electro-
coated. Fuses m a y be used to protect S C R ' s , diodes, transformers, a n d 
other components , often i so la t ing the faul ty part or s imultaneously shut
t i n g the rectifier off. C i r c u i t breakers are used for the same purpose a n d 
require o n l y re-engagement rather than replacement to resume operat ion. 

I n the event of inadequate cool ing of S C R ' s , diodes, transformers, or 
other components , temperature sensors are used w h i c h protect b y shutt ing 
off a part of or the entire system. 

E l e c t r o c o a t i n g rectifiers operate i n indus t r ia l plants i n w h i c h there 
m a y also be welders , large motors, or other e lectr ical m a c h i n e r y w h i c h 
can cause l ine voltage transients. These transients m a y be as large as 
several h u n d r e d volts a n d m a y cause damage to S C R ' s , diodes, a n d other 
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so l id state devices, unless p r o p e r l y protected. Protec t ion usual ly con
sists of snubber networks—resis tor/capaci tor combinat ions w h i c h bypass 
the transient a r o u n d the protected component ; se lenium surge suppressors 
w h i c h absorb the transient a n d dissipate i t as heat, zener diodes , or gas 
discharge devices. 

I n an electrocoating operat ion, tank shorts can occur because the 
part (anode) is overs ized or sufficiently agi tated b y the solut ion move
ment to t o u c h the tank w a l l ( c a t h o d e ) . S i m i l a r l y , i n a conveyor opera
t ion, a part m i g h t d r o p a n d become w e d g e d . Cons ider , for example, the 
effect of a car b o d y w h i c h , w h i l e r e m a i n i n g connected to the anode, 
becomes j a m m e d against the tank. T h e several possibi l i t ies w h i c h c o u l d 
occur i n c l u d e b u r n i n g a hole i n the tank, m e l t i n g part of the b o d y , or 
d r a w i n g such excessive current that the rectifier is destroyed. T h i s type 
of protect ion is discussed be low. 

F i n a l l y , some degree of protect ion is offered b y a u d i b l e and/or 
v i sua l w a r n i n g systems i n w h i c h it is des ired to indica te a m a l f u n c t i o n 
w i t h o u t ceasing operat ion. H o w e v e r , these should be suppor ted b y 
failsafe measures i n the event the w a r n i n g signals are u n n o t i c e d or 
unheeded. 

Output Control. T h e o u t p u t contro l can range i n complex i ty f r o m 
the s imple m a n u a l setting of a tap s w i t c h or var iab le transformer contro l 
to an automatic vol tage/current contro l that w i l l regulate to less than 
± 1 % i n voltage a n d current w i t h 0 - 1 0 0 % voltage a n d current contro l 
range. T h i s is accompl i shed b y the sampl ing , feedback, error s ignal gen
eration technique prev ious ly noted. 

T h e output voltage a n d current are t y p i c a l l y read on ± 2 % meters, 
unless more expensive a n d accurate meters are specif ied b y the customer. 
Despi te the seeming paradox of a better than ± 1 % contro l a n d ± 2 % 
meters, this indicates repeatabi l i ty (as de termined b y instruments of 
greater accuracy) of the output setting over a n extended p e r i o d of t ime 
or w h e n s w i t c h e d repeatedly off a n d on whereas the output can o n l y be 
set w i t h i n ± 2 % . 

A m p e r e - h o u r meters are often specif ied i n electrocoating installations 
to measure the total integrated amount of energy expended for a coat ing 
appl i ca t ion . T h e system can be designed so that not o n l y are the total 
ampere-hours recorded, but a s ignal can be p r o v i d e d to replenish solids 
or other constituents as they are deple ted . 

A control that is c o m m o n l y specif ied i n conveyor ized electrocoating 
installations is the h i g h - l o w voltage control . If the conveyor is s topped 
for m a n y minutes a n d parts are left i n the tank at f u l l coat ing voltage, 
excessive film thickness results. N o t o n l y is this expensive b u t often the 
coat ing obta ined is undesirable , a n d the part must be s t r ipped a n d re-
coated. T u r n i n g the rectifier off i m m e d i a t e l y a l lows dissolut ion of the film 
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already deposi ted, a n d c o u l d result i n start-up w i t h a tank f u l l of near ly 
uncoated parts, thus creat ing an a b n o r m a l current d e m a n d o n the rect i 
fier. T o a v o i d this p r o b l e m , the rectifier is p r o g r a m m e d so that w h e n 
the conveyor is s topped, the voltage is s w i t c h e d to a lower v a l u e — a p 
proximate ly 50 volts. It m a y r e m a i n at this lower value , or a t imer m a y 
t u r n the un i t off i f the conveyor remains stationary for longer than a 
g i v e n t ime, t y p i c a l l y five minutes . 

Rectif iers w i t h automatic controls are t y p i c a l l y des igned to sense the 
output current a n d regulate the output such that i t cannot exceed the 
m a x i m u m of w h i c h the rectifier is capable . T h i s is ach ieved i n phas ing 
type controls b y decreasing the output voltage to a va lue such that o n l y 
m a x i m u m current is p r o d u c e d . T h u s , i n the event of a fixed short i n 
the tank or at the rectifier output , the meters might indicate that m a x i m u m 
current was be ing p r o d u c e d at zero voltage. T h i s is not possible since 
O h m ' s l a w is s t i l l appl i cab le , but a l o w resistance short requires so l i t t le 
voltage for f u l l output current that the vol tage appears to be n i l , especial ly 
on a 300- or 500-volt scale. 

T h e d c over load is a c u r r e n t - l i m i t i n g device w h i c h also senses a cur
rent m a x i m u m a n d either greatly reduces the output or shuts i t off en
t irely. It is n o r m a l l y set s l ight ly h igher ( 5 - 1 0 % ) than the automatic 
current l i m i t , a n d as a safeguard to it. H o w e v e r , i t is possible to set i t 
l o w e r than the current l i m i t po in t to g u a r d against over loading the rect i 
fier capabi l i ty . F o r example, i f too m a n y parts are i n an over loaded coat
i n g tank, this forces the rectifier to l i m i t current automat ica l ly . T h i s 
reduces the coat ing voltage, a n d inadequate film coverage can result, 
w h i c h m a y not be discovered u n t i l i n the field. W i t h the dc over load set 
lower ( 5 - 1 0 % ) than current , the uni t is shut off a n d the conveyor over
l o a d i n g is i m m e d i a t e l y detected. 

V a r i o u s c laims have been made for p u l s e d p o w e r i n electrocoating 
appl icat ions , a n d it can be p r o g r a m m e d into rectifiers that are designed 
for this appl i ca t ion . H o w e v e r , its efficacy has not been sufficiently estab
l i shed to warrant the a d d i t i o n a l costs i n v o l v e d ( 2 5 - 1 0 0 % ). 

If the electrocoat ing a p p l i c a t i o n is b a t c h rather than conveyor, the 
i n i t i a l current d e m a n d must be considered w h e n p o w e r is first a p p l i e d . 
E i t h e r the rectifier must have a current capab i l i ty to del iver the first 
instant of current d e m a n d , or appropr ia te current l i m i t i n g must be 
i n c l u d e d to protect the rectifier. 

Input A c Requirements. T h e p o w e r factor ( ^ 1 . 0 ) of a rectifier is 
the rat io of the p o w e r i n p u t ( k i l o w a t t ) to the k i lovol t -ampere (leva) 
input , w h i c h is p r o p o r t i o n a l to the p r o d u c t of root-mean-square ( rms) 
l ine vol tage a n d current. T h e p o w e r factor is 0.90-0.92 at f u l l output 
b u t drops s ignif icant ly at r e d u c e d voltage a n d current o w i n g to c h a n g i n g 
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l o a d condit ions a n d the w a v e f o r m dis tor t ion created b y a phas ing type 
control ler . 

T h e efficiency ( ^ 1 . 0 ) of a rectifier is the ratio of the p o w e r output 
( k w ) to the p o w e r i n p u t ( k w ) . A n electrocoating rectifier has an effi
c iency of 0.92-0.95 at f u l l output voltage a n d current, w h i c h decreases 
somewhat w i t h l o w e r e d output voltages. T h e decrease results f r o m f a i r l y 
constant p o w e r losses i n components such as the w i r i n g a n d diodes 
whereas the l o a d p o w e r consumpt ion becomes less a n d the rat io is 
l o w e r e d . 

Output Dc Requirements. T h e output voltage r e q u i r e d is p r i n c i p a l l y 
a f u n c t i o n of the electrocoating mater ia l , r e q u i r e d t h r o w - p o w e r ( a b i l i t y 
to coat deep recesses, e tc . ) , coat ing t ime, a n d tank parameters. T h e cur
rent r e q u i r e d is m a i n l y determined b y the a m p e r e - h o u r / p o u n d (or cou
l o m b / g r a m ) specif ication of the mater ia l , the n u m b e r of pounds per un i t 
area for a g iven coat ing thickness, a n d the area of meta l i n the tank to 
be coated. C o n s i d e r a t i o n must also be g iven to the t y p i c a l current vs. 
t ime characterist ic of the coat ing process. 

Power Supply Ripple. A l t h o u g h a rectifier output is referred to as 
direct current, i t is not i n any sense as direct a n d smooth a current as 
that obta ined f r o m a battery. It can be smoothed w i t h r i p p l e filtering, 
t y p i c a l l y a c o m b i n a t i o n of inductance a n d capacitance, to almost any 
extent, but the cost increases proport ionate ly . 

T h e variat ions i n the dc output result f r o m the three phases of alter
na t ing currents f l o w i n g i n the p r i m a r y a n d w h i c h m a y be distorted b y 
the control ler . T h e resultant rect i f ied output represents the o v e r l a p p i n g 
of the tops a n d inver ted bottoms of the transformed p r i m a r y voltages, 
a n d the ensuing crests a n d val leys. These constitute the r i p p l e variat ions 
i n the d c output , w h i c h are measured w i t h a " t rue" rms measur ing i n 
strument. T h e " t rue" results f r o m the i n a b i l i t y of o r d i n a r y ac p a n e l a n d 
portable meters to read the correct rms va lue of the al ternat ing compo
nent. T h e f o r m ( r i p p l e ) factor is the rms al ternat ing component d i v i d e d 
b y the average d c value ( this can be ascertained w i t h any average r e a d i n g 
meter ). 

T a p s w i t c h a n d var iable transformer contro l led rectifiers have a 
r i p p l e of 4 .5 -5 .0% throughout the entire range of control . Saturable 
reactors a n d S C R ' s have a f u l l output va lue of 4 . 5 -5 .0%, w h i c h increases 
to 5 0 - 1 0 0 % at l o w output voltages ( 1 0 - 2 5 % ). A t y p i c a l l y specif ied va lue 
of r i p p l e correct ion is 1 0 % r i p p l e at 1 0 % voltage a n d current. 

O p i n i o n i n the electrocoating indust ry varies as to the necessity or 
degree of r i p p l e filtering r e q u i r e d . There is some evidence that r i p p l e 
contributes to increased heat ing effects i n the deposi ted film, a n d there 
is suspic ion that coat ing rupture m a y be related to r i p p l e crests. Par t of 
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the di f f icul ty arises f r o m differences i n r i p p l e output of laboratory a n d 
p r o d u c t i o n rectifiers, a n d this contributes to var ia t ion i n the corresponding 
results. 

Practical Considerations 

F o r those not f a m i l i a r w i t h rectifiers, yet i n v o l v e d i n their selection, 
a f e w guidel ines that can be used are: 

(1 ) T h e rectifier s h o u l d be des igned w i t h regard for the safety of 
operat ing personnel , the parts b e i n g coated, a n d the rectifier. Proper de
s ign a l lows for access to a l l parts of the u n i t b u t interlocks shut off a l l 
p o w e r i f entry is a t tempted w h i l e energized. T h e output current should 
be l i m i t e d to the m a x i m u m of w h i c h the un i t is safely capable , a n d pro
v i s i o n s h o u l d be made to shut d o w n i n the event of a tank short. T h e 
o v e r a l l des ign s h o u l d conform to N E M A a n d J I C e lectr ica l standards. 

(2 ) T h e des ign a n d construct ion should incorporate components of 
i n d u s t r i a l q u a l i t y a n d good engineer ing practices to m a x i m i z e re l iab i l i ty . 
M a i n t e n a n c e must be possible w i t h regular p lant personnel , a n d a l l parts 
of the uni t must be capable of r a p i d replacement i n the event of a fa i lure . 
M a i n t e n a n c e s h o u l d preferably be o n a subsystem basis, such as p r i n t e d 
c i r cu i t boards, or a replaceable chassis, so that service personnel are not 
r e q u i r e d to test components or to be in t imate ly f a m i l i a r w i t h the c i rcu i t ry . 

(3 ) T h e rectifier must i n c l u d e appropriate features that emphasize 
economica l operat ion, p r o v i d e flexible operat ion, a n d have a m i n i m u m 
of maintenance requirements a n d m i n i m u m obsolescence. 

Figure 3. Current vs. time (HT-300). Horizontal: 3 
sec/div; vertical: 0.8 amp/div. 

Electrocoating Current Measurements 

T h e current as a f u n c t i o n of t ime i n an electrocoating cycle is not 
constant, as i n a p l a t i n g bath , for example, but rather exhibits a large 
i n i t i a l d e m a n d w h i c h decreases as the deposi ted layer accumulates. I n 
this respect the cycle is s imi lar to that of a n o d i z i n g . T h e current can be 
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observed w i t h an oscil loscope that ver t i ca l ly displays the voltage d r o p 
across a ca l ibra ted resistor that is i n series w i t h the current flow w h i l e 
sweeping hor izonta l ly . T h e osci l loscope sweep is set to be in i t ia ted near 
the start of the coat ing cycle . A p e n recorder, w h i c h has a m u c h s lower 
response than an oscil loscope, w i l l correct ly d i sp lay this curve 5 - 1 0 sec
onds after the i n i t i a l surge but w i l l not d isp lay the r a p i d current t ransi t ion 
at the beg inning . 

Figure 4. Current vs. time (LT-300 v). Horiz: 3 sec/div; 
vert: 0.8 amp/div. 

Figure 5. Current vs. time (15303-300 v). Horiz: 3 sec/ 
div; vert: 1.6 amp/div. 

L a b o r a t o r y experiments were c o n d u c t e d to demonstrate the osci l lo
graphic d i sp lay of electrocoating current vs. t ime, p a r t i c u l a r l y of the 
i n i t i a l surge. Measurements were made w i t h Parker C o . Bonder i te E P - 1 
treated panels i n a solut ion v o l u m e of approx imate ly 1.7 liters, a chrome-
p l a t e d steel cathode w i t h an area of 90 sq c m , a n anode area of approx i 
mate ly 100 sq c m (one s i d e ) , a n d an a n o d e - c a t h o d e spac ing of 10 c m . 
T h e solut ion temperature was 2 4 ° C . Coat ings used were S h e r w i n W i l 
l iams K S 3 0 A ( h i g h t h r o w ) , K S 3 0 B ( l o w t h r o w ) , a n d P P G S15303 ( h i g h -
m e d i u m t h r o w ) , a n d i n a l l cases a potent ia l of 300 volts dc was used. 
T h e results a n d exper imenta l arrangement are s h o w n i n F igures 3 -11 . 
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I n F i g u r e 3 the h i g h t h r o w K S 3 0 A exhib i ted a peak current of 3.4 
amp, w h i c h d r o p p e d to hal f the i n i t i a l current i n about 0.5 sec. I n F i g u r e 
4 the l o w t h r o w K S 3 0 B h a d a n i n i t i a l peak current of 2.7 a m p a n d 
d r o p p e d to hal f this value i n about 3 sec. F i g u r e 5 shows that the S15303 
h a d an i n i t i a l current peak of 7.5 a m p w h i c h d r o p p e d to hal f this amount 
i n approximate ly 1 sec. 

T h e results i n F i g u r e 6 were obta ined under the same condit ions as 
those i n F i g u r e 5 except that the h o r i z o n t a l was changed to 0.5 sec/div i 
s ion rather than 3 sec/divis ion. I n this case the i n i t i a l peak current is 
8 a m p , w i t h a second peak w h i c h occurs about 1.2 seconds after the first. 
T h e second peak was later established as b e i n g the current surge to the 
rear of the anode w i t h respect to the cathode. 

F i g u r e 7 is a d u p l i c a t i o n of F i g u r e 3 except that the h o r i z o n t a l was 
c h a n g e d to 2 msec/div i s ion to demonstrate better the i n i t i a l surge. T h e 

Figure 6. Current vs. time (15303-300 v). Horiz: 0.5 
sec/div; vert: 1.6 amp/div. 

Figure 7. Current vs. time (HT-300 ν). 
Horiz: 2 msec/div; vert: 0.8 amp/div. 
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p o w e r s u p p l y r i p p l e (>—4.5% ) is c lear ly s h o w n , a n d this accounts for the 
w i d t h of the current trace s h o w n i n the previous figures. T h e s l ight d is 
tor t ion of the first cyc le of r i p p l e is caused b y chatter of the relay used 
to a p p l y dc potent ia l . H o w e v e r , despite the increased h o r i z o n t a l m a g 
ni f icat ion, i t is di f f icul t to estimate the surge r iset ime, b u t i t is p r o b a b l y 
o n the order of 200 ^sec. 

10 cm (4") 

C a t h o d e 

Anode #1 
( F r o n t ) 

A n o d e #2 
(Rear) 

0 .95 cm (3/R") 

Figure 8. Anode placement for outside front and rear measurements 

F i g u r e 8 shows the exper imental arrangement used to obta in the data 
of F i g u r e 9. T h e anodes consisted of t w o panels w i t h their inter ior sur
faces masked. Separate anode leads ( c o m m o n cathode) were connected 
to the p o w e r s u p p l y , a n d the anode currents were m o n i t o r e d separately. 
A n o d e surface 1 ( front ), nearest the cathode, is referenced to the abscissa 
l ine w h i c h is on the bot tom; anode surface 2 ( r e a r ) , furthest f r o m the 
cathode, is referenced to the abscissa l ine w h i c h is second f r o m the 
bot tom i n F i g u r e 9. T h e peak current on anode 1 is 4 a m p , a n d on anode 2 
it is 0.8 a m p ; b o t h are approx imate ly 0.8 a m p w i t h i n 1.5-2 sec after p o w e r 
is in i t ia ted . T h e peak for anode 2 occurs about 0.5 sec after that for 
anode 1. 

F i g u r e 10 is a sketch of the exper imenta l arrangement for o b t a i n i n g 
the data s h o w n i n F i g u r e 11. T h e anodes aga in consisted of t w o panels , 
b u t the exterior surfaces were masked. Separate leads enabled separate 
m o n i t o r i n g as before, w i t h anodes 1 ( f ront ) a n d 2 ( rear ) referenced as 
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Figure 9. Current vs. time (HT-300 ν) outside front and 
rear. Horiz: 0.5 sec/div; vert: 0.8 amp/div. 

i n F i g u r e 9. A n o d e 1 exhibits a peak current of 1.5 a m p a n d decreases 
to hal f this amount i n 0.2 sec. A n o d e 2 peaks to 0.8 a m p 0.15 sec after 
in i t i a t ion of p o w e r a n d decreases to hal f this va lue i n 0.95 sec. 

F i g u r e 12 is a graph s h o w i n g the current cyc le for a phosphated 
meta l l i c area of ca. 1000 sq ft w h i c h is enter ing a large electrocoating 
tank. T h e voltage remains constant at about 170 volts throughout the 
45-second p e r i o d . T h e current d e m a n d is i n i t i a l l y 1350 amp, decreases 

10 cr-, (4") 

\ ! 

! Cathode 

0 .95 cm (3/8") 

Figure 10. Anode placement for inside front and rear measurement 
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4. M I T C H E L L Power Supplies 75 

to 1000 a m p i n 0.3 sec, a n d is d o w n to 800 a m p i n 4.3 sec, g r a d u a l l y 
decreasing thereafter. 

F i g u r e 13 has the same ver t i ca l scale as F i g u r e 12, but the h o r i z o n t a l 
is changed to 0.2 sec/divis ion. T h e faster h o r i z o n t a l sweep exhibits less 
of the total cycle but more of the i n i t i a l rise. E v e n at this sweep rate, 
the risetime of the i n i t i a l pulse is qui te short. L a b o r a t o r y measurements 
of samples i n s m a l l tanks indica te a risetime of 200-1000 /xsec. 

A curve of this type can be integrated to y i e l d the total n u m b e r of 
coulombs , a n d the w e i g h t of the sample w i l l g ive the total grams of de
posi ted mater ia l to determine the c o u l o m b / g r a m rat io. H o w e v e r , an 
ampere-hour meter or a chart recorder w i l l g ive reasonable accuracy 
because the i n i t i a l surge exists for such a short t ime. A n ampere-hour 
meter is complete ly acceptable, for example, i n conjunct ion w i t h a n elec
trocoat ing rectifier for integrated measurement of the current to restore 
deple ted solids automat ica l ly o n a per iodic basis. 

Figure 11. Current vs. time (HT-300 ν) inside front and 
rear. Horiz: 0.1 sec/ div; vert: 0.4 amp/div. 

1500 

C u r r e n t 
(Ampere) 

1000 

500 

0 

0 10 20 30 40 50 

Time (Second) 

Figure 12. Current vs. time during electrocoat of 1000-sq ft area 
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76 E L E C T R O D E P O S I T I O N O F COATINGS 

Since the data f r o m the laboratory experiments are s imi lar to that 
obta ined f r o m a p r o d u c t i o n fac i l i ty (especia l ly i n i t i a l surge) , i t is con
c l u d e d that the laboratory data can b e useful i n de s ign ing a p o w e r s u p p l y 
for electrocoating appl icat ions . F u r t h e r , the most r igorous d u t y require
ment, i n terms of current d e m a n d , occurs d u r i n g the i n i t i a l coat ing p e r i o d . 
H o w e v e r , this in terva l is short c o m p a r e d w i t h the tota l coat ing t ime, a n d 
this represents a transient c o n d i t i o n more t h a n a steady-state one. 

T h e i n i t i a l current surge can be p r e d i c t e d because i t represents the 
resistance of the coat ing mater ia l be tween the anode a n d cathode, as 
de termined b y the specific resistance of the mater ia l , electrode areas, 
electrode spacing, a n d a p p l i e d potent ia l . T h i s is more easily d e t e r m i n e d 
for an exper imental arrangement than for a c o m p l i c a t e d shape i n large 
p r o d u c t i o n . 

1000 

Current 
(Ampere) 

500 

0 

0 1 2 
Time (Second) 

Figure 13. Initial current surge during electrocoat of 1000-
sq ft area 

F i n a l l y , note that the i n i t i a l surge of 1350 a m p s h o w n i n F i g u r e 12 
is equivalent to an i n c o m i n g p r i m a r y ac current of 20-25 amp//xsec ( ne
g lec t ing c i rcui t resistance) . Consequent ly , for the p o w e r s u p p l y c i rcu i t 
designer, components such as SCrVs must a n d can be appropr ia te ly se
lected a n d protected to ensure that re l iab le operat ion is obta ined u n d e r 
these transient condit ions . 

Summary 

T h e i n f o r m a t i o n presented here o n rectifiers w i l l h o p e f u l l y give those 
better acqua in ted w i t h other aspects of electrocoating an insight into a n 
impor tant component of this system. T h i s i n f o r m a t i o n w i l l enable the 
prospect ive purchaser of such e q u i p m e n t to ask k n o w l e d g e a b l e questions 
a n d to unders tand some of the tradeoffs that must be considered, i n 
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4. M I T C H E L L Power Supplies 77 

conjunct ion w i t h the manufacturer , to real ize the most economica l 
performance, re l iab i l i ty , a n d safety. 
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5 
A Low Molecular Weight Esterified 
Copolymer of Styrene and Maleic Anhydride 
For Electrodeposition 

J O H N F. MOTIER and D O N A L D L. MARION 

A R C O Chemical Co., Division of the Atlantic Richfield Co., 
Philadelphia, Pa. 19145 

A partially esterified low molecular weight copolymer of 
styrene and maleic anhydride has demonstrated exceptional 
properties as an electrodeposition vehicle. When crosslinked 
with an amino resin and cured at 360°F for 25 minutes, the 
copolymer yielded electrodeposited films (unpigmented) 
possessing salt spray resistance in excess of 450 hours. Varia
tions in curing cycle had little effect on corrosion resistance. 
Throwing power (steel pipe method) was in the range of 
7-8 1/2 inches, and the coated throwing power strips ex
hibited excellent corrosion resistance. By employing a bak
ing temperature of 450°F, films resisted attack by detergent 
(1% Tide XK solution at 165°F) for 175 hours. Coulombic 
yield of the resin system was ca. 46 mg per coulomb. Infra
red spectroscopy revealed that the low molecular weight 
styrene-maleic anhydride copolymer and the amino cross-
linking agent migrate to the anode at comparable rates. 

T n the electrocoating field m a n y resin systems have achieved technica l 
-*· a n d c o m m e r c i a l success as coatings for e lectr ica l ly conduct ive sub
strates. F o r a c o m p i l a t i o n of these, together w i t h a b i b l i o g r a p h y pro
v i d i n g an extensive r e v i e w of electrocoating, the monographs b y C h a n d 
ler s h o u l d be consulted (1-3). I n this laboratory recent w o r k has 
demonstrated the u t i l i t y of a p a r t i a l l y esterified l o w molecular w e i g h t 
c o p o l y m e r of styrene a n d m a l e i c a n h y d r i d e ( S M A - I ) as an electrocoating 
vehic le w h i c h y ie lds films e x h i b i t i n g excellent corrosion a n d detergent 
resistance. A t t e n t i o n was centered o n this type of resin because previous 
w o r k (4) demonstrated these characteristics w i t h solvent-based b a k i n g 

80 
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5. M O T i E R A N D M A R I O N Sty rene-M oleic Anhydride 81 

enamels d e r i v e d f r o m a s imi lar resin. [These copolymers a n d their 
p a r t i a l esters are avai lable f r o m A R C O C h e m i c a l C o . u n d e r the trade
name S M A . ] 

T h e synthesis of this type of p o l y m e r is o u t l i n e d i n F i g u r e 1 (5 ) 
a n d is based on free r a d i c a l c h a i n p o l y m e r i z a t i o n f o l l o w e d b y esterifica-
t ion . A s a result of the p o l y m e r i z a t i o n process the resins are avai lable 
as solids. A b r o a d range of resin propert ies is made possible b y v a r y i n g 
the rat io of the monomers p o l y m e r i z e d as w e l l as the c h e m i c a l compos i 
t ion of the ester i fying a l c o h o l ( s ) a n d the extent of esterification. T h u s 
the balance of styrene a n d male ic a n h y d r i d e units i n conjunct ion w i t h 
the ester i fying a l c o h o l ( s ) establishes the c a r b o x y l func t iona l i ty avai lable 
for react ion w i t h cross l inking resins. 

CH=CH? CH = CH 
+n l I Catalyst 

CH-
I 

CH-

0 0 OJ 

ROH 

^CH 2-CH^ 

\ /m 

ÇH—(pH 
ι 

dVS> 
\ 

/ 
C H — C H 

l-x \vo o v 

\ H R / 

Jn 

X<1 
Figure 1. Synthesis of SMA resins 

U n l i k e polyester a n d a l k y d resins, S M A - I type po lymers possess a 
backbone w h i c h is stable i n the presence of a lka l i . T h e hydrolys is of the 
pendant ester groups i n the S M A - I type p o l y m e r is not fac i le ( 6 ) , par
t i c u l a r l y at the p H ' s c o m m o n l y used i n electrocoating. T h i s proper ty is 
of par t i cu lar significance for l o n g term electrocoating b a t h stabi l i ty . T h e 
S M A - I type p o l y m e r has a p a r t i a l acrylate type structure adjacent to 
carboxy l funct iona l i ty ( 7 ) ( F i g u r e 2 ). T h e ester i fying a l cohol plasticizes 
the p o l y m e r a n d also blocks the adjacent c a r b o x y l group. Steric h indrance 
of ester groups a n d any unreacted carboxy l groups w o u l d enhance the 
resistance of the c u r e d film to attack b y a l k a l i . 
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è i ' ' Ψ Ψ I I 
> l | | 

™CH-CH—CH-CHo ~- +R0H—• ^CH-CH-^CH-CHoT 
I I ^ M l Z l A A OK: ic=o ι 

0 0 0 ι ι ι I 
OH |_0R I 

AcrylQte Type Structure — 
Figure 2. Partial structure of SMA-I 

T h e system descr ibed i n this paper is S M A - I crossl inked w i t h X M -
1123, an amino resin p r o d u c e d b y the A m e r i c a n C y a n a m i d C o . A l l data 
repor ted are based on u n p i g m e n t e d films. P igmenta t ion of the S M A - I 
system a n d resultant per formance w i l l be the subject of a later paper . 

Experimental 

Preparation of the Electrocoating Baths and Coated Panels. T h e 
electrocoat ing vehic le was synthesized f r o m a l o w molecular w e i g h t 
copolymer of styrene a n d male ic a n h y d r i d e b y react ion w i t h one an
h y d r i d e equivalent of a l o n g c h a i n a lcohol . E x a m p l e s of esterification of 
this type of p o l y m e r have been disc losed ( 8 ) . T y p i c a l properties of 
S M A - I are s u m m a r i z e d i n T a b l e I. 

Table I. Properties of SMA-I 

Resin Type 

P h y s i c a l f o r m 
M o l e c u l a r weight 
A c i d number 
M e l t i n g point 
Viscos i ty at 25°C ( 7 0 % i n 

Propaso l P ) 
C o l o r ( 5 0 % i n m e t h y l i s o b u t y l 

ketone) 

Half-Ester of Styrene-Moleic 
Anhydride Copolymer 

Sol id 
3000-3200 
100 =b 10 m g K O H / g r a m 
8 0 ° - 1 0 0 ° C 
360 poise 

100-125 A P H A ( A S T M D 1209-62) 

T h e c o u p l i n g solvent w h i c h was used for b a t h preparat ion a n d w h i c h 
has y i e l d e d an excellent combinat ion of properties is the m o n o p r o p y l 
ether of p r o p y l e n e g l y c o l (Propaso l Ρ f r o m the U n i o n C a r b i d e C o r p . ) . 
T y p i c a l l y , the S M A - I was dissolved i n the cosolvent ( 7 0 - 7 5 % n o n 
v o l a t i l e ) , m i x e d w i t h the cross l inking agent, neut ra l ized ( 2 5 % ) w i t h 
t r ie thylamine , a n d dispersed i n d e i o n i z e d water w i t h h i g h speed agita
t ion. T h e water was a d d e d gradua l ly u n t i l the resin system passed 
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5. M O T i E R A N D M A R I O N Styrene-Moleic Anhydride 83 

t h r o u g h a phase invers ion. T h e b a t h solids were adjusted to 1 0 % , a n d 
the b a t h aged for at least 24 hours. A g i n g m a y be p a r t i c u l a r l y impor tant 
for S M A - I e lectrocoating systems because the c a r b o x y l groups on the 
p o l y m e r c h a i n are sh ie lded b y the nearby a lcohol moieties. U n c o i l i n g of 
the p o l y m e r c h a i n a n d attainment of e q u i l i b r i u m of neutra l ized c a r b o x y l 
groups can be accompl i shed b y aging. T h e p H of the f reshly p r e p a r e d 
ba th is 9.0 but drops to 8.1 i n 48 hours. E lec t rocoat ing was c o n d u c t e d 
at p H 8.1-8.5 w i t h higher p H s y i e l d i n g thinner films. 

T h e test panels were c o l d r o l l e d steel w i t h a Bonder i te 37 pretreat
ment ( H o o k e r C h e m i c a l C o r p . , Parker D i v i s i o n ) a n d were r insed w i t h 
d e i o n i z e d water a n d d r i e d at 2 5 0 ° F for 6 minutes i m m e d i a t e l y before 
coat ing. E l e c t r o c o a t i n g was c o n d u c t e d at 200 volts for 2 minutes ( except 
where noted otherwise) f o l l o w e d b y r i n s i n g w i t h d e i o n i z e d water to 
remove adher ing paint . Drag-out , however , was m i n i m a l , a n d the coated 
panels c o u l d be b a k e d i m m e d i a t e l y w i t h no adverse effect. 

Cured Film Properties. T h e detergent resistance tests were based 
on A S T M m e t h o d D 2 2 4 8 - 6 5 us ing T i d e X K as the detergent. Salt f o g 
tests were r u n a c c o r d i n g to A S T M m e t h o d B117-64. A f t e r exposure to 
salt fog the panels were a l l o w e d to d r y for 30 minutes , a n d tape ( # 3 1 0 
f r o m the 3 M C o . ) was a p p l i e d to the scribes. R e m o v a l of the tape 
revealed rust creepage a n d b l i s ter ing . If the scribe d i d not appear c lean, 

Figure 3. Analysis of films by infrared 
spectroscopy 
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the scribe area was scraped w i t h a spatula a n d retaped. F a i l u r e was 
considered to have occurred w h e n a section of film 1/8 i n c h w i d e a n d 
1/4 i n c h l o n g was r e m o v e d b y the tape. Panels also were cons idered to 
have f a i l e d w h e n blisters (and/or p inholes ) reached the " f e w " concen
trat ion as designated i n A S T M m e t h o d D714-56. 

Throwing Power. T h r o w i n g p o w e r was measured b y a p u b l i s h e d 
m e t h o d (9 ) u s i n g a str ip of c o i l coat ing stock ( B o n d e r i t e 40) ins ide a 
length of 3/4 i n c h gas condui t . C o r r o s i o n protec t ion ( JO) was deter
m i n e d b y s u b m i t t i n g the coated strips to salt fog exposure for 240 hours 
a n d was designated b y the n u m b e r of inches of corrosion-free area. 

Coulombic Yield. C o u l o m b i c y i e l d was d e t e r m i n e d b y integrat ing 
the amperage decay w i t h t ime curve us ing a Speedomax H recorder 
( L e e d s & N o r t h r u p C o . ) . 

Deposited Film Composition. T h e clear films l e n d themselves to 
analysis b y attenuated total reflectance in f rared spectroscopy ( I I , 12). 
Several sets of reflectance bands can be used. T h e ones used i n this 
w o r k were the styrene ( r i n g ) b a n d of the S M A - 1 at 697 c m " 1 a n d the 
tr iaz ine ( r i n g ) b a n d of the X M - 1 1 2 3 at 827 c m " 1 . ( F i g u r e 3 ) . F o r ca l i 
bra t ion , films of k n o w n S M A - I / a m i n o resin composit ions were a p p l i e d to 
panels w i t h a doctor b lade , then c u r e d a n d ana lyzed . T h e composit ions 
were chosen to encompass the range expected f r o m the electrodeposited 
films. A p lo t of the rat io of the t w o net absorbancies vs. amino resin 
concentrat ion was constructed ( F i g u r e 4 ) . E a c h k n o w n was r u n i n 

CALIBRATION CURVE8 % AMINO RESIN BY I.R., 

Figure 4. Ratio of the net absorbancies vs. amino 
resin concentration for two films 
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dupl i ca te a n d the results averaged. T h e thicknesses of the ca l ibra t ion 
films as w e l l as the c u r i n g cycle e m p l o y e d ( 3 6 0 ° F X 25 minutes ) w e r e 
the same as those for the u n k n o w n electrodeposited films. 

Results and Discussion 

Cured Film Performance. T h e S M A - I / X M - 1 1 2 3 system exhibits out
s tanding corrosion resistance as s h o w n b y the data i n T a b l e II . M a x i m u m 

Table II. Effect of Crosslinking Agent Concentration and 
Curing Cycle on Corrosion Resistance 

Film 
SMA-I/XM-1123, Cure Cycle, Salt Fog,a Thickness, 

wt Ratio in Bath °F X min hours to Fail mil 

80/20 450 X 20 480 0.3 
80/20 390 X 25 500 0.6 
80/20 360 X 25 480 0.5 
85/15 360 X 25 450 0.6 
75/25 360 X 25 350 0.6 
70/30 360 X 25 270 0.6 

° 5% NaCl fog at 95°F and 100% R.H. 

Table III. Effect of Crosslinking Agent Concentration and 
Curing Cycle on Detergent Resistance 

Detergent 
SMA-I/XM-1123, 

wt Ratio in Bath 
Cure Cycle, Resistance," Film SMA-I/XM-1123, 

wt Ratio in Bath °F X min hours with Thickness, 
no Effect mil 

75/25 360 X 25 20 0.8 
75/25 390 X 25 28 0.7 
75/25 420 X 25 94 0.7 
75/25 450 X 20 175 0.6 
70/30 450 X 20 140 0.6 
80/20 450 X 20 75 0.6 

« 1% Tide X K solution at 165°F. 

corrosion resistance was at ta ined w h e n the S M A - I / X M - 1 1 2 3 weight rat io 
was ca. 80/20, a l though excellent results were obta ined w h e n this rat io 
was 85/15. C o r r o s i o n resistance decreased as the concentrat ion of the 
cross l inking agent was increased b e y o n d the 80/20 level . 

O p t i m u m detergent resistance was obta ined w i t h an S M A - I / a m i n o 
resin rat io of 75/25. O t h e r concentrations of crosslinker, p a r t i c u l a r l y 
lower , decreased performance . T h i s is evident f r o m the data i n T a b l e 
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III . C u r i n g temperature also was significant as good detergent resistance 
was obta ined only w h e n the c u r i n g cycle a p p r o a c h e d 4 5 0 ° F X 20 
minutes . D a t a i n T a b l e I I I reflect the exposure d u r i n g w h i c h no sig
nif icant coat ing defects were observed. F a i l u r e occurred qui te r a p i d l y 
after the specif ied t ime. T h i s characterist ic is u n l i k e convent ional solvent-
based coat ing systems w h e r e b l i s ter ing a n d rust creepage, once started, 
progress s l o w l y for the dura t ion of the test. Rust creepage, however , 
was m i n i m a l (less than 1/16 i n c h ) at the scribe, a n d the films f a i l e d b y 
a process of de laminat ion . T h i s phenomenon occurred at the bo t tom of 
the test p a n e l a n d r a p i d l y spread u p w a r d . N o explanat ion is offered at 
this t ime for this behavior , b u t it m a y be caused b y some a p p l i c a t i o n 
phenomenon. 

Throwing Power. T h e t h r o w i n g p o w e r tests were r u n w i t h systems 
h a v i n g an S M A - I / a m i n o resin we ight rat io of 80/20 a n d were conducted 
at different voltages a n d durat ions. Baths were aged for 96 hours pr ior 
to the test. T h r o w i n g powers of 7 - 8 % inches were obta ined ( T a b l e I V ) . 

Table IV. Throwing Power 

Throwing Corrosion 
Volts Time, Power, Protection, Film 

min inches) % inches Appearance 

200 2 7-1/8; 55 6-3/4 G o o d 
200 4 8-3/8; 64 8 G o o d 
300 2 7-3/4; 60 7-1/8 F e w Pinholes 

Table V . Migration Rate of SMA-I and XM-1123 

Weight Ratio SMA-I/XM-1123 % SMA-I in Film 
Bath Composition Baked Film Composition % SMA-I in Bath 

85.0/15.0 83.9/16.1 0.93 
75.0/25.0 73.1/26.9 0.92 
70.0/30.0 68.5/31.5 0.95 

T h e percent t h r o w i n g p o w e r was ca lcula ted f r o m the i m m e r s e d d e p t h 
of the p i p e , w h i c h was 13 inches. A f t e r c u r i n g at 3 6 0 ° F for 25 minutes , 
the strips were s u b m i t t e d to 5 % salt f o g exposure for 240 hours. C o r r o 
sion protec t ion was determined b y measur ing the length of strip w h i c h 
was not corroded. I n a l l cases corrosion protect ion was excellent, but 
some p i n h o l e corrosion was evident i n the str ip coated at 300 volts. Some 
r u p t u r i n g m a y have occurred at this h igher potent ia l . T h i s system ex
h i b i t e d exceptional corrosion protect ion even i n comparat ive ly t h i n films 
of 0.1-0.3 m i l . 
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5. M O T i E R A N D M A R I O N Styrene-Moleic Anhydride 87 

Coulombic Yield. A f t e r a n ag ing p e r i o d of 96 hours c o u l o m b i c y ie lds 
were de termined for baths conta in ing S M A - I / a m i n o resin ratios of 80/20 
a n d 75/25. F o u r determinations y i e l d e d only m a r g i n a l differences. T h e 
bath conta ining the greater amount of X M - 1 1 2 3 gave a s l ight ly h igher 
va lue : 48.6 m g / c o u l o m b vs. 46.0 m g / c o u l o m b . 

Migration Rates of S M A - I Compared with Crosslinking Agent. It is 
apparent f r o m T a b l e V that the cross l inking agent exhib i ted a m i g r a t i o n 
tendency approximate ly e q u a l to that of the S M A - I . T h i s tendency d i d 
not appear to be concentrat ion dependent throughout the range of 
ratios used. 
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Preparation of Electrodeposition Resins: 
Lactone Formation During Maleinization 

LE ROY S. FORNEY1 and THOMAS J. SHEERIN 

Central Research Laboratories, M o b i l Chemical Co. , Edison, N. J. 08817 

The reaction of more than 1 mole of maleic anhydride with 
unsaturated fatty acids and esters at elevated temperatures 
(maleinization) was investigated. The previously observed 
phenomenon of an apparent loss in acid content during 
maleinization with concurrent elimination of a nonequiva-
lent amount of carbon dioxide was interpreted as largely 
resulting from condensation of two succinic anhydride 
moieties, leading to the formation of spirodilactone group
ings. The maleinization reaction sequence was studied by 
IR using model systems and then correlated with carbon 
dioxide generation during maleinization of commercial fatty 
acid mixtures. 

*"r<he react ion between male ic anhydr ide a n d unsaturated systems is w e l l 
A k n o w n , and the process, w h e n a p p l i e d to fatty acids or their der iva

tives, m a y be referred to b y the term "male in iza t ion / ' T h e reactions w h i c h 
occur d u r i n g male in iza t ion f a l l into two major categories. W i t h con
jugated systems, such as eleostearic acids ( I ) , l i can ic acids (2, 3 ) , or 
8,10- (4), 9,11- ( 5 ) , and 10,12- (4) octadecadienoic acids a n d their de
rivatives, a D i e l s - A l d e r add i t ion occurs at 6 0 ° - 1 0 0 ° C . I n this process a 
1,4- add i t i on provides a cyclohexene der ivat ive w i t h loss of one of the 
conjugated double bonds. W i t h systems conta in ing isolated double bonds 
such as oleic a c i d and its derivatives ( 6 ) , on the other hand , temperatures 
a round 2 0 0 ° C are requi red . T h e products conform predominan t ly to the 
ene react ion ( 7 ) , i n v o l v i n g add i t ion of male ic anhydr ide to an olefinic 
substrate possessing an a l ly l ie hydrogen (unconjugated fatty a c i d or 
der iva t ive) w i t h an a l l y l i c shift of the substrate double bond . 

1 Present address: Mobil Oil Corp., 150 East 42nd St., New York, Ν. Y. 10017 

88 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
6

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



6. FORNEY AND SHEERIN Electrodeposition Resins 89 

Diels-Alder Reaction: 

Ene Reaction: 

+ 

0 

0 

A report that at least some male ic a n h y d r i d e a d d i t i o n occurs a l l y l i c 
to unconjugated saturation b u t w i t h o u t sh i f t ing the d o u b l e b o n d (8 ) has 
been interpreted as a n i n d i c a t i o n of a free r a d i c a l m e c h a n i s m l e a d i n g to 
products . 

