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ABSTRACT 

U r i i - d i r e c t i o n a l s t r e s s e s have been appl ied , t o 

copper w i r e s , and the p o t e n t i a l d i f f e r e n c e between such w i r e s 

and u n s t r e s s e d w i r e s determined i n v a r i o u s e l e c t r o l y t e s ! The 

p o t e n t i a l d i f f e r e n c e s have been determined b o t h by a g a l v a n o 

meter" method and p o t e n t i o m e t r i c a l l y ; . The l a t t e r method gave 

more c o n s i s t e n t r e s u l t s and i s thought t o e l i m i n a t e some o f 

the p o s s i b i l i t i e s of p o l a r i z a t i o n ; Some c o r r e l a t i o n has been 

found between the amount of a p p l i e d s t r e s s and the p o t e n t i a l 

d i f f e r e n c e observed, and thermodynamic arguments have been 

advanced t o e x p l a i n such r e s u l t s , at l e a s t q u a l i t a t i v e l y . A 

c o r r e l a t i o n of these same r e s u l t s w i t h time has l e d to the 

c o n c l u s i o n t h a t the p o t e n t i a l d i f f e r e n c e i s e s s e n t i a l l y due 

to a s u r f a c e e f f e c t . 



ACKNOWLEDGEMENT 

I wish to thank Dr. Seyer 

and Dr. Shemilt f o r t h e i r 

suggestions and c r i t i c i s m s . 



LIST OF CONTENTS 

Page 

I I n t r o d u c t i o n . 1. 