T h e m a l e i n i z a t i o n react ion is important i n p r e p a r i n g e lectrodeposi t ion 
resins, where i n t r o d u c t i o n of free carboxyl i c func t iona l i ty is essential for 
transport phenomena . T h e ease a n d economics of m a l e i n i z a t i o n guarantee 
that i t is, a n d w i l l cont inue to be, used w i d e l y to m o d i f y resins for elec
trodeposi t ion. Its use i n epoxy ester systems is b u t one example of its 
w i d e u t i l i t y i n e lectrodeposi t ion resins. A c o m m e r c i a l system of this type 
involves react ion of a b i s p h e n o l - A e p i c h l o r o h y d r i n c o p o l y m e r w i t h l i n 
seed fatty acids a n d func t iona l iza t ion of the p r o d u c t b y m a l e i n i z a t i o n 
( D X - 1 5 resin, She l l C h e m i c a l C o . ) . S ince e lectr ica l properties as w e l l 
as final res in properties are l i k e l y to be d e t e r m i n e d i n part b y the m e t h o d 
of i n t r o d u c i n g the transport funct ional i ty , a clear unders tanding of the 
m a l e i n i z a t i o n react ion is desirable . 

W h i l e the major m a l e i n i z a t i o n processes descr ibed earl ier are w e l l 
unders tood for the a d d i t i o n of 1 mole of male ic a n h y d r i d e to an unsatu
rated fat ty a c i d system, the s i tuat ion is m u c h less clear w h e n the react ion 
involves several moles of male ic a n h y d r i d e . A study of such systems has 
s h o w n that b o t h s u c c i n y l a n d cyclohexane moieties are present i n p r o d u c t 
mixtures f r o m the react ion of male ic a n h y d r i d e w i t h m u l t i unsaturated 
fat ty acids. These results c lear ly indicate concurrent D i e l s - A l d e r a n d 
ene reactions l e a d i n g to complex p r o d u c t dis tr ibut ions ( 9 ). Nonetheless , 
these reactions alone cannot account for the apparent loss of a c i d i t y 
w h i c h occurs d u r i n g m a l e i n i z a t i o n of m u l t i unsaturated fatty acids or 
derivat ives . I n v i e w of the importance of m a l e i n i z a t i o n as a m e t h o d for 
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90 E L E C T R O D E P O S I T I O N O F COATINGS 

i n t r o d u c i n g a c i d func t iona l i ty into e lectrodeposi t ion resins, w e invest i 
gated this p h e n o m e n o n of a c i d i t y loss i n some deta i l . 

Experimental 

L i n o l e i c a c i d was p r e p a r e d f r o m safflower o i l (10) a n d p u r i f i e d 
through the te trabromide (11). T h e m e t h y l ester was p r e p a r e d b y treat ing 
the a c i d w i t h 1 0 % B F 3 C H 3 O H . A c i d a n d ester were free of I R ( i n f r a r e d ) 
absorpt ion at 968 c m " 1 , characterist ic of an isolated trans d o u b l e b o n d 
(11, 12), a n d the ester gave o n l y one peak o n gas chromatography. 

M a l e i n i z a t i o n s were c o n d u c t e d b y heat ing the a c i d (7.10 m m o l e s ) 
or ester (5.76 mmoles ) w i t h three equivalents of male ic a n h y d r i d e i n an 
o i l b a t h at 2 0 0 ° C for 2 hours a n d 2 4 0 ° C for an a d d i t i o n a l hour , under 
ni trogen, w i t h occasional shaking. I R spectra of these materials after 
c o o l i n g i n d i c a t e d the presence of excess a n h y d r i d e (absorpt ion at 3100 
a n d 697 c m " 1 ) , w h i c h was r e m o v e d b y heat ing the samples to 1 0 0 ° C / 0 . 1 5 
m m for 15 minutes . L i n o l e i c a c i d w e i g h t increase: C a l c . for d i a n h y d r i d e , 
69 .9% ; for spirodi lactone, 52 .8% ; F o u n d , 6 4 . 3 % . M e t h y l l inoleate w e i g h t 
increase: C a l c . for d i a n h y d r i d e , 66 .6%; for spirodi lactone, 5 0 . 3 % ; F o u n d , 
5 7 . 3 % . 

D e c a r b o x y l a t i o n of m a l e i n i z e d m e t h y l l inoleate was done b y the 
s o d i u m h y d r i d e treatment descr ibed i n the l i terature (13). 

Half-esters of m a l e i n i z e d m e t h y l l inoleate a n d l inole ic a c i d were 
f o r m e d b y ref luxing the m a l e i n i z e d ester (0.181 g r a m ) a n d a c i d (0.185 
g r a m ) w i t h 5 m l absolute methanol , p e r i o d i c a l l y r e m o v i n g samples for 
I R analysis. 

C o m m e r c i a l fatty acids were m a l e i n i z e d b y heat ing a mixture of the 
fatty a c i d a n d male ic a n h y d r i d e (1/1 mole ra t io ) to 2 0 0 ° - 2 3 0 ° C for 4 - 5 
hours, as s h o w n i n T a b l e I. T h e apparatus was swept w i t h a stream of 
C 0 2 - f r e e ni t rogen, a n d the C 0 2 evo lved was scrubbed free of water a n d 
carboxyl i c acids, then absorbed i n a gas t ra in a n d w e i g h e d . T h e ap
paratus is s h o w n schematical ly i n F i g u r e 1. I n a l l cases, the reactions 

Table I. Theoretical and Actual Product A c i d and Saponification 

Acid Number 

Maleinization Measured Calculated Values 

C02 SDLa Keto- De~-
Sub- Time, Temp, Loss, acidb carbox.0 

strate hr °C wt % Aq Ale Aq Ale Aq Ale Aq Ale 

L O F A 4.3 200-230 1.51 344 263 374 263 413 283 432 282 
S O F A 5.4 200-220 1.97 314 248 351 251 402 277 429 277 
D C O F A 5.0 200-220 1.22 313 260 387 268 418 284 404 284 

a SDL = spirodilactone. Formation of spirodilactone requires loss of four acid 
groups toward aqueous titration and loss of two acid groups toward alcoholic titration, 
per mole of C 0 2 generated. 

b The keto-acid is assumed to decarboxylate. Two acid groups are lost toward 
aqueous titration, and one group is lost to alcoholic titration, per mole of CO2 generated. 

c Direct decarboxylation; one acid group is lost per mole of C 0 2 generated. 
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6. FORNEY AND S H E E R i N Electrodeposition Resins 91 

w e r e cont inued u n t i l the free male ic a n h y d r i d e l eve l was < 1 % , as esti
m a t e d b y color f o r m a t i o n w i t h Ν,Ν-dimethylanil ine a n d compar i son w i t h 
standards. A t y p i c a l react ion is de ta i l ed b e l o w for 741 grams (2.646 
moles) S O F A w i t h 259 grams (2.643 moles) male i c a n h y d r i d e ( T a b l e I I ) . 

Acid Number ( m g K O H / g r a m s a m p l e ) . AQUEOUS. T e t r a h y d r o -
furan/water (50/20) di luent . A q u e o u s K O H titrant , P h e n o l p h t h a l e i n 
indicator . Titrates M A as t w o equivalents of a c i d . 

ALCOHOLIC. To luene/methanol (50/50) di luent . K O H i n absolute 
methanol titrant, P h e n o l p h t h a l e i n indicator . Titrates M A as one e q u i v a 
lent of ac id . 

SAPONIFICATION NUMBER. T h e usua l m e t h o d was m o d i f i e d to accom
modate the greater react iv i ty of the esters f o r m e d . T i t ra te as usua l to an 
aqueous A N endpoint , then heat to just b e l o w reflux w i t h n i t rogen 
blanket a n d titrate t i l l endpoint holds for one-half hour . 

Calculations. THEORETICAL A N : 

Theoret ica l A N = [ E q u i v - charged - moles C Q 2 ( X ) ] (56.1) 
(Charge weight — weight C 0 2 ) 10~ 3 

where X varies as f o l l o w s : 

A queous A Icoh olic 

Spirodilactones 4 2 
D e c a r b o x y l a t e d keto-ac id 2 1 
Decarboxyla t ion-di rec t 1 1 

THEORETICAL SAPONIFICATION NUMBER. A s s u m i n g that format ion of 
spirodi lactone is responsible for the d r o p i n a c i d i t y f r o m 445 at the start 
to some final v a l u e : 

Theoret ica l Sap. N o . = ( 4 4 5 - A N a q ) / 2 + A N a q 

Numbers for Fatty Acid/Maleic Anhydride Reactions, 1/1 Molar 

Saponification Number 

Measured Calculated Values 

Keto- De-
SDLd Acide carbox.6 

400 395 344 344 
378 380 314 314 
383 379 313 313 

d Spirodilactone formation would result in the loss of two acid groups, which is 
only half the loss experienced by the aqueous AN. Calculated saponification number 
was based on the initial and final aqueous AN (see Experimental). 

e No saponfiable ester groups, so the saponification number should equal the 
aqueous AN. 
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92 E L E C T R O D E P O S I T I O N O F COATINGS 

Figure 1. Apparatus for trapping C02 during maleinization 

A = Ascarite tube to remove traces of C02 from N2 stream 
Β = reactor equipped with thermometer, stirrer, and H20 condenser 
C — dry ice trap 
D — bubble meter (nujol) 
Ε = anhydrone (MgClO^) to remove H20 and acids from gas stream 
F, G, Η = 2/3 Ascarite, 1/3 anhy drone to trap evolved C02. All weight in

creases were found in tube F. 

Results and Discussion 

Maleinization Products. I n the react ion of m a l e i c a n h y d r i d e w i t h 
l ino le i c a c i d or its ester, t w o moles of a n h y d r i d e react per m o l e of sub
strate (14, 15, 16). A m o u n t s of C 0 2 generated are insufficient to expla in 
this a c i d i t y loss as s imple decarboxylat ion . Consequent ly , reactions be
t w e e n an a n h y d r i d e a n d a reactive methylene group to f o r m keto-acids 
w h i c h subsequent ly decarboxylate have been proposed (15) as s h o w n 
b e l o w . 

H o w e v e r , a r e v i e w of the ene react ion (17) c i ted an alternative course for 
further react ion of ene products w i t h loss of C 0 2 where t w o or more 
a n h y d r i d e groups are i n close prox imi ty . T h u s , m a l e i n i z a t i o n of 1,4-penta-
diene m a y be expected to y i e l d an ene p r o d u c t w i t h a single a n h y d r i d e 
g r o u p i n g . H o w e v e r , this p r o d u c t cannot be isolated since the a l l y l i c shift 
of the d o u b l e b o n d provides a conjugated system w h i c h i m m e d i a t e l y adds 
another male ic a n h y d r i d e uni t b y a faci le D i e l s - A l d e r react ion (18). T h i s 
p r o d u c t m a y then lose C 0 2 to f o r m a spirodi lactone c o m p o u n d , as s h o w n 
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6. FORNEY AND SHEERIN Electrodeposition Resins 93 

b e l o w ( 1 3 ) . T h i s loss of C 0 2 m a y occur spontaneously or under the i n 

fluence of basic catalysts. I n a f o r m a l l y analogous process, the pyrolys is of 

succinic a n h y d r i d e provides the spirodi lactone of γ-ketopimelic a c i d ( 1 9 ) . 

0 

0 * « Τ I 

C0 o 

T h e molecu lar reorganizat ion w h i c h results i n the loss of C 0 2 i n the 

reactions noted above has been c o m p a r e d w i t h such base-catalyzed 

processes as the C l a i s e n or P e r k i n reactions ( 13 ) . A c c o r d i n g l y , react ion 

w o u l d i n v o l v e f o r m a t i o n of a carbanion adjacent to a n a n h y d r i d e car-

Time, 

hr 

0 
0.42 
0.75 
0.58 
2.83 
4.50 
5.42 

Temp., 

°C 

25 
160 
210 
220 
220 
220 
220 

Table II. Maleinization of S O F A 

Acid Number 

Aqueous Alcoholic 

Found Calc. Found Calc. 

443 
405 

368 
330 
314 

445 

392 
361 
351 

296 
299 

266 
253 
248 

297 

271 
256 
251 

CO, 
Yield, 
grams 

0 

11.26 
17.74 
19.72 

% 
Free 
MA 

100 

2 
1 

< 1 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
6

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



94 ELECTRODEPOSITION OF COATINGS 

b o n y l group, w h i c h undergoes t w o rearrangement steps to p r o d u c e a 
tert iary c a r b o x y l group. T h e tertiary c a r b o x y l group then undergoes 
characterist ic decarboxylat ion under the react ion condit ions . T h i s se
quence is s h o w n b e l o w for the d i a d d u c t of 1,4-pentadiene. 

0 

If spirodilactones are f o r m e d b y a s imi lar process o n decarboxylat ion 
of fat ty a c i d systems d u r i n g male in iza t ion , the characterist ic spirodi lac
tone I R absorpt ion at 1795 c m " 1 s h o u l d be discernable . Therefore w e 
treated m e t h y l l inoleate w i t h male ic a n h y d r i d e under ni trogen for three 
hours at 2 0 0 ° - 2 4 0 ° C . T h e I R spectrum of the p r o d u c t exhibits strong 
a n h y d r i d e absorpt ion at 1780 a n d 1860 c m " 1 . It does not show a b a n d 
at tr ibutable to spirodi lactone at 1795 c m " 1 a l though this peak c o u l d easily 
be masked b y the intense a n h y d r i d e absorpt ion at 1780 c m " 1 . Therefore , 
w e treated the p r o d u c t w i t h a strong base, under condit ions w h i c h effect 
the decarboxyla t ion (13). A f t e r w o r k u p , the a n h y d r i d e absorptions at 
1780 a n d 1860 c m " 1 were complete ly absent, a n d a n e w sharp peak ap
peared at 1795 c m " 1 . T h u s , m a l e i n i z e d m e t h y l l inoleate appears sus
cept ib le to spirodi lactone format ion , at least under basic condit ions . 

It r e m a i n e d to be de termined , however , whether spirodilactones m a y 
result d i r e c t l y f r o m the m a l e i n i z a t i o n process w i t h o u t intervent ion of a 
base-treatment step. Therefore , w e sought a process w h i c h w o u l d remove 
a n h y d r i d e func t iona l i ty w i t h o u t a p p r e c i a b l y des t roying spirodi lactone 
funct iona l i ty . T h e fac i le u n c a t a l y z e d react ion of anhydr ides w i t h alcohols 
to p r o d u c e half-esters p r o v i d e d a suitable technique. F igures 2 a n d 3 
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6. FORNEY AND SHEERIN Electwcleposition Resins 95 

present successive I R spectra taken d u r i n g the u n c a t a l y z e d react ion of 
m a l e i n i z e d l inole ic a c i d a n d m e t h y l l inoleate w i t h ref luxing methanol . 
B o t h show a r a p i d decrease i n the a n h y d r i d e peak at 1780 c m " 1 . A f t e r 
one hour this peak has decreased a n d broadened s ignif icantly , a n d b y t w o 
hours its m a x i m u m has shi f ted to 1795 c m " 1 ( F i g u r e 2 ) , or t w o peaks at 
1780 a n d 1795 c m " 1 are c lear ly v is ib le ( F i g u r e 3 ) . I n b o t h cases, the 
smaller a n h y d r i d e peak at 1865 c m " 1 d iminishes steadily. A f t e r t w o hours , 
peaks at tr ibutable to b o t h a n h y d r i d e a n d spirodi lactone s l o w l y disappear , 
finally l eav ing only C O O H a n d C O O R absorpt ion after 50 hours. M e t h y l 
esterification of the reactants or products ca ta lyzed b y m i n e r a l acids or 
B F 3 leads r a p i d l y to a single peak at 1740 c m " 1 . H o w e v e r , since the 
ketone expected f r o m esterification of the spirodi lactone a n d the ester 
groups i n the system both absorb i n this region, no further in format ion 
about the react ion can be ga ined f r o m these data . 

H a v i n g s h o w n that spirodilactones m a y result f r o m m a l e i n i z a t i o n of 
l inole ic a c i d a n d m e t h y l ester, i t seemed va luab le to analyze the m a l e i n i z a 
t ion products d e r i v e d f r o m c o m m e r c i a l l y avai lable fatty acids. T h e gen
erat ion of C 0 2 f r o m l inseed acids ( L O F A ) , soya acids ( S O F A ) , a n d 
d e h y d r a t e d castor acids ( D C O F A ) was m o n i t o r e d a n d correlated w i t h 

Start Ihr 2hr 4hr 24 hr 50 hr 

D 

Figure 2. IR study of maleinized linoleic acid refluxed in methanol 

A = 1860 cm1: anhydride absorption 
Β — 1795: spirodilactone 
C = 1780: anhydride 
D = 1740: ester 
Ε = 1710: carboxylic acid 
F = 1601: polystyrene marker for spectral calibration 
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Start Ihr 2hr 

Λ 
4hr 

Λ 
24 hr 

/ 

50 hr 

Figure 3. IR study of maleinized methyl linoleate re fluxed in methanol 

A = 1860 cm'1: 
Β = 1795: 
C = 1780: 
D = 1740: 
Ε = 1710: 
F = 1601: 

anhydride absorption 
spirodilactone 
anhydride 
ester 
carboxylic acid 
polystyrene marker for spectral calibration 

the d r o p i n a c i d a n d saponif icat ion numbers . These acids were chosen 
because of their ava i lab i l i ty , d i f fer ing amounts a n d types of unsaturat ion, 
a n d their importance i n preparat ion of e lectrodeposit ion resins. 

T h e three major pathways proposed for decreasing ac id i ty u p o n 
m a l e i n i z a t i o n w e r e compared , us ing these fat ty a c i d systems. T h e p a t h 
ways i n c l u d e direc t decarboxyla t ion (14), ke to-ac id f o r m a t i o n f o l l o w e d 
b y decarboxyla t ion , a n d spirodi lactone format ion . T h e results i n T a b l e I 
are consistent w i t h the occurrence of spirodi lactone f o r m a t i o n as the 
source of the C 0 2 w h i c h is p r o d u c e d i n the reactions. 

F o r L O F A a n d S O F A the excellent agreement between the ca lcu
la ted a n d exper imenta l a c i d numbers supports the theory of spirodi lac 
tone format ion . F o r the p a r t i a l l y conjugated system D C O F A , the agree
ment is not as good, b u t i t is s t i l l more consistent w i t h spirodi lactone 
format ion than w i t h the other proposed products . T h e aqueous a c i d 
numbers are somewhat lower than p r e d i c t e d f r o m the amount of C 0 2 

col lected, but aga in the best agreement is w i t h spirodi lactone format ion . 
I n a d d i t i o n , the ester present is very reactive, as i n d i c a t e d b y a n endpoint 
that disappears m u c h faster t h a n is c o m m o n i n a c i d t itrations i n the 
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6. FORNEY AND S H E E R i N Electwdeposition Resins 97 

presence of ester—a fact that w o u l d be consistent w i t h the presence of 
spirodilactones w h i c h are l i k e l y to be u n u s u a l l y susceptible to saponif ica
t ion or hydrolys is . 

Summary 

W e conf i rmed the observat ion of other workers that m a l e i n i z a t i o n of 
unsaturated fat ty acids a n d esters is a c c o m p a n i e d b y large losses i n a c i d i t y 
a n d generat ion of C 0 2 . I n a d d i t i o n w e f o u n d that a n u n u s u a l l y react ive 
ester is f o r m e d . Several reactions have been proposed i n the past to 
exp la in these phenomena , b u t none fits the exper imenta l data very w e l l . 

I n m a l e i n i z a t i o n of s impler d iene substrates, spirodilactones are 
f o r m e d . T o determine i f these were also f o r m e d i n fat ty a c i d systems, w e 
invest igated the behavior of m a l e i n i z e d products b y I R a n d correlated the 
d r o p i n ac id i ty w i t h C 0 2 generat ion a n d saponif icat ion number . T h e re
sults are i n accord w i t h the postulated di lactone f o r m a t i o n a n d account for 
a signif icant p o r t i o n of the m a l e i n i z a t i o n products obta ined i n this s tudy. 

T h e presence of spirodi lactone m a y account for the f a d i n g endpoints 
w h i c h of ten characterize basic t i t ra t ion of m a l e i n i z a t i o n products . It 
w o u l d also be expected that i n water-based systems, such as those used 
for e lectrodeposi t ion, spirodi lactones w o u l d undergo hydrolys is . T h i s 
c o u l d adversely affect such a c i d i t y re lated p h e n o m e n a as b a t h s tabi l i ty , 
transport, a n d cured- f i lm propert ies . 

Literature Cited 
1. Morrel l , R. S., Samuels, H., J. Chem. Soc. (1932) 2251. 
2. Morrel l , R. S., Davis, W. R., J. Chem. Soc. (1936) 1481. 
3. Morrel l , R. S., Davis, W . R., Trans. Faraday Soc. (1936) 32, 209. 
4. V o n Mikusch, J . D., J. Amer. Oil Chemists Soc. (1952) 29, 114. 
5. Boeseken, J., Hoevers, R., Rec. Trav. Chim. (1930) 49, 1165. 
6. Ross, J., Gebhart, A . I., Gerecht, J . F . , J. Amer. Chem. Soc. (1946) 68, 

1373. 
7. Alder , K . , Pascher, F . , Schmitz, Α., Ber. (1943) 76, 27. 
8. Bickford, W. C., Fisher, G. S., Kyame, L., Swift, C . E., J. Amer. Oil Chem

ists Soc. (1948) 25, 254. 
9. Rheineck, A . E., Khoe, T . H., Fette, Seifen, Anstrichmittel (1969) 71, 644. 

10. McCutcheon, J. W., Org. Syn., Coll. III, 526, note 7. 
11. Jackson, J . E., Lundberg, W. O. , J. Amer. Oil Chemists Soc. (1963) 40, 276. 
12. Ahlers, Ν. H. E., Brett, R. Α., McTaggart , N. G., J. Appl. Chem. (London) 

(1953) 3, 433. 
13. Hill, R. K . , Barger, H. J., Jr., J. Org. Chem. (1965) 30, 2558. 
14. Bickford, W. G., Krauczumas, P . , Wheeler, D. H., Oil Soap (1942) 19, 23. 
15. Plimmer, H., J. Oil Colour Chemists Assoc. (1949) 32, 99. 
16. Brett, R. Α., J. Oil Colour Chemists Assoc. (1964) 47, 767. 
17. Hoffmann, H. M. R., Angew. Chem., Internat. Edit. (1969) 8, 556. 
18. Alder , K . , M u n z , F . , Ann. (1959) 565, 126. 
19. Moldarskii , B . L., Blinova, M. V., Neftekhimiya (1965) 5, 108; Chem. 

Abstr. (1965) 62, 16043b. 

RECEIVED M a y 28, 1971. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
6

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



7 

Pigmentation of Electrocoatings 

DAVID S. YOUNG and ARTHUR T. GRONET 

MPM Division, Pfizer Inc., 640 North 13th St., Easton, Pa . 18042 

While it is generally agreed that the vehicle influences the 
performance of a pigmented electrocoat system more than 
the pigment, certain pigments do have a significant influence 
on many parameters of electrocoating. Particle size of the 
pigment, assuming good dispersion, has little effect on per
formance. A pigment with high specific resistance will usu
ally transfer more efficiently and give better bath stability. 
Increasing the pigment-to-binder (P/B) ratio will generally 
increase the specific resistance and throwing power of the 
bath but will have little effect on coulomb efficiency or rup
ture voltage whereas the film becomes harder and the gloss 
decreases especially at P/B's above 1/1. Pigments suitable 
for electrocoat should have good alkali resistance, low solu
bility in water, easy dispersibility, minimum settling, con
trolled particle size, and a balance between their specific 
resistance and their specific conductivity in aqueous suspen
sions that allows good mobility. 

VlTThi le the operat ion of e lectrodeposit ion systems m a y be re la t ive ly 
s imple , the m e c h a n i s m of deposi t ion is complex , i n v o l v i n g electroly

sis, electrophoresis, electroosmosis, ox idat ion of meta l , coalescence of 
c o l l o i d a l part icles , a n d gas format ion . T h e b i n d e r of an electrodeposit ion 
coat ing can be a m o d i f i e d o i l , a l k y d , acry l i c , or an epoxyester resin. T h e 
polymers used for anodic deposi t ion have free a c i d or a c i d a n h y d r i d e 
groups at tached to the p o l y m e r cha in . A l t h o u g h these binders m a y be 
used alone a n d clear films deposi ted, this paper deals str ict ly w i t h p i g 
m e n t e d systems. 

A n electrodeposit ion p r i m e r and/or topcoat m a y be v i s u a l i z e d as a 
suspension of p igment part icles a n d polymer-coated p igment particles 
w i t h the i o n i z e d c a r b o x y l groups cover ing the surface so that the part ic le 
carries a negative e lectr ica l charge. S ince l ike e lectr ica l charges repe l 

98 
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7. Y O U N G A N D G R O N E T Pigmentation of Electrocoatings 99 

each other, these negative charges are responsible for k e e p i n g the par
ticles dispersed i n the water . These charges also enable the part icles to 
migrate t o w a r d the pos i t ive ly c h a r g e d anode d u r i n g the e lectrodeposi t ion 
process w h e n a direct current of 50-400 volts is a p p l i e d . T h e film is 
f o r m e d b y coagulat ion at the anode of these negat ively charged macro-
molecules of the b inder . A t the same t ime this film is m a d e p r a c t i c a l l y 
anhydrous b y electroosmosis. 

T h e advantages of the electrocoat ing process over convent iona l m e t h 
ods of pa in t a p p l i c a t i o n are: (1 ) u n i f o r m pinhole- free coatings, (2 ) 
deposi t ion of greater film thickness o n hard-to-reach recessed areas a n d 
areas of broken contour, thus increasing corrosion resistance, (3 ) auto
m a t e d operat ion, (4 ) e l i m i n a t i o n of fire hazards a n d air p o l l u t i o n p r o b 
lems, (5 ) l o w operat ing costs, a n d (6 ) fast throughput . T h e m a i n 
disadvantages of the electrocoating process are: (1 ) h i g h cost of instal la
t ion , (2 ) complex q u a l i t y contro l measures necessary to ensure good 
stabi l i ty of the opera t ing tank, a n d (3 ) the fact that the system is pres
ent ly l i m i t e d to one-coat appl icat ions a n d dark or pastel colors. 

T h e e lectrodeposi t ion of pr imers a n d one-coat pa int systems as indus
t r ia l p r o d u c t i o n finishes has been p r o v e d a p r a c t i c a l a n d benef ic ia l c o m 
m e r c i a l m e t h o d of coat ing p r o d u c t i o n l ine products . M a j o r areas of 
present interest are (1 ) automot ive pr imers , (2 ) appl iance pr imers , a n d 
(3) general purpose one-coat systems. 

A s of September 1969 more than 400 electrocoat instal lations w e r e 
operat ing i n various i n d u s t r i a l plants a r o u n d the w o r l d ( I ) . These i n 
stallations were coat ing about 18 m i l l i o n square feet of m e t a l surface per 
day. These 400 p r o d u c t i o n tanks were spli t u p o n the five continents as 
fo l lows : 

Scope 

Number of 
Installations (1) 

Output, sqft/day (1) 
(Estimated) 

A f r i c a 
A m e r i c a 
A s i a 
A u s t r a l i a 
E u r o p e 

5 
80 
35 

3 
282 

36,000 
14,400,000 

2,900,000 
1,450,000 

36,000 

405 18,822,000 

Informat ion avai lable o n the 282 E u r o p e a n tanks shows that the 
f o l l o w i n g types of articles were electrocoated: 
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100 E L E C T R O D E P O S I T I O N O F COATINGS 

Number of 
Instal Output 
lations In., % sq ft/day In, % 

A u t o m o t i v e i n d u s t r y 71 26 11,000,000 76.0 

A u t o m o t i v e accessories 46 16 544,000 4.2 

Steel furni ture 26 9 300,000 2.2 

E l e c t r o - i n d u s t r y 25 9 240,000 1.6 

Others 114 4 0 2 ,400,000 16.0 

282~ Ï Ô Ô 14,484,000 100.0 

T h e n u m b e r of electrocoat tanks ins ta l led a n d the resul t ing pa in t ca
pac i ty i n electrocoat operations i n N o r t h A m e r i c a increased t remendously 
f r o m 1966 to 1971. T h e total capaci ty of electrocoat tanks i n N o r t h 
A m e r i c a was o n l y 81,000 gallons i n 1966 whereas i n 1971 i t was a p p r o x i 
mate ly 2 m i l l i o n gallons. A b r e a k d o w n of tanks, tank capaci ty , a n d pa int 
usage i n 1971 for N o r t h A m e r i c a is s h o w n i n T a b l e I ( 2 ) . 

Table I. Electrocoat Tanks and Usage in North America 

Capacity, 1000 gal Painty 
Tanks Range Average Total million 

A u t o s a n d t rucks 32 8 - 7 6 38 1180 9 

A u t o parts 16 1 .5 -24 6 90 2 

E l e c t r i c a l 35 0 . 2 - 1 8 5.5 210 4 

Appl iances 26 3 - 2 2 9 220 4 

A l u m i n u m extrusions 6 0 . 3 - 3 0 8 40 1 

Misce l laneous 27 2 . 8 - 1 1 4 .5 250 5 

T o t a l 142 1990 25 

T h e latest figure for 1972 shows at least 160 tanks i n operat ion i n 
N o r t h A m e r i c a , us ing about 2.2 m i l l i o n gallons w i t h a pa int va lue of 
about 28 m i l l i o n dollars ( 2 ) . It is est imated that approximate ly 2 0 % of 
the passenger cars are p r i m e d b y electrocoat i n the U n i t e d States, 4 0 % 
i n E u r o p e , a n d over 9 0 % i n Japan. Therefore , at present, the automotive 
i n d u s t r y cer ta inly is the major user of electrodeposited paints . 

Historical Background 

A great d e a l of i n f o r m a t i o n pert inent to the p r o b l e m of electropho-
ret ic pa in t deposi t ion can be obta ined f r o m the studies repor ted a n d the 
l i terature o n the e lectrodeposi t ion of latex a n d various resins a n d related 
composit ions. O n e of the most significant of the l i terature references ( 3 ) 
reports that t w o processes f o r depos i t ing r u b b e r e lec tr ica l ly f r o m a latex 
were deve loped i n the p e r i o d 1925-1927 . O n e was deve loped b y 
S h e p p a r d a n d E b e r l i n a n d the other b y P . K l e i n , a n d a n u m b e r of patents 
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7. YOUNG AND GRONET Pigmentation of Electrocoatings 101 

were issued. B o t h processes were based o n the fact that the dispersed 
part icles of r u b b e r i n the latex carry a negative charge a n d i n an electric 
field migrate to a n d are depos i ted o n the anode w h e r e they coagulate. 
T h i s anaphoresis p r i n c i p l e was k n o w n to K n o x i n 1907 a n d C o c k e r i l l i n 
1908, a n d they at tempted to coagulate r u b b e r f r o m the latex b y this 
m e t h o d . 

O n e of the first i n d u s t r i a l appl icat ions of electrophoreses was i n the 
d e w a t e r i n g of ceramic c lay. T h i s was d e v e l o p e d b y C o u n t S c h w e r i n i n 
G e r m a n y i n the early 1900's. W i t h a n electr ic i n p u t of 80 k w h / t o n of d r y 
c lay is was possible to de water a s lurry f r o m 3 5 % solids suspension to 
approximate ly 6 5 % solids plast ic c lay. T h e c e l l potent ia l was n o r m a l l y 
about 100 volts. A l t h o u g h a h igher voltage gave a d r y e r product , m o r e 
energy was lost b y the electrolysis of water a n d heat ing of the ce l l . B o t h 
electrophoretic movement of the c lay part icles to the anode a n d the elec-
troosmotic movement of the water to the cathode take place i n the ce l l . 

T h e deposi t ion of plast ic , e lectrophoret ical ly , f r o m nonaqueous solu
tions has been s tudied b y F e i n l i e b (4). I n this s tudy the resin or plast ic 
was taken into solut ion i n an appropr ia te organic solvent, a n d a non-sol 
vent d i l u e n t was a d d e d to cause p r e c i p i t a t i o n as a disperse phase. U n d e r 
such condit ions the dispers ion w o u l d b e stable for at least the t i m e re
q u i r e d to r u n the tests. F e i n l i e b s tudied a v i n y l c h l o r i d e - v i n y l acetate 
copolymer w h i c h was e lectrophoret ical ly deposi ted f r o m a solut ion of 
b u t y l acetate to w h i c h 9 5 % e t h y l a l cohol was a d d e d as the prec ipi tant . 
A good adherent film was obta ined. I n a later a n d m o r e de ta i l ed study, 
F i n k a n d F e i n l i e b invest igated the electrodeposit ion of a n u m b e r of syn
thetic resin lattices (aqueous dispersions) obta ined as c o m m e r c i a l p r o d 
ucts f r o m the manufacturers . T h e lattices tested i n c l u d e d : 

(1 ) C o p o l y m e r of v i n y l i d e n e ch lor ide a n d acryloni t r i le 
(2 ) A s tyrene-butadiene copolymer 
(3 ) A n u n p l a s t i c i z e d p o l y ( v i n y l c h l o r i d e ) 
(4 ) A plas t i c ized p o l y ( v i n y l c h l o r i d e ) 
(5 ) P o l y ( v i n y l acetate) 

T h e "negat ive" lattices—i.e., a l l except the p o l y ( v i n y l acetate)—gave 
g o o d deposits o n the anode under satisfactory condi t ions : voltages o n the 
order of 1 volt a n d current densities o n the order of 25 m a / s q i n c h . A 
c e l l was used i n w h i c h the cathode was separated b y a d i a p h r a g m f r o m 
the b a t h to prevent h y d r o g e n gas bubbles f r o m b e i n g carr ied to the anode 
a n d b e i n g deposi ted a long w i t h the film. 

Deposi ts of cel lulose were obta ined b y M a n t e l l a n d C o z z a r e l l i f r o m 
1 % solut ion of cel lulose i n the s o d i u m zincate . T h e anode deposit was 
obta ined w i t h ce l l voltages f r o m 1.1 to 1.28 volts a n d a current densi ty 
of ca. 1 -7 m a / s q i n c h . 
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Deposi ts of meta l powders a n d inorganic refractory carbides a n d 
oxides have been obta ined electrophoret ical ly f r o m nonaqueous suspen
s ion m e d i u m s . I n ane study b y M o s l e y a n d W a l l a c e (5 ) the l i q u i d s used 
were i s o p r o p y l a lcohol a n d nitromethane. T h e adhes ion of the anode 
deposit was i m p r o v e d b y a d d i n g 0 . 1 5 M a m m o n i u m h y d r o x i d e ( u s i n g 
i s o p r o p y l a l cohol to d i lu te the concentrated aqueous a m m o n i a s o l u t i o n ) . 

I n a somewhat different s tudy b y Pearlstein, W i c k , a n d G a l l a c c i o ( 6 ), 
a n attempt was m a d e to deposit e lectrophoret ical ly finely d i v i d e d meta l 
powders of such metals as a l u m i n u m , t i tan ium, z i r c o n i u m , a n d tungsten 
to obta in meta l coatings i n those cases where ord inary e lectroplat ing 
methods cannot be used. It was f o u n d that a l u m i n u m electrophoret ic 
deposits c o u l d be obta ined at voltages r a n g i n g f r o m 20 to 320 w h e n u s i n g 
as suspending m e d i u m a l iphat i c alcohols h a v i n g more t h a n three carbon 
atoms. Ethers , esters, a n d ketones w e r e unsatisfactory. I n the case of 
a l u m i n u m the suspending m e d i u m used determined whether m e t a l was 
deposi ted o n the anode or cathode, a n d the a d d i t i o n of a smal l amount 
of b u t y l a m i n e greatly i m p r o v e d the adhesion of the deposit . 

T h e deposi t ion of fine m i c a flakes was s tudied b y H i r a y a m a a n d ( 7 ) 
Berg . A si l icone b i n d e r was used, a n d b o t h si l icone a n d m i c a p l a t e d out 
together at a p H of 8 to 9.5. T h i s system is sensitive to p H . 

Technical Aspects of Pigmented Electrocoat in g Vehicles 

T h e movement of b o t h p i g m e n t a n d vehic le particles i n an electro
coat system is associated w i t h the "electrokinet ic p h e n o m e n o n . " T h i s phe
n o m e n o n includes a l l processes i n w h i c h e lectr ica l ly charged part icles are 
acted u p o n b y an external e lectr ical field w h i c h results i n the charged 
part ic les m o v i n g through, or relat ive to, a fluid m e d i u m . If the part ic le 
is not free to move, the system becomes m e c h a n i c a l l y strained. T h e de
velopment of k n o w l e d g e i n this area closely parallels the study of col lo ids 
a n d is said to have been discovered b y Reuse i n 1808. F r o m about 1910 
to 1935, m a n y theoret ical studies were m a d e i n this area, a n d a n u m b e r 
were the f u n d a m e n t a l basis for m u c h of the m o d e r n w o r k i n electro
phoresis. 

E m u l s i o n s , col lo ids , a n d sols consist of e lectr ical ly charged particles 
of a range of sizes dispersed i n a m e d i u m whose die lectr ic properties 
prevent the charges f r o m b e i n g diss ipated. T h e properties of the m e d i u m 
i n w h i c h the charged part icles are dispersed greatly influence the p r o p 
erties of the system. If the m e d i u m has a h i g h die lectr ic constant, as does 
water , the movement of very smal l charges ( ions for example ) takes place 
easi ly at potentials of less than a couple of volts . H o w e v e r , if the m e d i u m 
is a nonpolar h y d r o c a r b o n , field potentials of several h u n d r e d to a thou
sand volts m a y be necessary to show par t i c le movement . If the viscosi ty 
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7. YOUNG AND GRONET Pigmentation of Electrocoatings 103 

is l o w , as i n water , the rates of m o t i o n of charged particles w i l l be m u c h 
greater than i n a viscous m e d i u m ( for the same electr ica l field ). 

T h e movement of a charged part ic le suspended i n a m e d i u m w h i c h 
is i n d u c e d b y an external electric field is actual ly movement relat ive to 
the m e d i u m . If the charged part ic le is fixed, as i n porous membranes , 
the l i q u i d w i l l move through the membrane . Converse ly , i f l i q u i d is 
caused to flow through a porous membrane or capi l lar ies , the m e m b r a n e 
or capi l lar ies acquire e lectr ica l charges. E v e n particles sett l ing out of a 
suspension w i l l acquire an electr ical charge f r o m movement through the 
l i q u i d m e d i u m . 

T h e particles of a c o l l o i d r e m a i n i n suspension b y reason of the 
electr ical charges on each part ic le . Some col loids have particles whose 
charges are either pos i t ive or negative. A s a result, the particles of one 
c o l l o i d m a y migrate to the anode, a n d of another c o l l o i d to the cathode. 
T h e m i x i n g of opposi te ly charged col loids usual ly results i n prec ip i ta t ion 
a l though different systems vary greatly i n sensit ivity. T h e a d d i t i o n of an 
electrolyte to a c o l l o i d w i l l of ten cause the c o l l o i d to precipi tate b y i n 
creasing the c o n d u c t i v i t y of the m e d i u m a n d p e r m i t t i n g the c o l l o i d 
charges to be neutra l ized or diss ipated. 

M a n y of the properties of the charged particles i n dispersions are 
related to the electr ical " d o u b l e layer . " E a c h negat ively charged part ic le , 
for example , w i l l be surrounded b y a sheath of posi t ive charges, resu l t ing 
f r o m the repuls ion of electrons f r o m its n e i g h b o r h o o d i n the enclosing 
m e d i u m . Such particles behave as a charged capacitor , a n d this aspect of 
porous d iaphragms, electrodes, etc., has been s tudied extensively. 

T h e weight of matter transported for each c o u l o m b of electr ic i ty 
passed through a c o l l o i d system fo l lows Faraday 's L a w a l though it is not 
as s imple to determine i n this case as i t is i n the case of ions i n electrolysis. 

W h e n i t is considered that i n a c o l l o i d the part ic les are present i n a 
range of sizes, w i t h the smallest m a n y times the size of ions, a n d that 
each par t ic le m a y have a range of electr ical charges on the order of 
hundreds of thousands of electrons, i t is to be expected that average values 
of w e i g h t a n d charge w o u l d n e e d to b e determined. T h i s is dif f icul t 
since these factors w o u l d vary w i t h age, m e t h o d of preparat ion , a n d other 
factors. I n electrolysis, each i o n of the species can be considered as h a v i n g 
a w e i g h t a n d a charge i d e n t i c a l to a l l the other ions of that species, b u t 
w i t h the col lo ids , statistical values must be used. 

T h e basic mathemat ica l re lat ion for electrokinetic phenomena is 
credi ted to H e l m h o l t z : 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
7

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



104 ELECTRODEPOSITION OF COATINGS 

u « m i g r a t i o n ve loc i ty of charged part ic le ( p i g m e n t or v e h i c l e ) 

Ζ «= electrokinet ic or zeta potent ia l 

Ε — a p p l i e d voltage 

die lec tr ic constant of the l i q u i d phase 

η = viscosi ty of the m e d i u m 

4π — a factor re lated to shape a n d size. 

F o r ions or v e ry s m a l l spher ica l part ic les , the va lue a p p r o x i 
mates 6. F o r part ic les of larger size, the smaller factor is sa id 
to be caused b y the d is tor t ing effect of a n insu la t ing part ic le 
i n the electric field. 

T h e equat ion shows that the rate of p igment or vehic le par t i c le move
ment (electrophoresis) or flow of l i q u i d phase (electroosmosis) is pro
p o r t i o n a l to the a p p l i e d voltage, E. T h e zeta potent ia l m a y b e def ined 
as the voltage difference be tween the part ic le a n d the diffuse potent ia l 
va lue of the d o u b l e layer s u r r o u n d i n g i t . 

Influence of Pigment on Deposition Characteristics 

Particle Size. Studies of synthetic a n d n a t u r a l i r o n oxides a n d 
extender pigments such as talc, barytes, a n d c a l c i u m carbonate have 
s h o w n that the part ic le size of these pigments ( w h i c h ranged f r o m 0.5 
to 8 microns i n diameter ) h a d l i t t le or no effect o n their transfer propert ies 
i n electrocoat p r i m e r systems. H o w e v e r , pigments w h i c h have a tendency 
to flocculate o r agglomerate w i l l have l o w e r m o b i l i t y rates. G e n e r a l l y , 
the h igher the resistance properties of the electrocoat vehic le , the better 
w i l l b e the transfer rates of the p igment . 

Effect of p H . S ince a l l of the electrocoat systems i n general p r o d u c 
t i o n use operate i n a p H range of 7.5 to 9.5, a s tudy of synthetic a n d 
n a t u r a l i r o n oxides i n water slurries at p H levels of 7.0 to 10.0 s h o w e d 
that as p H increases, the p i g m e n t m o b i l i t y decreases s l ight ly , a n d at p H 
levels over 10, some oxides appear to become neutra l i n charge or even 
reverse charge. G e n e r a l l y , electrocoat pr imers increase i n c o n d u c t i v i t y , 
have lower t h r o w i n g p o w e r a n d film thickness, increased gassing, a n d 
d r a w greater current as the p H of the b a t h is increased. 

Settling Characteristics. Because of the l o w viscosities at w h i c h 
electrocoat tanks or baths are operated, sett l ing out of the p i g m e n t and/or 
vehic le is a serious p r o b l e m . A l l large c o m m e r c i a l tanks use either agi 
tators or elaborate p u m p i n g e q u i p m e n t to m a i n t a i n a u n i f o r m tank. A s 
i n convent iona l p a i n t systems, p igments w h i c h have a h i g h specific gravi ty 
a n d w h i c h are dif f icult to g r i n d w i l l cause the most sett l ing problems i n 
electrocoat tanks. H o w e v e r the manner i n w h i c h the dispersed p i g m e n t e d 
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7. YOUNG AND GRONET Pigmentation of Electrocoatings 105 

paste g r i n d is let back a n d the resul t ing s tabi l i ty of the r e d u c e d electro
coat pa in t system i n regard to p r e v e n t i n g flocculation p l a y a n impor tant 
par t i n the sett l ing characteristics of a n electrocoat system. G e n e r a l l y 
about 1 % of a benefic iated n a t u r a l hectorite, bentonite , or synthetic c lay 
m a y be a d d e d to a n electrocoat p r i m e r system to h e l p the suspension 
propert ies . 

Effect of Pigment/Binder Ratio on Electrical Resistance. U s u a l l y 
the specific resistance of an electrocoat p r i m e r system w i l l increase w h e n 
the p igment - to -b inder rat io is increased. T h i s increase w i l l usua l ly be 
re la ted to the specific resistance a n d c o n d u c t i v i t y of the p r i m e and/or 
extender pigments used to increase the p i g m e n t level . 

COULOMB EFFICIENCY. Increas ing the P V C content of a n i r o n oxide 
electrocoat p r i m e r w i l l general ly decrease the c o n d u c t i v i t y s l ight ly a n d 
m a y either decrease or increase s l ight ly the c o u l o m b efficiency or m a y 
have no signif icant effect o n the c o u l o m b efficiency ( especia l ly at p igment -
to -b inder ratios of 0 .1 /1 to 0 . 5 / 1 ) . 

THROWING POWER. T h e t h r o w i n g p o w e r of an electrocoat p r i m e r is 
n o r m a l l y increased as the P V C content increases. T h i s is usual ly the case 
at P V C levels f r o m 1 to 4 5 % . P igments w i t h h i g h film resistance give the 
highest t h r o w i n g power . 

RUPTURE VOLTAGE. Increasing the P V C leve l f r o m 1 % to 1 5 % i n a n 
electrocoat p r i m e r system usua l ly has l i t t le effect o n r u p t u r e voltage. 
R u p t u r e voltage is increased m a r k e d l y w i t h increas ing solids a n d also b y 
vehicles w h i c h deposit a firm film of h i g h viscosity. 

GLOSS OF F ILM . Smooth films w i t h 6 0 ° gloss readings of 7 0 ° to 8 0 ° 
c a n be obta ined at p igment - to -b inder ratios u p to 0 .5 /1 . G e n e r a l l y at 
P / B of 1 /1 or 1 .5/1 r o u g h textured films result. Tasker a n d T a y l o r (S ) 
s h o w e d i n i r o n oxide extender pr imers that the w e i g h t of resin depos i ted 
was constant, i rrespect ive of the P / B leve l a n d that the w e i g h t of film 
deposi ted increased w i t h increasing P / B rat io ; therefore, more p i g m e n t 
was present w i t h resul t ing lower gloss. 

Effect of Bath Solids Level. Synthet ic i r o n oxide m a l e i n i z e d o i l elec
trodeposi t ion pr imers have been successful ly deposi ted at b a t h solids 
levels of 7.5 to 1 5 % . N o significant differences c o u l d be n o t e d i n d r y film 
thickness or film hardness. N o n v o l a t i l e levels of 7.5 to 1 0 % appear to be 
more satisfactory for general appearance of the film b u t s l ight ly poorer 
than 12.5 to 1 5 % levels for corrosion resistance properties . T h e n o r m a l 
p r o d u c t i o n leve l is about 1 0 % solids i n the bath . 

Effect of Specific Resistance of Iron Oxide Pigments. T h e effect of 
the soluble salt content a n d of the specific resistance of synthetic a n d 
n a t u r a l i r o n oxides was evaluated i n electrocoat p r i m e r systems. A h i g h 
specific resistance a n d a l o w water -soluble salt content is signif icant to 
the efficiency of the electrocoat process o n l y as i t is re la ted to a par t i cu lar 
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106 E L E C T R O D E P O S I T I O N O F COATINGS 

pigment . W a s h i n g the fore ign electrolytes out of a p i g m e n t a n d increas
i n g its specific resistance do not necessarily make this p igment p e r f o r m 
more efficiently i n a n electrocoat system. Therefore , i t is not the fore ign 
electrolytes b u t those electrolytes w h i c h correspond to the so lub i l i ty 
products of the pigment , its c h e m i c a l composi t ion , a n d its specific con
d u c t i v i t y i n aqueous suspensions that determine the efficiency of a par
t i cu lar p i g m e n t i n a n electrocoat system. 

A l t h o u g h water-soluble salt content m a y not affect coat ing efficiency 
a n d deposi ted film integri ty , a l o w soluble-salt content is desirable since 
an excessive a c c u m u l a t i o n of salts w i t h repeated turnovers w i l l cause 
poor tank s tabi l i ty a n d p r o d u c e gases, resul t ing i n films w i t h poor integri ty . 

Effect on Resistance Characteristics of Deposited Film. T h e a d d i t i o n 
of p igment (synthet ic r e d i r o n ox ide) at P V C l evel of 1 % to 1 5 % , to an 
electrocoat p r i m e r system ( m a l e i n i z e d o i l t y p e ) , general ly w i l l p r o d u c e 
firmer, th icker films w h i c h results i n i m p r o v e d corrosion resistance of the 
deposi ted electrocoat p r i m e r film. T h e a d d i t i o n of 2 % of the total p i g 
mentat ion as s t ront ium chromate and/or 5 to 1 0 % of the p igmenta t ion 
as a basic l e a d p i g m e n t w i l l s ignif icant ly i m p r o v e the salt fog resistance 
of a n i r o n oxide electrocoat p r i m e r . 

Selection of Pigments 
V a r i o u s selected grades of synthetic r e d a n d y e l l o w i r o n oxides, 

c h r o m i u m oxides, c a r b o n a n d l a m p b l a c k , t i t a n i u m diox ide , phtha locyanine 
b l u e a n d green, a n d some organic ye l lows a n d reds have been successfully 
used i n electrocoat pa int systems, a long w i t h the f o l l o w i n g (see also 
T a b l e I I ) : 

( 1 ) Ant i - corros ive pigments : var ious grades of l e a d pigments ( basic 
w h i t e l ead or s i l ico c h r o m a t e ) , chromâtes w i t h l o w water so lub i l i ty (stron
t i u m c h r o m a t e ) , z i n c sulfide a n d z i n c oxide. 

(2 ) E x t e n d e r p igments : some grades of barytes, talc , c a l c i u m car
bonate, k a o l i n , si l icas, m i c a , a n d asbestos. 

(3 ) Suspending p igments : benefic iated bentonite or hectorite c lays, 
synthetic clays, a n d c o l l o i d a l si l icas. 

A l t h o u g h r a w mater ia l cost is s t i l l impor tant i n electrocoat f o r m u l a 
tions, the pigments selected must have good transfer a n d stabi l i ty p r o p 
erties w i t h the g iven vehic le system that is used. M a n y p i g m e n t 
manufacturers have done extensive w o r k w i t h their l ine of convent iona l 
pigments i n various types of electrocoat vehic le systems; i n m a n y instances 
they have made ta i lored products to meet the electrocoat requirements . 
These pigments w i l l need properties such as excellent s tabi l i ty i n an 
alkal ine m e d i a , l o w so lubi l i ty i n water , easy d ispers ib i l i ty , m i n i m u m 
settl ing, contro l led par t i c le size a n d shape ( m a x i m u m of 6 microns ), a n d 
a balance between specific resistance a n d specific c o n d u c t i v i t y i n aqueous 
suspensions that a l lows g o o d m o b i l i t y or transfer propert ies . 
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7. YOUNG AND GRONET Pigmentation of Electrocoatings 107 

Table II. Typical Formulation of Electrocoat Paints 

R e d Oxide A u t o m o t i v e P r i m e r 

Synthet i c i r o n oxide 
Bas ic white lead 
Bentoni te or hectorite c lays 
A m i n e solubi l ized male in ized o i l vehicle 
T r i e t h y l a m i n e 
B u t y l Cel losolve 
D e i o n i z e d water 

Disperse i n porcelain or sand m i l l 
R e d u c t i o n 

A m i n e solubi l ized male inized o i l vehicle 
Die thanolamine 
6 % Manganese dr ier 
G u a i a c o l 
De ionized water 

P i g m e n t vo lume concentrat ion 5 . 0 % 
N o n - v o l a t i l e content 10 .0% 
p H 7.8—8.0 
W e i g h t per gal 8.8 
Specific resistance, 1300 ohms 

R e d or B l a c k O n e - C o a t Sys tem 
C a r b o n black or synthet ic I ron Oxide 
W a t e r reducible epoxy-ester vehicle 
B u t y l Cel losolve 
T r i e t h y l a m i n e 
D e i o n i z e d water 

Disperse i n porcelain m i l l or sand m i l l 
R e d u c t i o n 

W a t e r reducible epoxy-ester vehicle 
B u t y l Cel losolve 
T r i e t h y l a m i n e 
Deionized water 

P i g m e n t vo lume concentrat ion 1 .0% 
N o n - v o l a t i l e content 10 .0% 
p H 8.5 
W e i g h t per gal 8.5 
Specific resistance, 1300 ohms 

Ca. 100 gal Formula 
Parts by Weight 

20 
2 
0.2 

13 
1 
3 

17 

90 
3 
0.2 
0.3 

730 

880.0 lbs 

3.5 
13 
0.4 
0.4 

17 

87 
2 
3 

720 

846.3 lbs 

Anti-Corrosion Pigments. M a n y of the regular ant i -corrosion p i g 
ments used i n convent ional p a i n t systems are too soluble to be used i n 
electrocoat systems. T h i s is especial ly true of most of the chromate 
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pigments . T h e i r re la t ive ly h i g h so lub i l i ty i n an aqueous electrocoat tank 
where electrolysis is t a k i n g place m a y cause prec ip i ta t ion of the meta l 
cations a n d release of free chromate ions into the b a t h ; these ions can 
react w i t h the electrocoat vehic le a n d cause flocculation problems. L o w 
so lub i l i ty l ead a n d z inc pigments a long w i t h s t ront ium chromate appear 
to w o r k best i n most electrocoat vehic le systems. H o w e v e r each vehic le 
system w i l l have different properties , a n d each i n d i v i d u a l ant i -corrosion 
p i g m e n t must be evaluated for s tabi l i ty i n each specific vehic le system 
that is used. 

Pigment Formulation Variables. D e c r e a s i n g the p i g m e n t v o l u m e 
concentrat ion of an electrocoat pa in t or p r i m e r system w i l l usua l ly give 
a softer film w i t h greater film smoothness b u t less h i d i n g power . Increas
i n g the p i g m e n t v o l u m e concentrat ion w i l l give harder films w h i c h are 
rougher i n appearance. T h i s increase i n P V C w i l l usual ly increase the 
t h r o w i n g p o w e r a n d also make the deposi ted film m o r e susceptible to 
p i n h o l i n g . 

P r i m e , extender, a n d ant i -corrosion pigments have a definite effect 
o n the s tabi l i ty of the electrocoat pa int system. P igments w h i c h have the 
des ired s tabi l i ty i n a lkal ine médias, proper size, c h e m i c a l composi t ion , 
a n d l o w so lub i l i ty w i t h a c c o m p a n i e d h i g h specific resistance have been 
used successfully at P V C levels of 1 to 2 0 % . U s u a l l y the type of vehic le 
has more effect o n the s tabi l i ty of the electrocoat system than does the 
p igment , b u t i t is s t i l l important that each p igment or c o m b i n a t i o n of 
pigments be thoroughly evaluated ( at the desired P V C leve l ) i n the lab
oratory before large scale p r o d u c t i o n tank trials are made. C e r t a i n l y 
the increased use of a p i g m e n t whose electrolyte content is of the type 
that contributes to the pigment 's h i g h so lubi l i ty i n water w i l l u n d o u b t e d l y 
cause flocculation a n d tank stabi l i ty problems. 

Testing Methods for Performance 

Elec trocoat paints and/or tanks are general ly tested for the f o l l o w i n g 
propert ies : 

( 1 ) Throwing power: measur ing the percent of pa in t deposi ted i n 
side a % - i n c h s tandard gas c o n d u i t ( w i t h or w i t h o u t a steel p a n e l ins ide) 
or the percent pa int deposi ted o n the ins ide of either t w o or three phos-
p h a t e d steel panels that are separated b y % - i n c h shims. 

( 2 ) pH and alkalinity: 50 m l of the pa in t are usua l ly c h e c k e d w i t h 
a p H meter. T h e a l k a l i n i t y is usual ly de termined i n mi l l i equiva lents of 
a m i n e per 100 grams of pa int solids. 

(3 ) Conductivity: m a y be measured w i t h a c i r c u l a t i o n c e l l connected 
to a measur ing b r i d g e of the Wheats tone type, the pa in t b e i n g the u n 
k n o w n resistance. 

(4 ) Non-volatile content. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
7

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



7. YOUNG AND GRONET Pigmentation of Electrocoatings 109 

(5 ) Thickness of the cured film: m a y be measured i n mi l s b y elec
tronic thickness tester or i n microns b y a Permascope. 

(6 ) Ash-binder ratio: 10 to 15 m i l heated at 2 2 0 ° F to determine 
non-volat i le content. T h e non-volat i le is then ashed at 1400° F for one-
half hour . T h i s rat io is very important because one can determine the 
ash-to-binder rat io of the tank a n d also that of the deposi ted film. N o r 
m a l l y the p i g m e n t w i l l deposit more efficiently than the b inder , a n d the 
pigment - to -b inder rat io w i l l decrease i n the tank as it is w o r k e d . A d j u s t 
ments must be m a d e to keep this rat io i n balance. 

( 7 ) Coulombic yield: usua l ly expressed as the w e i g h t i n m i l l i g r a m s 
deposi ted o n the anode for each c o u l o m b consumed a n d is ca lcula ted 
f r o m a r e c o r d i n g amperemeter. 

O t h e r laboratory tests m a y be p e r f o r m e d such as p u m p i n g stabi l i ty 
a n d cont inuous process testing of the l i fe span of an electrocoat bath . 
A c o i l stock coat ing device w i t h var iable speed dr ive , heat exchangers, 
a n d pa int feed equipment is used. F e e d , temperature, a n d t h r o u g h p u t 
are r u n the same as i n a p r o d u c t i o n tank. T h e tank is r u n cont inuously 
u n t i l the deposi ted films do not meet the specifications or usual ly u n t i l 
20 times the w e i g h t of solids used as o r i g i n a l fill has been converted into 
coat ing. A 5-gal lon laboratory tank w i l l complete ly t u r n over i n one d a y 
whereas i t takes about 20 days for a p r o d u c t i o n tank to t u r n over. W i t h 
the present k n o w l e d g e of electrocoat systems a n d b y us ing ul traf i l t rat ion 
the b a t h l i fe of an electrocoat automotive p r i m e r tank can be contro l led 
for indeterminate per iods of t ime. 
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Studies in Cathodic Electrodeposition 

R. A. WESSLING, D. S. GIBBS, W. J. S E T T I N E R I , and E. H. WAGENER 

Physical Research Laboratory and Designed Products Department, The D o w 
Chemical Co . , M i d l a n d , M i c h . 48640 

Coatings have been electrodeposited on a steel cathode 
from an alkaline bath containing a cationic sulfonium latex. 
As with quaternary ammonium stabilized latexes, the charge 
on the polymer particles is independent of pH, permitting 
operation on the alkaline side. In a comparative study, 
however, only the sulfonium latex deposited a smooth, thin 
(< 1 mil) coating with rapid current cut off and low residual 
current. The mechanism of anodic electrodeposition was 
reviewed and compared with the results of this study. The 
protonated amine systems appear to destabilize at the elec
trode by a neutralization mechanism, in analogy with the 
neutralization of carboxyl groups in the anodic process, but 
this mechanism is not available to the sulfonium system. 
Therefore, a unique mechanism of deposition must be oper
ating in the latter case. 

/ T p h e process of e lectrodeposi t ing organic coatings o n m e t a l cathodes 
A has been invest igated. C a t h o d i c e lectrodeposi t ion has a n u m b e r of 

inherent advantages over the c o m m o n l y used anodic processes, but these 
are best r e a l i z e d i f the process can be car r ied out i n a neutra l or a lkal ine 
m e d i u m . A r e v i e w of the l i terature suggests that the major p r o b l e m i n 
d e v e l o p i n g ca thodic e lectrodeposi t ion has been the lack of cat ionic e m u l 
sions that are stable above p H 7 a n d s t i l l deposit e lectr ical ly insula t ing 
films o n the cathode surface. 

A n invest igat ion of the chemistry of s u l f o n i u m salts i n our labora
tories suggested that emulsions s tab i l ized b y these groups m i g h t have 
the des ired characteristics. I n recent years, the c a p a b i l i t y of p r e p a r i n g 
such emulsions has been ach ieved ( I ) . T h i s paper gives a p r e l i m i n a r y 
account of their per formance i n electrodeposit ion a n d provides further 
ins ight into the m e c h a n i s m of depos i t ion at the cathode. T h e results 

110 
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8. W E S S L i N G ET AL. Cathodic Electrodeposition 111 

suggest that significant differences exist be tween anodic a n d cathodic 
processes. 

E lec t rodepos i t ion of organic coatings onto meta l surfaces has been 
k n o w n for about 40 years, b u t not u n t i l the ear ly 1960s has i t come into 
i n d u s t r i a l prominence , largely because of the efforts of B r e w e r , B u r n s i d e , 
a n d co-workers at F o r d M o t o r C o . ( 2 ) . A t present, use of this process 
is g r o w i n g r a p i d l y as ev idenced b y the n u m b e r of installations a n d 
patents re la t ing to the process (3 , 4). 

Review of Anodic Systems 

T o appreciate the potent ia l advantages of a ca thodic system, par
t i c u l a r l y an a lkal ine cathodic system, a br ie f r e v i e w of the m e c h a n i s m 
of anodic e lectrodeposit ion is h e l p f u l . T h e anodic systems deve loped 
to date have been general ly based o n the incorpora t ion of the carboxylate 
an ion ( R - C O O " ) either as a par t of the p o l y m e r molecule itself or the 
surfactant of an emuls ion. M a n y studies have been m a d e o n the mecha
n i s m of e lectrodeposi t ion i n v o l v i n g carboxylate s tab i l ized systems (5-11 ), 
a n d i t is general ly agreed that the f o l l o w i n g reactions contr ibute to the 
format ion of a n electr ical ly insula t ing film o n the anode : 

(1) E lec tro lys is of water : 

(a) H 2 0 -> O H · + H + e~ 
(b) 2 O H · - » H 2 0 + Ο · 
(c) 2 0 · - > 0 2 

(2) O x i d a t i o n of the anode : 

M ° —> M " + + ner 

(3) R e a c t i o n of the carboxylate ion w i t h H + and M n + 

Ο Ο 
Il II 

R — Ο — Ο - + H + R — C — O H 

Ο ο 
Il II 

* R — C — Ο - + M » + -> ( R C — 0 ) „ — M 
I n a d d i t i o n , B e r r y ( I I ) has suggested that concentrat ion coagulat ion 

c o u l d occur s imultaneously w i t h the carboxylate reactions s h o w n above. 
T h i s m e c h a n i s m w o u l d a l l o w some of the carboxylate salt to be deposi ted 
i n the film intact. 

T h i s is a s impl i f i ed v i e w of the anodic deposi t ion m e c h a n i s m w h i c h 
leaves out m a n y parameter effects s tudied i n de ta i l b y workers i n the 
field, b u t i t bas ica l ly describes most anodic systems i n that the deposi ted 
films appear to conta in the products p r e d i c t e d b y these reactions. A c -
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112 ELECTRODEPOSITION OF COATINGS 

cept ing this m e c h a n i s m as the basic m o d e l for anodic e lectrodeposi t ion, 
several disadvantages become i m m e d i a t e l y evident . 

(1 ) T h e system is h i g h l y p H dependent . A n y l o w e r i n g of the p H 
signif icant ly b e l o w 7 w o u l d coagulate the system since s tabi l izat ion de
pends o n the carboxylate ion's b e i n g present. H i g h p H ' s h a v e been 
s h o w n to p r o d u c e undes irable side effects such as gassing. M o s t systems 
operate i n a p H range of 7 to 8.7. I n a d d i t i o n , the electrodeposi t ion 
per formance is sensitive to changes i n p H since the carboxylate i o n con
centrat ion is p H dependent . 

(2 ) T h e free c a r b o x y l group p r o d u c e d b y react ion w i t h H + remains 
i n the coat ing a n d is usual ly not decomposed d u r i n g the b a k i n g step. T h e 
ionizab le group presents a po in t of v u l n e r a b i l i t y to mois ture transmission 
t h r o u g h the coat ing. 

(3 ) M e t a l ions are i n c l u d e d i n the film. I n the case of a copper 
substrate, this has l e d to green coatings (12). Coat ings o n steel m a y b e 
s i m i l a r l y d isco lored (13). T h e meta l carboxylates or meta l hydrox ides 
(10) f o r m e d i n the coat ing are points of v u l n e r a b i l i t y for moisture trans
miss ion. T h e meta l carboxylates w o u l d be susceptible to hydrolys is , w h i c h 
some workers bel ieve c o u l d result i n corrosion at the c o a t i n g - m e t a l 
interface (14). 

( 4 ) T h e electrolysis of water at the anode produces oxygen. T h e 
general ly accepted m e c h a n i s m of its f o r m a t i o n involves b o t h the h y d r o x y l 
r a d i c a l a n d the oxygen r a d i c a l . Some workers (15) report that reactions 
of these species w i t h the coat ing have a n adverse effect o n the coa t ing 
per formance propert ies a n d even change the resin character i n solut ion. 
T h e oleoresinous systems seem to be p a r t i c u l a r l y affected a n d require 
antioxidants . 

(5 ) I n general , re la t ive ly large amounts of base are r e q u i r e d to 
create the carboxylate an ion . If amines are used, they general ly require 
f r o m about 0.3 to 0.5 m i l l i e q u i v a l e n t s / g r a m of p o l y m e r solids to p r o d u c e 
acceptable performance . 

These disadvantages have o b v i o u s l y not s topped the g r o w t h of anodic 
e lectrodeposit ion. H o w e v e r , i t is interest ing that the theoret ical solutions 
to some of these problems h a v e been k n o w n to be obta inable b y c a t h o d i c 
depos i t ion , yet no c o m m e r c i a l ca thodic system has appeared. 

Review of Cathodic Systems 

Several advantages of ca thodic e lectrodeposi t ion make i t a w o r t h 
w h i l e area of invest igat ion. R e d u c t i o n takes place at the cathode; there
fore, the meta l surface does not ion ize a n d remains passive d u r i n g the 
depos i t ion process. N o ions enter the coat ing even w i t h easily o x i d i z a b l e 
substrates. T h e electrolysis of water at the cathode produces the h y d r o g e n 
r a d i c a l , h y d r o g e n , a n d h y d r o x i d e ion . 

2 H 2 0 + 2 e~ -* 2 O H ~ + 2 H · 

2 H · —> H 2 
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8. WESSLING ET AL. Cathodic Electrodeposition 113 

R e a c t i o n of these species w i t h the coat ing mater ia l w i l l p r o b a b l y 
have a less h a r m f u l effect o n coat ing propert ies than the corresponding 
ox ida t ion react ion m e n t i o n e d above. 

M o s t of the ca thodic systems descr ibed i n the l i terature are s imple 
analogs of the anodic resins w h e r e the carboxylate group ( - C O O " ) has 

been rep laced b y a n a m i n o group ( — + N — H ) . These resins are p r e p a r e d 

i n a nonaqueous react ion a n d post emuls i f ied i n water to f o r m a n electro-
coat ing system. T h e y general ly have a charge/mass rat io h i g h enough 
to m a k e the p o l y m e r water soluble or at least water dispersable . C o n v e n - -
t iona l latexes m a d e b y emuls ion p o l y m e r i z a t i o n are not c o m m o n l y used. 
A recent b r o a d r e v i e w (16) o n the chemis try a n d technology of cat ionic 
polyelectrolytes focused on quaternary a m m o n i u m polyelectrolytes b u t 
also descr ibed other types of polyelectrolytes such as s u l f o n i u m a n d phos-
p h o n i u m . T h e l o n g list of i n d u s t r i a l appl icat ions ident i f ied i n this paper 
d i d not i n c l u d e electrocoating, i n d i c a t i n g that o n i u m i o n polyelectrolytes 
suitable for this use h a d not been deve loped. T w o important a p p l i c a 
tions for quaternary polyelectrolytes , e lec troconduct ive coatings a n d ant i 
static agents, require the p o l y m e r to re ta in charge for performance . 
E lec t rocoat ing usua l ly requires a r a p i d destruct ion of charge i n order to 
o p t i m i z e t h r o w i n g power , current efficiency, r e d u c t i o n of gassing, etc. 
T h i s suggests that the quaternary a m m o n i u m group a n d electrodeposi t ion 
are not very compat ib le . 

I n compar i son w i t h the v o l u m i n o u s l i terature o n quaternary a m m o 
n i u m polyelectrolytes a n d surfactants, the s u l f o n i u m analogs have rece ived 
l i t t le s tudy. T h e r e v i e w c i ted above i n t r o d u c e d s u l f o n i u m polyelectrolytes 
w i t h the statement "the s u l f o n i u m quaternary uni t does not seem to have 
any specia l efficacy over the more r e a d i l y avai lable a m m o n i u m quaternary 
group/' It also mentions their c h e m i c a l ins tabi l i ty ( c o m p a r e d w i t h q u a 
ternary systems) as a disadvantage. Jungermann (17), i n his book o n 
cat ionic surfactants comments : "It is di f f icul t to imagine w h a t a d v a n 
tages these o n i u m ( non-nitrogeneous-surfactants ) compounds w o u l d pos
sess over the corresponding a m m o n i u m c o m p o u n d except perhaps i n the 
area of b i o l o g i c a l ac t iv i ty . " 

These comments indicate a c o m m o n att i tude t o w a r d the use of sulfo
n i u m salts i n p o l y m e r technology. Nonetheless, as H a t c h p o i n t e d out 
(18), the ins tabi l i ty a n d h i g h react iv i ty of s u l f o n i u m salts are an a d v a n 
tage i n certain cases. A s convent ional coatings for example , s u l f o n i u m -
based systems i n c l u d i n g b o t h polyelectrolytes (19, 20) a n d latexes (21, 
22) can be deposi ted f r o m aqueous m e d i a a n d easily c u r e d to h y d r o 
p h o b i c products . 

T h e results of our s tudy indicate that the h igher c h e m i c a l reac t iv i ty 
of s u l f o n i u m compounds is also a n advantage i n e lectrodeposi t ion of 
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114 E L E C T R O D E P O S I T I O N O F COATINGS 

organic coatings, b u t heretofore such systems have not been reported . 
T h e cat ionic e lectrodeposi t ion systems w h i c h have been descr ibed 

i n the l i terature i n c l u d e b o t h soluble systems a n d emulsions, b u t a l l have 
been based o n n i t rogen cations. T w o types have been r e p o r t e d : 

W o r k o n the first type of system is reported i n a series of patents b y 

Spoor, P o h l e m a n n , a n d co-workers (23 -25 ) i n w h i c h they describe elec

trodeposi t ion of b o t h solutions a n d dispersions h a v i n g a — N + — H ca t ion 

as the attract ive vehic le . I n general , they e m p l o y a m i n o a l k y l esters of 
ac ry l i c a c i d such as mono(Ν,Ν-dimethylamino)e thyl m e t h a c r y l a t e ( I ) 
or N - v i n y l i m i d a z o l e ( I I ) as comonomers i n their p o l y m e r i c composit ions. 
T h e cations are f o r m e d b y adjust ing the p H w i t h either acetic or h y d r o 
c h l o r i c a c i d to g ive solutions ( o r opalescent solut ions) w h i c h are sub
sequent ly electrocoated o n the cathode. T h e i r general condit ions for 
e lectrodeposi t ion are: 

T h e y report coatings r a n g i n g f r o m 0.46-1.32 mi l s th i c k after b a k i n g 
w h i c h have resistance of v a r y i n g degrees to salt water a n d a lka l ine water . 

Slater a n d T h o w (26) describe electrocoating of epoxy ester disper

sions us ing salted amine dispers ing agents, a l l of w h i c h are the — N + — H 
type. I n their examples, they describe dispersions m a d e w i t h d i m e t h y l 
soya amine, 1 -hydroxyethyl -s -heptadecenyl i m i d a z o l i n e a n d d i m e t h y l 
hydrogenated t a l l o w amine . T h e y c l a i m organic acids of v a r y i n g m o 
lecular weights to f o r m the amine cations. F o r m i c a c i d is used i n their 
reported examples. 

G e n e r a l condit ions for e lectrodeposi t ion are: 

(1) Pro tonated amine based systems. 

— + N — H 

(2) Quaternary a m m o n i u m systems. 

( R V - N 

p H 
A p p l i e d voltage 
Sol ids 
E l e c t r o d e p o s i t i o n t ime 

3.5-6.0 
20-100 volts 
8 - 1 0 % 
2 minutes 

p H 
A p p l i e d voltage 

3.4-4.2 
200-250 volts 
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8. W E S S L i N G ET AL. Cathodic Electrodeposition 115 

Solids 
E lec t rodepos i t ion t ime C o n t i n u o u s c o i l coat ing 

1 0 % 

T h e resultant coatings are 1.0-1.1 mi ls th ick o n steel cathodes. 
T a w n (27) reported a ni trogen-based cat ionic system w h i c h c o m 

prises a dispers ion of a n epoxy resin w i t h a " p a r t i a l l y n e u t r a l i z e d amino-
a m i d e or i m i d a z o l i n e ( w h i c h m a y or m a y not be p o l y m e r i c ) or w i t h a n 
epoxy-adduct thereof." H e c la ims several n o v e l advantages, such as r a p i d 
depos i t ion at l o w voltages ( 2 0 - 5 0 0 ) , h i g h current efficiencies, very d i l u t e 
solutions ( 1 % or less) , a n d coatings w h i c h cure at r o o m temperature or 
s l ight ly above. N o data are g iven , b u t the system p r o b a b l y operates at a 

p H < 7 based o n the — N + — H structures ment ioned . 

F o u r a d d i t i o n a l patents o n cathodic e lectrodeposi t ion have been re
cently issued (28-30), but the techniques used i n these cases to get 
ca thodic deposi t ion are essentially the same as that descr ibed above. 
These patents dif fer p r i m a r i l y i n resin compos i t ion a n d pos t -cur ing 
mechanisms. 

A l l of the above m e n t i o n e d systems are based o n amine salts. M c C o y 
(31) has reported the o n l y case of e lectrodeposit ion of quaternary a m m o 
n i u m - b a s e d emulsions. Three specific derivat ives he m e n t i o n e d are : 
N - d o d e c y l b e n z y l - N , N - d i e t h y l - l - e t h a n o l a m m o n i u m c h l o r i d e ; l - ( 2 - a m i n o -
e t h y l ) - 2 - l - a l k e n y l - 2 - i m i d a z o l e ; a n d oc tadecenylmethyl d i - 2 - h y d r o x y e t h y l -
a m m o n i u m chlor ide . 

A s p h a l t emulsions s tab i l ized w i t h these emulsifiers were electrode-
posi ted under the f o l l o w i n g condi t ions : 

T h e coatings deposi ted w e r e character ized b y w e i g h t / s q i n c h w i t h 
no thickness g iven. T h e data w e r e presented to show that cat ionic e m u l 
sions deposit coatings at a h igher rate a n d a h igher efficiency t h a n anionic 
emulsions. T h e weights of asphalt deposi ted w e r e general ly i n the range 
of 200 m g / s q i n c h , w h i c h is re la t ive ly h i g h c o m p a r e d w i t h the results 
obta ined f r o m the s u l f o n i u m emulsions used i n this s tudy. F u r t h e r treat
ment of M c C o y ' s data is presented i n the discussion section. 

T o the authors ' knowledge , none of these cat ionic systems is of s ig
nif icant c o m m e r c i a l importance today. T h e remainder of this paper 
demonstrates some of the problems that m i g h t be encountered w i t h the 
systems above a n d shows that su l fonium-based systems can overcome 
these diff iculties. 

p H 
A p p l i e d vol tage 
Solids 
E lec t rodepos i t ion t ime 

3.0-6.0 
30-100 volts 
1 0 - 3 0 % 
V a r i e d  P
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Experimental 

T h e major i ty of the experiments were c o n d u c t e d i n a polyethylene 
c e l l 10.7 c m X 7.9 c m X 2.54 c m . T w o , e q u a l size graphite anodes were 
p l a c e d at the ends of the l o n g axis of the ce l l . A 10.2 c m X 1.27 c m m e t a l 
sample was p l a c e d equidis tant be tween the graphi te anodes ( u s u a l l y 
4.6 c m ) so that the flat p lane of the sample was n o r m a l to a l ine jo in ing 
the t w o anodes. T h e p o w e r source was capable of p r o d u c i n g three-phase 
d i rec t current at 500 volts a n d 40 amps. A B a u s c h a n d L o m b V O M - 5 
recorder was used to p lo t current as a f u n c t i o n of t ime. T h e 20 inches/ 
m i n u t e speed was used for a l l experiments to e x p a n d the c u r r e n t - t i m e 
profi le best. Occas iona l ly , a second V O M - 5 recorder was used i n con
junc t ion w i t h a s tandard ca lomel electrode to plot the voltage d r o p be
t w e e n the cathode a n d the so lut ion as a f u n c t i o n of t ime. T h e area under 
the c u r r e n t - t i m e curve was integrated us ing a n Infotronics C R S - 1 1 0 
integrator p r o v i d e d w i t h a V i c t o r D i g i t - m a t i c data pr inter . A M i c r o f l e x 
t imer was p l a c e d i n the c i r c u i t so that t ime intervals as short as 1/10 
of a second u p to 2 minutes c o u l d be accurately r e p r o d u c e d . T h e system 
was automated so that a b u t t o n act ivated the t imer w h i c h a l l o w e d a 
preset voltage to be a p p l i e d across the c e l l for a precise in terva l , at the 
e n d o f w h i c h the integrated area ( coulombs ) was p r i n t e d out. E l a b o r a t e 
safety controls were p r o v i d e d for the system. D a t a o n coulombs , coat ing 
weight , a n d current efficiencies represent the average of four experiments. 
T h e meta l used for this s tudy was steel w i t h Bonder i te 37 coat ing. E a c h 
sample was accurate ly cut so that the area of the sample coated v a r i e d 
no more than 1 % . F o r s m a l l coupons this area was 7.3 sq c m . 

I n a t y p i c a l experiment , 70 grams of mater ia l at 1 0 % solids were 
p l a c e d i n the ce l l conta in ing the m e t a l sample. T h e p o w e r source was 
preset for 200 volts , a n d the experiment was act ivated as descr ibed above. 
A t the e n d of 2 minutes , the sample was r e m o v e d f r o m the so lut ion a n d 
r insed thoroughly w i t h d e i o n i z e d water . T h e sample was air d r i e d a n d 
w e i g h e d . T h e current efficiency was d e t e r m i n e d for each sample f r o m 
the w e i g h t of p o l y m e r depos i ted per c o u l o m b ( c ) passed b y the f o l l o w i n g 
e q u a t i o n : 

C u r r e n t efficiency = Weigjrt (mg) 
coulombs 

Percent solids ( tota l w e i g h t bas is ) , p H , c o n d u c t i v i t y , s tabi l i ty of the 
latexes, a n d emulsif ier coverage were d e t e r m i n e d b y s tandard techniques. 
Par t i c le size was de termined b y l ight scattering ( B r i c e - P h o e n i x ) a n d was 
occasional ly checked b y electron microscopy . 

Results 

T o supplement the l i m i t e d exper imenta l data p u b l i s h e d o n the ni t ro

gen-based systems, several latex a n d water-soluble systems w e r e synthe

s ized a n d character ized. T h e — + N — H l i terature was somewhat vague 
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8. W E S S L i N G ET AL. Cathodic Electrodeposition 117 

about the colloidal nature of their systems, referring to them as "disper
sions" or "opalescent solutions." In this work, a latex svstem with well 

defined colloidal properties was synthesized using a — N + — H emulsifier 

(Figure 1). The latex characteristics are also given. 

I + 

C P 
Figure 1. Schematic of an —N+—H stabilized latex 

Latex characteristics: 
Composition 60 butyl acryhte/40 styrene 
Emulsifier concentration 0.10 meq/gram polymer 
Particle size 1100 A 
Solids 10% 
pH 2.5 

1.0 
.9 
.8 
.7 

cn-6 

.4 

.3 

.2 
.1 

200 Volts - 2 Minutes 
Bonderite 37 

Room Temperoture 

Φ Ι 
-Ν-Η LATEX 

I 

5 
SECONDS 

I 

10 15 

Figure 2. Current vs. time for —+N—Η stabilized htex 
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T h e c u r r e n t - t i m e curve for this system is s h o w n i n F i g u r e 2. T h e 
c u r v e shows a r a p i d cutoff of current a n d l o w res idua l current w h i c h 
indicates that the system w o u l d have g o o d t h r o w i n g p o w e r (32). T h e 
electrodeposi t ion per formance data are s h o w n i n T a b l e I. 

Table I. — N + — H Latex Electrodeposition Performance 

C o a t i n g weight 0.97 mg/sq c m 
C o a t i n g thickness 0.6 m i l 
C o a t i n g appearance smooth, u n i f o r m 
C o a t i n g efficiency 8.3 mg/c 
R e s i d u a l current 0.14 ma/sq c m 

A s noted earlier, these experiments were r u n at a p H of 2.5. T h e i r per
formance couldn ' t be evaluated above a p H of 7 o w i n g to coagulat ion 
of the latex. 

T w o quaternary a m m o n i u m systems were synthes ized: a water-
so luble polyelectrolyte a n d a latex ( F i g u r e s 3 a n d 4 ) . T h e p o l y m e r 
compos i t ion a n d o n i u m i o n structure were made as near ly a l ike as pos
s ible to a v o i d effects f r o m structural changes. T h e t w o systems di f fered 
s ignif icant ly i n the n u m b e r of charges per un i t mass of p o l y m e r as w o u l d 
be expected i n c o m p a r i n g a soluble polyelectrolyte a n d a latex. T h e 
water-soluble system was electrodeposited at 5 % solids a n d was s tab i l ized 
w i t h 2.1 m e q of the quaternary moiety per g r a m of po lymer . T h e 
resultant c u r r e n t - t i m e curve is s h o w n i n F i g u r e 5. A s the curve indicates , 
the water-soluble system remains conduct ive a n d deposits o n l y a gel - l ike 
coat ing, r o u g h a n d b u b b l y i n appearance a n d general ly unacceptable as 

Figure 3. Schematic of an ( R ^ N + stabilized water-soluble 
polymer 
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8. WESSLING ET AL. Cathodic Electrodeposition 119 

+ 
3 

Figure 4. Schematic of an ( R ^ N + stabilized ht ex 
Latex characteristics: 

Composition 60 butyl acrylatel40 styrène 
Emuhifier concentration 0.04 meq/gram polymer 
Particle size 1100 A 
Solids 10% 
pH 7.7 

a m e t a l coat ing. T h e b a t h temperature rose r a p i d l y as the current con
t i n u e d to flow. V a r y i n g solids a n d voltage d i d very l i t t le to give a better 
coat ing f r o m this system. 

T h e quaternary a m m o n i u m latex, o n the other h a n d , p r o d u c e d a 
signif icantly better c u r r e n t - t i m e curve as s h o w n i n F i g u r e 5. T h e current 
d i d d r o p , but the electrodeposi t ion per formance of the quaternary a m 
m o n i u m latex was not as good as the electrodeposit ion per formance of 

the — N + — H latex as s h o w n i n T a b l e II . 

0 L I I I I L 

0 5 10 15 20 
SEC0N0S 

Figure 5. Current-time curves of water-soluble and emulsion quaternary 
ammonium systems 
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Table II. Electrodeposition Performance for — + N ( R ) 3 

and — + N — H Latexes 

- N ( R ) , 
+ 

C o a t i n g weight 
C o a t i n g thickness 
C o a t i n g appearance 
C u r r e n t efficiency 
R e s i d u a l current 

7.3 mg/sq c m 
4.0 mi l s 

0.97 mg/sq c m 
0.6 

rough, b u b b l y 
42 mg/c 
0.82 ma/sq c m 

smooth, u n i f o r m 
8.3 mg/c 
0.14 ma/sq c m 

Since the quaternary a m m o n i u m systems are f u l l y i o n i z e d , the sta
b i l i t y of these latexes is m o r e independent of p H . T h e data c o m p a r i n g 
the e lectrodeposi t ion per formance i n T a b l e I I s h o u l d be qua l i f i ed o n t w o 

p o i n t s : the p H of the quaternary system was 7.7 vs. 2.5 for the — N + — H 

latex, a n d the emulsif ier concentrat ion was higher (0.1 m e q / g r a m vs. 

0.04 m e q / g r a m ) for the — N + — H system. H o w e v e r , the performance of 

the quaternary a m m o n i u m latex system d i d not i m p r o v e at l o w e r p H or 

higher emulsif ier concentrat ion. T h e — N + — H system w o u l d p r o b a b l y 

p e r f o r m even better w i t h respect to current efficiency i f the emulsif ier 

concentrat ion were l o w e r e d to 0.04 m e q / g r a m . Therefore , the conc lu

sion that the — N + — H system performs better w i t h respect to desirable 

coat ing thickness, r a p i d current cutoff, l o w res idual amperage, film ap
pearance, a n d coat ing w e i g h t remains v a l i d . 

I n general , the data o n the e lectrodeposi t ion per formance of the 
ni t rogen based systems can be s u m m e d u p as f o l l o w s : 

System 
Electrodeposition 

Performance 

— N + — H Solut ion G o o d 

— N + — H L a t e x G o o d 

( R ) 4 N Solut ion Unacceptable 

( R ) 4 N L a t e x F a i r 
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8. W E S S L i N G ET AL. Cathodic Electrodeposition 121 

A s discussed later, the differences be tween the — N + — H solut ion a n d 

+ N ( R ) 4 so lut ion performance is p r o b a b l y caused b y the lack of a s imple 
charge destruct ion m e c h a n i s m : 

ι + ι 
— N H + O H - - • — Ν + H 2 0 

I I 
for the N + ( R ) 4 solut ion. Bet ter performance of the N + ( R ) 4 latex over 
the N + ( R ) 4 so lut ion can be a t t r ibuted to the fact that the latex can u n 
dergo des tabi l iza t ion (concentrat ion coagulat ion) to deposit a film 
whereas a water-soluble p o l y m e r w o u l d not read i ly coagulate. 

A s u l f o n i u m polyelectro lyte (essential ly the same as the prev ious ly 
descr ibed quaternary a m m o n i u m polyelectrolyte except for the o n i u m 
i o n structure) s tab i l ized w i t h 2.3 m e q of the s u l f o n i u m moie ty per g r a m 
of p o l y m e r was synthesized a n d subjected to the same electrodeposi t ion 
condit ions descr ibed earlier for the quaternary a m m o n i u m polyelectro
lyte. T h e performance under these condit ions was not s ignif icant ly better 
than that of the quaternary a m m o n i u m polyelectrolyte . Therefore , atten
t ion was centered o n the s u l f o n i u m latex systems w h i c h gave superior 
coatings. 

T h e s u l f o n i u m latex was comparable w i t h the quaternary a m m o n i u m 
latex above w i t h respect to p o l y m e r composi t ion , par t ic le size, emulsif ier 
structure, emulsif ier concentrat ion, a n d p o l y m e r concentrat ion. T h e di f 
ference aga in was i n the o n i u m i o n structure. T h e latex characteristics, 
c u r r e n t - t i m e curves, a n d electrodeposi t ion performance are s h o w n i n 
F i g u r e 6. N o t e that the s u l f o n i u m system was r u n under a lkal ine con
dit ions at a p H of 7.6. 

U n d e r the i d e n t i c a l e lectrodeposi t ion condit ions used for the q u a 
ternary a m m o n i u m s tabi l ized latex, the s u l f o n i u m s tab i l ized latex de-

+ 
^ ^ S - ( R ) 2 

Figure 6. Schematic of an (R)3S+ stabilized latex 
Latex characteristics: 

Composition 60 butyl acrylatel40 styrene 
Emulsifier concentration 0.04 meq I gram polymer 
? article size 1100 A 
Solids 10% 
pH 7.6 
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122 ELECTRODEPOSITION OF COATINGS 

posi ted a film w i t h better t h r o w i n g p o w e r (as i n d i c a t e d b y the slope of 
the curves) ( 3 2 ) , lower res idual current , a n d better appearance. I n 
a d d i t i o n , less heat was generated i n the b a t h t h a n w i t h the quaternary 
a m m o n i u m latex. T h e film was smooth a n d u n i f o r m w i t h a thickness i n 
the 1.0 m i l range. T h e comparat ive results are s h o w n i n F i g u r e 7 a n d 
T a b l e I I I . 

SECONDS 
Figure 7. Current-time curves for sulfonium and quaternary ammonium 

latexes 

Table III. Electrodeposition Performance for — S + ( R ) 2 and 
— N + ( R ) 3 Latexes 

C o a t i n g weight 
C o a t i n g thickness 
C o a t i n g appearance 
C u r r e n t efficiency 
R e s i d u a l current 

- S ( R ) 2 

1.6 mg/sq c m 
0.8 m i l 
smooth, u n i f o r m 
44 m g / c 
0.09 ma/sq cm 

— N ( R ) , 

7.3 mg/sq c m 
4.0 mi l s 
rough, b u b b l y 
42 mg/c 
0.82 ma/sq c m 

Discussion 

Before discuss ing the quaternary a m m o n i u m vs. s u l f o n i u m latexes, 

some comments s h o u l d be m a d e about the u t i l i t y of the — N + — H systems. 
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8. WESSLING E T A L . Cathodic Electrodeposition 123 

A t first glance they are attractive systems since b o t h solutions a n d latex 
deposit good films w i t h good electrodeposit ion performance . Some of 
these systems are b e i n g field evaluated a l t h o u g h no c o m m e r c i a l use has 
been adopted . T h e reason p r o b a b l y lies i n the lack of a clear advantage 
over the anodic systems. T h e data of W i s m e r a n d Bosso (33) indicate 
that the postulated inherent ca thodic advantages of no ox idat ion of the 
substrate (no meta l ions i n the film) a n d no ox idat ion of the film are 
v a l i d . H o w e v e r , these advantages m a y be o u t w e i g h e d b y the fact that 
these systems must operate at an a c i d p H w h e r e corrosion of the e q u i p 
ment a n d poss ibly the meta l b e i n g coated w o u l d be a p r o b l e m . I n a d d i 
t ion , the performance of these systems, l ike the performance of anodic 
carboxylate ( C O O " ) systems, w o u l d be very p H sensitive. 

T h e b i g advantage of the quaternary a m m o n i u m a n d s u l f o n i u m sys

tems over the — N + — H systems is less sensit ivity to p H . T h e quaternary 

salts, b e i n g strong electrolytes, can be used above p H 7. T h e i r h i g h 
degree of ion iza t ion results i n the cat ion concentrat ion b e i n g more con
stant d u r i n g p H changes i n the bath . T h i s s h o u l d be reflected i n more 
stable e lectrodeposi t ion performance . These advantages, w h e n a d d e d to 
the inherent ca thodic process advantages, make the quaternary systems 
w o r t h invest igat ing. Yet , of the quaternary a m m o n i u m a n d s u l f o n i u m 
systems invest igated, only the s u l f o n i u m latex p e r f o r m e d w e l l enough 
to compete w i t h the c o m m e r c i a l anodic systems. 

A s ment ioned, one possible reason for the poor behavior of the q u a 
ternary a m m o n i u m system is that the s imple a c i d - b a s e charge destruct ion 

mechanism of the — + N — H a n d anodic systems is no longer avai lable . I n 

the a n o d i c systems, protons are p r o d u c e d b y the electrolysis of water , 
w h i c h reacts w i t h the i n c o m i n g carboxylate s tab i l ized resin to f o r m a 
water insoluble product . 

S ince h y d r o x y l ions are generated at the cathode, a s imi lar mechanism 

c o u l d be envis ioned for the — + N — H systems, where 

Ο 
II 
C — Ο - + H + - * 

II 
C — O H 

Water soluble Water insoluble 

N + — Η + - O H - * Ν + H 2 0 
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the charge is destroyed b y the a c i d - b a s e react ion above. T h i s m e c h a n i s m 
is avai lab le to b o t h amine polyelectrolytes a n d amine-s tabi l ized emulsions. 
T h e quaternary a m m o n i u m systems, o n the other h a n d , are not desta
b i l i z e d b y p H changes. Therefore , a different m e c h a n i s m is r e q u i r e d to 
get deposi t ion of a non-conduct ive p o l y m e r out of a quaternary a m m o 
n i u m s tab i l ized system. 

O u r results show that quaternary a m m o n i u m polyelectrolytes deposit 
conduct ive , water swol len gels. T h i s correlates w i t h their per formance 
as e lectroconduct ive resins (16), w h i c h is based o n the retention of the 
R 4 N + group i n the d r y p o l y m e r . I n our studies, the fact that res idua l 
quaternary a m m o n i u m groups r e m a i n i n the coat ing was conf i rmed b y 
mass spectral analysis. 

S ince the water-soluble quaternary a m m o n i u m polyelectrolytes are 
l y o p h i l i c col lo ids , they can be i r revers ib ly coagulated o n l y b y destroying 
the charged groups. A p p a r e n t l y this does not occur i n the electrodeposi
t ion process of quaternary a m m o n i u m , so the polyelectrolyte is i n effect 
o n l y concentrated at the electrode under the influence of the a p p l i e d 
electric field. It is u n l i k e l y that any t h r o w i n g p o w e r c o u l d be achieved 
w i t h such a system. 

T h e quaternary a m m o n i u m s tab i l ized latex, however , is a l y o p h o b i c 
c o l l o i d . Therefore , the mechanisms of concentrat ion coagulat ion a n d elec
trolyte coagulat ion are avai lable to destabi l ize the system. U n d e r the 
condit ions used i n our experiments, electrolyte coagulat ion seems the less 
l i k e l y of the t w o . H y d r o x i d e ions are generated at the electrode surface 
but p r o b a b l y not i n sufficient quant i ty to flocculate the latex particles at 
the interface. 

C o n c e n t r a t i o n coagulat ion is the better poss ib i l i ty . B o t h the sulfo
n i u m a n d quaternary a m m o n i u m can b e i r revers ib ly coagulated s i m p l y 
b y d r y i n g . A cast layer of latex q u i c k l y coalesces into a continuous, water-
inso luble film as the water is removed. T h e forces b r i n g i n g about coales
cence at the electrode surface are of course qui te different, b u t the same 
general p r i n c i p l e applies . If the latex part icles are brought close enough 
together, the dispers ion forces cause irreversible coalescence, b u t to do 
this, the electrostatic repuls ion be tween the charged particles must be 
overcome. I n e lectrodeposit ion, this is done b y the process of electro-
endo-osmosis. 

T h e above quaternary a m m o n i u m latex system, even t h o u g h it does 
have some t h r o w i n g p o w e r because of destabi l izat ion, deposits a re la
t i v e l y th ick coat ing w h i c h is r o u g h a n d b u b b l y i n appearance. I n the 
current study, 7.3 m g / s q c m of p o l y m e r w e r e deposi ted. T h i s coat ing 
was 4.0 mi ls th ick . A d d i t i o n a l data s h o w i n g that quaternary a m m o n i u m 
systems deposit th ick coatings comes f r o m the s tudy of M c C o y (31) 
m e n t i o n e d earlier. U s i n g N - d o d e c y l b e n z y l - ^ I V - d i e t h y l - i V - e t h a n o l ammo
n i u m ch lor ide as the emulsif ier , he reports the f o l l o w i n g : 
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8. WESSLING E T A L . Cathodic Electrodeposition 125 

Electrodeposition Asphalt Deposited, Asphalt Deposited, 
pH Time, minutes mg/sq in./min mg/sq in. {mg/sq cm) 

5.4 
5.0 
4.5 
3.0 

1.0 82 
2.0 70 
5.0 48 
3.0 67 

82 (11.2) 
140 (19.2) 
240 (32.8) 
201 (27.5) 

These weights are considerably h igher per square i n c h than those f o u n d 
i n this s tudy. I n s t i l l another example, he reports that an emuls ion sta
b i l i z e d w i t h octadecenyl m e t h y l d i - 2 - h y d r o x y e t h y l a m m o n i u m ch lor ide 
deposi ted 2,660 m g / s q i n c h after 30 minutes . A p p a r e n t l y the quaternary 
a m m o n i u m latex systems re ta in enough charge i n the depos i t ing film 
l o n g enough to a l l o w the film to b u i l d u p to re lat ively th ick coatings 
w h i c h w o u l d be unacceptable for most e lectrodeposi t ion appl icat ions . 

E v e n i f these th ick coatings were acceptable, i t is d o u b t f u l that these 
films w o u l d have the desired water a n d corrosion resistance. T h e res idual 
quaternary a m m o n i u m groups w o u l d a l l o w water to permeate the coat ing 
even faster than res idual c a r b o x y l or amine groups o w i n g to their h i g h 
ionic character. Since they are re la t ive ly stable, thermal decompos i t ion 
of the res idual quaternary a m m o n i u m groups w o u l d be diff icult . 

A s s h o w n i n F i g u r e 3 a n d T a b l e I I I , the s u l f o n i u m latex gave an 
excellent coat ing w i t h good electrodeposi t ion performance . T h e differ
ence i n performance between the s u l f o n i u m a n d quaternary a m m o n i u m 
latexes c o u l d be a t t r ibuted to the higher c h e m i c a l react iv i ty of the sulfo
n i u m group w h i c h causes more r a p i d emulsif ier group destabi l izat ion 
result ing i n more r a p i d coagulat ion of the latex. 

Several mechanisms for charge destruct ion for quaternary type sys
tems c o u l d be i n v o l v e d d u r i n g electrodeposit ion. M o s t favor the s u l f o n i u m 
g r o u p s react ing at a h igher rate. Investigations into these mechanisms 
are c o n t i n u i n g a n d w i l l be reported i n subsequent papers. I n i t i a l results 
indicate that several mechanisms m a y be operat ing either concurrent ly 
or independent ly i n sequence d u r i n g the very short t ime i t takes to deposit 
a coat ing. 

Conclusions 

A n e w a p p r o a c h to electrocoat ing has been f o u n d w h i c h involves 
cat ionic e lectrodeposit ion of an organic coat ing over a w i d e p H range. 
T h i s a p p r o a c h involves the use of a s u l f o n i u m system w h i c h , under equa l 
condit ions , outperforms the quaternary a m m o n i u m systems reported pre
viously . A different e lectrodeposit ion m e c h a n i s m is p r o b a b l y i n v o l v e d 

f r o m that suggested for the anodic systems a n d the — N + — H cathodic 

systems. 
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126 E L E C T R O D E P O S I T I O N O F COATINGS 

T h e ca thodic s u l f o n i u m system has m a n y advantages over the c o m 
m e r c i a l anodic systems: 

( a ) It is a latex system w h i c h a l lows wel l - charac ter ized c o l l o i d a l 
properties a n d p o l y m e r composi t ion . F i n n a n d M e l l (34) s h o w e d that 
the e lectr ica l current efficiency for latex systems is potent ia l ly s ignif icantly 
higher than water -soluble systems. 

( b ) It has w i d e p H range o p e r a b i l i t y — g o o d electrodeposi t ion per
formance has been obta ined f r o m p H 2-10. I n general , e lectr ica l effi
c iency increases w i t h increas ing p H . 

( c ) S u l f o n i u m groups are easily thermal ly decomposed ( 9 0 ° - 1 2 5 ° C ) 
to g ive h y d r o p h o b i c products , l eaving n o ionic groups i n the film (19, 
21, 22). 

(à) I n the s u l f o n i u m latex system, fewer s u l f o n i u m groups per un i t 
p o l y m e r mass are needed for electrodeposi t ion than the n u m b e r of anionic 
groups used i n the anodic system. 

( e ) N o m e t a l ions are f o r m e d at the cathode to discolor the film or 
increase the corrosion rate of the m e t a l substrate. T h e latter effect has 
recent ly been demonstrated b y M a y (14) i n anodic electrodeposit ions. 

( f ) N o ox idat ion of the film occurs since h y d r o g e n is p r o d u c e d at 
the cathode. 

( h ) E a r l y indicat ions are that the s u l f o n i u m systems r u n cooler than 
the anodic system. 

( i ) T h i s cat ionic e lectrodeposi t ion process is a p p l i c a b l e to a var ie ty 
of p o l y m e r composit ions. 
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Electrodeposition of Carboxyl 
Containing Copolymers 

Basic Studies, Phase Growth, Counterion Fixation 

A. E. RHEINECKa and A. M. U S M A N I 

Polymers and Coatings Department, North Dakota State University, 
Fargo, N. D. 

Two copolymers containing the potassium salts of acrylic 
or methacrylic acid were used in vehicles for electrodeposi
tion at a constant voltage (125 volts). Zinc, steel, and tin 
were used as anodes. Up to 88.8% of the total charge trans
ferred was used for anodic dissolution with the acrylic 
vehicle while 72.8% was used in anodic dissolution with 
the methacrylic vehicle. Electrodeposits contained only 0.48 
to 0.77 wt % potassium; thus, counterion fixation was slight. 
NMR results indicate that electrodeposition has only a minor 
effect on tacticity and microstructure of the copolymers. 
Infrared results confirm that decarboxylation occurs espe
cially at the higher voltages, but molecular weight deter
minations indicate that macroradical recombination is not 
extensive. 

" D e c e n t l y the electrodeposi t ion of organic coat ing composit ions has 
s h o w n good potent ia l , a n d the c o m m e r c i a l exploi ta t ion as a m e t h o d 

of coat ing a p p l i c a t i o n is n o w a real i ty . It has a n d w i l l cont inue to make 
a firm impact i n coat ing a p p l i c a t i o n operations such as the p r i m i n g of 
automobi le bodies , the coat ing of a l u m i n u m extrusions, a n d home a p p l i 
ance parts a n d re lated objects. 

H i s t o r i c a l l y , Crosse a n d B l a c k w e l l , L t d . (1,2), d e v e l o p e d a n d s h o w e d 
the possible potent ia l of the appl icat ions of "oleoresinous lacquers" b y a n 
electr ic current . T o d a y , c o m m e r c i a l systems use various types of water 
soluble or water dispers ible p o l y m e r i c composit ions. These are general ly 

a Deceased, August 10, 1971. 
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9. R H E i N E C K AND u s M A N i Carboxyl Containing Copolymers 131 

c a r b o x y l bear ing p o l y m e r i c composit ions inherent ly inso luble i n water 
b u t capable of c o m b i n i n g w i t h organic or inorganic bases. T h e c h e m i c a l 
composit ions a n d propert ies of such systems are descr ibed b y G i l c h r i s t 
( 3 ) , H a g e n (4), a n d S u l l i v a n ( 5 ) . W h e n a n electr ica l potent ia l is i m 
pressed across their aqueous systems, a depos i t ion o n the anode w i l l occur . 

I n a d d i t i o n to a s o l u b i l i z e d or dispersed resin system, an electro
depos i t ion ba th m a y conta in dispersed pigments , ion izab le a n d other 
compounds as descr ibed b y G l o y e r et al. (6). T h u s , ions a n d surface-
charged particles i n the broadest sense are i n v o l v e d . A successful con
t inuous electrodeposit ion operat ion requires that a l l the components 
m a i n t a i n a mater ia l balance. H o w e v e r , d u r i n g electrodeposit ion the b a t h 
composi t ion tends to change unevenly , a n d uneven changes m a y be 
cr i t i ca l . If the sh ie lded areas on objects to be electrocoated are not 
p r o p e r l y coated, the coatings lack t h r o w i n g power . M e t h o d s to deter
m i n e a n d overcome these problems have been discussed b y B r e w e r a n d 
co-workers (7—10) i n their descript ions of the F o r d M o t o r Co. 's electro-
coat ing process. I n a s imi lar v e i n , an I ta l ian process is descr ibed b y 
B o n o a n d P a g a n i ( I I ) . 

T h e anodic electrode reactions have been s tudied b y L e B r a s (12), 
H a g e n et al. ( 1 3 ) , a n d M a y a n d S m i t h (14). I n a previous report ( 1 5 ) , 
f r o m our laboratory, electrode reactions o c c u r r i n g d u r i n g electrodeposi
t ion i n the case of a male ic adduct of a p o l y m e r i c polyol -o le ic a c i d ester 
neutra l ized w i t h potass ium h y d r o x i d e were descr ibed. T h e impor tant 
ro le of meta l l i c cations generated f r o m the anode was e luc idated a n d 
the extent of cation—polyion interact ion was discussed. 

F r e s h electrodeposited coatings are c u r e d b y b a k i n g or m a y be cured 
b y i n d u c t i o n heat ing. Recent ly , t w o patents (16, 17) have been granted 
to the F o r d M o t o r C o . These cover the c u r i n g b y r a d i o c h e m i c a l methods 
a n d electrodeposited coat ing methods. T h i s c u r i n g process merges elec
trodeposi t ion a n d h i g h energy c u r i n g . There is no d o u b t that this merger 
of processes represents a technologica l advance. 

T h e objective of this paper is to elucidate the m e c h a n i s m of electro
deposi t ion at constant voltage w h e n c a r b o x y l conta in ing acry l i c copoly
mers are used as electrodeposit ion resins. M e t h o d s i n c l u d e determinat ion 
of the mass of the electrodeposit as a f u n c t i o n of t ime a n d charge trans
ferred, determinat ion of current variat ions w i t h t ime, analysis of meta l 
content of electrodeposits, a n d invest igat ion of film structure b y molecular 
we ight determinat ion a n d i n f r a r e d a n d N M R spectroscopy. T h e metals 
a n a l y z e d i n c l u d e cations f o r m e d b y anodic dissolut ion a n d potass ium 
ions w h i c h are present as counterions i n the electrodeposi t ion bath . Since 
the retention of counterions i n the electrodeposit m a y inf luence water 
a n d salt spray resistance of the film, potass ium content is of par t i cu lar 
interest. 
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Experimental 

Electrodeposition. T w o acry l i c copolymers were used for the s tudy; 
the composit ions are i n d i c a t e d i n T a b l e I. T h e c o p o l y m e r i z a t i o n was 
c o n d u c t e d at 125 =b 2 ° C w i t h 2-butoxyethanol as the solvent. T h e cata
lyst was a 4 % d i - i e r i - b u t y l peroxide solut ion based o n total m o n o m e r i n 
b o t h reactions. T h e final non-volat i le content of b o t h resin solutions was 
70 .0%. T h e a c i d values based on solids were 76.0 for copolymer A a n d 
75.0 for c o p o l y m e r M (as m g K O H / g r a m so l ids ) . 

Table I. Monomer Mole Composition of Electrodeposition Resins 

Monomers Copolymer A, Copolymer M, 
Moles Moles 

M e t h y l methacrylate 1.5 1.5 
n - R u t y l acrylate 4.0 4.0 
A c r y l i c ac id 1.0 — 
M e t h a c r y l i c ac id — 1.0 

B o t h resins were neutra l ized to the extent of 9 3 % w i t h potassium 
h y d r o x i d e a n d their solids adjusted to 7 .0% w i t h d e i o n i z e d water . T h e 
electrodeposi t ion vehic le obta ined f r o m copolymer A w i l l be henceforth 
referred to as E D V - A a n d that f r o m copolymer M as E D V - M . T h e p H 
of b o t h solutions was 8.3. 

A l l deposit ions were r u n b y the constant voltage technique. T h e 
voltage was a p p l i e d p r i o r to immers ion of the anode into the electro
deposi t ion ce l l . T h e anodes s tudied were t i n , z inc , a n d c o l d r o l l e d steel. 
A l l electrodes w e r e 7.5 c m w i d e a n d immersed 7.5 l inear c m . T h e total 
area of the i m m e r s e d surface was 112.5 c m 2 per electrode. T h e deposi t ion 
voltage was m a i n t a i n e d at 125 volts, unless otherwise ind ica ted , a n d the 
electrode residence t ime i n the cells was v a r i e d f r o m 15 to 90 seconds. 

It was felt that the yie lds of the deposit per electrode o n 112.5 c m 2 

w e r e too s m a l l for the ana ly t i ca l w o r k . Therefore i n each r u n , a dupl i ca te 
was also prepared , a n d the deposi ted films c o m b i n e d . I n other words , 
the tota l deposi t ion surface was 2 X 112.5 = 225 c m 2 for the results to 
be descr ibed. 

A l l panels after e lectrodeposit ion were w a s h e d a n d d r i e d i n a vac
u u m oven at 110 ± 2 ° C . T h e quant i ty of e lectr ic i ty i n microfarads , /xF, 
was de termined f r o m the c o u l o m b i c curves. F o r t w o s imilar runs, they 
w e r e a d d e d to get the total μ¥. L i k e w i s e , the weights of t w o s imi lar 
deposits were de termined a n d c o m b i n e d to get the total weight . 

Recovery and Analysis of Electrodeposits. T h e electrodes w i t h the 
deposi ted films after a v a c u u m d r y i n g were exhaustively extracted w i t h 
m e t h y l e thy l ketone i n a Soxhlet extractor. T h e extract ion was c o n t i n u e d 
u n t i l no organic mater ia l remained o n the electrodes. T h i s was checked 
b y record ing a surface spec t rum of the electrode i n the in f rared region 
(18). M e t h y l e t h y l ketone was evaporated f r o m the s o l u b i l i z e d p o l y m e r 
films. T h e solids were then ashed at about 6 0 0 ° C i n a muffle furnace for 
six hours. A smal l por t ion of perch lor i c a c i d was used to assist the r e m o v a l 
of the organic matter. A s controls, polymers A a n d M per se, d i d not 
leave any residue w h e n s i m i l a r l y ashed. T h e inorganic residue f r o m 
ashed electrodeposited films was dissolved i n d i lu te n i t r i c a c i d . 
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M e t a l contents of the ashed solutions, thus prepared , were deter
m i n e d b y atomic absorpt ion spectroscopy (19). F o r a tomic absorpt ion 
analysis, the l i q u i d solut ion sample was a t o m i z e d i n a flame. M e t a l l i c 
ions present were r e d u c e d to neutra l atoms. A n O s r a m l a m p was used 
to obta in potass ium spectrum w h i l e h o l l o w cathode lamps of i r o n a n d 
z i n c were used to obta in the spectra of i r o n a n d z inc , respect ively (19). 
C a l i b r a t i o n curves were p r e p a r e d for a l l the metals w i t h ana ly t i ca l grade 
inorganic salts. T h e wavelengths used for potass ium, z inc , a n d i r o n were 
4665, 2139, a n d 2483 A , respect ively. 

A P e r k i n - E l m e r m o d e l 421 spectrophotometer was used to record the 
i n f r a r e d spectra of electrodeposits. These spectra were a n a l y z e d to f o l 
l o w the change i n c a r b o n y l content w i t h depos i t ion voltage. T h e s tandard 
base l ine technique c o u p l e d w i t h ra t ion ing the peak-areas was used. T h e 
m e t h o d is descr ibed b y Rhe ineck et al. (15, 18). T h e c a r b o n y l content 
Yco is expressed as f o l l o w s : 

Y _ A r e a of c a r b o n y l peak 
c o A r e a of h y d r o c a r b o n peak 

N M R spectra were obta ined o n a V a r i a n A 6 0 A h i g h resolut ion spec
trometer. T h e p o l y m e r concentrat ion was 2 0 % i n deuterated ch loroform. 
Tetramethyls i lane was used as an in terna l s tandard, a n d spectra were 
recorded at ambient temperature. 

N u m b e r average molecular weights , Mn, were de termined w i t h a 
M e c h r o l a b vapor phase osmometer. B e n z i l , recrysta l l ized three t imes 
f r o m methanol was used to obta in the ca l ibra t ion curve. 

Results and Discussion 

Mass of Electrodeposit. E lec t rodepos i t ion involves phase extension 
( i n c l u d i n g phase d i sso lu t ion) . C o h n (20) s tudied the tarn ish ing of si lver 
m e t a l b y halogens a n d b y a p p l y i n g the disorder theory obta ined t w o 
t i m e dependencies . M a t h e m a t i c a l l y , this m a y b e represented as f o l l o w s : 

am + m2 = p*t (1) 

where: a is constant 

T h e above concept can be used i n e lectrodeposi t ion w h i c h is essentially 
a phase g r o w t h process. T w o l i m i t i n g cases are possible : 

m is mass of phase g r o w t h 

ρ is propor t iona l i ty constant 

t is t ime of react ion 

Case 1: w h e n t is smal l ; m 2 < < am. T h u s , E q u a t i o n 1 reduces to : 

m = ? · t (2) 
a 

Case 2: w h e n t is large; m 2 > > am. T h e n , E q u a t i o n 1 becomes: 

m = ( ρ · 0 1 / 2 (3) 
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I n F igures 1 a n d 2, mass depos i ted vs. t ime a n d square root of t ime are 
p lo t ted for z i n c anode a n d E D V - A a n d È D V - M respect ively. B o t h the 
above l i m i t i n g cases ( E q u a t i o n s 2 a n d 3 ) are satisfied. O l s o n (21) has 
suggested a n u n i m p e d e d phase g r o w t h d u r i n g early stages of deposi t ion . 
D u r i n g a d v a n c e d deposi t ion stages di f fus ion t h r o u g h the g r o w i n g phase 
becomes important . It is also to be noted f r o m these graphs that the 
square root t ime dependency is v a l i d u p to 45 sec of depos i t ion ; the 
intercept changes, a n d then the re lat ionship holds again . T h i s inval idates 
the conceptua l constancy of p. H o w e v e r , our results suggest that ρ m i g h t 
have t w o values, X a n d Y , w h i c h are t i m e a n d process dependent . I n the 
case of a c o l d r o l l e d steel anode, the above descr ibed dependencies w e r e 
not obeyed for b o t h e lectrodeposi t ion vehicles . 

D E P O S I T I O N T I M E , S e c . 

15 30 45 6 0 75 9 0 

ι 1 1 1 1 r 

Figure 1. Deposit mass vs. time and square root of time for 
zinc anode and EDV-A 

F i n n a n d H a n s i p (22) have s h o w n mathemat ica l ly that the rec iproca l 
of square of current s h o u l d give a l inear curve w h e n p lo t ted against 
depos i t ion t ime. T h i s re lat ionship is o n l y v a l i d i f the specific resistance 
of the deposit remains constant d u r i n g the entire depos i t ion p e r i o d . F i g 
ures 3 a n d 4 are plots of r e c i p r o c a l of the square of current , 1/c2 vs. depo
s i t ion t ime, t, at a depos i t ion voltage of 125 volts for z i n c a n d c o l d r o l l e d 
steel electrodes respect ively. T h e above re lat ionship is f o l l o w e d reason-
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D E P O S I T I O N T I M E , s e c . 

15 30 45 60 

B 0.6 

a 

< 0 . 4 
2 

' K E Y 

/ —(y-— e - M a s s v s . Time 1 1* s e c . 1 ^ 

Q Q M a s s v s . D e p o s i t i o n T i m e 

4 6 

T I M E , s e c . » / z 

Figure 2. Deposit mass vs. time and square root of time for zinc 
anode and EDV-M 

a b l y w e l l i n the case of c o l d r o l l e d steel a n d therefore, the specific resist
ance of the deposit appears to r e m a i n constant throughout the depos i t ion 
p e r i o d . T h i s suggests that the film does not necessarily become c o m 
pac ted because of electroosmosis. H o w e v e r , for the z i n c electrode, a 
departure f r o m l inear i ty is observed. T h i s suggests that the film compacts 
d u r i n g deposi t ion b y electroosmosis. 

T h e dependence of depos i t ion mass o n charge transferred has been 
prev ious ly discussed i n deta i l b y us ( 1 5 ) . T h e overa l l react ion i n elec
t rodeposi t ion involves e lectrochemical reactions i n conjunct ion w i t h het-
erogeneously ca ta lyzed reactions. T h e rate laws a p p l i c a b l e i n electro
depos i t ion were also discussed. F o r the tota l e lectrodeposi t ion process, 
the f o l l o w i n g equations were presented: 

m = k · [lF (4) 

a n d its di f ferent ia l f o r m : 

dm 
dUF 

= k (5) 

If a p lo t of m, the mass of p o l y m e r deposi ted vs. charge transferred i n 
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microfarads is a straight l ine , then E q u a t i o n s 4 a n d 5 are v a l i d for the 
deposi t ion. T h e slope, k, w i l l be the overa l l deposi t ion constant w i t h 
units g/xF"1. T h e p lo t of mass deposi ted, m, vs. charge transferred i n μΡ 
for E D V - A a n d E D V - M were generated for a l l the three electrode m a 
terials (graphs not i n c l u d e d here; for details see Réf . 15). Straight lines 
were obta ined w i t h z i n c a n d t i n electrodes a n d rate of deposi t ion c a l c u 
lated. F o r some u n k n o w n reasons, the m vs. μ¥ p lo t for c o l d r o l l e d steel 
d i d give some scattering, a n d hence the rate constant, &CRS * s n o t reported. 
Rate constants, kZn a n d fcSn for E D V - A were 8.0 Χ 10" 4 a n d 7.42 χ 10" 4 

g/xF"1 respect ively. T h e same rate constants w e r e obta ined for E D V - M — 
viz., fczn equals 8.0 χ 10" 4 a n d kSn equals 7.42.Χ 10" 4 g/JF"1. 

0 15 30 45 60 75 90 

D E P O S I T I O N T I M E , S e c . 

Figure 3. 1 /c 2 vs. deposition time for zinc anode 
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I ι ι I ι ι U 
0 15 30 45 6 0 75 9 0 

D E P O S I T I O N T I M E , S e c . 

Figure 4. 1 /c2 vs. deposition time for cold rolled steel anode 

Cation-Polyion Interaction. C h a r g e transfer i n electrodeposi t ion 
m a y involve anodic dissolut ion, ox idat ion of p o l y m e r i c poly ions , a n d redox 
reac t ion(s ) w h i c h m a y i n v o l v e other anions present i n the ce l l . A part 
of the charge i n v o l v e d i n electrodeposit ion ce l l m a y be n o n - F a r a d i c such 
as a charg ing of the d o u b l e layer . A plot of z inc content i n the p o l y m e r 
deposit vs. charge transferred gives a l inear re lat ionship as s h o w n i n 
F i g u r e 5. T h e slope of the lines for E D V - A a n d E D V - M are 29.0 a n d 
23.8 gra ms /Fa ra day respect ively. T h e slope of F i g u r e 5 is a measure of 
charge used for the dissolut ion of the anode. T h e percent of charge 
transfer used for the anodic dissolut ion of z inc can be ca lcula ted f r o m 
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400 600 800 

C H A R G E T R A N S F E R R E D , yiF 

Figure 5. Anodic dissolution of zinc. Deposition time in 
seconds inscribed. 

the slope a n d the equivalent w e i g h t of z inc . It is 88 .8% a n d 72 .8% for 
E D V - A a n d E D V - M respect ively. T h i s difference can be expla ined o n 
the basis of more stable macroradicals f o r m e d b y the ox idat ion of poly ions 
a n d f o l l o w e d b y more decarboxyla t ion i n E D V - M t h a n E D V - A . 

T h e plots i n F i g u r e 5 s h o u l d theoret ica l ly pass t h r o u g h the o r i g i n . 
T h e r e seems to be a delay of 90 a n d 200 μ¥ for the generat ion of Z n 2 + i n 
E D V - A a n d E D V - M respectively. It cannot be expla ined o n the basis 
of easily ox id izab le contaminants i n the c e l l since none were present. 
N e i t h e r can the delay be at t r ibuted to n o n - F a r a d i c charge since a straight 
l ine was generated i n the rate plot . D u r i n g this de lay p e r i o d , the current 
densi ty is at a n a l l t ime h i g h , a n d the ox idat ion of the i o n : 

- C i 

Ο 

0 

(where R is p o l y i o n moiety) 

does occur. A larger de lay i n E D V - M is caused b y the favored stabi l i ty 
of the m a c r o r a d i c a l d e r i v e d therefrom. T h i s does substantiate the ex
p l a n a t i o n offered earl ier i n connect ion w i t h the difference i n the slope. 
T h u s , E D V - M is more susceptible to anodic ox idat ion than E D V - A . T h i s 
w o u l d seem reasonable f r o m structural considerations since a 3 ° macro-
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r a d i c a l ( p r o d u c e d f r o m E D V - M ) w o u l d be more stable than a 2 ° mac
r o r a d i c a l ( p r o d u c e d f r o m E D V - A ) . T h e macroradicals p r o d u c e d as a 
result of ox idat ion a n d decarboxyla t ion of E D V under considerat ion does 
disproport ionate to produce decarboxylated p o l y m e r deposits as ev idenced 
b y molecular w e i g h t studies later discussed. 

F i g u r e 6 shows the i r o n content of the p o l y m e r deposit vs. charge 
transferred for E D V - A . A straight l ine was obta ined, but departure f r o m 
l inear i ty occurred at h i g h depos i t ion times. T h e slope of the straight l ine 
for this p lot is 1.27 g F " 1 a n d a de lay of approximate ly 50 μ¥. F r o m the 
slope of the l ine a n d the equiva lent w e i g h t of i ron , the percent charge 
used u p towards dissolut ion of i r o n to p r o d u c e cations was ca lculated. 
T h i s percent was f o u n d to be 6.38. W h e n the deposi t ion t ime is h i g h , 
the overa l l current density is l o w . T h i s results i n more anodic dissolut ion 
of i r o n (13, 15 ) . 

0 200 400 600 800 1000 1200 1400 1600 

C H A R G E T R A N S F E R R E D , u F 

Figure 6. Anodic dissolution of cold rolled steel in EDV-A. Deposition 
time in seconds inscribed. 

T h e percent react ion ar i s ing f r o m Z n 2 + - p o l y i o n interact ion was ca l 
cu la ted (15) f r o m stoichiometry a n d was i n the range of 3 9 - 4 0 % for six 
deposits of E D V - A . T h e s t r ik ing fact is that percent interact ion is more 
or less independent of deposi t ion t ime or the current density. F o r E D V - M , 
the percent interact ion was lower , namely , i n the range of 23.0 to 27 .0% 
( increas ing w i t h t ime of d e p o s i t i o n ) . T a b l e I I summarizes percent inter
act ion for c o l d r o l l e d steel anode w i t h E D V - A . T h e percent interact ion 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
9

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



140 E L E C T R O D E P O S I T I O N O F COATINGS 

remains constant u p to the straight- l ine p o r t i o n of F i g u r e 6, a n d then i t 
s u d d e n l y increases as expected. 

Table II. Extent of Cation—Polyion Interaction as a Function of 
Deposition Time for Cold Rolled Steel Anode 

Deposition Time, sec % Reaction caused by Cation-Polyion Interaction 

15 3.19 
30 3.20 
45 3.35 
60 3.27 
75 4.75 
90 7.50 

Counterion Fixation in Electrodeposited Polymer. T h e r e are sketchy 
reports i n the l i terature about smal l amounts of the counter ion re ta ined 
i n the deposi ted p o l y m e r . T a w n a n d B e r r y (23) have reported t r i e thy l -
amine content i n depos i ted films at various stages d u r i n g deposi t ion. T h e y 
have s h o w n that percent t r ie thylamine re ta ined i n the deposi ted films 
falls off dramat i ca l ly w i t h the passage of the current . I n their s tudy, the 
constant current technique was used, a n d the current densi ty was qui te 
l o w . Present ly used U . S . e lectrodeposi t ion processes e m p l o y h i g h vol t 
ages. T h e b o u n d counterions are forced out of the coagulated res in b y 
electroosmosis (24). 

0 200 400 600 800 1000 1200 1400 1600 1800 

CHARGE TRANSFERRED, \χΤ 

Figure 7. Counterion fixation in electrodeposits on cold rolled steel anode. 
Deposition time in seconds inscribed. 
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9. R H E i N E C K AND u s M A N i Carboxyl Containing Copolymers 141 

I n v i e w of this, a quant i ta t ive s tudy of the counter ion fixation i n the 
deposi ted polymers was i n order. I n F i g u r e 7, the p lo t of potass ium 
counterions reta ined i n the deposit vs. charge transferred is s h o w n . T h e 
retent ion of counterions increases w i t h increase i n the depos i t ion t ime . 
T h u s , a lower average current density appears to be c o n d u c i v e to the 
retent ion of counterions i n the deposit . 

Percent potass ium counter ion fixation i n electrodeposits is def ined 
a n d expressed as f o l l o w s : 

ο-/ jr η 4.. g r a m Κ i n the deposit 
% Κ fixation = * . n 3—^-r-- X 100 

(total) g r a m deposit 

T h e percent of potass ium conta ined or ig ina l ly i n E D V - A can be c o m p u t e d 
f r o m the a c i d value of p o l y m e r A (76.0 m g K O H / g r a m p o l y m e r ) a n d 
the extent of neutra l iza t ion ( 9 3 % ). It was ca lcula ted that E D V - A o n a 
solids basis, contains 4 . 6 5 % of potass ium. T h e percent Κ fixation def ined 
as above is k n o w n for deposits of E D V - A . T h u s , the percent absolute 
potass ium retention, based o n electrodeposi t ion vehic le , can be ca lcula ted 
as f o l l o w s : 

% absolute Κ retent ion = Ration χ ιοο 
% A i n E D V - A 

Results are s u m m a r i z e d i n T a b l e I I I for such calculat ions for E D V - A . 

Table III. Percent Potassium Fixation in Deposits and Percent 
Absolute Potassium Retention for E D V - A at 125 Volts 

Deposition Time, sec % Κ Fixation Χ 102 % Absolute Κ Retention 

15 2.40 0.518 
30 2.36 0.508 
45 2.28 0.490 
60 2.22 0.480 
75 3.10 0.668 
90 3.54 0.762 

T h e r e are three possible mechanisms for the fixation of counter ions : 

(1 ) F o r m a t i o n of in t imate i o n pairs w i t h 

R — c ! 
\ ! 

Ο 

(2 ) P a r t i a l retention of loose i o n pa i r w i t h the f o l l o w i n g : 
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R C or, 

( 3 ) T r a p p i n g of counterions i n the col lapsed macromolecule chains. 
T h e l o w levels of potass ium fixation suggest that e lectroneutral i ty 

w i t h i n the deposit must be at ta ined b y some posi t ive species other than 
K + . I f a l l unreacted carboxylate anions w e r e associated w i t h potass ium 
ions as suggested b y mechanisms (1 ) a n d (2 ) above, the potass ium fixa
t ion w o u l d be h igher than that observed. T h e l o w levels of potass ium 
retent ion observed i n this s tudy w o u l d suggest that counter ion fixation 
m a y have only a m i n o r inf luence o n water a n d salt spray resistance of 
e lectrodeposi ted films. 

Electrode Reactions and Mechanism of Electrodeposition. F i n n a n d 
M e l l (25) describe the o r i g i n of charge i n various e lectrodeposit ion sys
tems a n d propose an ionic m e c h a n i s m for the deposi t ion. I n a previous 
paper (26), w e p r o v e d b y i n f r a r e d spectroscopy that a n i o n i c m e c h a n i s m 
is i n d e e d operat ive i n c a r b o x y l conta in ing systems. W e observed the 
changes i n the absorpt ion spectra be tween 1600 a n d 1525 c m " 1 . These 
m a y be caused b y the asymmetr ic s tretching of 

- C 

Ο 

Ο J 

(27). I n films of E D V s l a i d b y flow out, a strong absorpt ion was observed 
at 1560 c m " 1 whereas this absorpt ion was not present i n spectra of elec
trodeposi ted films. T h i s indicates that an ionic mechanism i n v o l v i n g 
carboxylate anions is operat ive i n e lectrodeposit ion. T h e term i o n i c 
m e c h a n i s m is used i n a b r o a d sense. H o w e v e r , this does not exc lude 
any reactions i n v o l v i n g free radicals d e r i v e d f r o m the carboxylated p o l y -
ions. T h u s , anions a n d radicals d e r i v e d therefrom are i n v o l v e d i n the 
mechanism. T o a v o i d confus ion , w e therefore, propose to name i t as 
anionic- free r a d i c a l m e c h a n i s m ( A F R M ) . 

A n impress ion of d c voltage o n E D V - A or E D V - M solutions w i l l 
result i n the m i g r a t i o n of ions. T h e carboxylated p o l y m e r anions w i l l m o v e 
a n d concentrate at or near the anode. Potass ium ions w i l l migrate to the 
cathode. W h e n the carboxyla ted p o l y m e r anions are near the anode, 
the f o l l o w i n g reactions (15) occur : 
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(1) Protonat ion of po lyanions : 

Ο 

II 
C — O H f 

+ 2 H 3 0 + ( K ^ + 2 H 2 0 

) — O H 

143 

W h e r e ^ ) is the p o l y a n i o n moie ty 

Protonat ion near the anode w i l l occur to a greater extent t h a n i n the 
b u l k as a result of the loca l p H decrease associated w i t h 

4 O H - -> 2 H 2 0 + 0 2 

Protonat ion results i n prec ip i ta t ion , a n d the p r o t o n capture p r o d u c t con
tributes substantial ly to the tota l deposit . 

( 2 ) T h e interact ion of polyanions w i t h mul t iva lent cations generated 
b y anodic dissolut ion is represented, for example, i n the case of z i n c 
anode as f o l l o w s : 

+ 

- I 2+ 
O H 2 

H 2 0 I O H 2 

H 2 0 
pry 
L ι Λ Ο Η 2 

O H 2 

Ο 
D 

O H 2 

^ 0 / , / 0 H 2 

O H , 
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(3 ) A n o d i c ox idat ion of polyanions m a y y i e l d c a r b o x y l radicals . 
These m a y undergo decarboxyla t ion to macroradica ls . T h e macroradica ls 
m a y c o m b i n e or disproport ionate to g ive the deposit . 

O H 

- C 0 2 

\ O H 

O H 

R a d i c a l F o r m a t i o n 

\ — Φ Φ 
H O O ^ N O H Ο O H 

C o u p l i n g R e a c t i o n (combination) 

ct / c < CC 
S O H H ( T N O H N 0 \ ) H 

(saturated) 

N O H 

(unsaturated) 

D i s p r o p o r t i o n a t i o n 

( d i spropor t ionat ion ; H * shift f r o m one m a c r o r a d i c a l to another macro-
r a d i c a l ). 

( 4 ) In t ramolecular reactions l e a d i n g to f o r m a t i o n of γ- lactone as 
s h o w n on p . 145, top. 

M o l e c u l a r W e i g h t Studies . It was not possible to determine n u m b e r 
average molecu lar weight , Mn, of deposits o n the z i n c anode. T h e r e was 
no p r o b l e m i n complete ly r e m o v i n g a deposi ted p o l y m e r f r o m the z i n c 
anode b y exhaustive extract ion w i t h m e t h y l e thy l ketone. W h e n the 
extracted solut ion was coo led to r o o m temperature, prec ip i ta t ion i n v a r i 
a b l y o c c u r r e d . 
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H C H 3 H C H 3 H 

H 

~ I n D i spropor t ionat ion <C C 

H y Q Η Η 
0 ^ S 0 H 

H C H 3 H C H 3 Η 

c c = c c — C y c l i 2 a t i o n , 

H . L H 
0 ^ O H 

H Ç H 3 H 

x i ά ν H 

C H 3 H 

T h e deposits o n c o l d r o l l e d steel anode were soluble i n m e t h y l e t h y l 
ketone. I n T a b l e I V , M n of the deposits are c o m p i l e d . T h u s , c o m b i n a t i o n 
of macroradicals can be exc luded i n favor of the d ispropor t ionat ion as 
ev idenced b y a fa i r constancy of Mn. 

Table IV. Number Average Molecular Weight, Mn of Electrodeposits 
on Cold Rolled Steel Anode 

No. System Deposition Time, sec M n X 10-3 

1 P o l y m e r A — 2.136 
2 E D V - A 15 2.318 
3 E D V - A 30 2.133 
4 E D V - A 45 2.561 
5 E D V - A 60 2.067 
6 E D V - A 75 2.130 
7 E D V - A 90 1.827 
8 P o l y m e r M — 1.997 
9 E D V - M 15 1.930 

10 E D V - M 30 1.930 
11 E D V - M 45 1.915 
12 E D V - M 60 2.016 
13 E D V - M 75 1.965 
14 E D V - M 90 2.000 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

00
9

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



146 E L E C T R O D E P O S I T I O N O F COATINGS 

N M R a n d I n f r a r e d Studies . Depos i ts o n c o l d r o l l e d steel a n d z i n c 
anodes were soluble a n d inso luble i n deuterated c h l o r o f o r m , respect ively. 
T h e former p o l y m e r solutions conta ined some c o m b i n e d i r o n w h i c h w i l l 
interfere w i t h the N M R signals. T h e N M R spectra of deposits o n a c o l d 
r o l l e d steel anode were not g o o d because the base l ine was shi f ted i n 
the d o w n f i e l d region. T h e m a i n purpose of this w o r k was to determine 
changes i n tac t ic i ty a n d micros t ructure caused b y deposi t ion. T h e c h e m 
i c a l shifts a n d the spectra of the p o l y m e r a n d electrodeposits d e r i v e d 
therefrom were v e r y s imi lar (28). T h u s , the tact ic i ty a n d the microstruc
ture of a p o l y m e r are not in f luenced b y electrodeposit ion. 

A l t h o u g h a depos i t ion voltage of 125 volts was used i n a l l w o r k 
descr ibed above, the voltage was v a r i e d i n one series of experiments to 
determine its effect o n the extent of decarboxylat ion . I n F i g u r e 8 the 
c a r b o n y l content, Y C o , is p lo t ted against depos i t ion voltage for b o t h 
E D V ' s . T h e data presented here are for t i n anodes a n d a deposi t ion t ime 
of 90 seconds. T h e use of i n f r a r e d spectroscopy for f o l l o w i n g decarboxyla
t i o n d u r i n g e lectrodeposi t ion is discussed at greater l ength elsewhere (15). 

A s p o i n t e d out, the f o r m a t i o n of macroradica ls is favored at h i g h 
depos i t ion voltages. These macroradicals disproport ionate , a n d the dis-
propor t ionated p o l y m e r m a y cyc l ize i f the β-carbon has a pendant car
b o x y l group. 

D E P O S I T I O N V O L T A G E , V 

Figure 8. Retotive carbonyl content, Y c o , vs. deposition voltage 
for tin anode 
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N o adsorpt ion for γ- lactone was observed i n electrodeposits of 
E D V - A a n d E D V - M , a n d hence γ-lactones are not f o r m e d . P r e v i o u s l y 
(15 ) , w e repor ted f o r m a t i o n of a β-γ unsaturated a c i d a n d subsequent 
c y c l i z a t i o n to γ- lactone i n the depos i t ion of male ic a d d u c t of a p o l y m e r i c 
po lyol -o le ic a c i d ester neut ra l ized w i t h potass ium h y d r o x i d e . 

Summary 

M a s s of the electrodeposit was l inear ly re la ted to the square root of 
t ime for the z i n c anode b u t not w i t h c o l d r o l l e d steel anode. A c u r r e n t -
t ime re la t ionship s tudy indicates that the deposi t o n z i n c anode becomes 
compacted b y electroosmosis. Deposi ts o n c o l d r o l l e d steel anode are 
less prone to compact . 

T h e rate of deposi t ion a n d the extent of anodic d issolut ion w e r e 
s tudied . I n the case of z i n c anode, 88 .8% of charge i n v o l v e d is used for 
the anodic dissolut ion w i t h E D V - A (vehic le based o n acry l i c c o p o l y m e r 
conta in ing acry l i c a c i d ) . It is 72 .8% for E D V - M (vehic le based o n 
acry l i c c o p o l y m e r conta in ing methacry l i c a c i d ) . A de lay of 90 a n d 200 
μ¥ was established b y extrapolat ion before the generat ion of Z n 2 + starts 
i n E D V - A a n d E D V - M , respect ively. I n a s imi lar v e i n , the anodic dis
solut ion of c o l d r o l l e d steel was s tudied . Percent react ion caused b y 
c a t i o n - p o l y i o n interact ion was more or less independent of depos i t ion 
t ime u p to 60 sec a n d o n the order of 3 . 2 - 3 . 3 % . F o r 75 a n d 90 sec, 
anomalous percents were o b t a i n e d — 4 . 7 5 a n d 7.5, respect ively. 

C o u n t e r i o n fixation was quant i ta t ive ly s tudied . Percent potass ium 
fixation is expressed as grams potass ium i n the deposit per g r a m of the 
deposit . F i x a t i o n was very smal l , o n the order of 1 0 " 2 % . Percent abso
lute potass ium retent ion is expressed as percent potass ium fixation d i v i d e d 
b y percent potass ium o r i g i n a l l y present i n the E D V . It was i n the range 
0 .48-0 .77%. Possible mechanisms for fixation of counterions are discussed. 
T r a p p i n g of counterions i n the co l lapsed macromolecule seems to be the 
p r i m a r y reason. 

A n i o n s a n d free radicals are i n v o l v e d i n the m e c h a n i s m of electro
deposi t ion. Therefore , e lectrodeposi t ion involves an anionic- free r a d i c a l 
mechanism, ( A F R M ) . 

In f rared spectroscopy was used to s tudy film structure as a f u n c t i o n 
of depos i t ion voltage. N M R spectroscopy was used to check i f a change 
i n tac t ic i ty or microstructure occurs w h e n the p o l y m e r i n a sui table f o r m 
is subjected to e lectrodeposit ion. N o such s tructural or stereoregulating 
changes were observed. 
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Electrochemistry of Polymer Deposition 

Z L A T A K O V A C - K A L K O 

PPG Industries, Inc., Coatings & Resins Division, Springdale, Pa. 15144 

The electrodeposition of oil-modified polyesters and epoxy 
esters was investigated at constant current density, j, and at 
constant preset applied voltage, Eapp. At constant j, the 
electrodeposition starts after an induction time, τ. Film 
thickness and electrode potential increase linearly with time, 
t, for t > τ. Coulombic efficiency and film resistivity are 
independent of t. Coulombic efficiency increases and film 
resistivity decreases with increased j. At constant Eapp, at 
the beginning of electrodeposition the electrical field is high, 
and the growth of the film follows the logarithmic time law. 
The film resistance is non-ohmic. With increased thickness 
the electrical field decreases, the growth follows the √t 
law, and resistance becomes ohmic. Coulombic efficiency is 
independent of t but increases with increased Eapp. 

Q i n c e the classical w o r k of F i n k a n d F e i n l e i b ( I ) m a n y publ ica t ions 
^ have appeared on the e lec trochemical aspects of this process (2-8). 
O u r interest was to find out h o w the electrodeposi t ion of polymers begins, 
w h a t l a w or laws determine the g r o w t h of films, a n d h o w anode potent ia l , 
c o u l o m b i c efficiency, a n d film resistance d e p e n d u p o n p l a t i n g t ime a n d 
voltage used i n c o m m e r c i a l pract ice . I n a d d i t i o n to constant vol tage 
experiments characterist ic of i n d u s t r i a l use, constant current measure
ments were also made to obta in a d d i t i o n a l in format ion . 

Experimental 

T h e e lectrodeposi t ion of o i l - m o d i f i e d polyesters a n d epoxy esters 
has been invest igated at constant a p p l i e d voltages, E a p P , a n d at constant 
current densities, /. 

Exper iments were carr ied out i n a s t i rred emuls ion at constant tem
perature. A n o d e potentials , E a , w e r e measured w i t h respect to a refer
ence electrode ( saturated c a l o m e l or P t electrode ) via a L u g g i n cap i l l a ry 
( to a v o i d the iR-vo l tage d r o p t h r o u g h p a i n t ) us ing a K e i t h l e y 660 

149 
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150 E L E C T R O D E P O S I T I O N O F COATINGS 

electrometer. Currents were measured w i t h a K e i t h l e y 600B electrometer. 
B o t h anode potent ia l a n d current were recorded o n a d u a l channe l B r u s h 
r e c o r d e d ( M a r k 280) as a f u n c t i o n of e lectrodeposi t ion t ime. A t y p i c a l 
j—t a n d Ea—t g r a p h is s h o w n for the b e g i n n i n g of e lectrodeposi t ion i n 
F i g u r e 1. T h e amount of charge flow was recorded w i t h a coulometer 
( V a r i - T e c h m o d e l V T - 1 1 7 6 B ) . 

80 

Ε 60 
< 
Ε 

40 

20 

Figure 1. Current-time and anode potential-time curves 
for oil-modified polyester systems at E^ = 450 volts 

Substrates were p r e b a k e d a n d w e i g h e d p r i o r to electrodeposit ion. 
P l a t i n g areas were either 4 or 115 c m 2 . A stainless steel cathode was 
p l a c e d p a r a l l e l to the anode. T h e thickness of deposi ted films after bak
i n g w e r e d e t e r m i n e d us ing a Permascope ( T w i n C i t y Tes t ing C o . ). A l s o 
the w e i g h t of b a k e d films was measured. 

Results and Discussion 

Beginning of Electrodeposition. E lec t rodepos i t ion can be carr ied out 
at a constant current density (/) or at a constant voltage. T h e current 
densities general ly used i n electrodeposi t ion are on the order of a f e w 
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m a / c m 2 . W h e n the current is a p p l i e d , the e lec t rochemica l react ion 
starts. W e w i l l assume that the m a i n reactions are: 

A n o d i c : 

ox idat ion of water 2 H 2 0 = 4 H + + 0 2 + 4e~ (1) 

and dissolut ion of substrate Μ = Μ η + + ne~ (2) 

C a t h o d i c : 
discharge of water 2 H 2 0 + &r = 2 0 H ~ + H 2 (3) 

T h e concentrat ion of these ions at the interface is g i v e n b y S a n d s 
e q u a t i o n : 

C - . - C . + i||/5 (4) 

where Cx=-.o is the concentrat ion at the interface, Ch is the b u l k concen
trat ion, / is the current density, t is t ime, F is Faraday 's constant, a n d D 
is the di f fus ion coefficient. T h e concentrat ion of H+ a n d meta l l i c ions at 
the anode a n d O H " ions at the cathode w i l l increase w i t h t ime a n d current 
density. T h e p r o d u c t i o n of these ions w i l l g ive rise to a concentrat ion 
gradient across a b o u n d a r y layer adjacent to the electrode. D i f f u s i o n 
processes set i n to d i m i n i s h this increase i n concentrat ion—some ions 
diffuse away. F o r anionic deposi t ion, after a certain t ime, τ, k n o w n as 
the i n d u c t i o n t ime, concentrat ion of H + ions w i l l be h i g h enough to reach 
the so lubi l i ty product , for a g iven system—i.e., 

[H+] ( R C O O - ] = Ka (5) 

A f t e r this c r i t i ca l concentrat ion is reached, the film w i l l f o r m at the 
anode. T h i s is i n d i c a t e d b y an increase i n E a w i t h t ( F i g u r e 2 ) . 

F r o m E q u a t i o n 4 it fo l lows that / y/ Τ is a constant for a g iven 
system since n, F, π, a n d D are constants. So / y/ τ is a characterist ic for 
a g iven substrate a n d p o l y m e r emuls ion (5, 6). F r o m F i g u r e 3 i t can 
be seen that / y/ τ is smaller ( 3.0 Χ 10" 3 amps see 1 7 2 c m " 2 ) on untreated 
steel than on Zn-phosphated steel (4.9 Χ 10" 3 a m p see 1 7 2 c m " 2 ) . D i s s o l u 
t ion of the substrate can account for these differences because of the 
higher charge ( F e 2 + or F e 3 + vs. H + ) w h i c h is more effective i n coagulat ion. 

F r o m Sand's equat ion i t is possible to calculate the inter fac ia l con
centration of H + ions a n d the p H at the electrode surface w i t h Zn-phos
phated steel. T h e p H at the surface was ca lcula ted to be 2.2 ( p H bath 
= 8.9). 

I n contrast to / = constant, experiments where i t takes a f e w seconds 
for the format ion of p o l y m e r film to start at a constant voltage, E a p p , an 
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electrode is complete ly covered w i t h a film w i t h i n a f rac t ion of a second. 
T h i s is caused b y the large currents flowing at the b e g i n n i n g of electro
deposi t ion. ( T h e peak currents are on the order of 10-100 m a / c m 2 de
p e n d i n g u p o n voltage a p p l i e d a n d the conduct iv i ty of the pa in t emuls ion , 
w h i c h are between 300-3000 mhos.) 

SECONDS 

Figure 2. Anode potential vs . deposition time in oil-
modified polyesters at constant current density. Zinc-

phosphated steel substrate. 

G r o w t h of F i l m . If the film is an electronic insulator, it cannot trans
port the electrons w h i c h are r e q u i r e d for Reactions 1 a n d 2. Therefore , 
the charge transfer can take place only at the meta l/f i lm interface. T h e 
ions f o r m e d i n Reactions 1 a n d 2 then carry current through the film. 
T h e y react c h e m i c a l l y w i t h the carboxyl ic ions a r r i v i n g f r o m the bath , 
g i v i n g rise to the format ion of n e w layers of film. H e n c e , film thickness 
increases. 

T h e transport of the ions through the film is caused b y the presence 
of a h i g h e lectr ical field. O n e m a y ask, w h a t is the most general re la t ion 
between ion ic flux or current density a n d the electr ical field i n any ion ic 
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SECONDS 
Figure 3. Anode potential vs. deposition time in oil-

modified polyesters. Untreated steel substrate. 

conductor? T h e answer accord ing to the textbooks of e lectrochemistry 
is ( 9 ) : 

j = A s inh ^ (6) 

where / is current density, A is a constant g i v e n b y the c o n d u c t i v i t y of 
a system, q is the charge on an i o n , a is the distance t rave led b y an i o n 

between successful jumps, F is the e lectr ica l field, k is the B o l t z m a n n 
constant, a n d Τ is absolute temperature. T h e p r o d u c t kT is the measure 
of t h e r m a l energy. 

E q u a t i o n 6 can be r e d u c e d to the s impler forms i n the f o l l o w i n g 
specia l cases ( 10,11 ) : 
( 1 ) L o w field approx imat ion , w h e n 
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i.e., w h e n the w o r k done b y e lectr ical field on an i o n is m u c h smaller 
than t h e r m a l energy. I n this case 

. , qaF _ qaF 
s inn — - k T 

a n d 

3 = - F (7) 
Ρ 

i.e., current densi ty is a l inear f u n c t i o n of the field. T h i s is O h m s l a w ; 
w h e r e ρ is the specific resist ivity of the wet film. E l e c t r i c a l field is 
def ined as E a / 8 ( I I ) w h e r e E a is anode potent ia l a n d δ is thickness of 
w e t film. 

T h e rate of increase of film thickness is : 

di = ' m ( 8 ) 

where M/nF is the e lec trochemical equivalent w e i g h t a n d d is density 
of a film. 

A t / = constant, 

M 
dl/dt — a constant or δ = j (t — τ) (9) 

F i l m thickness after i n d u c t i o n t ime r, increases l inear ly w i t h t ime, 
as does E a ( cf. F igures 2, 3 ). 

A t E a p p = constant, 

_ constant 
dJ ~ δ 

or after integrat ion 

δ = constant \T~t (10) 

i.e., thickness increases l inear ly w i t h square root of t ime. 
(2 ) H i g h field approx imat ion ( 1 0 ) : 

qaF 

w » 1 

i.e., e lectr ica l field is m u c h greater than t h e r m a l energy; then 
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A qaF 
2 Θ Χ Ρ kT (11) 

i.e., current is an exponent ia l f u n c t i o n of the field—non-ohmic behavior . 
I n this case at £ a p p = constant (10): 

δ = constant In t 

Thickness is a l o g a r i t h m i c f u n c t i o n of t ime. 

(12) 

500 

400 

Ο 
> 

300 

200 

100 

I p 

• .96 2.78-105v/em 
Δ 1.93 3.27 
• 2.89 3.5 

1-0 1-5 2 0 

THICKNESS 10 cm 

Figure 4. Anode potential vs. thickness of baked film at constant j in 
oil-modified polyester. 
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W h a t values of an e lectr ica l field exist d u r i n g the electrodeposi t ion 
of polymers , a n d h o w are they determined? F i e l d is def ined as Ea/8 
(11); b y p l o t t i n g E a vs. δ ( F i g u r e 4 ) , one obtains a di f ferent ia l field. I n 
F i g u r e 4 these lines intersect at the same point , i n d i c a t i n g that voltage 
d r o p caused b y the interfaces is independent of current a n d is smal l i n 
compar ison w i t h a voltage d r o p across the film thickness. In these plots , 
the thickness of the b a k e d film is used instead of the wet films, assuming 
that the error i n t r o d u c e d is such that a constant can be in t roduced . T h e 
fields obta ined are such that w h e n a g iven / was p l u g g e d into the c o m 
puter , i t ca lcula ted the h y p e r b o l i c sines re lat ion accord ing to E q u a t i o n 
6. T h e plots are g iven i n F i g u r e 5 for a l o w molecular w e i g h t system 
a n d i n F i g u r e 6 for a h i g h molecular w e i g h t system. F o r l o w molecular 

1-0 

•9 

•8 

•7 

*-
•6 

X 
life 

0 σ* •5 

X 
c •4 

•3 

•2 

•1 

V. ι ι 1 1 

1 2 3 4 

} m A / cm 
Figure 5. Hyperbolic sine function vs. ionic current density in 

an epoxy ester 

w e i g h t systems, s inh v a r i e d be tween 0.37 a n d 0.9 since the qaF/kT 

v a r i e d between 0.3 a n d 0.8 or F be tween 1.2 to 2.8 Χ 10 5 vo l t s/cm. 
H o w e v e r for h i g h molecular w e i g h t systems, s inh changed f r o m 5 to 25 
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Figure 6. Hyperbolic sine junction vs. ionic current density in 
an oil-modified polyester 

since qaF/kT changes f r o m 2 - 5 or F f r o m 3 to 5 Χ 10 5 vo l t s/cm. F r o m 
the computer data one can calculate qa. If q is assumed to be -{-1, then 
i n the l o w molecular w e i g h t system, α is 8 A a n d i n the h i g h system is 
35 A . T h e distances between the carboxyl ic groups of the p o l y m e r i n 
these two systems ( 12 ) are 10 a n d 20 A for l o w a n d h i g h M, respect ively. 
T h i s w o u l d indicate that H + ions w i l l have enough energy to move f r o m 
one carboxyl ic group to the other. 

F r o m the above equations, one expects that thickness w o u l d vary 
l inear ly w i t h t ime at / = constant; this is s h o w n i n F i g u r e 7. A t E a p p = 

constant, for l o w to moderate fields, δ = y/1 at 4 seconds a n d longer, 
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10 20 30 40 50 60 
SECONDS 

Figure 7. Thickness of baked films vs. time in an oil-
modified polyester at constant current density 

2.0[ 

Figure 8. Thickness of baked films vs. λ / time in an epoxy ester at constant 
applied voltage 
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w h i c h is s h o w n i n F i g u r e 8. A t the b e g i n n i n g of electrodeposit ion a n d at 

h i g h E a p p where qaF/kT > 1 there is dev ia t ion f r o m the y/~t l a w . 
T a b l e I shows the field after successive times at E a p p = 350 volts i n 

a h i g h molecular w e i g h t system. T h i s shows w h a t type of g r o w t h can 
be expected. F o r short times qaF i s — 6 kT, w h i c h means that thickness 

w o u l d vary l inear ly w i t h log t, a n d at longer times where qaF = 1 -2 
kT, the y/1 dependence w o u l d be approached after 9 to 16 seconds. 
T h i s is revealed i n F igures 9 a n d 10. 

Table I. 3 50-volt Oil-Modified Polyester Coating 

Time, sec 

0.27 
0.826 
1.14 
2.25 
4.0 

16.0 
36.0 
81.0 

j , ma/cm2 

44.8 
15.2 

9.97 
4.40 
1.74 
0.76 
0.67 
0.49 

Field, 
volts/cm X 10b 

6.37 
5.25 
4.81 
3.96 
3.00 
2.16 
2.02 
1.72 

q a F / k T 

6.13 
5.05 
4.63 
3.81 
2.89 
2.08 
1.94 
1.66 

•app. 
25 0 V O L T S 

Figure 9. Thickness of baked film vs. log time in an oil-
modified polyester at constant applied voltage. Short 

electrodeposition times. 
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too V 
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Figure 10. Thickness of baked film vs y/ time in an oil-modified polyester at 
constant applied voltage 

A t constant t ime, thickness increases l inear ly w i t h E&OV, as s h o w n 
for an o i l - m o d i f i e d polyester system i n F i g u r e 11. T h e slopes a n d inter
cepts of these lines differ for short (4 seconds) a n d l o n g (81 seconds) 
times because of the differences i n the t w o g r o w t h processes. T h e ca lcu
la t ion is based o n the differences between e lectr ica l a n d thermal energies. 

2.5 

2 0 h 

1.5 

(Λ 
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1 ο ο 200 300 
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Figure 11. Thickness of baked film vs. applied voltage in an oil-modified 
polyester at constant electrodeposition time 
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H o w is i t k n o w n that kT is not m u c h larger than assumed? T o 
c la r i fy this, the temperature of the substrate was measured d u r i n g elec
trodeposi t ion w i t h a T h e r m i s t o r ( D y n a S e n s e electronic thermometer 
m o d e l 8390-3) w h i c h was i n t h e r m a l but not e lectr ical contact w i t h the 
substrate because one does not w a n t to measure E M F caused b y passage 
of current t h r o u g h it b u t the E M F caused b y t h e r m a l changes. T h e data 
for the highest possible AT change are s h o w n i n F i g u r e 12. T h i s figure 
shows that i n the st irred system AT changes o n l y b y a f e w degrees C , 
w h i c h w o u l d make a negl ig ib le cont r ibut ion to the calculat ions. 

Figure 12. Temperature of substrate vs. electrodeposition 
time in an oil-modified polyester 

C o u l o m b i c Ef f ic iency. C o u l o m b i c efficiency, CL, is def ined as m g 

of b a k e d film per c o u l o m b passed. A t / = constant, w h e r e F is constant, 
one has CE constant, or m g vs. coulombs are l inear , as s h o w n i n F i g u r e 
13. T h e slope of these lines is the CE, f r o m w h i c h one can calculate 
M/n—i.e., the e lec trochemical equivalent we ight . 

A t E a p P = constant, the c o u l o m b i c efficiency is also independent of 
the e lectrodeposit ion t ime but increases w i t h an increased a p p l i e d voltage 
as s h o w n i n F i g u r e 14. If the p o l y m e r system h a d a n a r r o w molecular 
we ight d i s t r ibut ion a n d w o u l d deposit as a s toichiometr ic c o m p o u n d , 
such variat ions i n the equivalent w e i g h t w o u l d not be possible. H o w e v e r , 
w e are dea l ing w i t h systems w h i c h have neither a n a r r o w molecular 
w e i g h t d is t r ibut ion nor are they deposi ted as " p u r e " compounds . ( C h e m i -
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COULOMBS 

Figure 13. Weight of baked film vs. coulombs passed in an 
oil-modified polyester at constant current density 

Figure 14. Weight of baked film vs. coulombs passed in an oil-modified poly
ester at constant applied voltage 

c a l analysis of wet films s h o w e d that they also contain t r a p p e d 
counter ions. ) 

Resistance. A n o d e potent ia l ( £ a ) represents the sum of voltage drops 
across the m e t a l - f i l m interface, across the film thickness, a n d across the 
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film-paint interface. E a p lus the IR d r o p t h r o u g h the pa int emuls ion a n d 
the c a t h o d e - p a i n t interface equals E a p p . S ince most of the voltage d r o p 
occurs across the film itself, the rat io of E a a n d current densi ty pass ing 
to deposit a film at a g iven t ime represents resistance, R, of wet , g r o w i n g 
film a n d is g iven i n Ω/cm 2 . 

A s p o i n t e d out earlier at / = constant current R film w o u l d be a 
l inear f u n c t i o n of t ime since ρ = constant. T h i s is s h o w n i n F i g u r e 15. 

F r o m k n o w n R a n d a thickness of b a k e d film, the specif ic resistivities 
were ca lcula ted a n d w e r e f o u n d to be 8.9 Χ ΙΟ 7 Ω c m a n d 8.8 Χ ΙΟ 8 Ω 
c m for the epoxy ester a n d the o i l m o d i f i e d polyesters, respect ively. 

Ι Ο 20 30 40 50 60 70 80 
SECONDS 

Figure 15. Film resistance vs. time in an oil-modified 
polyester at constant current density 

H o w e v e r , at E a p p = constant, n o n - o h m i c behavior s h o u l d be ex
pected at h i g h fields. N o n - o h m i c conduct ion i n p o l y m e r films was p r e v i 
ously ment ioned b y B e c k (13) a n d C o o k e (14). B e c k assumed that this 
behavior is caused b y the presence of a space charge reg ion , a n d C o o k e 
assumed i t was caused b y the second W i e n effect—i.e., field-induced 
dissociat ion of w e a k electrolytes. T h e fields d u r i n g the electrodeposi t ion 
of polymers are certainly h i g h enough to cause the dissociat ion of de
posi ted free acids or meta l l i c soaps. Since i n the present w o r k the W i e n 
effect a n d its contr ibut ion to the non-ohmic conduct ion i n the films were 
not measured direc t ly , R was ca lcula ted only for the epoxy ester system, 
where l o w to moderate fields were found—i.e., where O h m ' s l a w is v a l i d . 
Specif ic resistivities of these films are g iven i n T a b l e II . 
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Table II. Specific Resistivity" for Epoxy Ester 

Voltage, volts Time, sec. Ω cm X 107 

200 volts 4 3.2 
9 7.6 

49 9.6 

275 volts 4 6.0 
9 9.0 

49 10.8 
α Resistivity increases with time and E&pp in this system. 

Summary 

D u r i n g the electrodeposi t ion of polymers at constant voltage, the 
current densi ty is a func t ion of the h y p e r b o l i c sine of the electr ical field. 
F i l m g r o w t h at the b e g i n n i n g of electrodeposit ion fo l lows the logar i thmic 
t ime l a w . I n this reg ion the film resistance is n o n - o h m i c i n behavior . 
T h i s is the region of h i g h e lectr ica l field strength. 

A s the film thickness increases, the field strength across it decreases, 
a n d the g r o w t h of the film fo l lows the y/1 l a w . I n this reg ion the film 
resistance fo l lows O h m ' s l a w . T h i s is also a region of moderate to l o w 
field strength. 

A t constant current , the thickness a n d film resistance v a r y l inear ly 
w i t h t ime. C o u l o m b i c efficiency a n d specific resist ivity are constant since 
the e lectr ica l field is m a i n t a i n e d constant d u r i n g the deposi t ion. C o u 
l o m b i c efficiency increases, a n d film resistance decreases w i t h increased 
current density. 
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Variables Affecting the Kinetics of Polymer 
Electrodeposition 

W. B. BROWN and G. A. CAMPBELL 

General Motors Research Laboratories, Warren, M i c h . 48090 

Investigation of the kinetics of polymer electrodeposition 
has shown that Joule heating of the deposited film is a major 
factor to be considered. As the film resistance increases, 
film heating increases to a maximum, then decreases. The 
point of maximum heating is the critical stage for film rup
ture. Rupture was caused by boiling of the water trapped 
in the film. If heating is sufficient to boil the liquid, rupture 
is self-sustaining. If not, rupture is suppressed, even at 
higher voltages, once the critical region is passed. Scanning 
electron microscope photographs of the film after rupture 
show smooth cratered areas surrounded by a distinct ridge. 
These are not present in coatings deposited below the rup
ture voltage. They appear to be the base of bubbles created 
when localized areas boiled. 

TJ a r ly research into the kinet ics of e lectrodeposit ion of pa int was rather 
^ incomplete . S i m p l e k inet ic schemes were proposed, where on ly the 
latter stages of deposi t ion were considered (1). O b s e r v e d deviat ions 
f r o m the kinetics were descr ibed as b e i n g the result of " c o m p a c t i o n " of 
the film. O t h e r investigators conf ined themselves to s t u d y i n g phenomena 
associated w i t h the deposi t ion process, but they f a i l e d to d e a l w i t h the 
overa l l process. C o n f l i c t i n g reports i n the early w o r k can be t raced to 
the use of different types of resins. W i t h i n the past f e w years, papers 
have appeared w h i c h take a broader a n d more realist ic v i e w of the depo
si t ion process. B e c k (2, 3, 4) has invest igated several factors affecting 
the deposi t ion, i n c l u d i n g b o u n d a r y layer reactions a n d charge m i g r a t i o n 
w i t h i n the deposi ted film. Saatweber a n d V o l l m e r t (5,6,7) have treated 
the p r o b l e m f r o m a materials s tandpoint a n d have s h o w n effects o n sta
b i l i ty of the paint suspensions, c o u l o m b i c y i e l d , a n d film resistance gov
erned b y the type of resin used. Yeates (8) i n his book, " E l e c t r o p a i n t i n g , " 
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has s u m m a r i z e d the effects of the m a n y variables o n the deposi t ion as 
w e l l as the more p r a c t i c a l aspects of appearance a n d per formance of the 
coated parts. 

T h e purpose of this invest igat ion was to p e r f o r m an overa l l s tudy 
of the kinetics a n d the factors in f luenc ing the kinetics of the electro
deposi t ion of paints . T h e intent was to s u p p l y data for a d y n a m i c c o m 
puter s imulat ion of the deposi t ion process. T h e observations made i n 
this invest igat ion have a d d e d to the unders tanding of the process, a n d 
the more important factors are discussed. 

Experimental 

T h e resins used were c o m m e r c i a l . O n e was a m a l e i n i z e d l inseed o i l , 
p i g m e n t e d a n d u n p i g m e n t e d , w h i c h was dispersed i n d i s t i l l e d water w i t h 
d ie thy lamine to b r i n g the p H to a va lue of 7. T h e other, a clear res in , 
was a m a l e i n i z e d type, s imi lar i n nature to that used b y R h e i n e c k ( 9 ) . 
Deposi t ions were c o n d u c t e d i n either a 4-liter glass beaker or i n a 55-gal 
stainless steel tank e q u i p p e d w i t h p u m p , filters a n d a separate cathode 
of an area at least four times that of the pane l . 

nov 
60 Φ 

Cycle Timer 

Scope Trigger 

L3 Mercury 
Relay 

10'3 ohm 

600V de 

Power 
Supply 

5% Ripple 

Oscilloscope 

Figure 1. Circuit diagram for current monitoring 
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T h e panels used were B o n d e r i t e E P - 1 or Bonder i te 40 coated ( a v a i l 
able f r o m the Parker Rust Proof D i v . , H o o k e r C h e m i c a l C o . ) . T h e y were 
m a s k e d w i t h v i n y l tape to give a contro l led surface area of 12 sq i n d i 
rec t ly f a c i n g the cathode. T h e panels were m o u n t e d i n a h o l d i n g fixture 
to ensure adequate e lectr ical contact a n d to m a i n t a i n the relat ive posit ions 
of anode a n d cathode at 1.75 i n d u r i n g the deposi t ion. 

T h e p o w e r s u p p l y was a D a r r a h 600-volt dc p o w e r s u p p l y rated at 
50 amps. R i p p l e was measured at 5 % throughout the range of voltages. 
D u r i n g the depos i t ion , current flow a n d voltage were m o n i t o r e d w i t h 
the system s h o w n i n F i g u r e 1. E i t h e r a Tekt ron ix 564B storage osci l lo
scope or a P h o t o v o l t V a r i c o r d m o d e l 44 strip chart recorder was used 
to m o n i t o r current . T h e salient features of this system are a m e r c u r y 
re lay s w i t c h w h i c h a l lows instantaneous s w i t c h i n g of current at f u l l oper
a t i n g voltage. T h e relay was also used to tr igger the oscil loscope scan 
to a l l o w current measurements d u r i n g the i n i t i a l depos i t ion times. A 
cyc le t imer serves to s w i t c h the m e r c u r y relay a n d a l l o w e d depos i t ion 
times to be r e p r o d u c e d w i t h i n 2 seconds. C u r r e n t measurements were 
made across a l o w resistance ( 10" 3 o h m ) shunt. W i t h this system, voltage 
rise t ime to the operat ing vol tage was on the order of 1 msec. 

F i l m temperatures were measured b y us ing a sheathed c o p p e r - c o n -
stantan thermocouple whose overa l l diameter was 15 mi ls . T h e couple 
was m o u n t e d to the g r o u n d e d side of the c i rcui t to prevent over loading 
the ampl i f ier at operat ing voltage. E l e c t r i c a l contact was made between 
the p a n e l a n d the thermocouple sheath to a l l o w the film to b u i l d u p o n 
the thermocouple as w e l l as o n the pane l . I n this w a y , more accurate 
film temperatures w o u l d be obta ined. 

T h e scanning electron microscope was used to investigate surface 

4r 

Figure 2. Coulombic yield curve 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

01
1

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



11. BROWN AND CAMPBELL Kinetics of Electwdeposition 169 

20-

CURRENT 

(AMPS) 

ίο H 

TIME (SECONDS) 

Figure 3. Current variations with voltage 

m o r p h o l o g y . T o re ta in the surface structures after deposi t ion , the panels 
w e r e not b a k e d but a l l o w e d to air d r y for about one week. S m a l l rec
tangles were cut f r o m the panels, a n d d r y i n g was comple ted at r o o m 
temperature i n a v a c u u m oven. 

Results 

T h e deposi t ion kinetics were f o l l o w e d b y observing current flow as 
a f u n c t i o n of t ime. F i g u r e 2 il lustrates that for the resin under s tudy a 
l inear re lat ionship exists be tween the amount of resin deposi ted a n d the 
current passed. P i g m e n t e d materials show a devia t ion f r o m l inear i ty a n d 
some voltage dependence on the amount of mater ia l deposi ted. O n l y a 
sl ight effect was observed w i t h the p i g m e n t e d mater ia l , however , a n d 
for our purposes this difference w i l l be ignored . 
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T y p i c a l plots of current w i t h t ime are s h o w n i n F i g u r e 3. T h e l o w e r 
c u r v e i l lustrates the characterist ic current p lo t at l o w voltages. T h e c u r v e 
is smooth, s h o w i n g a r a p i d increase i n resistance w i t h i n the first 2 to 
3 seconds, then the current curve begins to leve l off. T h e i n i t i a l current 
rise is so r a p i d that the speed of the recorder is insufficient to measure 
the m a x i m u m current d r a w . Osc i l loscope measurements are necessary 
i n this r e g i o n of the curve to determine the current accurately . 

T h e m i d d l e curve was recorded at a n intermediate voltage a n d shows 
a s imi lar increase i n resistance i n the first 2 to 3 seconds. T h e current 
p lo t then proceeded t h r o u g h a m i n i m u m , f o l l o w e d b y a m a x i m u m . A 
s imi lar plot a p p e a r e d i n a report b y L e B r a s ( 1 0 ) . T h e current curve then 
tended to leve l off u n d e r more or less steady condit ions . T h e u p p e r curve 
taken at a h i g h voltage shows the i n i t i a l l y increasing resistance. T h e 
c u r v e w e n t through a m i n i m u m , then increased indef ini te ly i n an appar
ent ly u n c o n t r o l l e d manner . A s s h o w n b y R h e i n e c k ( 9 ) , this u n c o n t r o l l e d 
Tise i n the current is characterist ic of film rupture . 

F i g u r e 4 shows the panels w h i c h were deposi ted at these three vol t 
ages. T h e first p a n e l shows a smooth, flaw-free surface, a n d w o u l d be 

Figure 4. Fanels electrodeposited at low (left), medium (center), and high 
(right) voltages 
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satisfactory for use. T h e second p a n e l shows a moderate amount of coarse
ness w h i c h w o u l d require sanding to p r o v i d e a satisfactory coat ing. F i 
na l ly , the last p a n e l shows extreme roughness a n d o n close examinat ion 
w o u l d show craters w h i c h extend t h r o u g h the coat ing to the m e t a l surface. 
I n this extreme case, corrosion resistance as w e l l as appearance is affected. 

D u r i n g observations of film rupture , excessive b u b b l i n g was noted , 
a n d an increase i n b a t h temperature of 5 to 10 degrees was observed for 
each p a n e l deposi ted. T h e s i m i l a r i t y i n appearance to b o i l i n g l e d to the 
m o u n t i n g of a thermocouple o n the p a n e l a n d the simultaneous r e c o r d i n g 
of b o t h current a n d temperature. F i g u r e 5 shows that the onset of film 
rupture as i n d i c a t e d b y current rise is a c c o m p a n i e d b y a temperature 
increase w i t h i n the film to about 120 ° C , the b o i l i n g po in t of the b a t h 
l i q u i d . 

CURRENT 
(AMPS) 

L ι ι ι • ι ι I 

0 20 40 60 80 
DEPOSITION TIME (SECONDS) 

Figure 5. Current and temperature during film rupture 

T h e reason for the uncontro l l ed increase i n current is the p h y s i c a l 
r e m o v a l of a lready deposi ted film b y the b o i l i n g act ion w i t h i n the 
coat ing. A greater area of bare p a n e l is exposed, a n d thus the resistance 
is decreased. T h e amount of current flowing is de termined b y the amount 
of exposed p a n e l area a n d is not predic table f r o m a kinet ics s tandpoint . 
A s suggested b y R h e i n e c k ( 9 ) , the l inear re lat ionship be tween deposi ted 
res in a n d current begins to f a l l off r a p i d l y w h e n rupture occurs. I n fact, 
it was proposed (9 ) that the dev ia t ion f r o m l inear i ty of the c o u l o m b i c 
y i e l d curve be used to determine the rupture voltage. 

T h e catastrophic nature of the film rupture was significant i n deter
m i n i n g the m e c h a n i s m of this fa i lure . Observat ions of film rupture l e d 
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to findings w h i c h were di f f icul t to expla in . O n e observat ion was that 
film rupture d i d not occur u n t i l most of the film b u i l d was complete . 
O w i n g to the shape of the depos i t ion curve , most of the mater ia l is de
pos i ted i n the first f e w seconds. F r o m electr ical current measurements, 
about 6 0 % of the film was deposi ted before r u p t u r e occurred . W h e n the 
voltage is ra ised 200 to 300 volts above the rupture voltage, the shape 
of the i n i t i a l part of the depos i t ion c u r v e is changed only s l ight ly i n 
shape. R u p t u r e a lways seemed to be associated w i t h the appearance 
of the inf lect ion point i n the current plot as s h o w n i n F i g u r e 3. 

If one considers the respective voltage drops between the anode a n d 
cathode, a n d treats them as b o t h current cont ro l l ing resistances a n d as 
resistive heat ing elements, the re lat ionship to film heat ing can be deve l 
o p e d . In i t ia l ly , the current is l i m i t e d b y the b a t h resistance since this is 
the largest resistance between the anode a n d cathode. I n this region, the 
heat is generated over a large v o l u m e of the l i q u i d ba th . A s the film 
begins to increase i n thickness, its resistance increases, fur ther l i m i t i n g 
the current flow. A t constant voltage a c c o r d i n g to O h m ' s l a w , the current 
can be ca lcula ted f r o m the f o l l o w i n g re la t ionship : 

Ε = IR 
where Ε = voltage (constant) 

/ = current 

R = apparent resistance of the entire system 

Simultaneously , the heat generated i n the system: 

W = PR 
where W = wat ts of heat 

W h e n the resistance associated w i t h the film equals that of the bath , 
m a x i m u m heat generat ion w i t h i n the film is t a k i n g place . 

T h e p lo t of F i g u r e 6 demonstrates this. A t 200 volts, the b a t h 
resistance is t y p i c a l l y 25 ohms, a n d the ca lcula ted current flow is 8 amps. 
A s the resistance of the film increases, the total current flow is r e d u c e d , 
but the heat b e i n g b u i l t u p i n the film is increasing. A t 25 ohms film 
resistance, hal f of the heat is restr icted to a film of r o u g h l y 2.0 mi l s . A t 
this point , the film rupture becomes c r i t i ca l . If rupture occurs, the film 
resistance decreases, a n d the system w o u l d move to the left o n the 'heat 
curve of F i g u r e 6 a l l o w i n g rupture to cont inue. If film rupture is pre
vented f r o m o c c u r r i n g at this point , the system progresses to the r ight o n 
the heat ing curve , a n d rupture does not occur since a more stable 
c o n d i t i o n has been reached. 

F r o m F i g u r e 6, it can be general ized that the m a x i m u m heat gen
erated w i t h i n any film occurs w h e n the apparent film resistance equals 
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500 Γ 

Film Resistance 

Figure 6. Film heating during electwdeposition 

that of the bath . E v e n w h e n film r u p t u r e does not occur , rather h i g h 
temperatures are reached w i t h i n the film. T o determine the effects of 
temperature o n the deposi t ion, the b a t h c o n d u c t i v i t y was measured at 
various temperatures. T h e results are s h o w n i n F i g u r e 7. A p p a r e n t film 
resistance m a y be considered to have a s imi lar temperature dependence 
since c o n d u c t i o n t h r o u g h the film is most l i k e l y i o n i c i n nature. 
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T h e effect of r i s ing film temperature is s h o w n i n F i g u r e 8. A s the 
temperature r a p i d l y approaches its m a x i m u m , the increased c o n d u c t i v i t y 
produces a m a x i m u m i n the current curve. A s was previous ly stated, the 
m a x i m u m heat ing takes place w h e n the apparent film resistance a n d the 
b a t h resistance are equal . A t this point , the total resistance of the system 
is t w i c e the i n i t i a l resistance. T h e m a x i m u m i n the current curve w o u l d 
thus occur at hal f the i n i t i a l current. Because of the sluggishness of the 
strip chart recorder, osci l loscope measurements of i n i t i a l current were 
taken, a n d i n a l l cases the current at w h i c h the inf lect ion occurred was 
half the i n i t i a l current. A f t e r passing the c r i t i ca l region, the film tem
perature decreases u n t i l at the e n d of a 1-minute deposi t ion, the film 
temperature almost equals that of the b a t h ( 2 2 ° C ) . 

8-

6H 
CURRENT 

(AMPS) 

υ 1 I I 1 I 
0 20 40 60 

TIME (SECONDS) 

Figure 8. Current and temperature at medium voltage 

T h i s temperature increase d u r i n g the deposi t ion also has the effect 
of d e v e l o p i n g a smoother film. D u r i n g l o w voltage depositions, an ex
tremely coarse coat ing resulted. B a k i n g i m p r o v e d the appearance, b u t the 
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o p t i m u m appearance resulted o n l y w i t h h igher voltage deposit ions. T h e 
heat b u i l d u p w i t h i n the film appears to i m p r o v e the flow of the film to a 
certa in extent a n d to a l l o w the deposi ted particles to kni t . 

I n a deta i led s tudy of surface m o r p h o l o g y of these coatings, some 
of the t h e r m a l effects became apparent . F i g u r e 9 shows some changes 
i n the surface under different deposi t ion voltages, as observed w i t h the 
scanning electron microscope. A t 200 volts, a porous coat ing was deve l 
oped. T h e bridges be tween coagulated c lumps were numerous, but l i t t le 
flow h a d occurred . A t 300 volts, a somewhat smoother surface was ev i -

Figure 9. Surface structures of electrodeposited films 
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dent. Spaces between the c lumps h a d begun to level , a n d the bridges 
be tween part icles h a d increased i n size. A t 550 volts , s l ight ly above the 
rupture voltage, the surface was smoothed out considerably . There was, 
apparent ly , a n e w structure present w h e n the rupture voltage was ex
ceeded. These were flat, w e l l - k n i t areas surrounded b y a wel l -def ined 
r i m . These structures are current ly ascr ibed to the site of l o c a l film r u p 
ture. T h e y appear to be the base of a resin b u b b l e f o r m e d b y the vapor
i z i n g b a t h l i q u i d . Ad jacent to some of these structures, one can find lumps 
of mater ia l w h i c h appear to have been the dome of the b u b b l e . 

Conclusions 

F r o m our studies of the kinetics of electrodeposit ion, i t has become 
apparent that a major factor to be considered is heat ing w i t h i n the film 
d u r i n g the deposi t ion. I n the extreme case, the rise i n temperature is 
sufficient to p r o d u c e b o i l i n g of the l i q u i d conta ined i n the film a n d film 
rupture . E v e n at lower voltages, the film temperature increase has an 
effect on the appearance of the deposi ted coat ing. 

T r e a t i n g the deposi t ion b a t h a n d the deposi ted coat ing as series re
sistances, the Joule heat ing of the film reaches a m a x i m u m w h e n the b a t h 
a n d apparent film resistance are equal . A t this point , film rupture be
comes cr i t i ca l . If rupture occurs, i t is self-sustaining. If rupture is pre
vented, the film temperature decreases, a n d rupture cannot take place. 
T h i s m a y expla in , i n part , the observations of B r e w e r (11) that after the 
i n i t i a l 70 seconds of deposi t ion, the voltage can be raised above the r u p 
ture voltage, thus i m p r o v i n g t h r o w i n g power . A f t e r the cr i t i ca l region 
i n heat ing is passed, the system can tolerate a h igher voltage w i t h o u t 
r u p t u r i n g , o w i n g to the decreased current flow at the higher film 
resistance. 
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Dynamic Simulation of the 
Electrodeposition of Polymers 

G. A. CAMPBELL and W. B. BROWN 

General Motors Research Laboratories, Polymers Department, 
Warren, M i c h . 48090 

A dynamic mathematical model was developed for the elec
trodeposition of polymers using classical boundary layer 
theory. The dynamic changes in temperature and polymer 
concentrations were described for the bulk solution, bound
ary layer, paint film, and paint panel. The resulting equa
tions were solved simultaneously on the hybrid computer. 
The data generated on the computer established the impor
tance of the boundary layer in the process dynamics. 

' n p h e electrodeposit ion of polymers f r o m aqueous systems has been 
s tudied extensively a n d is deta i led b y Yeates (1). T h a t process, as 

descr ibed i n this paper , deals w i t h the changes w h i c h occur near the 
anode d u r i n g anodic deposi t ion of carboxyl ic -conta in ing polymers . A 
computer s imulat ion has been deve loped w h i c h reflects changes i n re
sistances, current, a n d thermal transients for the deposi t ion of pa int films 
i n a d c potent ia l . Several alternatives have been suggested as to the 
electr ical equivalence of the process (2-7). M a n y (2-4) propose that 
the system can be descr ibed b y a l inear resistance combinat ion . H o w 
ever, several authors have detected nonl inear responses of resistance 
under ch a n gin g potentials ( 5 - 7 ) . T h e possible existence of a b o u n d a r y 
layer has been descr ibed, but its importance as a resistance was discounted 
b y the authors, (5,6). T h e Nernst d i f fus ion layer was descr ibed as b e i n g 
f r o m 0.02 to 0.05 c m thick w i t h the P r a n d t l b o u n d a r y layer b e i n g an 
order of magni tude thicker . B e c k et al. (5, 6) c o n c l u d e d that because 
the m i g r a t i o n ve loc i ty was on the order of 10" 2 cm/sec a n d the b u l k 
ve loc i ty was f r o m 10-100 cm/sec that the b o u n d a r y layer has l i t t le effect. 
It is the o p i n i o n of the authors that the b o u n d a r y layer is important i n 
our system. 
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12. CAMPBELL AND BROWN Dynamic Simulation 179 

Model Development 

There are five potent ia l ly important resistances i n the depos i t ion 
system as was suggested b y B e c k et al. (5 ) ( F i g u r e 1 ) . T h e m a t h e m a t i c a l 
m o d e l deve loped i n this s imulat ion reflects the resistance character of the 
three major resistances: (1 ) R B> the bath resistance; ( 2 ) R D , the b o u n d 
ary layer resistance; a n d R F , the pa int film resistance. These three re
sistances i n conjunct ion w i t h the associated t h e r m a l transients w e r e 
suggested b y the deposi t ion rate. 

METAL ANODE CATHODE 

Figure 1. Potential drops for deposition system 

Deposition Data 

T y p i c a l c u r r e n t - t i m e curves for clear s o l u b i l i z e d resins are f o u n d 
i n F i g u r e 2. F i g u r e 2 ( t o p ) is characterist ic of a m a l e i n i z e d o i l system 
a n d F i g u r e 2 ( bot tom ) is characterist ic for h i g h y i e l d , good t h r o w resins. 
T h e m a x i m u m i n the curve ( t o p ) c o u l d be caused b y a n u m b e r of v a r i 
ables i n c l u d i n g temperature i n the paint film or concentrat ion a n d 
temperature changes i n the b o u n d a r y layer. 
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Figure 2. Current-time relationship 

C y c l i n g the vo l tage-produced current gives the curve i n F i g u r e 3. 
T h e results general ly show a decrease i n the transient current ( the over
shoot) w i t h each cycle. A l s o , w h e n p i g m e n t is a d d e d w h i c h increases the 
resist ivity of the film, the transient decreased more r a p i d l y w i t h c y c l i n g . 

Tempera ture is an important var iable , as s h o w n i n F i g u r e 4. F i g u r e 
4 ( top ) is representative of the c u r r e n t - t i m e re lat ionship for the b l o w i n g 
p h e n o m e n o n of the m a l e i n i z e d o i l system. F i g u r e 4 ( bot tom ) shows the 
temperature i n the v i c i n i t y of the paint film. T h e temperature compounds 
w i t h the increased current flow. 

F i n a l l y , i t was observed that agi tat ion affects the c u r r e n t - t i m e rela
t ion of the deposi t ion process. T h e agi tat ion was created us ing a mixer 
w i t h deposi t ion on a 3 X 4 i n c h p a n e l area ( F i g u r e 5 ). 

Bulk Properties 

I n this s imula t ion the b a t h resistance was considered to be constant 
for any set of concentrat ion a n d temperature condit ions . T h e c o n d u c t i v i t y 
was best fitted b y E q u a t i o n 1: 
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Kc = AC + BC VC (1) 

T h e constants AC a n d BC were obta ined us ing specific resistance data 
f r o m F i g u r e 6. T h e resist ivity was also affected b y temperature, as s h o w n 
i n F i g u r e 7. T h e d u a l effect of concentrat ion a n d temperature o n con
d u c t i v i t y was then incorporated into the m o d e l . T h e b a t h resistance can 
be ca lcula ted us ing the re la t ion : 

RB = (1/Ke) ( L / l cm 2 ) (2) 

A l l resistances c o m p u t e d i n the m o d e l are based on a 1 c m 2 area. 

0.8 

CURRENT 
(amps) 

TIME 
Figure 3. Effect of cycled voltage 

Paint Film Properties 

T h e thickness of the clear film was l inear ly p r o p o r t i o n a l to charge 
f low. T h i s is i n agreement w i t h reported data (8—10). It has been re
por ted that the later por t ion of deposi t ion o n some substrates was not 
l inear (8). H o w e v e r , as a first a p p r o x i m a t i o n for this s imulat ion a l inear 
re lat ion was used. Therefore , the film thickness Y can be f o u n d b y : 

Y = A j Ι(θ)άθ (3) 
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Figure 5. Effect of agitation 
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A l t h o u g h non-ohmic behavior (5 , 7) has been reported, as a first-order 
m o d e l the resistance of the film w i l l be considered to be only a f u n c t i o n 
of film thickness: 

RF = BY (4) 

M o s t treatments of electrodeposit ion do not incorporate the thermal 
transients caused b y PR diss ipat ive losses. Because temperature changes 
were f o u n d to be associated w i t h the b l o w i n g phenomenon ( F i g u r e 4 ) , 
the thermal transients were also s imulated. T h e temperature i n the sys
tem can be s h o w n to f o l l o w (11) the re la t ionship : 

(dT/θθ) (pC p) + ν - Ni = Q (5) 

where Ni = -k (dT/dY) (6) 

F o r a one-dimensional heat transfer system, a c o m b i n a t i o n of these equa
tions leads to : 

(ΘΤ/ΘΘ) = α (d*T/dY2) + Q/gCp (7) 

w i t h Q = (1/4.18) (PR)/Y (8) 

Boundary Layer 

A l t h o u g h the b o u n d a r y layer has been reported to be o n the order 
of 0.01-0.1 c m ( 5 ) , evidence indicates that it plays a role i n the electro
deposi t ion process dynamics . T h e increase i n temperature near the film 
is suggestive of a b o u n d a r y layer t h e r m a l resistance. If this b o u n d a r y 
layer were very t h i n , the heat conduct ion rate w o u l d be large c o m p a r e d 
w i t h the heat generation rate w i t h l i t t le or no increase i n temperature 
resul t ing. A l s o , the p u l s e d voltage experiments show trends w h i c h are 
consistent w i t h b o u n d a r y layer theory. T h e decreased overshoots of cur
rent w i t h successive cycles suggests a d y n a m i c resistance w h i c h decreases 
as film resistance increases. A concentrat ion po lar iza t ion i n the b o u n d a r y 
layer w o u l d account for this since it is p r o p o r t i o n a l to the current flow. 
T h e p u l s e d voltage data do not w h o l l y l e n d themselves to space charge 
theory (5, 6). T h e b o u n d a r y layer, as used i n this paper , is def ined as 
the space where energy a n d mass are transported n o r m a l to the deposi t ion 
surface b y molecular transport. T h i s w o u l d , therefore, i n c l u d e transport 
i n the P r a n d t l b o u n d a r y layer where the convect ive ve loc i ty vector is 
p a r a l l e l to the anode, b u t the vector n o r m a l to the surface is zero because 
the flow is laminar regime. 
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Figure 6. Effect of concentration on resistance 
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Figure 7. Effect of temperature on resistance 

A s s u m i n g loca l e lectr ica l neutral i ty , the potent ia l gradient i n the 
di f fus ion layer i s : 

νφ = - ( 7 / K c ) (9) 
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T h e t ime-dependent concentrat ion can be represented b y (11) : 

(dCi/dff) + V - Ni = Ri (10) 

w h e r e the flux N i is (12): 

Ni = -DVCi-ZyiFCiV$ + CV (11) 

U s i n g the N e r n s t - E i n s t e i n re la t ion 

Di = v.iRT (12) 

we obta in 

dCi/οθ + VCi = Όίψα + (ZFD/R)V -(CiVQ/T) + Ri (13) 

Since the generation, Ri, a n d the ve loc i ty vector i n the d i r e c t i o n of interest 
are zero, the assumption of a monodispersed system results i n : 

dC/οθ = ΌΨΟ + (ZFD/R)V -(CV<ÏVT) (14) 

E x p a n s i o n for the one-dimensional case gives : 

dC/δθ = D(dïC/dXi) + (ZFD/R) 

(νθνΦ/Τ + ΟΨΦ/Τ - <7νΦνΤ/Ύ 2) (15) 

where : ν2Φ = (I/M) (dC/dX) (16) 

T h e b o u n d a r y layer resistance w i l l then be 

RO = ΣνΦ/7 (17) 

T h e temperature w i t h i n the b o u n d a r y layer w o u l d be descr ibed b y : 

dT/δθ = a^T/dX2) + Q/?CP (18) 

where: Q = (νΦ/)/4.18 (19) 

T h e tota l resistance is then c a l c u l a t e d : 

Rr(fl) = RB + RF + RO (20) 

a n d the current m a y be ca lcula ted as: 

7(0) = V/RT(0) (21) 
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Computer Solution 

T h e preceding set of equations represents a first-order m o d e l of a 
very complex p h y s i c a l system. I n a process such as this, w i t h these 
complex nonl inear interactions, it is useful to use a h y b r i d analog d i g i t a l 
computer (13) for the analysis. T h e computer used i n this s tudy was an 
E l e c t r o n i c Associates Inc. 690 h y b r i d computer . 

T h e solut ion to par t ia l di f ferent ia l equations w i t h nonl inear terms 
a n d in terna l sources cannot be accompl i shed b y classical separat ion of 
variables techniques. Therefore , a finite difference a p p r o a c h was used, 
w i t h the g r i d s h o w n i n F i g u r e 8. S tandard difference equations w e r e 
generated as descr ibed b y Rogers a n d C o n n o l l y (14). T h e p r o b l e m is 
then r e d u c e d to the solut ion of 14 simultaneous l inear di f ferent ia l equa
t ions: five for heat transfer i n the film, four for b o u n d a r y layer heat 
transfer, four for concentrat ion charges i n the b o u n d a r y layer, a n d one 
for the film thickness. These equations were solved on the analog com
puter , w i t h m u c h of the algebra be ing done o n the d i g i t a l computer . A 
h y b r i d task d i s t r ibut ion is d i a g r a m m e d i n F i g u r e 9. 

PAINT PANEL (ANODE) 

1 
S i 
Ν BULK SOLUTION 

3 2 1 
PAINT 
FILM 

0 12 3 4 
BOUNDARY 
LAYER 

Figure 8. Finite difference section 

Because of the nature of the deposi t ion process, d y n a m i c b o u n d a r y 
condit ions w e r e used for the simulat ions. Since the mater ia l is b e i n g 
deposi ted at the anode, the concentrat ion b o u n d a r y condit ions are: 

X = I m a x C = Co (bulk concentration) 

X = 0 C = 0 F < 0 
dC/άθ = 0 7 = 0 
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A N A L O G 

I. R D . R F 

c , . c 2 . c 3 . c 4 

i=i i=i dx dx 

1 
L I N K A G E 

D I G I T A L 

4 4 
Σ ν Φ , Σ ( V C V Φ + C V 2 Φ - ΟνΦνΤ) 

Figure 9. Hybrid task distribution 

F o r temperature, the b o u n d a r y condit ions reduce to : 

X = ^ m a x Τ = Ta (bulk temperature) 

Υ = 0 Τ = Tp (panel temperature) 

In format ion ga ined f r o m the s imulat ion is presented i n F i g u r e 10. 
These data were obta ined us ing t y p i c a l system parameters for the h i g h 
y i e l d resin. A s w o u l d be expected since the potent ia l gradient i n the 
b o u n d a r y layer is p r o p o r t i o n a l to the current, the resistance increased 
as the voltage was raised f r o m 200 to 300 volts. H o w e v e r , the resistance 
decreased w h e n the voltage was increased to 400 volts. T h e apparent 
anomaly was expla ined b y examining the concentrat ion a n d thermal his
tories of the b o u n d a r y layer. W h e n the voltage was increased f r o m 200 
to 300 volts, the change i n concentrat ion h a d a greater influence than the 
thermal change—thus, the increased resistance. A t 400 volts the t h e r m a l 
changes were the c o n t r o l l i n g factor, o u t w e i g h i n g the concentrat ion 
changes w i t h the resul t ing decrease i n resistance. These resistances 
constitute 10 to 2 0 % of the total resistance i n the early part of the 
deposi t ion. T h e importance of the b o u n d a r y layer i n the t h e r m a l history 
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RESISTANCE 

(ohms) X 10 -2 

TIME (sees.) 

Figure 10. Boundary layer resistance as affected by voltage 

of the system is seen i n F i g u r e 11. T h e computer was set u p w i t h t y p i c a l 
depos i t ion parameters at an intermediate voltage b e l o w the b l o w voltage. 
A temperature increase is generated, w i t h most of the heat c o m i n g f r o m 
the pa in t film; the heat then diffuses into the p a n e l a n d b o u n d a r y layer. 
W h e n the b o u n d a r y layer is removed, the heat can diffuse r a p i d l y into 
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Figure 11. Temperature profile with and without boundary layer 
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the b u l k ; thus l i t t le temperature change is observed. T h e s imula t ion w i t h 
the b o u n d a r y layer explains the exper imental data presented i n the paper 
on the heat generation i n the film. 

S i m u l a t i o n is n o w be ing expanded to compensate for changes i n the 
resin film resistance caused b y temperature a n d to incorporate potent ia l 
dependent non-ohmic resistance i n the film. T h e deta i led second gen
eration computer s imulat ion w i l l be presented i n a subsequent p u b l i c a t i o n . 

Summary 

D e p o s i t i o n data are presented w h i c h indicate that for this system 
the b o u n d a r y layer plays an important role, first as a thermal insulator 
a n d secondly as a poss ibly important resistance i n the early part of the 
deposi t ion. A mathemat ica l m o d e l is deve loped incorpora t ing the three 
major process resistances w i t h the associated heat transfer processes. T h e 
computer solut ion to this s imula t ion is br ief ly descr ibed a n d computer 
data are presented w h i c h indicate that the changes i n the b o u n d a r y layer 
resistance are affected b y b o t h concentrat ion deple t ion a n d temperature 
changes. T h i s interact ion causes the b o u n d a r y layer resistance to go 
t h r o u g h a m a x i m u m as the voltage is increased f r o m 200 to 400 volts. 
T h e m o d e l is b e i n g expanded i n an effort to obta in a more complete 
solut ion. 

Acknowledgment 

T h e authors thank R. W . V a l e n t i n e a n d R. P e u g h for their assistance 
i n d e v e l o p i n g the computer s imulat ions. 

Nomenclature 

Symbol Units Variable 

Kc o h m " 1 c m " 1 c o n d u c t i v i t y 
AC o h m " 1 c m " 1 constant 
BC o h m ' 1 c m " 1 ( g r a m s / c m 3 ) ~ 1 / 2 constant 
C g r a m s / c m 3 concentrat ion 
RB ohms bath resistance 
L c m distance between anode and 

cathode 
Y c m film thickness 
A c m / c o u l o m b c o u l o m b i c efficiency 
I coulomb/sec current 
θ seconds t ime 

ohms film resistance 
Β o h m / c m constant 
Τ ° K temperature 
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190 ELECTRODEPOSITION OF COATINGS 

Q c a l / c m 3 sec heat generation 
P g r a m s / c m 3 density 

cP 
ca l/gram ° K heat capac i ty 

Κ ca l c m " 1 sec" 1 ° K _ 1 thermal c o n d u c t i v i t y 
a K/pCp thermal d i f fus iv i ty 

volts di f fus ion potent ia l 
Ri g r a m - m o l e s / c m 2 sec rate of p r o d u c t i o n 
D,Di cm 2 /sec di f fus ion coefficient 
Ζ charge 

cm 2 -gram-mole/Joule sec m o b i l i t y 
F 94,600 F a r a d a y constant 
V cm/sec veloc i ty vector 
R Joules/gram-mole ° K gas l a w constant 
RD ohms b o u n d a r y resistance 
V volts voltage a p p l i e d 
RT ohms total resistance 
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13 

Throwing Power as Related to Material 
Properties with Analysis by Digital 
Computer Simulation 

A. E. GILCHRIST and D. O. SHUSTER 

Glidden-Durkee, Division SCM Corp., Dwight P. Joyce Research Center, 
Strongsville, Ohio 44136 

Electrodeposition is a process that can be defined by known 
electrochemical laws and inherent properties of the material 
deposited. Throwing power is that characteristic of the ma
terial being deposited that promotes uniform deposited film 
thickness, at varying cathode-to-anode distances on the same 
deposition electrode. Process variables such as deposition 
voltage, time, electrode areas and spacing, and tank size can
not be used as material properties. Electrical equivalent cir
cuits and mathematical relations were developed to represent 
circuit actions derived. Such relations were combined as a 
digital computer program. Results of such computer calcula
tions were tested by actual laboratory electrodeposition 
operations, and the results were compared. These compari
sons show that electrodeposition throwing power is a char
acteristic of the deposition material and is not governed 
by application process variables. 

" e l e c t r o d e p o s i t i o n as a m e t h o d of a p p l y i n g paint to a conduct ive object 
^ was patented b y D a v e y ( 1 ) i n 1919. Successful laboratory scale ap
p l i c a t i o n of coatings on the inside of t inplate cans, after fabr ica t ion , was 
carr ied out i n the 1930's ( 2 ) . C o m m e r c i a l exploi tat ion of this coat ing 
technique has o n l y appeared, however , i n the past 10 years ( 3 ) . A com
prehensive descr ipt ion of the process, paint composit ions, a n d quant i tat ive 
aspects of the electr ical efficiency of the electrodeposit ion m e t h o d of 
a p p l y i n g paint appeared i n 1966 (4). S ince then, a d d i t i o n a l details, such 
as the use of electrodialysis to control b a t h composi t ion ( 5 ) , resinous 
coat ing materials (6, 7 ) , a n d the requirements for m a i n t a i n i n g the b a t h 
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composi t ion i n a cont inuous electrodeposit ion process (8) have been 
issued. 

There is almost unanimous agreement that the deposi t ion process 
obeys Faraday 's l a w (4, 9, 10, 11)—i.e., the weight of deposit f o r m e d is 
p r o p o r t i o n a l to the n u m b e r of coulombs of e lectr ic i ty passed. Vol tage 
(12), resin concentrat ion, b a t h temperature, current density, a n d several 
substrates (10) do not influence the coulombic y i e l d signif icantly. H o w 
ever, the c o u l o m b i c y i e l d does vary inversely w i t h the degree of neutral 
iza t ion of the resin (10, 11, 13). 

Since e lectrodeposi t ion obeys Faraday 's l a w , e lectrolysis—not elec
trophoresis—is the process governing the deposi t ion. Ohm's l a w can be 
a p p l i e d to the system to determine the amount of current f l o w i n g a n d 
voltage losses i n the resistive elements compr i s ing the system (9, 10, 12, 
13). I n contrast to e lectroplat ing, the specific c o n d u c t i v i t y of t y p i c a l 
electrocoatings at operat ing solids a n d temperatures, 500-4000 m i c r o m h o / 
c m , is so large that the b a t h resistance must be i n c l u d e d i n an analysis 
of the e lectr ical c i rcui t i n v o l v e d (9, 13). A more dramat ic a n d significant 
difference f r o m electroplat ing, however , is the e lectr ical insula t ing p r o p 
erty of the deposi ted film. It is the h i g h specific resistance of the elec-
trodeposi ted film w h i c h makes possible the u n i f o r m coverage of i rreg
u l a r l y shaped objects a n d the coat ing of the inside of such restrict ive 
areas as rocker panels on automobi le bodies. T h i s property of electro-
coat ing is ca l led t h r o w i n g p o w e r a l though u n i f o r m thickness cover ing 
p o w e r w o u l d be a more accurate term for a p i g m e n t e d paint film. 

M u c h w o r k has been done on the influence of the various reactions 
o c c u r r i n g at the anode a n d at the cathode on the electrodeposit ion 
process. In anodic deposi t ion it has been demonstrated that 1 0 0 % of the 
current flowing at the cathode can be accounted for b y the electrolysis 
of water to generate h y d r o g e n gas (14). T w o c o m p e t i n g reactions at the 
anode are proposed. T h e electrolysis of water at the anode w i l l generate 
oxygen gas a n d h y d r o g e n ions. Res in w i l l precipi tate o n the anode as a 
result of the lower p H because of the increased concentrat ion of the 
h y d r o g e n ions. Al ternate ly , it is proposed that meta l ions generated b y 
oxidat ion of the anode substrate or meta l pretreatment react to prec ipi tate 
the resin. T a w n a n d B e r r y (10), of ten falsely accused of suppor t ing the 
role of meta l l i c ions, ac tual ly present m u c h data w h i c h support the a c i d 
coagulat ion theory. T h e y demonstrated such evidence as the fact that 
the i r o n content of films on m i l d steel e lectrodeposited panels was no 
greater than on panels d i p p e d into the same resins. T h e amount of i ron 
f o u n d i n the electrodeposited film was on ly a smal l f rac t ion of that w h i c h 
w o u l d be r e q u i r e d b y the stoichiometry of the meta l ion-prec ipi ta t ion 
mechanism or that r e q u i r e d to account for the ox idat ion reactions oc
c u r r i n g at the anode based on Faraday 's l a w . Prec ip i ta ted resin b y a d d i -
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t ion of ferrous sulfate was insoluble i n organic solvents such as methanol 
a n d acetone whereas the electrodeposited resin, w h i c h w i l l also redissolve 
i n the b a t h w h e n deposi t ion is terminated, was soluble i n the organic 
solvents. Independent ly , it has been p o i n t e d out that the clear film ob
tained w h e n an u n p i g m e n t e d resin is deposi ted on an i r o n anode is further 
evidence that the role of i r o n ions is inconsequent ia l ( 1 5 ) . It has also 
been observed that e lectrodeposit ion can be obta ined on such inert sur
faces as p l a t i n u m a n d carbon (16). Recent studies of deposi t ion over 
i ron a n d p l a t i n u m (17) demonstrate the dominance of the a c i d prec ip i ta 
t ion mechanism d u r i n g the first t w o minutes or so of deposi t ion, a t ime 
span most often f o u n d i n c o m m e r c i a l practice. 

W e t on wet deposi t ion of a w h i t e pa int after a b lack , or vice-versa, 
was f o u n d to y i e l d gray films (10). T h i s example of the fact that the 
deposi t ion layer b u i l d s u p at the deposi t -substrate interface rather than 
at the d e p o s i t - b a t h interface has been successfully demonstrated b y a 
patented process (18). In this process the corrosion resistance of an 
electrocoated object is i m p r o v e d b y i m m e r s i n g the wet coated object i n 
a solut ion conta in ing metal - treat ing oxyanions a n d electrodeposit ing them 
under the paint film. W e have deposi ted red paint after b lack paint a n d 
vice-versa. Since the red p i g m e n t particles are m u c h larger t h a n the 
black, there is more surface discolorat ion of an i n i t i a l b lack coat ing w h e n 
red is forced through it on subsequent electrocoating than i n the reverse 
s i tuation. I n either case, however , microscopic examinat ion of a cross-
section through the layers of coat ing c lear ly shows that the p igmented 
system w h i c h was deposi ted second is f o u n d between the p i g m e n t e d 
mater ia l w h i c h is deposi ted first a n d the c o n d u c t i n g substrate. 

Experimental 

L a b o r a t o r y measurements of t h r o w i n g p o w e r have been most noted 
for their var ie ty of test apparatus (10,13,19). There is one example of a 
prac t i ca l appl i ca t ion of t h r o w i n g power testing (20), a. theoret ical analysis 
(11), a summary of the relat ionships between mater ia l properties, depo
sit ion parameters, a n d t h r o w (13), a n d a proposed relat ionship between 
t h r o w i n g p o w e r a n d voltage, b a t h specific resistance a n d c o u l o m b i c y i e l d 
(11). A l m o s t universa l ly t h r o w i n g p o w e r is recorded as inches of some
th ing . T h i s n u m b e r suffers because the basis for the measurement has 
not been def ined, just as a specific resistance or specific c o n d u c t i v i t y as 
a n u m b e r is meaningless unless the temperature at w h i c h the measure
ment was taken is also recorded. In order for a t h r o w i n g p o w e r measure
ment to have any real significance, the film thickness deve loped on a 
reference anode must also be recorded (19). 

O u r purpose i n this invest igat ion was t w o f o l d . F i r s t , w e w a n t e d to 
i d e n t i f y the mater ia l properties of electrocoatings w h i c h inf luenced t h r o w -
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i n g power . T h r o w i n g p o w e r is a f u n c t i o n or an index of deposi ted film 
thickness u n i f o r m i t y . It is not a func t ion of total amount of film deposi ted 
nor the deposi t ion condit ions such as voltage a n d t ime. 

E lec t rodepos i t ion fo l lows Faraday 's l a w : one g r a m equivalent we ight 
of matter is c h e m i c a l l y al tered at each electrode for 96,501 internat ional 
coulombs of electr ic i ty passed t h r o u g h the electrolyte. T h e current passed 
can be d e r i v e d f r o m Ohm's l a w : voltage equals the p r o d u c t of amperes 
flowing a n d c i rcu i t resistance i n ohms. W h e n c i rcui t resistance is con
stant, changes i n voltage can o n l y p r o d u c e changes i n amperes. W h e n 
c o m b i n e d w i t h t ime variat ions this produces only changes i n total q u a n 
t i ty of mater ia l depos i ted—not its d i s t r ibut ion or locat ion. T h e only factor 
inf luenced b y the e lectrodeposit ion mater ia l is the c i rcui t resistance, w h i c h 
is a c o m b i n a t i o n of resistances of b a t h solut ion a n d deposi ted film m a 
ter ial . If t h r o w i n g p o w e r is an inherent property of a par t icular elec
trocoat ing formula t ion , such operat ing variables as voltage a n d deposi t ion 
t ime are not parameters w h i c h determine t h r o w i n g power . 

Secondly, w e w a n t e d a mathemat ica l descr ipt ion of the format ion 
of a coat ing layer i n a restrict ive channel of definable geometry. If w e 
c o u l d develop this mathemat ica l descr ipt ion, w e c o u l d use a computer 
to p e r f o r m the t h r o w i n g p o w e r experiment, based u p o n an input set of 
relevant mater ia l properties , p h y s i c a l dimensions of the test set u p , a n d 
operat ing condit ions . Success i n step t w o of our objectives w o u l d enable 
us to develop a quant i tat ive re lat ionship between the relevant mater ia l 
properties a n d t h r o w i n g power . T h e most important relevant properties 
are current r e q u i r e d for deposi t ion, ( coulombs/gram ), specific resistance 
of b a t h solut ion, a n d wet deposi ted film specific reistance. Differences 
be tween laboratory experiment a n d computer s imulat ion c o u l d be ana
l y z e d to p r o v i d e an even better unders tanding of the t h r o w i n g p o w e r 
p r o b l e m a n d thus lead to prac t i ca l appl icat ions . 

Apparatus 

Elec t rocoa t ing solut ion specific resistance measurements are per
f o r m e d i n the manner establ ished for electrolytes. T h e Y e l l o w Springs 
Instrument C o . m o d e l 31 c o n d u c t i v i t y br idge , w i t h an auxi l iary decade 
capaci tor var iable f r o m 0.01 to 1.0 m f d has p r o v e d to be useful for this 
measurement. F o r rout ine use i n the laboratory a c o n d u c t i v i t y ce l l was 
fabr ica ted w i t h p o l i s h e d stainless steel electrodes h e l d r i g i d l y i n pos i t ion 
i n a m a c h i n e d b lock of Plexiglas . T h i s ce l l is ca l ibra ted w i t h K C 1 solu
tions i n the s tandard manner . It is rugged, easily c leaned, a n d more 
efficient to use than p l a t i n i z e d p l a t i n u m electrodes w h i c h r a p i d l y become 
surface contaminated w i t h pigment , thus r e q u i r i n g frequent c lean ing a n d 
r e p l a t i n i z i n g i n order to m a i n t a i n accuracy of measurement. W i t h p o l -
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i shed stainless steel electrodes 1000 H z is m a n d a t o r y to prevent p o l a r i z a 
t ion rather than 60 H z c o m m o n l y used w i t h p l a t i n i z e d electrodes. 

L a b o r a t o r y evaluations of the deposi t ion propert ies , deposi ted film 
specific resistance a n d electr ical efficiency ( coulombs/gram or the re
c i p r o c a l ) , are carr ied out as descr ibed previous ly (4). C u r r e n t - t i m e 
curves are recorded b y a Sargent recorder m o d e l S R type or a H e a t h k i t 
m o d e l E U W - 2 0 . C o u l o m b s of electr ic i ty passed are measured either b y 
a disc integrator m o u n t e d on the Sargent recorder or b y a Se l f -Organiz 
ing System, Inc. m o d e l SI 100 electronic integrator. N e t coat ing weight 
deposi ted is determined b y w e i g h i n g the 4-sq i n c h panels, before a n d 
after coat ing, on a laboratory analyt i ca l balance such as a M e t t l e r type H 5 
(160 grams c a p a c i t y ) . 
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Figure 1. Plexiglas throwing power tank (top view; 0.4 scale). 
C, cathode; A , reference anode; TP, throwing power section. Base, 

17 X 39 cm. 

L a b o r a t o r y t h r o w i n g p o w e r experiments are p e r f o r m e d w i t h the 
test apparatus s h o w n i n F i g u r e 1. T h e tank is 10 c m deep a n d is filled 
w i t h 9 c m of bath . F o u r - s q i n c h ( 10 X 10 c m ) panels are used for the 
cathode a n d the reference anode. In the t h r o w i n g p o w e r section any 
surface u p to a 4 X 12 i n c h (10 X 30 c m ) p a n e l m a y be used. W h e n 
m u l t i p l e sectional panels are p l a c e d i n the t h r o w i n g p o w e r slot, a sequence 
shunt swi tch is used to give current readings at discrete t ime intervals 
so that a c u r r e n t - t i m e curve m a y be traced for each segment f r o m the 
points recorded. 

Results 

T h r o w i n g p o w e r measurements are d i s p l a y e d b y the m e t h o d s h o w n 
i n F i g u r e 2. F i l m thickness at several points a long the t h r o w i n g p o w e r 
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10 20 30 

Distance from Cathode End 

Figure 2. Method of displaying throwing power 

p a n e l is measured w i t h a Permascope h a v i n g the electronic c i rcu i t a n d 
measur ing head appropriate for the type of substrate i n v o l v e d . Q u a l i t a 
t ive effects of deposi ted film specific resistance a n d ba th specific resistance 
o n t h r o w i n g p o w e r are i l lustrated i n F i g u r e 2. T h e c o m m o n denominator 
for the three examples s h o w n is the same film thickness on the reference 
anode i n each experiment. F i l m resistance can be v a r i e d essentially inde
pendent ly of other electrocoating properties b y a d d i n g an organic solvent 
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Figure 3. Coulombs/gram vs . voltage effect of level of pig
ment loading (composition by weight). ·, 100% vehicle; X , 

3 vehicle/l pigment; O, 2 vehicle/l pigment. 
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to the vehic le before so lubi l iza t ion , thus a l ter ing the viscosi ty of the de
posi ted film. S u c h viscosity changes of deposi ted film, whether b y tem
perature or b y solvent d i l u t i o n , alter the specific resistance of the de
posi ted mater ia l . B a t h resistance can be v a r i e d independent ly of other 
propert ies b y r e d u c i n g the mater ia l to different solids levels. 

T h e re lat ionship between e lectr ica l efficiency a n d voltage is s h o w n 
i n F i g u r e 3. A b o v e ca. 50 volts, the coulombs/gram is essentially con
stant. B e l o w 50 volts the curves c l i m b t o w a r d undef ined values as the 
voltage is r e d u c e d to the 5 -10 vol t range. A replot of the data i n F i g u r e 3 
is s h o w n i n F i g u r e 4. It is, however , s t i l l impossible to extrapolate the 
curves to a zero value of voltage and/or m g / c o u l o m b . 

0l 1 1 1 — 
0 50 100 150 

Applied Voltage 

Figure 4. Milligrams/coulomb vs. voltage (replot of 
Figure 3) 

T o define the F a r a d a y behavior of electrocoatings at l o w voltages, 
po larography experiments were per formed. T h e current -vo l tage re lat ion
ship i n a t y p i c a l po larography experiment is s h o w n i n F i g u r e 5. T h e 
por t ion of this curve i n the region f r o m 0 - 5 volts is f o u n d i n almost a l l 
p h y s i c a l chemistry texts i n the first chapter o n electrochemistry. T h i s 
section of the curve shows the classic shape of the current -vo l tage curve 
for an electrolyte between inert electrodes (21,22). T h e curve as s h o w n 
i n F i g u r e 5 was taken direc t ly f r o m the str ip chart r e c o r d i n g trace of a 
p r o g r a m m e d voltage d c p o w e r s u p p l y ( selected l inear increase of voltage 
w i t h t ime) for a ce l l i n w h i c h t w o cleaned c o l d r o l l e d steel electrodes 
were inserted i n a Plexiglas tank at an electrode separation of 5 c m . T h e 
surface area on each electrode exposed to the b a t h was 2.5 X 5 c m or 
12.5 sq c m . A s i n d i c a t e d , the slope of the straight l ine p o r t i o n of the curve 
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is the system resistance, w h i c h , for this experiment was ca lculated f r o m 
the slope to be 62.5 ohms. D e c o m p o s i t i o n voltages i n the range of 1.7-2.2 
volts can be f o u n d i n l i terature on electrolysis for electrolytes i n w h i c h 
h y d r o g e n is evo lved at the cathode a n d oxygen at the anode. 

Voltage, volts 

Figure 5. Decomposition voltage and minimum deposition 
voltage for an electrocoating material 

There is apparent ly o n l y one li terature reference to a threshold 
depos i t ion voltage of a paint (8) a l though m i n i m u m current densities 
are ment ioned frequent ly . There is an example (16) i n w h i c h , for t w o 
materials , ( F i g u r e s 6 a n d 7 i n Ref. 8) the flow of a finite amount of 
current (at 1.5 a n d 6 volts respect ively) w i t h a y i e l d i n each case of 0 
grams of deposi ted d r y film weight occurs. 

I Re 2 Re 3 Re Ν Re 

Figure 6. Electrical resistance circuit analyzed by a com
puter 
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Distance from Cathode End,cm 

Figure 7. Comparison of experimental 
results with computer simulation. X , ma
terial A; O, material B; —, computer 

simulations. 

If the experiment as i l lustrated b y F i g u r e 5 is p e r f o r m e d at different 
electrode spacings, the m i n i m u m deposi t ion voltage ( M D V ) is a l inear 
f unc t ion of the distance between the electrodes, caused, of course, b y 
the b a t h resistance. A plot of m i n i m u m deposi t ion voltage vs. electrode 
separation extrapolated to 0 separation gives the true m i n i m u m depos i t ion 
voltage. Since the re lat ionship is l inear, only two measurements, at 5 a n d 
10 c m separation for example, are needed. B y subtract ing the difference 
be tween the M D V ' s at 5 a n d 10 c m f r o m the value at 5 c m , the M D V 
at zero separation is obta ined. 

D i g i t a l computer s imulat ion of the exper imental measurement of 
t h r o w i n g p o w e r was based on the f o l l o w i n g assumptions. 

( 1 ) A continuous, non-l inear , t ime-dependent f u n c t i o n can be treated 
as the summat ion of l inear steps i f the size of each di f ferent ia l t ime i n 
terval is smal l enough. 

(2 ) T h e electr ical resistance of an electrocoat ing b a t h conf ined b y 
a g iven geometry can be ca lcula ted f r o m the specific resistance of the 
b a t h at the temperature of the experiment, the dimensions of the chamber , 
a n d the area of the electrodes. 

( 3 ) T h e electr ical resistance of the deposi ted film is a l inear f u n c t i o n 
of the film thickness a n d can be ca lcula ted b y measur ing the area of the 
electrode surface b e i n g coated a n d us ing the specific resistance of the 
deposi ted film i n the w a y used to calculate the b a t h resistance. 

( 4 ) T h e current flowing to a g iven area of the electrode b e i n g coated 
at any t ime in terva l can be d i v i d e d into that por t ion w h i c h causes deposi 
t ion at the net coulombs/gram rate a p p r o a c h e d as a constant va lue (see 
F i g u r e 3 ) a n d the remainder of the current w h i c h causes electrolysis but 
yie lds no deposi t ion film. 

(5 ) T h e experiment is p e r f o r m e d under i sothermal condit ions or 
under condit ions sufficiently close to isothermal that the rate of heat dis
s ipat ion is m u c h greater than the rate of heat generat ion a n d does not 
introduce a temperature effect o n the film a n d bath resistance. 
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T h e equivalent e lectr ical resistance c i rcui t w h i c h the computer ca l 
culates is s h o w n i n F i g u r e 6. F o r a g iven geometry t h r o w i n g p o w e r 
experiment (see F i g u r e 1, for example) the value for Re a n d Rs i n F i g 
ure 6 can be ca lculated d i rec t ly f r o m the specific resistance of the electro
coat ing b a t h at the temperature a n d solids used for the experiment. F o r a 
cross-section of ( 1 c m X 9 c m ) = 9 sq c m , Re is 1/9 of the specific resist
ance per centimeter of slot length. Since the distance f r o m the center 
l ine of the slot to the anode surface is 0.5 c m , Rs is 1/2 of Re for a section 
of anode area 1 c m w i d e a n d 9 c m h i g h . Rf is a var iable resistance w h i c h 
is 0 for no deposi ted film a n d is a l inear func t ion of the film thickness. 

T h e d i g i t a l computer performs the f o l l o w i n g sequence of calculat ions 
for each in terva l of t ime selected a n d accumulates the results of successive 
b u i l d u p s of deposi ted film on the anode segments A i , A 2 , etc. 

( 1 ) T h e resistance is ca lcula ted at the node points start ing at point η 
a n d e n d i n g at po int 1 w h i c h is the total resistance for the entire c i rcui t 
d u r i n g the t ime interva l . 

(2 ) B y d i v i d i n g this resistance into the a p p l i e d voltage, the total 
current flowing through the c i rcui t d u r i n g the t ime i n t e r v a l is ca lculated. 

(3 ) V o l t a g e d r o p a n d current flow for each Re a n d (Rs + Rf) are 
ca lculated . 

( 4 ) T h e por t ion of the current flowing through each element ( Rs + 
Rf) w h i c h results i n deposi t ion d u r i n g the t ime in terva l is ca lculated b y 
(Vs - MOV)/(Rs + Rf). 

( 5 ) Based o n the laboratory measurements of the net c o u l o m b s / g r a m 
of deposit , specific resistance of the deposi ted film, area of the anode 
segment, a n d specific gravi ty of the deposi ted film, the amount of film 
thickness a d d e d d u r i n g the in terva l a n d a n e w value for Rf based on the 
n e w film thickness are ca lculated. 

(6 ) T h e computer repeats the cycle of calculat ions i n steps 1-5 for 
a specific n u m b e r of t ime intervals or u n t i l a selected film thickness is 
obta ined on the first anode segment, A i . T h e actual pr in tout of in forma
t i o n can be mere ly a table of the anode segment n u m b e r a n d the film 
thickness deve loped on that segment after a g iven p e r i o d of t ime. A l t e r 
nately, pr intouts at selected t ime intervals of any of the desired voltages, 
currents, or other variables m a y be obta ined. 

Discussion 

It was necessary to establish whether or not the m o d e l chosen for 
the d i g i t a l computer s imula t ion was a good one. A t y p i c a l example of the 
k i n d of agreement between the laboratory experiments a n d the computer 
s imula t ion is s h o w n b y F i g u r e 7 for t w o materials h a v i n g w i d e l y different 
t h r o w i n g power . A s F i g u r e 7 shows, the agreement be tween theory a n d 
experiment is excellent. O b v i o u s l y w e have been able to ident i fy the 
relevant mater ia l propert ies a n d their interrelat ionships as they relate to 
t h r o w i n g power . Those propert ies are: specific resistance of the deposi ted 
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film a n d specific resistance of the electrocoat b a t h at the temperature at 
the start of the experiment, decomposi t ion voltage of the system for the 
electrodes e m p l o y e d , m i n i m u m deposi t ion voltage ( M D V ) for the system, 
net e lectr ical efficiency of deposi t ion ( c o u l o m b s / g r a m or m g / c o u l o m b ) , 
a n d the specific gravi ty of the deposi ted coat ing. V i s u a l evidence that 
voltage a n d t ime are not parameters w h i c h influence the t h r o w i n g p o w e r 
of e lectrocoating is f o u n d i n F i g u r e 8. There is no argument that i n 
creased voltage or t ime does give more "inches of t h r o w " for a g iven 
electrocoating; however a p r o p o r t i o n a l increase i n film thickness occurs 
on the reference anode as w e l l . Therefore the t h r o w i n g p o w e r was. not 
changed. 

Distance from Cathode End 

Figure 8. Effect of voltage or time 
on deposition 

A n example of the prac t i ca l use of the d i g i t a l computer s imulat ion 
to evaluate the contr ibut ion of one of the relevant properties of electro-
coatings to t h r o w i n g p o w e r is s h o w n i n F i g u r e 9. T h e curvature as i n d i -

Distance from Cathode End, cm 

Figure 9. Effect of minimum deposition 
voltage on throwing power. Digital com
puter simulation for: MDV A — 4 volts, 

Β = 6 volts, C = 8 volts. 
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cated i n F i g u r e 9 is computer pred ic ted . W e have f o u n d that the 
m i n i m u m depos i t ion voltage of an electrocoating depends on the anode 
mater ia l . Q u a l i t a t i v e l y the M D V increases for steel substrates i n the 
f o l l o w i n g manner : z inc phosphate ( B o n d e r i t e 37 ) , c leaned c o l d r o l l e d 
steel, i r o n phosphate ( B o n d e r i t e 1000), a n d untreated ga lvanized steel. 
C l e a n e d a l u m i n u m has a M D V higher than any of the above surfaces. 
T h r o w i n g p o w e r for a given electrocoating mater ia l was s imi lar to that 
shown i n F i g u r e 9 for z inc phosphate, c lean g a l v a n i z e d a n d untreated 
a l u m i n u m substrates i n order of increasing m i n i m u m deposi t ion voltages. 

T h e most p r o n o u n c e d differences between laboratory exper imental 
determinations of t h r o w i n g power a n d computer s imulat ion result f r o m 
heat diss ipat ion problems. It was possible to p r o v i d e either no forced 
c i r cu la t io n or vigorous c i rcu la t ion i n the slot of the t h r o w i n g p o w e r tank 
( F i g u r e 1) d u r i n g deposi t ion. In F i g u r e 10 curve A is obta ined w i t h 
vigorous agi tat ion a n d curve Β w i t h no agitat ion. T o evaluate the heat 
diss ipat ion p r o b l e m further, a test str ip was coated inside a p i p e (20). 
W h e n the cathode was p l a c e d at the bot tom end of the tube, results 

Distance from Cathode End 

Figure 10. Effect of heat dissipation 
of film thickness distribution. A: cath
ode at top of tube or vigorous circula
tion in slot. B: cathode at bottom of 

tube or no circulation in slot. 

s imi lar to curve Β i n F i g u r e 10 were obta ined. W h e n the t h r o w i n g p o w e r 
tube was inver ted so that the cathode was at the top end, results s imi lar 
to curve A , F i g u r e 10, were obtained. W e have independent ly deter
m i n e d the film specific resistance and the bath specific resistance over a 
temperature range f r o m 7 0 ° to 1 1 0 ° F . T h e temperature effect on bath 
specific resistance is sl ight over this temperature range; however the 
effect on the specific resistance of the deposi ted film is severe. Since the 
deposi t ion occurs at the substra te - f i lm interface a n d the heat is generated 
at this point and must be diss ipated through the substrate a n d through 
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13. GILCHRIST AND SHUSTER Throwing Power 203 

the deposi ted film layer, the temperature effect o n the specific resistance 
of the deposi ted film must be the dominant factor. 

Summary 

Elec t rodepos i t ion is a reversible process, as are other s imple elec
trolysis reactions i n water solut ion. D e p o s i t i o n occurs at the e l e c t r o d e -
deposi ted film interface i f the a p p l i e d vol tage exceeds the m i n i m u m 
deposi t ion voltage for the system. O p e r a t i n g condit ions necessary to 
achieve c o m m e r c i a l l y acceptable rates of coat ing appl i ca t ion are far 
r e m o v e d f r o m e q u i l i b r i u m condit ions . It is possible to s imulate the actual 
deposi t ion of an electrocoating i n a cavi ty of def ined geometry b y an 
electr ical c i rcu i t w h i c h m a y be ana lyzed b y a d i g i t a l computer . T h e 
major deviat ions between the m o d e l system a n d the actual experiment 
arise under condit ions such that isothermal behavior is no longer v a l i d . 
A l t h o u g h the energy i n p u t per uni t t ime in terva l to each segment of the 
system is easily ca lculated, the rate and nature of the energy diss ipat ion 
are m u c h more complex problems. 
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Material Balance Considerations in an 
Electrocoating Tank 

W I L L I A M V A N H O E V E N , JAMES E. LOHR, and 

W I L L E M Β. V A N DER L I N D E 

Marshall Research and Development Laboratory, F & F Department, Ε. I. du 
Pont de Nemours & Co., Inc., 3500 Grays Ferry Ave., Philadelphia, Pa. 19146 

A mathematical model has been developed which describes 
the time-dependent concentration behavior of component(s) 
in an operational electrocoating bath. The equation is: 

C T = C ( ) e - k ; T + k2 V e~k>n 

n=0 

where CT is the component concentration at time, T , C0 is 
the initial concentration, k1 is the time-dependent first-order 
rate constant for component removal, and k2 is the linearly 
time-dependent constant for component addition. The 
model is based upon the addition being a stepwise process 
and removal being a continuous process. The validity and 
scope of the model are demonstrated in laboratory experi
ments and field situations. Examples include application to 
the concentrations of solvent, amine, and water-soluble non-
volatiles. The value of such information for assistance in 
formulating, controlling, and designing electrodeposition 
systems is shown. 

T t is a c r i t i c a l prerequisi te that the mater ia l balance i n an electrocoating 
tank be kept w i t h i n set values to ensure satisfactory performance at 

any t ime d u r i n g the l i fe of the bath . I n other words , the concentrat ion 
of a l l components of the paint , i n c l u d i n g contaminants , must be m a i n 
ta ined w i t h i n certa in l imits to p e r m i t the deposi t ion of acceptable coat
ings. I n v i e w of the large n u m b e r of components w h i c h go into most 
electrocoating formulat ions , this is a complex p r o b l e m . H i s t o r i c a l l y the 
attention g iven this p r o b l e m is as o l d as electrodeposit ion itself. F o r t y -
year o l d patents a n d journal articles, concerned w i t h r u b b e r electro-

207 
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deposi t ion, consider b a t h compos i t ion a n d mater ia l balance ( 1 ) . Recent 
l i terature contains numerous articles discuss ing di f ferent ia l depos i t ion of 
pigments ( 2 ) , a c c u m u l a t i o n of solvents ( 3 ) , a n d the difficulties of m a i n 
t a i n i n g the proper amount of amine so lubi l izer (4). 

Paint depos i t ion occurs w h e n dispersed part icles are e lectrochem-
i c a l l y des tab i l ized i n the r e g i o n of the substrate. I n general , the total 
system is v e r y sensitive to e lec trochemical changes. Since the components 
a n d contaminants i n a n electrocoating tank contr ibute i n different ways 
to the electrochemistry a n d the s tabi l i ty of the dispers ion, i t is dif f icult 
to q u a n t i f y effects w i t h o u t extensive analyt i ca l efforts. 

Nevertheless , c o m m e r c i a l e lectrodeposi t ion is a real i ty despite the 
del icate nature of such systems. T h i s has been m a d e possible because 
the a d d i t i o n a n d r e m o v a l of materials can be systematical ly a n d accu
rately control led . T h e purpose of this paper is to show h o w the systematic 
changes o c c u r r i n g i n a n electrocoating tank can be ca lcula ted a n d used 
to predic t a n d to contro l the concentrations of the components i n the tank. 

T o m a i n t a i n a g iven leve l of any component i n a tank, it is necessary 
to k n o w , quant i ta t ive ly , the modes of a d d i t i o n a n d r e m o v a l of that par
t i cu lar species. T h i s is possible o n l y w i t h a t h o r o u g h unders tanding of 
the m e c h a n i s m of e lectrodeposi t ion a n d the d i s t r ibut ion of the compo
nents be tween the cont inuous a n d discont inuous phases i n the electro
coat ing bath . T h e rates of a d d i t i o n a n d r e m o v a l of each component of the 
e lectrodeposi t ion b a t h must also be k n o w n . F o r t u n a t e l y m a n y of these 
i n p u t a n d r e m o v a l rates are restr icted w i t h i n fixed l imits b y the e q u i p m e n t 
des ign, turnover rates, pa in t formulas , etc. F u r t h e r m o r e the treatment 
is s impl i f i ed b y the fact that e lectrocoat ing tanks are m a i n t a i n e d at 
constant v o l u m e . 

T h e proposed mater ia l balance m o d e l takes into account the rates 
of component a d d i t i o n a n d removal , b y whatever means, a n d al lows the 
ca lcula t ion of the concentrat ion of that component at any g iven t ime. 

R e m o v a l of b a t h components involves several factors. C e r t a i n species 
—e.g., solvents, crosslinkers, e tc .—may par t i t ion between the organic a n d 
aqueous phases so that they w i l l be p a r t i a l l y r e m o v e d b y depos i t ion of 
p a i n t (3, 5 ) . If components do not par t i t ion into the aqueous phase but 
r e m a i n associated w i t h the organic b i n d e r , they are r e m o v e d i n direct 
p r o p o r t i o n to the rate of deple t ion of pa in t solids. 

If an electrodeposit ion tank is e q u i p p e d w i t h an ul traf i l t rat ion uni t , 
or some other device w h i c h selectively removes the aqueous phase, species 
dissolved i n this phase w i l l be r e m o v e d at a rate w h i c h depends o n the 
instantaneous concentrations i n the bath—i.e., the rate of r e m o v a l of such 
species is first order w i t h respect to their concentrat ion. T h a t i s : 

dt - - k l c 
(1) 
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Integrat ion over the l imits t = 0 a n d t = T g ives : 

Ct = Co e - V (2) 

W h e r e Ct is the concentrat ion at t ime T, C0 is the concentrat ion at t = 0, 
a n d Zci is the slope of a p lo t of In C vs. T. 

A d d i t i o n of materials to the b a t h is more s t ra ight forward. F o r any 
species w h i c h enters the paint b a t h as part of the replenishment , or w i t h 
the w o r k , there is a rate of increase i n concentrat ion, fc2, w h i c h is t ime 
dependent only . T h a t i s : 

Ct = Co + k2 (T - T0) (3) 

or : 

w h e r e AC is the amount of that component brought into the tank i n AT 
t ime units . F o r each operat ion, AT is the n u m b e r of days r e q u i r e d for 
one turnover—i.e. , the n u m b e r of days r e q u i r e d to remove a n amount of 
pa int solids equa l to the amount or ig ina l ly present i n the tank. O f course 
if there is no r e m o v a l mechanism, the species continues to increase i n 
concentrat ion. A t l o w concentrations, i o n i c contaminants approximate 
this behavior . 

I n an operat ing system, the a d d i t i o n a n d r e m o v a l expressions can 
be c o m b i n e d to obta in concentrat ion at any t ime Τ > T0. I n the c o m 
b i n e d expression i t is assumed that Τ is i n days a n d that the tank is oper
ated such that a n amount of the species sufficient to p r o d u c e a concentra
t ion change of m a g n i t u d e k2 (== AC/AT) is a d d e d at the e n d of each 
operat ing day. T h u s at the e n d of the first day's operat ion, f o l l o w i n g 
the replenishment a d d i t i o n , the concentrat ion of the component i n 
quest ion w i l l be C i = C0e~\ -f- k>; at the end of the second day, 
C 2 = (C 0éTfci -f k2)e~ki + k2; etc. A t any t ime T, 

T-l 
CT = C0e~kiT + k2 X e - * i " (5) 

71 = 0 

w h i c h can be m o d i f i e d to : 

(5a) 
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U s i n g E q u a t i o n 5, 

as Τ 

C ^ ι (6) 
1 — e * i 

w h e n the t ime for incrementa l addi t ions equals one day . 
I n the i d e a l case, w h e r e a d d i t i o n a n d r e m o v a l are s imultaneously 

cont inuous, the concentrat ion change w i t h t ime i s : 

dc 
— = k2 - h c(t) 

Integrat ion of this f u n c t i o n gives : 

Ct = C 0 β-*i< + ^ ( l - e - * i ' ) (50 

It is evident that i n this case the asymptot ic value of Ct i s : 

Ceo = p (60 

Since 1 — e~ki « kl9 E q u a t i o n 6 ' can be used i n process des ign to deter
m i n e kx for g i v e n values of a n d k2. 

T o s i m p l i f y the use of rate E q u a t i o n 5, a H e w l e t t - P a c k a r d 9100 ca l 
culator/plotter system has been p r o g r a m m e d to give C vs. Τ plots d i rec t ly , 
for preselected k values a n d i n i t i a l condit ions . 

T h e rate equat ion i n the "s tep-wise" f o r m is especial ly use fu l for 
s i m u l a t i n g ac tua l operat ing situations. B y us ing a s u m m a t i o n instead of 
a n integra l solut ion, compensat ion for unexpected r a n d o m addi t ions of 
any species c a n be made. A l s o , variat ions i n rates of r e m o v a l can be 
accommodated . If a component is b e i n g r e m o v e d b y more than one first-
order concentrat ion dependent mechanism, & i can be rep laced b y a c o m 
posite ki w h i c h is s i m p l y the sum of i n d i v i d u a l first-order fc/s. I n 
pract ice a composite ki is often necessary, as i n the case of solvents, 
w h e r e depos i t ion w i t h the coat ing, evaporat ion, a n d ul traf i l t rat ion must 
a l l be considered. W e have f o u n d exper imental ly that w h e n electrocoat-
i n g formulat ions c o n t a i n i n g less than 1 5 % solvent are h e l d i n contro l led 
environments , plots of In C (so lvent ) vs. Τ are essentially l inear ; the 
slope of such a p lot is the kx caused b y evaporat ion. These exper imen
ta l ly d e r i v e d evaporat ion rate constants are useful components of the 
composite kis used i n subsequent concentrat ion vs. t ime calculat ions. 

F i g u r e 1 demonstrates the u t i l i z a t i o n of the m o d e l . I n this example, 
a rb i t rary but realist ic values of C0> ki, a n d k> have been used. C u r v e A 
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TIME -DAYS 
Figure 1. Concentration vs. time curves according to 

Equation 5 
Curve Co, % h, % day-1 h, % day'1 

A 5 0 0.3 
Β 5 0.05 0.3 
C 5 0.05 0.3 
D 5 0.1 0.6 
Ε 5 0.05 0 

represents the increase i n component concentrat ion w h e n no r e m o v a l 
m e c h a n i s m is operat ing (i.e., C0 = 5 % , kx = 0, a n d k2 = 0 . 3 % d a y " 1 ) . 
C u r v e Ε represents the opposite extreme of r e m o v a l w i t h o u t a d d i t i o n 
(C0 = 5 % , & i = 0.05 day" 1 , k2 = 0 ) . C u r v e C is the result of c o m b i n 
i n g these two extreme situations a n d represents the concentrat ion vs. 
t i m e behavior of any species w h i c h is subject to these selected a d d i t i o n 
a n d r e m o v a l rates a n d i n i t i a l concentrat ion (C0 = 5 % , fcx = 0.05 d a y 1 , 
k2 = 0 . 3 % d a y " 1 ) . C u r v e Β shows the change w h i c h occurs w h e n CQ 

a n d & i are h e l d constant, a n d k2 is d o u b l e d (C0 = 5 % , & i •= 0.05 d a y - 1 , 
k2 = 0 .6% d a y " 1 ) . T h i s is equivalent to d o u b l i n g the p r o d u c t i o n rate, 
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going to a two-shi f t operat ion, etc. C u r v e D shows the effect of d o u b l i n g 
kx w h i l e h o l d i n g C0 a n d k2 at the o r i g i n a l v a l u e ( C 0 — 5 % , kx = 0.1 d a y " 1 , 
k2 = 0 . 3 % d a y " 1 ) . T h i s s i tuat ion w o u l d arise i f the evaporat ion rate 
were d o u b l e d or i f the ul traf i l t rat ion rate were increased. 

A l t h o u g h the rate at w h i c h a component approaches its e q u i l i b r i u m 
concentrat ion, C*» is of ten important , the va lue of the e q u i l i b r i u m con
centrat ion is genera l ly of even greater concern. If, for example, C u r v e Β 
of F i g u r e 1 represents a component concentrat ion behavior for a g i v e n 
p a i n t f o r m u l a t i o n , the e q u i l i b r i u m concentrat ion can be ca lcula ted to be 
12 .3%. If this l eve l of the component adversely affects the electrocoating 
process, the m o d e l can b e used to calculate the va lue of kx necessary to 
m a i n t a i n any tolerable concentrat ion of the species. F o r example, i f the 
e q u i l i b r i u m concentrat ion of C u r v e C is an acceptable value , the paint 
must b e re formula ted w i t h a different b u t s imi lar component w i t h t w i c e 
the evaporat ion rate, or the tank design m a y be a l tered to achieve the 
same goal , or ul traf i l t rat ion m a y be increased. T h u s the m o d e l can be 
used to predic t future diff iculties a n d , b y k n o w i n g the m a g n i t u d e of the 
problems, assist i n preparat ions to correct these diff icult ies. 

Perhaps the biggest p r o b l e m i n e lectrodeposi t ion has been con
t r o l l i n g the concentrat ion of the amines used to so lubi l ize the resin. A p 
proaches have i n v o l v e d the use of vo la t i l e amines, amine deficient 
replenishments , a n d flushed cathodes. T h e m a t h e m a t i c a l m o d e l discussed 
here is d i r e c t l y a p p l i c a b l e to the first t w o approaches. I f flushed cathodes 
are used, this m o d e l does not a p p l y since the rate of r e m o v a l of amine 
does not d e p e n d o n its concentrat ion b u t o n l y u p o n the amount of current 
used for coat ing. T h e use of volat i le amines is exactly analogous to the 
previous discussion where the m o d e l was s h o w n to be v e r y useful . 

M o t o y a m a et al. have p u b l i s h e d results of the amine balance i n a 
system u t i l i z i n g amine deficient replenishment ( 6 ) . B y u s i n g a n o n - v o l 
at i le amine, evaporat ion is d isregarded, a n d r e m o v a l is l i m i t e d to the 
amount carr ied out on the w o r k piece i n the c o m b i n e d film (depos i ted 
film plus d r a g o u t ) . Since this amine i n c l u s i o n has a first-order concen
trat ion dependence , i t is amenable to treatment b y our m o d e l . 

I n this system, the i n i t i a l amine concentrat ion, C 0 , is 8.6 meq/20 
grams solids. R e m o v a l of amine b y the electrocoating process is a l inear 
f u n c t i o n of amine concentrat ion i n the tank. T h e rat io of the amine 
concentrat ion i n the c o m b i n e d film to amine concentrat ion i n the b a t h 
is 0.34. T h e average turnover rate is 2.3 turnovers per m o n t h (one 
turnover per 13.26 d a y s ) . Therefore , w i t h no a m i n e a d d i t i o n , u s i n g 
E q u a t i o n 1, 

dc 
dt 13.26 days 

0.34 
c(t) (t i n days) 

or, ki = 0.0256 d a y 1 . 
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T h e amount of amine a d d e d i n one turnover increases the concentrat ion 
5.5 meq/20 grams solids i f no a m i n e is r e m o v e d . T h a t i s : 

k2 = 
5.5 meq/20 grams solids 

13.26 days 

or 

k2 = 0.4135 (meq/20 grams solids) d a y _ 1 

U s i n g these values of C0, ku a n d k2, the change i n amine concentrat ion 
i n the b a t h w i t h t i m e c a n be ca lculated. F i g u r e 2 compares the c o m p u t e d 
concentrat ion vs. t ime curve w i t h Motoyama ' s data . U s i n g E q u a t i o n 6, 
Co, = 16.35 meq/20 grams solids, w h i c h compares favorab ly w i t h 16.18 
meq/20 grams solids ca lcula ted b y M o t o y a m a . 

40 80 120 160 
TIME- DAYS 

200 240 

Figure 2. Comparison of amine concentration vs. time accord
ing to the data of Motoyama (6) and calculation using Equation 
5. For the curve, C 0 = 8.6 meq/20 grams solids, kt = 0.0256 

day1, k2 = 0.4135 (meq/20 grams solids) day'1. 

I n c o m m e r c i a l e lectrocoat ing systems there are often a considerable 
n u m b e r of operat ional inconsistencies, o n a d a y to d a y basis, i n the a d d i 
t ion a n d r e m o v a l of materials . D a i l y addi t ions of replenishment compo-
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2.0r 1 1 1 1 1 1 1 1 1 r 

TIME - DAYS 
Figure 3. Comparison of data and calculated component 
concentration vs. time when addition rate, k2 varies. C 0 = 
1.60%, k1 = 0.331 day1 (constant throughout). Initial k2 — 
0.231% day-1; after day I , k2 = 0.0% day1; after day 6, 

k2 = 0.231% day1; after day 7, k2 = 0.112% day1. 

nents m a y vary , as does the amount of coat ing. A s ment ioned previous ly , 
r a n d o m events can be taken into account w h e n u s i n g this m o d e l . F i g u r e 3 
is a p lo t of component concentrat ion vs. t ime for such a s i tuat ion. C0 was 
d e t e r m i n e d ana ly t i ca l ly to be 1 .60%. I n this case, kx r e m a i n e d constant 
(0.331 d a y " 1 ) through the entire t ime in terva l of 10 days. T h e va lue of 
k2 v a r i e d four times d u r i n g this t ime p e r i o d , r a n g i n g f r o m zero to 0 .231% 
d a y " 1 , d e p e n d i n g o n the amount of replenishment a d d e d . T h e points are 
ac tua l data based o n ana ly t i ca l determinations of the component concen
trat ion. T h e agreement of the ca lculated a n d analyt i ca l ly de termined 
values demonstrates that the a p p l i c a t i o n of this m o d e l to c o m m e r c i a l 
operations is prac t i ca l . 

T h e m o d e l descr ibed i n this paper is an organized , mathemat i ca l 
a p p r o a c h to the mater ia l balance of a n electrocoating tank. T h e a p p r o a c h 
recognizes the stepwise modes of a d d i t i o n a n d the first-order nature of 
deplet ions a n d incorporates b o t h into a s ingle equat ion w h i c h describes 
the instantaneous a n d e q u i l i b r i u m concentrat ion of any component i n the 
electrocoating bath . T h e m o d e l can be a p p l i e d to b o t h pa in t f o r m u l a t i o n 
a n d process design. 
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Turnover Studies on Amino Crosslinked 
Electrocoating Paints 

WERNER J. BLANK 

American Cyanamid Co. , Industrial Chemicals and Plastics Division, 
1937 West M a i n St., Stamford, Conn. 06904 

Radioactive tracer work was found to be a useful tool in 
determining the amine balance in an electrocoating tank. 
The amine which codeposited with the polymer, the amine 
which was removed from the bath with the drag out liquid, 
and the amine content of the feed composition were found 
to determine the steady state of an electrocoating tank. 
Using the data obtained in the radioactive tracer work it was 
possible to predict accurately the rise in amine content from 
a 35% neutralized bath to a steady-state level of 65% 
neutralization. The ability to predict the amine equilibrium 
will simplify future turnover studies and will decrease the 
amount of work required to select an amine for a certain 
resin and paint formulation. 

increased d u r i n g the last f e w years. T h e i r per formance makes t h e m 
especial ly suitable for w h i t e a n d pastel colors a n d for appl icat ions requi r 
i n g increased outdoor d u r a b i l i t y a n d h i g h detergent resistance. T h e i r 
advantage over sel f -crossl inked p o l y m e r systems lies i n the ease w i t h 
w h i c h their cross l inking densi ty can be adjusted a c c o r d i n g to the require 
ments. 

T h e paint s tudied i n the present w o r k was a h i g h ref lect ivity w h i t e 
f o r m u l a t i o n based o n a n a c r y l i c resin, cross l inked w i t h a n a m i n o cross-
l i n k i n g agent. T h i s f o r m u l a t i o n gives the m i n i m u m r e q u i r e d ref lect ivi ty 
of 8 5 % for l i g h t i n g fixtures. I n our previous w o r k ( I ) w e demonstrated 
the performance a n d static s tabi l i ty of such a system. I n this paper w e 
show the considerat ion for a c h i e v i n g turnover stabi l i ty . 

216 
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Experimental 

Formulation. T h e f o r m u l a t i o n used i n this s tudy was d e v e l o p e d for 
w h i t e appl icat ions r e q u i r i n g h i g h ref lect ivi ty at about 1 m i l film thickness. 
T h i s d e m a n d e d h i g h p igment - to -b inder rat io i n the electrocoat ing bath . 
T h e rat io used here was 60/100. A s backbone res in w e selected a n 
acry l i c p o l y m e r w i t h a n a c i d n u m b e r of approx imate ly 100. T h i s m a 
ter ia l is ava i lab le u n d e r the c o m m e r c i a l name of X C - 4 0 1 0 ( A m e r i c a n 
C y a n a m i d C o . I n d u s t r i a l C h e m i c a l s a n d Plastics D i v . , W a y n e , N . J . ). T h e 
cross l inking agent selected was a h e x a ( a l k o x y m e t h y l ) m e l a m i n e w h i c h is 
avai lable under the c o m m e r c i a l name of C r o s s - L i n k i n g A g e n t 1116 ( C L A -
1116) ( A m e r i c a n C y a n a m i d C o . , W a y n e , N . J . ) . T h e res in-to-crossl inking 
agent rat io used was 72/28. 

T h e p i g m e n t was a n a l u m i n u m oxide-treated t i t a n i u m d i o x i d e rut i l e 
p i g m e n t ( U n i t a n e O R - 6 0 0 t i t a n i u m d i o x i d e ) ( A m e r i c a n C y a n a m i d C o . 
Pigments D i v . , B o u n d Brook , N . J . ) . 

T h e n e u t r a l i z i n g amine used was d i i sopropanolamine . It was selected 
because i t a l lows the preparat ion of stable feed materials at l o w neutra l i 
zations. T h e i n i t i a l neutra l iza t ion of the b a t h was 35%—i.e., 3 5 % of a l l 
avai lab le c a r b o x y l groups of the resin were neutra l ized w i t h amine. B a t h 
a n d feed f o r m u l a t i o n are s h o w n i n T a b l e I. 

Table I. Bath and Feed Formulation 

Bath Feed 

X C - 4 0 1 0 resin 66.7 61.5 
C r o s s l i n k i n g agent 1116 12.5 9.0 
Di i sopropanolamine 4.3 2.3 
U n i t a n e O R - 6 0 0 t i t a n i u m dioxide 37.5 46.0 
Deionized water 79.0 
B a t h l i q u i d — 81.2 

T h e electrocoating pa int was p r e p a r e d b y g r i n d i n g the X C - 4 0 1 0 
resin, c ross l inking agent 1116, d i i sopropanolamine , a n d t i t a n i u m diox ide 
b l e n d o n a three-rol l m i l l a n d dispers ing the resul t ing viscous paste o n a 
h i g h speed dissolver. T h e water must be a d d e d to the paste very s l o w l y 
to ensure u n i f o r m dispers ion. 

T h e composi t ion of the feed mater ia l was based o n the considerat ion 
that the r e d u c t i o n i n b a t h solids takes place b y deposi t ion a n d b y d r a g 
out ( m e c h a n i c a l entra inment) of the b a t h l i q u i d . T o obta in a steady-
state condi t ion , the feed mater ia l must have the w e i g h t e d average c o m 
pos i t ion of the deposi ted film a n d the drag out l i q u i d . B y a n a l y z i n g the 
deposi ted film a n d the d r a g out l i q u i d as descr ibed b e l o w , w e a r r i v e d at 
a feed composi t ion w i t h a pigment- to-b inder ratio of 85/100 a n d a resin-
to-cross l inking agent rat io of 76.5/23.5. T h e neutra l iza t ion of 2 0 % was 
the lowest possible since at lower levels the emulsi f ied pa in t h a d a very 
large part ic le size a n d was unstable. T h e coat ing b a t h referred to as ba th 
l i q u i d was used to emuls i fy the feed mater ia l . T h e amine content i n the 
coat ing b a t h enhanced the emulsi f icat ion of h i g h solids feed. 

Analysis of the Deposited Film. A t t e n u a t e d tota l reflectance spec
troscopy (2) ( A T R ) was used to analyze the ester-to-triazine ratio i n the 
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deposi ted film. T h e p igment content of the deposi ted film was de termined 
b y solvent w a s h i n g of the deposi ted u n c u r e d pa in t in to a cruc ib le . A f t e r 
evaporat ion of the solvent at 105 ° C for 2 hours the res in a n d cross l inking 
agent were b u r n e d off, a n d the inorganic residue was w e i g h e d . 

Determination of the Amine Content by a Radioactive Tracer 
Method. PREPARATION OF THE RADIOACTIVE AMINE. T r i t i a t e d d i i sopropa-
nolamine ( D I P A ) was p r e p a r e d b y exposing 0.73 g r a m of finely g r o u n d 
inact ive D I P A to 4.5 curies of p u r e t r i t i u m gas for 27 days. A f t e r exposure, 
the radioact ive D I P A was degassed several t imes to remove any excess 
t r i t i u m gas. T o remove any water-exchangeable t r i t i u m , the a m i n e was 
dissolved i n 15 m l of water , filtered, a n d evaporated to dryness. T h i s 
process was repeated u n t i l the specific ac t iv i ty of the D I P A - H (3 ) no 
longer changed. O n l y the t r i t i u m atoms attached to the Ν atom a n d Ο 
of D I P A can be exchanged w i t h the hydrogens of the water . B y evapora
t i o n of the water the exchangeable t r i t i u m is r e m o v e d as a component of 
the water , l eav ing the stable t r i t i u m - c a r b o n bonds unaffected. 

A f t e r this repeated evaporat ion process, 0.5751 g r a m of D I P A was 
recovered a n d dissolved i n 10 m l of d e i o n i z e d water , then .05 m l of this 
so lut ion was d i l u t e d w i t h d e i o n i z e d water to 100 m l . A n a l iquot con
ta in ing 2.875 /Agrams D I P A was dissolved i n a m o d i f i e d B r a y (3 ) solution 
a n d counted, g i v i n g an observed ac t iv i ty of 38,950 counts/min. W i t h a 
c o u n t i n g efficiency of 2 9 % , this ac t iv i ty corresponded to 21 m i l l i c u r i e s / 
g r a m or 46,700 absolute disintegrations per m i n u t e per /*gram of D I P A . 
A P a c k a r d M 3375 l i q u i d sc int i l la t ion spectrometer was used for the 
count ing . F o r a convenient a n d precise h a n d l i n g , the active amine was 
b l e n d e d w i t h 1.9250 grams of inact ive amine a n d d i l u t e d to 25 m l w i t h 
d e i o n i z e d water . 

ADDITION OF ACTIVE AMINE TO THE COATING BATH. F i v e m l of the 
above-descr ibed amine solut ion was used i n c o m b i n a t i o n w i t h inact ive 
amine to prepare 1 l i ter of a 1 0 % electrocoating bath . T h e f o r m u l a t i o n 
of this b a t h was the same as descr ibed for the f o r m u l a t i o n of the tank, 
except that the neutra l iza t ion was 2 0 % . T h e neutra l izat ion was raised 
d u r i n g the experiment b y a d d i n g inact ive amine to 40, 60, 80, a n d 1 0 0 % 
neutra l izat ion . 

SPECIFIC ACTIVITY IN THE DEPOSITED ENAMEL. T h e u n c u r e d electro-
deposi ted enamel o n the p a n e l was a n a l y z e d for amine content b y dis
so lv ing a k n o w n amount of electrodeposited paint i n 20 m l of B r a y solut ion 
a n d a n a l y z i n g al iquots of 0.4-4 m l as descr ibed above. 

Bath Analysis during Turnover. SOLIDS DETERMINATION. A 10-ml 
sample ( accurately measured ) was taken f r o m the wel l - s t i r red b a t h a n d 
transferred into a w e i g h e d a l u m i n u m d i s h of 9.5 c m diameter , then d r i e d 
i n an oven for 20 minutes at 175 °C . 

P H MEASUREMENTS. T h e p H was measured w i t h a n electronic p H 
meter w i t h glass electrodes w i t h an accuracy of ± 0 . 0 5 - p H units . 

CONDUCTIVITY MEASUREMENTS. A Wheats tone b r i d g e w i t h a fre
q u e n c y of 1000 H z was used. T h e p l a t i n u m black-coated electrodes of 
the c o n d u c t i v i t y c e l l gave a measur ing range f r o m 0.1 to 2000 m i c r o m -
hos/cm. T h e measurements were m a d e at 2 5 ° C ± 1 ° C . 

RESIN-TO-CROSSLINKING AGENT RATIO. T h e same m e t h o d (2 ) de
scr ibed i n the film analysis was used. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

01
5

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



15. BLANK Amino Crosslinked Paints 219 

PIGMENT-TO-BINDER RATIO. T e n m l of b a t h l i q u i d were p i p e t t e d into 
a tared cruc ib le a n d d r i e d for 2 hours at 1 2 5 ° C . T h e c r u c i b l e was w e i g h e d , 
the b i n d e r b u r n e d off i n a furnace, a n d the c ruc ib le was r e w e i g h e d . 

AMINE TITRATION. T e n m l b a t h l i q u i d were d i l u t e d i n a 250-ml beaker 
w i t h 50 m l of d e i o n i z e d water ; 2 grams of T r i t o n X-100 surfactant ( R o h m 
& H a a s C o . ) were a d d e d , a n d the b l e n d was agitated w i t h a magnet ic 
stirrer for 5 minutes to obta in complete dispers ion. T h e b l e n d was t i t rated 
w i t h 1-ml increments of 0.1 Ν H C 1 i n the convent ional manner to a final 
p H of about 3. F r o m a plot of p H vs. m l H C 1 , the v o l u m e of H C 1 used 
to reach p H of 4.6 was determined. 

COULOMBIC YIELD. T h e c o u l o m b i c y i e l d of the p a i n t was de termined 
b y depos i t ion at a constant voltage o n a n untreated steel pane l . D u r i n g 
the deposi t ion process the curve of current vs. t ime was integrated m a n 
u a l l y or w i t h a L e c t r o c o u n t I I integrator ( R o y s o n E n g i n e e r i n g C o . , H a t -
boro, P a . ) . T h e panels were r e w e i g h e d after b a k i n g . T h e c o u l o m b i c 
y i e l d is expressed i n m g / c o u l o m b . 

Method of Turnover Determination. CONTINUOUS COATING APPA
RATUS. F o r this s tudy w e used an A b r e x ( A b r e x Spec ia l ty Coat ings L t d . , 
280 W y e c r o f t R d . , O a k v i l l e , O n t a r i o , C a n a d a ) depletor w h i c h ut i l izes a 
rotat ing steel w h e e l as the anode. T h e u n c u r e d pa int is cont inuous ly 
scraped off the w h e e l . T h i s machine permits a h i g h turnover rate a n d 
the determinat ion of the feed composi t ion . It does not s imulate the intro
d u c t i o n of any impuri t ies (e.g., f r o m meta l pretreatment) u n d e r p r o d u c 
t ion condit ions . T h e i n i t i a l turnover rate was hal f a turnover per day , 
a n d it was later increased to one turnover per day. A t the e n d of each 
turnover , checks of a l l possible parameters were m a d e u s i n g the tech
niques descr ibed above. T h e w h e e l was r u n at about 1 r p m , w h i c h gives 
a d r a g out of approximate ly 1 5 % . T h e depos i t ion voltage was 130-140 
volts w i t h a n immers ion t ime of 20-25 seconds. 

FEED ADDITION. D u r i n g the turnover the solids fluctuated be tween 
10 a n d 8 % . W h e n the solids l eve l f e l l to 8 % , it was increased to 1 0 % 
b y a d d i n g a h i g h l y concentrated feed mater ia l . T h e amine deficient feed 
was emuls i f ied o n a h i g h speed dissolver b y the s low a d d i t i o n of b a t h 
l i q u i d . T h e composi t ion of the feed mater ia l r e m a i n e d u n c h a n g e d d u r i n g 
the entire series of turnovers . 

Results 
Film Composition. RESIN-TO-CROSSLINKING AGENT RATIO. B a s e d o n 

the in f rared ( I R ) analysis of the deposi ted film, a feed mater ia l conta in
i n g a res in-crossl inking agent rat io of 76.5/23.5 was used. T h i s corre
sponds to approximate ly 8 5 % m i g r a t i o n efficiency a n d codeposi t ion of 
the a m i n o cross l inking agent—i.e., the p r o p o r t i o n of cross l inking agent 
i n the deposi ted b i n d e r was 8 5 % of its p r o p o r t i o n i n the b i n d e r content 
of the bath . 

PIGMENT-TO-BINDER RATIO. T h e p igment- to-b inder rat io of the de
posi ted film, b y analysis, was 90/100. A s s u m i n g a drag out of about 1 5 % 
( f o u n d to be substantial ly the value i n ac tua l operat ion) a n d the d r a g 
out to have the same composi t ion as the bath , w e arr ived at a p igment -
to-binder ratio of 85/100 for the feed. 
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AMINE CODEPOSITION. T h e amount of amine codeposi ted w i t h the 
paint at the anode has a significant influence on the amine balance d u r i n g 
a turnover. T o obta in steady state, the amount of amine a d d e d d u r i n g 
the turnover must be the same as the amount lost b y evaporat ion, d r a g 
out, a n d codeposi t ion. A m i n e losses t h r o u g h evaporat ion were f o u n d to 
be negl ig ib le for this system. 

T h e necessary amine content of the feed mater ia l depends on the 
h y d r o p h o b i c - h y d r o p h i l i c balance of the b i n d e r system a n d the stabi l i ty 
requirements of the feed. F i g u r e 1 shows that the percentage of the 
amine i n the deposi ted film rises w i t h the depos i t ion voltage. T h e or-

< 1 0 h 

% NEUTRALIZATION OF 
RESIN IN BATH 

" 50 100 
DEPOSITION VOLTAGE 

200 

Figure 1. Radioactive tracer studies on high re
flectivity paint. Resin, XC-4010; crosslinking agent, 
CLA-1116; pigment, Unitane OR-600 titanium di
oxide; amine, tritium-labeled diisopropanolamine. 

dinate i n these graphs gives the percentage of amine i n the film relat ive 
to the ba th content as 1 0 0 % . T h u s i f the b a t h resin was 4 0 % neutra l ized , 
a 1 7 % amine content i n the film corresponds to 6 .8% neutra l iza t ion i n 
the film. F i g u r e 1 also demonstrates that the percentage of a m i n e co-
deposi ted decreases w i t h h igher neutra l izat ion a n d reaches a m i n i m u m at 
about 6 0 % neutra l izat ion . I n the previous w o r k ( I ) w e have s h o w n that 
this leve l of neutra l iza t ion provides the o p t i m u m i n t h r o w i n g p o w e r ( 4 ). 
T h e percentage of amine codeposi ted at neutra l iza t ion higher t h a n 6 0 % 
a n d higher voltages increases, thus r e d u c i n g the t h r o w i n g power . 

I n F i g u r e 2 the percentage of amine codeposi ted is s h o w n as a func
t i o n of the deposi t ion t ime. T h e amine concentrat ion does not change 
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S 18 L 

< 
UJ 

ζ 

i , 7 -

60 120 
DEPOSITION TIME (SECOND) 

240 

Figure 2. Radioactive tracer study for high 
reflectivity paint. Resin, XC-4010; crosslinking 
agent, CLA-1116; pigment, Unitane OR-600 
titanium dioxide; amine, tritium-labeled diiso
propanolamine; neutralization, 40%; deposition 

w i t h the deposi t ion t ime, w h i c h is surpr is ing cons ider ing the h i g h voltage 
d r o p across the film a n d the increase i n film resistance w i t h t ime. 

Turnover Results. These results are s u m m a r i z e d i n T a b l e II. 
RESIN-TO-CROSSLINKING AGENT BALANCE. T h e i n i t i a l resin-to-cross

l i n k i n g agent rat io of 72/28 is kept essentially constant b y the feed 
mater ia l conta in ing 76.5/23.5 resin-to-crossl inking agent rat io . There is 
a s l ight increase of about 1 - 2 % i n the amino cross l inking agent, w h i c h 
has no substantial effect o n the properties of the paint . 

PIGMENT-TO-BINDER BALANCE. T h e i n i t i a l p igment- to-b inder rat io of 
60/100 increases s l ight ly to 65/100 u t i l i z i n g a feed mater ia l w i t h a p i g 
ment- to-binder rat io of 85/100. A feed w i t h a p igment - to -b inder rat io 
of 80/100 w o u l d have been a better choice to m a i n t a i n exactly the 60/100 
rat io i n the bath. 

AMINE BALANCE. A t the start-up, the b a t h h a d been l o w i n neutra l i 
zat ion. O n l y 3 5 % of a l l avai lable carboxyl groups were neutra l ized w i t h 
d i i sopropanolamine . T h e feed mater ia l h a d the lowest possible neutra l iza
t i o n for adequate dispers ion s t a b i l i t y — n a m e l y 2 0 % . A s s h o w n i n F i g u r e 
3, the amine leve l ( m e q ) rises s lowly u p to the sixth turnover a n d then 
remains constant u p to the tenth turnover. T h e increase i n amine leve l 
corresponds to a neutra l izat ion to 6 5 % . A t this level the performance of 

voltage, 200 volts. 
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T a b l e I I . T u r n o v e r S t u d y 

Turnover Number 

0 1.18 1.96 8.05 

8.0 8.0 7.9 7.9 
495 545 595 624 
10.0 10.9 9.9 10.2 
65.6 68.0 53.2 48.8 

6.2 6.0 5.6 6.6 
800 870 690 505 

60/100 71/100 65/100 62/100 
72/28 76/24 65/35 72/28 

68.3 76.5 107 98 
35.6 39.4 47.1 48.4 

0 16.6 15.8 16.6 
88/88 88/88 89/88 87/87 
68/74 70/72 67/70 69/76 

5.6 5.7 7.9 6.6 

Property a 

1. p H 
2. C o n d u c t i v i t y 
3. Percent Sol ids 
4. C o u l o m b i c y i e l d 
5. F i l m weight 
6. T h r o w rat io 
7. P i g m e n t b inder 
8. Resin/crossl inker 
9. M e q / 1 0 0 grams X C - 4 0 1 0 

10. M e q / 1 0 0 grams Sol ids 
11. D r a g o u t 
12. R e f l e c t i v i t y 
13. Gloss 60° 
14. K n o o p hardness 

a Properties which are not self-explanatory : 
2. Conductivity: in μοηην1 cm - 1 . 
4. Coulombic yield: mg of paint deposited/coulomb. 
5. Film weight: mg of paint deposited/cm2. 
6. Throw ratio: measured in a special cell with constant distance of cathode and 

anode at constant voltage for 1 minute. 
~ A. initial current X voltage 

Throw Ratio = —τ-—;—:—:— 
current after 1 minute 

the b a t h is s t i l l good, a n d no changes i n film propert ies are observed. 
U t i l i z i n g a two-component feed, w h i c h a l lows lower amine l eve l i n the 
feed mater ia l , the b a t h c o u l d have been r u n at l o w e r neutra l izat ion . 

A s s u m i n g that loss of amine occurs b y codeposi t ion at the anode a n d 
b y d r a g out of b a t h l i q u i d — b u t not b y e v a p o r a t i o n — a n d that losses are 
compensated t h r o u g h a d d i t i o n of fresh a m i n e w i t h the feed mater ia l , w e 
c a n use f o l l o w i n g equat ion to calculate the r e q u i r e d amine l eve l i n the 
deposi ted film to achieve steady-state condit ions. 

_ Az - D A2 

A l ~ (1 - D) 

Α ι = amine codeposited w i t h the pa int (to be calculated) 

A 2 = amine i n the drag out (bath l iquid) 

A 3 = amine i n the feed mater ia l 

D = drag out 
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15. BLANK Amino Crosslinked Paints 223 

on a H i g h R e f l e c t i v i t y P a i n t 

Turnover Number 

3.94 4.86 5.81 6.90 7.85 8.89 10.00 

7.8 8.0 7.9 7.9 7.9 7.9 8.0 
670 630 655 612 612 595 638 
9.7 11.7 9.7 9.9 9.9 10.4 9.7 

40.0 46.4 45.5 48.7 48.3 47.6 44.2 
5.3 5.1 5.2 4.5 5.2 5.4 5.2 

672 490 555 980 999 815 900 
54/100 67/100 69/100 66/100 64/100 69/100 65/100 
69/31 70/30 72/28 71/29 72/28 69/31 69/31 

110 104 119 116 115 115 122 
57.1 48.3 56.4 55.5 56.1 54.3 57.8 
13.7 17.4 18.9 21.7 15.4 16.7 20.6 

88/86 88/87 88/88 90/89 91/90 89/87 88/87 
72/78 66/75 67/70 66/73 68/66 66/68 61/63 

5.5 6.4 5.7 6.2 6.3 5.9 6.2 

8. Resin/crosslinker : determined by infrared analysis of the ester bands of the 
resin and the triazine bands of the crosslinking agent. 

9. Meq/100 grams XC-4010: milliequivalents of amine. 
12. Reflectivity: measured with green filter. 
12, 13, 14. Film properties determined after baking 20 minutes at 175°C. Substrate 

was Bonderite 37 (Hooker Chemical Co., Parker Rustproof Div., Detroit, Mich.). 

A l l amine concentrations are expressed as percent neutra l iza t ion of 
the acry l i c vehic le . 
E x a m p l e : 

Steady State (turnover 6-10) Turnover 1 

Α ι = u n k n o w n Αχ = u n k n o w n 

A2 = 65 A2 = 40 

A 3 = 20 Az = 20 

D = 0.185 D = 0.185 

T h e d r a g out figure has been ca lcula ted f r o m data for the first to the 
tenth turnover. F o r every one part of pa in t r e m o v e d f r o m the b a t h 0.815 
part is deposi ted a n d 0.185 part is lost i n the r inse water . 

Steady State Αχ = _ = 9 . 8 % 
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224 E L E C T R O D E P O S I T I O N O F COATINGS 

Figure 3. Turnover study of high reflectivity paint. 
Resin, XC-4010; crosslinking agent, CLA-1116; pig-
ment, Unitane OR-600 titanium dioxide; amine, 

diisopropanolamine. 

T u r n o v e r 1 A1 = 
20 0.185 X 40 

1 - 0.185 
= 15 .4% 

T h u s , the neutra l iza t ion of the deposi ted film f r o m turnover 6 to 10 at 
6 5 % neutra l iza t ion of the b a t h has to be 9 .8% for steady state of the 
bath . F o r the 4 0 % neutra l ized ba th w e w o u l d require a 15.4% neutra l ized 
deposi ted film to achieve steady state. 

U s i n g the data obta ined b y the radioact ive tracer s tudy ( F i g u r e s 
1 a n d 2) w e find that at a resin neutra l izat ion of 6 0 % a n d a deposi t ion 
voltage of about 135 volts, 1 5 % of the amine present i n the b a t h is co-
deposi ted. A s s u m i n g that 1 5 % of the amine is also codeposi ted at 6 5 % 
neutra l izat ion , w e find that at the steady state the deposi ted film has a 
neutra l iza t ion of 9 .75%. T h i s n u m b e r is i n excellent agreement w i t h the 
figure of 9 .8% obta ined f r o m the turnover analysis. 

A p p l y i n g the radioact ive tracer w o r k for 4 0 % neutra l izat ion ( t u r n 
over 1) w e find only 6 .8% amine codeposi ted. C o m p a r i n g the actual 
codeposi ted amine of 6 .8% w i t h the r e q u i r e d amine level for steady state, 
the amine level has to increase, as w e can see f r o m the actual turnover 
w o r k . 

F ILM AND DEPOSITION PROPERTIES. T h e h i g h level of p i g m e n t a n d 
cross l inking agent i n c o m b i n a t i o n w i t h the l o w leve l of neutra l izat ion i n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

01
5

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



15. BLANK Amino Crosslinked Paints 225 

the i n i t i a l b a t h give a very h i g h c o u l o m b i c y i e l d of 68.3 m g / c o u l o m b . 
T h e subsequent increase i n amine leve l causes a decrease i n c o u l o m b i c 
y i e l d . B e t w e e n the fifth a n d tenth turnover the c o u l o m b i c y i e l d fluctuates 
between about 45 a n d 50 m g / c o u l o m b . T h i s l eve l is s t i l l h i g h c o m p a r e d 
w i t h most e lectrocoating systems. T h e o p t i c a l a n d m e c h a n i c a l propert ies 
of the b a k e d film r e m a i n u n c h a n g e d f r o m the start of the turnover to the 
tenth. D u r i n g the turnover the t h r o w i n g p o w e r decreased because of 
a decrease i n b a t h age as fresh mater ia l was a d d e d . W i t h most electro
coat ing systems a n e w b a t h exhibits poorer t h r o w i n g p o w e r t h a n an aged 
bath . Before m a k i n g u p samples for tenth turnover , the b a t h was aged 
for f e w days pr ior to testing, a n d the i n i t i a l t h r o w i n g p o w e r re turned 
( T a b l e I I ) . Since i n pract ice the rate of turnover is l i k e l y to be about 
once a m o n t h rather than once a day, as i n this accelerated s tudy, the 
observed decrease i n t h r o w i n g p o w e r p r o b a b l y w o u l d not be f o u n d i n a 
c o m m e r c i a l operat ion. 

Discussion 

Analys i s of the deposi ted film gives va luable i n f o r m a t i o n regard ing 
the composi t ion of the feed mater ia l needed to m a i n t a i n a steady state. 
U s i n g the analysis figures, i t is possible to predic t accurately the feed 
composi t ion a n d any disproport ionat ion w h i c h m i g h t take place i n actual 
operat ion of a tank. It has been demonstrated that the amine balance i n 
a turnover a n d the m a x i m u m amine level obta ined can be determined b y 
using a radioact ive tracer m e t h o d . 

T h e turnover a n d the radioact ive tracer m e t h o d show excellent agree
ment w i t h respect to amine content of the deposi ted film. T h i s agreement 
signifies that the resin must be u n i f o r m i n structure a n d that a m i n i m u m 
of d isproport ionat ion c o u l d have taken place d u r i n g the turnover. T h e 
analysis of the deposi ted film i n c o m b i n a t i o n w i t h this radioact ive tracer 
m e t h o d c o u l d w i t h most resins reduce or el iminate most of the laborious 
turnover s tudy work . 
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Influence of Solvents on the 
Electrodeposition of Paint 

IVAN H. TSOU and WALTER STUECKEN 

Grow Chemical Corp. , 14100 Stansbury Ave. , Detroit, M i c h . 48227 

The influence of solvents in electrodeposition paint has been 
studied to determine their effects on polymer viscosity, pH, 
milliequivalents, current consumption, coating voltage, rup
ture voltage, and throw power. Two types of solvents were 
investigated: water miscible and water immiscible. Results 
show the influence of solvent type on the properties of elec
trodeposition systems, especially coulombs per gram, throw 
power, and rupture voltage. 

O o l v e n t s have a lways been a major component of almost a l l types of 
^ paint . T h e wise selection of the proper solvents has enhanced the 
success of paint industries i n m a n y areas. E a r l y i n the development of 
electrodeposit ion paint , it was thought that the use of solvents c o u l d be 
avo ided . A s development progressed, however , it became apparent that 
solvents are not only necessary but continue to p l a y an important role i n 
the manufacture of electrodeposit ion paint . 

I n an electrodeposited paint solvents contr ibute the f o l l o w i n g : 
( 1 ) I n the dispersed phase of an electrodeposited paint , the solvent 

deposits w i t h the paint film. It helps the flow a n d the leve l ing of the film 
d u r i n g the bake a n d hence imparts gloss a n d eliminates film imperfec
tions, such as p i n holes, craters, etc. It also a l lows the film to coalesce a n d 
to f o r m a more impervious film w h i c h m a y i m p r o v e its corrosion resistance. 

(2 ) I n the dispers ing phase, or the water phase, the presence of 
solvents changes the polar i ty be tween the pa in t particles a n d the water 
phase a n d thereby enhances the b a t h stabi l i ty . 

(3 ) A s a react ion m e d i u m d u r i n g the synthesis of the vehic le resin, 
solvents he lp to b u i l d u p more u n i f o r m molecular w e i g h t w h i c h i n turn 
increases the t h r o w i n g p o w e r a n d again improves corrosion resistance. 

(4 ) A s a dispers ing m e d i u m , solvent aids the w e t t i n g of pigments 
to the film-forming vehic le resin. O f t e n , it min imizes the dispropor t iona
t ion a m o n g the deposi t ion of the various pigments w h i c h are present i n 
the p a i n t system. 

227 
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I n several instances d u r i n g our study w e r e m o v e d the solvent f r o m 
the paint a n d f o u n d that solvent-free pa int exhib i ted some interesting 
properties. G e n e r a l l y , i t has very h i g h t h r o w i n g p o w e r a n d requires the 
lowest p o w e r consumpt ion w h i c h is i n d i c a t e d b y the l o w values of cou
lombs per g r a m of deposi ted film a n d the l o w coat ing amperage require
ment. H o w e v e r , the task of solvent r e m o v a l is very diff icult a n d costly. 
W e felt the s tudy of the influence of various solvents i n electrodeposited 
paint a n d the extent of their influence m i g h t be of some value. It m a y 
he lp us to select a solvent for an electrodeposited paint . 

Since the automotive indust ry pioneered the development of elec
trodeposi ted pa int a n d uses large quantit ies of it, w e selected m a l e i n i z e d 
o i l as the p o l y m e r for invest igat ion. T h e solvents w e selected are c o m 
m o n l y used i n electrodeposited paint s u p p l i e d to the auto industry—i .e. , 
b u t y l Cel loso lve , i s o p r o p y l a l cohol a n d h i g h b o i l i n g aromatics. W e have 
a d d e d odorless m i n e r a l spirits, m e t h y l a m y l a lcohol , a n d d i i s o b u t y l ketone 
to i n c l u d e a n a l iphat ic solvent, a w a t e r - i m m i s c i b l e a lcohol , a n d an oxy
genated act ive solvent. A l l three are exempted solvents. 

Table I. Viscosity No. 4 Ford Solvent, cp/sec 

Solvent Level of Weight Based on Polymer 

10 15 20 25 30 35 φ 45 50 

B u t y l Cel losolve 531 228 137 78 — 34 27 — — 
M e t h y l a m y l a lcohol 796 — 210 — 93 64 44 33 28 
Odorless minera l spiri ts — — — — 455 295 209 160 132 
D i i s o b u t y l ketone — 395 168 67 47 29 21 17 15 
H i g h bo i l ing aromatics 667 — 305 — 95 63 38 25 21 
I sopropyl a lcohol — 212 110 77 46 43 37 — — 

T h e solvat ing a b i l i t y of the solvents was s tudied. T a b l e I shows that 
b u t y l Cel loso lve , i s o p r o p y l a lcohol , d i i s o b u t y l ketone, a n d m e t h y l a m y l 
a l cohol reduce p o l y m e r viscosity dramat ica l ly . L a r g e amounts of odorless 
m i n e r a l spirits are needed to reduce p o l y m e r viscosity apprec iab ly . 

Table II. Solvent Levels Investigated 

% W t Based on P o l y m e r 10.0 15.0 20.0 30.0 

% W t Based on B a t h 0.6 1.0 1.3 2.0 

T a b l e I I shows the solvent levels that were evaluated. T h e solvents 
w e r e b l e n d e d w i t h the p o l y m e r pr ior to emulsif icat ion. A l l baths were 
processed to 7 .0% total solids. T h e only composi t ion var iable was the 
solvent level . A contro l was r u n us ing the same bath composi t ion w i t h o u t 
any solvent. T h e amine used was d ie thylamine . T a b l e I I I shows the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ch

01
6

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



16. TSOU AND STUECKEN Influence of Solvents 229 

parameters invest igated a n d B I m e t h o d series established b y F o r d M o t o r 
C o . , M a n u f a c t u r i n g D e v e l o p m e n t Center for evaluat ing electrodeposit ion 
paints. I n a l l testing, their methods were adhered to as closely as possible. 

Table I I I . Parameters and Methods 

Ford Motor Co., 
Parameters Manufacturing Development Method 

p H BI-20-6 
M e q BI-20-6 
Specific resistance — 
C o u l o m b s per gram BI-20-3 
T h r o w power B I - 2 0 - 2 B 
R u p t u r e — 

Test Results 

T h e results i n T a b l e I V indicate that odorless m i n e r a l spirits h a d 
very l i t t le , i f any, effect on p H , w i t h the r e m a i n i n g solvents increasing p H 
b y 0.4-0.8 unit . T h e results also indicate that increasing amounts of sol
vent d i d not affect p H except b u t y l Cel loso lve . A Sargent m o d e l P B L p H 
meter was used, a n d the electrodes were c leaned a n d s tandardized p r i o r 
to d e t e r m i n i n g p H o n each sample. 

Table IV. p H Values 

Solvent Level, % 

0 10 15 20 30 
B u t y l Cel losolve 7.7 8.1 8.5 8.4 8.4 
M e t h y l a m y l alcohol 7.7 8.2 8.4 8.4 8.2 
Odorless m i n e r a l spir i ts 7.7 7.8 7.8 7.7 7.7 
D i i s o b u t y l ketone 7.7 8.0 8.1 8.0 8.0 
H i g h b o i l i n g aromatics 7.7 8.0 8.1 8.0 8.1 
I s o p r o p y l a lcohol 7.7 8.3 8.4 8.3 8.4 

A l l the solvents have a d e c i d e d effect o n m e q as seen f r o m T a b l e V . 
A s w o u l d be expected, b u t y l Ce l loso lve a n d i s o p r o p y l a l c o h o l affect m e q 
the most, bo th b e i n g polar a n d misc ib le i n water . Odorless m i n e r a l spirits 
affects m e q the least. A l s o , the results indicate an increase i n m e q as 
solvent levels increase. 

A s seen f r o m T a b l e V I , specific resistances indicate the same t rend 
as m e q , w i t h b u t y l Cel loso lve and i s o p r o p y l affecting specific resistance 
the most a n d odorless minera l spirits the least. A Y e l l o w S p r i n g Instru
ment C o . m o d e l 31 c o n d u c t i v i t y b r i d g e w i t h a ce l l bu i l t to specifications 
f r o m F o r d M o t o r M a n u f a c t u r i n g D e v e l o p m e n t Center was used. 
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Table V . Meq Values (Milliequivalents of Base per 100 ml Sample) 

B u t y l Cel losolve 
M e t h y l a m y l a lcohol 
Odorless m i n e r a l spiri ts 
D i i s o b u t y l ketone 
H i g h bo i l ing aromatics 
I s o p r o p y l a lcohol 

Solvent Level, % 

0 10 15 20 30 

72 105 119 121 128 
72 110 96 108 114 
72 90 87 93 88 
72 97 115 106 116 
72 102 89 106 110 
72 118 118 129 132 

Table V I . Specific Resistance 

B u t y l Cel losolve 
M e t h y l a m y l a lcohol 
Odorless minera l spiri ts 
D i i s o b u t y l ketone 
H i g h bo i l ing aromatics 
I s o p r o p y l a lcohol 

Solvent Level, % 

0 10 15 20 30 

1375 1080 1040 890 800 
1375 880 790 850 910 
1375 1200 1190 1300 1250 
1375 1180 930 960 910 
1375 1060 950 1000 1060 
1375 960 910 880 820 

T h e r e m a i n i n g parameters indicate m a r k e d effects of solvents on 
electrodeposit ion systems. T a b l e V I I shows that solvents have a definite 
effect on coulombs per gram a n d voltage for 0.7 m i l . A s for previous 
parameters, odorless m i n e r a l spirits has the least effect, a n d b u t y l C e l l o 
solve a n d i s o p r o p y l a lcohol affect coulombs the most. D i i s o b u t y l ketone 
has a m a r k e d effect on voltage. 

Table VII. Coulombs per gram/volts, 0.7 Mil 

Solvent Level, % 

0 10 15 20 30 

B u t y l Cel losolve 69/140 82/90 93/80 96/75 107/60 
M e t h y l a m y l a lcohol 69/140 89/80 85/80 83/80 85/75 
Odorless m i n e r a l spiri ts 69/140 74/100 74/90 66/80 66/80 
D i i s o b u t y l ketone 69/140 82/60 81/45 70/40 69/30 
H i g h bo i l ing aromatics 69/140 82/80 79/70 78/70 76/65 
I sopropyl a lcohol 69/140 94/100 112/85 102/80 110/70 

T a b l e V I I I shows another effect of the solvents. T h e voltages used 
to determine t h r o w p o w e r w e r e the same as voltages for coulombs per 
gram and 0.7 m i l . T h e effects of odorless m i n e r a l spirits , b u t y l Cel loso lve , 
a n d i s o p r o p y l a lcohol are comparable w i t h other parameters. 
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Table VIII. Throw Power in Inches 

Solvent Level, % 

0 

B u t y l Cel losolve 634 
M e t h y l a m y l a lcohol 634 
Odorless minera l spir i ts 6J4 
D i i s o b u t y l ketone 634 
H i g h b o i l i n g aromatics 634 
I s o p r o p y l alcohol 634 

T a b l e I X corroborates results 

Table IX. 

0 

B u t y l Cel losolve 175 
M e t h y l a m y l a lcohol 175 
Odorless m i n e r a l spiri ts 175 
D i i s o b u t y l ketone 175 
H i g h b o i l i n g aromatics 175 
I s o p r o p y l alcohol 175 

10 15 20 80 

4 VA 3 M 
4M 4 

4% WA 
4 3 

m m m 3 3 2V2 2M 
of coulombs per g r a m a n d t h r o w power . 

Rupture Voltage 

Solvent Level, % 

10 15 20 30 

105 95 90 85 
95 95 90 90 

130 110 95 90 
75 55 55 45 
95 90 85 80 

120 100 95 85 

D u r i n g our evaluat ion, other effects of the solvents were n o t e d : 
(1 ) P a n e l appearance o n aged baths. 3 0 % baths were aged under 

agitat ion, a n d panels were coated after 7 days. A p p e a r a n c e of a l l sol-
vated baths was g o o d w h i l e control h a d craters a n d pinholes . 

( 2 ) Ease of r e m i x i n g . T h e 1 5 % solvated baths a n d control were 
aged 7 days w i t h o u t agitat ion. A l l baths settled, but w h e n p l a c e d under 
agitat ion, a l l solvated baths dispersed easily w h i l e control r e q u i r e d h i g h 
speed agitat ion. 

T h e results indicate that a l l the solvents s tudied affect the electro-
depos i t ion system, especial ly coulombs per gram, t h r o w power , a n d r u p 
ture voltage. A s p o i n t e d out previous ly , the solvents offer advantages 
for use i n electrodeposit ion. It is u p to the f o r m u l a t i n g chemist to select 
the o p t i m u m solvent or solvent b l e n d needed w i t h the p o l y m e r for ease 
i n h a n d l i n g , g r i n d i n g , emulsi f icat ion, a n d stabi l i ty w i t h the least effect 
o n electrodeposit ion properties. A b l e n d of odorless m i n e r a l spirits w i t h 
a solvent l ike b u t y l Ce l loso lve or i s o p r o p y l a lcohol m i g h t be o p t i m u m , 
incorporat ing desirable properties of both . I n a d d i t i o n , the l o w voltage 
of the d i i s o b u t y l ketone system w o u l d also mer i t invest igat ion because of 
the potent ia l l o w cost of e lectr ica l equipment , unless h i g h t h r o w i n g 
p o w e r is requi red . T h e type of p o l y m e r selected is also important . 
T h i s s tudy should give better insight into the effect of solvents on electro-
coat systems, a n d h o p e f u l l y it w i l l spur further s tudy a n d reports in this 
area. 
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Improved Corrosion Protection through the 
Electrocoated Edge Spot-Weld Hem Design 

G E O R G E E . F . BREWER1 and JAMES W. MITCHELL 

F o r d Motor Co . , Manufacturing Development Center, 
24500 Glendale Ave . , Detroit, M i c h . 48239. 

It has been verified that slit-shaped rather than circular 
openings aid in the formation of electrodeposited films on 
inner surfaces of box-like structures. An improved spot-
welded hem construction has been designed and developed 
recently, which creates slit-like gaps. The results on auto
mobile doors are given as an example for the improved 
appearance, greater mechanical strength, and much im
proved corrosion protection resulting from the cooperation 
of designers, metal workers, and finishers. 

' T ^ h e r a p i d , w o r l d w i d e acceptance of the electrocoating process is the 
result of three m a i n advantages: better corrosion protect ion, lower 

cost, a n d v i r t u a l absence of p o l l u t i o n . T h e increased corrosion protec
t i o n is m a i n l y the result of the a b i l i t y to extend pa in t films into h i g h l y 
recessed areas, such as box sections, channels, a n d other structures w i t h 
entrance openings of smal l open area, l e a d i n g to re lat ively large inner 
areas. O b v i o u s l y , a larger entrance area w i l l p r o v i d e easier access for 
the electric current a n d w i l l result i n a more u n i f o r m paint film deposi ted 
f r o m any g iven paint . U s u a l l y , however , i t is not possible for the engi 
neer a n d the stylist to p r o v i d e larger access holes since the mater ia l 
s trength a n d the appearance of the structure must be mainta ined . 

T h e influence of the size a n d shape of a n o p e n i n g o n the thickness 
of the electrodeposited paint film, w h i c h is f o u n d ins ide of a cavi ty , has 
been s tudied recent ly ( I ) . T h e authors c o n c l u d e d that for any g iven 
electrodepositable pa int a n d structural configurat ion, the corrosion pro
tect ion increases w i t h b o t h the o p e n area a n d the length of the perimeter 
of the opening . L e t us consider a r o u n d hole of 0.5 i n c h i d . Its open area 

'Present address: 11065 East Grand River Rd., Brighton, Mich. 48116. 

232 
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17. B R E W E R A N D M I T C H E L L Edge Spot-Weld Hem Design 233 

is 0.20 sq i n c h , a n d its perimeter is 1.8 inches. A r e a times per imeter is then 
0.36 c u i n c h . N o w let us consider another open area of 0.20 sq i n c h , 
rectangular i n shape, 1 i n c h l o n g b y 0.10 i n c h w i d e . Its perimeter is 4.20 
inches. A r e a times perimeter is 0.84 c u i n c h , a n d a higher degree of corro
sion protect ion is p r e d i c t e d for a structure w h i c h carries this type of 
opening . T h e p r o b l e m was the selection of a design w h i c h w o u l d c o m 
b ine s l i t - l ike openings w i t h mater ia l strength, a n d our attention was 
d r a w n to w e l d e d joints. 

T w o sheet m e t a l parts, or skins, w h i c h f o r m a three-dimensional 
structure, such as an automobi le door, are often des igned to be h e l d 
together b y spot -welded h e m flanges. I n the convent ional design of 
these h e m flanges one sk in is spot w e l d e d into the 180° f o l d of the other 
sk in ( F i g u r e 1, u p p e r l e f t ) . D u r i n g the operations of c los ing a n d spot 
w e l d i n g there is a tendency to distort the outer skin . Exper imentat ions 
w i t h i m p r o v e d flange designs were therefore ind ica ted , p a r t i c u l a r l y to 
take advantage of electrocoating a n d its ab i l i ty to extend corrosion pro
tective films through sl i t - l ike openings. 

Edge Spot-Welded Hems 

T h e F o r d M a n u f a c t u r i n g D e v e l o p m e n t Center , i n conjunct ion w i t h 
the F o r d M e t a l S t a m p i n g D i v i s i o n , deve loped a n e w h e m w e l d des ign 
i n w h i c h one skin is bent about 135° to meet an approximate ly 9 0 ° b e n d 
of the outer sk in ( F i g u r e 1, u p p e r r i g h t ) . T h e spot welds create n a r r o w , 
s l i t - l ike openings between the edges of the t w o skins ( F i g u r e 1, center ) . 

: W " A " ~ \ ^ \\EDGE WELD 

^ = ^ = = = = = : = : : ; ^ 0 U T E R SKIN 

NEW EDGE HEM F L A N G E 

INNER SKIN 

CONVENTIONAL HEM FLANGE 

EDGE SPOT WELD 

VIEW IN DIRECTION "AM 

Figure 1. Hem flange spot-welding comparison 
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234 E L E C T R O D E P O S I T I O N O F COATINGS 

These slits a i d the electrodeposit ion of corrosion prevent ive films o n the 
inner surfaces of the structure. 

Automobile Doors. T h e strength of the n e w 135° spot -welded h e m 
compares favorab ly w i t h that of the 180° h e m w e l d . A c c e p t a b l e welds 
w i t h adequate strength can b e m a d e i n v a r y i n g flange heights. T h e 
appearance of the w e l d is good, a n d destruct ive testing pul l s "but tons" 
f r o m the skin . T h e 135° w e l d des ign leaves no marks o n the outside 
m e t a l surface, even w h e n w e l d s are made under w i d e l y v a r y i n g 
condit ions . 

A n u m b e r of automobi le doors were b u i l t b y u s i n g the n e w w e l d e d 
hems i n cer ta in areas ( F i g u r e 2 ) . These doors w e r e p a i n t e d b y the 
electrocoat m e t h o d , then subjected to a variety of tests w h i c h d e m o n 
strated m a r k e d improvements i n corrosion protect ion for inner surfaces. 

Figure 2. Door with edge spot-welded hem 

Figure 3. Electrocoated doors after 250 hours of salt spray exposure 

Corrosion Protection. F i g u r e 3 compares t w o electrocoat p r i m e d 
a n d acry l i c enameled doors after 250 hours of salt spray exposure. T h e 
b o t t o m edge of one door is f o r m e d b y a convent ional 180° h e m flange. 
It shows sl ight rust b l e e d i n g f r o m the inside a n d a long the h e m edge. 
T h e other door carries the n e w 135° h e m flange at its bo t tom edge, a n d 
is free f r o m rust after 250 hours of salt spray exposure. F i g u r e 4 shows 
the test doors after their h e m flanges have been cut open. T h e inner 
surfaces of the 180° h e m s h o w sl ight corrosion w h i l e the inner surfaces 
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17. BREWER AND MITCHELL Edge Spot-Weld Hem Design 235 

Figure 4. Electrocoated doors after 250 hours of salt spray exposure—hem 
flanges cut open 

of the n e w 135° h e m show a complete pa int coat a n d absence of 
corrosion. 

Summary 

T h e edge spot -welded h e m is current ly used o n a var ie ty of auto
m o b i l e components . It improves the appearance of the final p r o d u c t i n 
several ways since i t is free f r o m dis tor t ion of the outer surface, results 
i n greater strength, constitutes a m i n o r m e t a l savings, a n d , i n c o m b i n a 
t i o n w i t h the electrocoating process, results i n a h igher degree of corro
sion protect ion. 

Literature Cited 

1. Brewer, G. E. F., Wiedmayer, L. W., "Thickness of Electrocoats Inside of 
Cavities vs. Size and Shape of Openings," J. Paint Technol. (1970) 42 
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A 
Ac input 62 
Acrylic copolymers 132 
Acrylic polymer 217 
Acrylonitrile, copolymer of vinyli-

dene chloride and 101 
Adhesion 102 

wet 40 
wet film 35 

Alkali, attack by 81 
Alkali cleaner, formulation of . . . 17 
Alkaline detergent resistance test . . 22 
Alkalinity 108 
Aluminum 

conversion coatings for 10 
electrophoretic deposits 102 
one-coat systems on 36 
pretreatment of zinc and 46 

Amine 
codeposition 220 
content 218 
salts 115 

Amines, controlling the concentra
tion of 212 

Amino crosslinked electrocoating 
paints, turnover studies on . . 216 

Amino crosslinking agent 216 
Amino resins 113 
Ampere-hour meter 67 
Analog digital computer 186 
Analysis of electrodeposits 132 
Analysis of films by infrared 

spectroscopy 83 
Anaphoresis 101 
Anion, carboxylate I l l 
Anodic dissolution 137 
Anodic electrode reactions 131 
Anodic electrodeposition I l l 
Anodic polarization 47, 60 

curves 50 
Anti-corrosion pigments 106 
Ash-binder ratio 109 
Asphalt emulsions 115 
Attack by alkali 81 
Automobile doors, electrocoated . . 234 

Β 
Baking temperatures 54 
Balance, material 207 
Bath 

agitation and filtration 3 
analysis 218 
electrocoating 82 

Bath (Continued) 
maintenance 204 
resistance 181 
solids level 105 

Bonderite 37 pretreatment 83 
Boundary layer 183 
Butadiene copolymer, styrene- . . 101 
Butyl Cellosolve 228 

C 
Calcium modified, zinc phosphate 

process 26 
Calcium-zinc process 42 
Calculating the concentration of a 

component 208 
Carbides, inorganic refractory . . . 102 
Carboxyl containing copolymers . . 130 
Carboxylate anion I l l 
Cathodic electrodeposition 110 
Charge destruction 125 
Chromate post treatment 27 
Chromate rinse 43 
Chromic-chromate rinses . . . . . . . . 30 
Circuit protection 66 
Cleaner, formulation of alkali 17 
Cleaner-coaters 8 
Cleaners 12 
Cleaning 15, 40 
Coagulation 124 
Coated panels 82 
Coatings 

aluminum 10 
conversion 7, 18 
electrodeposited 7,28 
iron phosphate 23, 40 
loss and corrosion resistance . . . 19 
power supplies for electrodeposi

tion of 62 
pretreatment of metals prior to 

electrophoretic 38 
for steel, conversion 9 
zinc 9 
phosphate 10,20,42 

Colloids 103 
Component addition and removal 208 
Component, calculating the concen

tration of 208 
Computer, analog digital 186 
Computer calculations 200 
Computer simulation 178 

digital 191 
Concentration, equilibrium . . . .212, 214 
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Concentration of amines, controlling 
the 212 

Conductivity 108 
Controller 63 
Conversion 

coatings 18 
for aluminum 10 
for steel 9 
for zinc 9 

and electrodeposited coatings . . 7 
Cooling equipment 4 
Copolymer 

acrylic 132 
carboxyl containing 130 
styrene-butadiene 
styrene-maleic anhydride 80 
vinylidene chloride-acrylonitrile 101 

Copper, painting metallic 42 
Corrosion 17 

filiform 24 
protection 234 
resistance 43, 85 

coating loss and 19 
Coulomb/gram ratio 75 
Coulombic efficiency 105, 149, 161 
Coulombic yield 84,87,109 
Counterion fixation 130, 140 
Counterions 128 
Coupling solvent 82 
Crosslinking agent 217 

amino 216 
Crystal growth 41 
Crystal structure, phosphate 53 
Crystallization, water of 34 
Cured film 

properties 83 
thickness of 109 

Curing temperature 86 
Current 

consumption 5 
flow as a function of time 169 
measurements, electrocoating . . 70 
required 69 
-time curves 179 

D 
Dc overload 68 
Decarboxylation of fatty acid 

systems 94 
Degree of hydration 44 
Deionized water rinse 27, 29, 43 
Deposited film composition 84 
Deposition 

characteristics, influence of pig
ment on 104 

effects of temperature on the . . 173 
electrochemistry of polymer . . . 149 
wet-on-wet 193 

Designing a power supply 76 
Detergent resistance 26, 83, 85 
Dielectric constant 102 
Diels-Alder addition 88 
Diethylamine 228 

Differential thermal analysis 44 
Digital computer simulation . . . . 191 
Diisobutyl ketone 228 
Diisopropanolamine 217 
Dispersions 103 
Dissolution, anodic 137 
Doors, electrocoated automobile . . 234 
Drying 30 

phosphate coatings prior to 
electropainting 44 

Dryoffs 27 
Dynamic simulation of the electro- . 

deposition of polymers 178 

Ε 
Edge spot-welded hems 233 
Effect of dryoff 33 
Effects of temperature on the 

deposition 173 
Efficiency, coulombic 105, 149, 161 
Electrical efficiency vs. voltage . . 197 
Electrical layout for step-up voltage 

process 5 
Electrochemistry of polymer 

deposition 149 
Electrocoat 

installations 99 
paints, typical formulation of . . 107 

Electrocoated edge spot-weld hem 
design 232 

Electrocoating 232 
advantages of 99 
baths 82 
current measurements 70 
paints, turnover studies on amino 

crosslinked 216 
pigmentation of 98 
rectifier 63 

control 64 
tank 2 
vehicles, pigmented 102 

Electrode reactions 142 
Electrodepositable paints 2 
Electrodeposited coatings 28 

conversion and 7 
metal concentration found in . . . 49 

Electrodeposition 1, 4, 47, 191 
anodic I l l 
cathodic 110 
of coatings, power supplies for . . 62 
kinetics of polymer 166 
latex 118 
mechanism of 142 
of paint 166 

influence of solvents on 227 
phosphated surfaces after 59 
of polymers, dynamic simulation 

of the 178 
resins 88, 132 

Electrodeposits, analysis of 132 
Electrokinetic phenomena 102 
Electrolyte drag 28 
Electron probe scans 22 
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Electroosmosis 104, 135 
Electrophoresis 104 

industrial applications of 101 
Electrophoretic deposition 1 

pretreatment of metals prior to . . 38 
Electrophoretic deposits, aluminum 102 
Electrophoretic migration 1 
Emulsions 102 

asphalt 115 
Ene reaction 88 
Epoxy ester 149,164 

dispersions 114 
Equilibrium concentration . . . .212, 214 
Esters, epoxy 149, 164 
Extender pigments 106 

F 
Faraday's law 192, 194 
Filiform corrosion 24 

resistance test 22 
Film-former, electrodeposition of . . 129 
Film 

gloss of 105 
growth of 152 
properties, cured 83 
properties, paint 181 
resistivity 149 
rupture 166, 171 
temperature 174 
thickness 149 
unpigmented 82 

Filtration, bath agitation and . . . . 3 
Finite difference approach 186 
Fixation, counterion 130, 140 
Formulation 

of alkali cleaner 17 
of electrocoat paints, typical . . . 108 
variables, pigment 108 

Free radical chain polymerization 81 

G 
Gloss of film 105 
Gradient, potential 184 
Growth of film 149, 152 

H 

Heat dissipation 202 
Heating, paraffin 56 
Helmholtz equation 103 
Hems, edge spot-welded 233 
High-low voltage control 67 
Humidity resistance test 22 
Hydration, degree of 44 

I 

Immersion process 8 
Industrial applications of electro

phoreses 101 
Infrared spectroscopy, analysis of 

films by 83 

Inorganic refractory carbides and 
oxides 102 

Input ac requirements 68 
Ions, transport of the 152 
Iron oxide pigments 105 
Iron phosphate coating 23, 40 
Isopropyl alcohol 228 

Κ 

Kinetics 166 
of polymer electrodeposition . . 166 

Kolbe oxidation 47 

L 

Lactone 88 
Latex electrodeposition 118 
Linoleic acid 90 

M 
Macroions, electrodeposition of . . . 128 
Macroradicals 146 
Maleic anhydride, copolymer of 

styrene and 80 
Maleinization 88 

products 92 
of SOFA 93 

Malenizied oil 228 
Manual/automatic control 65 
Material balance 207 
Mechanism of electrodeposition . . 142 
Melamine 217 
Metal 

concentration in electrodeposited 
coatings 49 

powders 102 
pretreatment 38, 48 

Meters, ampere-hour 67 
Methyl amyl alcohol 228 
Mica flakes 102 
Migration 87 

rate 86 
Mineral spirits 229 
Minimum deposition voltage 199 
Molecular weight studies 144 
Morphology, surface 175 

Ν 
Neutralization 217 
Non-ohmic film resistance 149 
Non-volatile content 108 
No-rinse process 206 

Ο 

Operation of a rectifier 66 
Ohm's law 172, 192, 194 
One-coat systems 

on aluminum 36 
on steel 36 

Oscilloscope, use of 71 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
11

9.
ix

00
1

In Electrodeposition of Coatings; Brewer, G.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



242 E L E C T R O D E P O S I T I O N O F COATINGS 

Output control 67 
Output dc requirements 69 
Output voltage 69 
Oxides, inorganic refractory 102 

Ρ 

Paint 
film properties 181 
pH of 39,108 
solvent-free 228 

Painted steel 21 
Painting metallic copper 42 
Painting, rinsing after 46 
Paints 

conventional 27 
electrodepositable 2 
turnover studies on amino cross-

linked electrocoating 216 
typical formulation of electrocoat 107 

Paraffin heating 56 
Particle size 104 
Passivation acidulated rinse 43 
Pen recorder 71 
pH 39, 108 
Phase growth 132 
Phosphate coatings prior to electro-

painting, drying of 44 
Phosphate crystal structure 53 
Phosphate stripping 39 
Phosphated surfaces 48 

after electrodeposition 59 
Phosphating 42 
Phosphoric acid deruster 41 
Pigment 

anti-corrosion » 106 
-binder ratio 105,219 
on deposition characteristics, 

influence of 104 
extender 106 
formulation variables 108 
iron oxide 105 
polymers and 78 
suspending 106 

Pigmented electrocoating vehicles 102 
Plating 128 
Plexiglas throwing power tank . . . 195 
Polarization, anodic 47 
Polarography experiments 197 
Poly (vinyl acetate) 101 
Poly(vinyl chloride) 101 
Polyelectrolytes, sulfonium 113 
Polyester coating 159 
Polymer 

acrylic 217 
deposition, electrochemistry of . . 149 
electrodeposition 166 

Polymerization, free radical chain 81 
Polymers 

and pigments 78 
dynamic simulation of the elec

trodeposition of 178 
Post treatments 27, 30 
Potential gradient 184 

Power supply 
designing of 76 
for electrodeposition of coatings 62 
ripple '69 

Pretreatment 
Bonderite 37 83 
of metals prior to electrophoretic 

coating 38 
of steel surfaces 42 
of zinc and aluminum 46 

Process design 214 
Propasol Ρ 82 
Properties of SMA-I 82 

Q 

Quaternary ammonium latex . . . . 122 

R 
Radioactive tracer work 216 
Reactions, anodic electrode 131 
Reactions, electrode 142 
Rectifier 

basic components of 62 
control, electrocoating 64 
electrocoating 63 
operation of 66 

Resins 
amino 113 
electrodeposition 88, 132 
synthesis of SMA 81 

Resistance 162 
bath 181 
corrosion 85, 106 
detergent 85 
salt fog 106 

Rinse 5 
chromate 43 
chromic-chromate 30 
deionized water 27, 43 
passivation acidulated 43 
water 17 

Rinsing after painting 46 
Ripple filtering 69 
Risetime, surge 73 
Rupture, film 171 
Rupture voltage 40,105,231 

S 
Salt fog 

corrosion resistance 31 
test 22,83 

Salt spray resistance 20, 44 
Sand's equation 151 
Saponification number 92 
SCR's 64 
Settling 104 
Slit-like openings 233 
SMA resins, synthesis of 81 
SMA-I, properties of 82 
Soaking 54 
SOFA, maleinization of 93 
Sols 102 
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Solubilized resins 78 
Solubilizer-satisfied and deficient 

feeds 205 
Solvent 

coupling 82 
-free paint 228 
on the electrodeposition of paint, 

influence of 227 
Specific resistance 105, 230 
Spirodilactone 88, 94 
Spot-welded hem construction, 

improved 232 
Spray phosphatizing unit 15 
Spray process 8 
Steel 

conversion coatings for 9 
one-coat systems on 36 
painted 21 
surfaces, pretreating 42 
surfaces, zinc phosphated 47 

Styrene-butadiene copolymer . . . . 101 
Styrene-maleic anhydride 

copolymer 80 
Sulfonium 

latex 121 
polyelectrolytes 113 
salts 110 

Surface morphology 175 
Surge risetime 73 
Suspending pigments 106 
Synthesis of SMA resins 81 

Τ 
Tank 

electrocoating 2 
Plexiglas throwing power 195 

Temperature 
baking 54 
curing 86 
on the deposition, effects of . . . . 173 
film 174 

Testing methods 108 
Thermogravimetric analysis 44 
Throw power 84,86,105,108, 

129, 191, 231 
application of 193 
definition of 192 
vs. material properties 191 

Throw power (Continued) 
method of displaying 196 
tank (Plexiglas) 195 

Time curves, current- 179 
Titanium phosphate 41 

activator 16 
Transformer 65 
Transport of the ions 152 
Turnover determination 219 
Turnover studies on amino cross-

linked electrocoating paints . . 216 

U 

Unpigmented films 82 
Use of an oscilloscope 71 

V 

Vinylidene chloride and acryloni-
trile copolymer 101 

Voltage 
applied 104 
control, high-low 67 
vs. electrical efficiency 197 
minimum deposition 199 
output 69 
rupture 40, 105 

W 
Water of crystallization 34 
Water rinses 17 
Wet film adhesion 35,40 
Wet on wet deposition 193 

Ζ 
Zeta potential 104 
Zinc 

and aluminum, pretreatment of 46 
conversion coatings for 9 
phosphate 40 

conversion coatings 10, 20, 42 
process, calcium modified . . . . 49 
process, nickel and fluoride 

modified 49 
Zinc phosphated steel surfaces . . . 47 
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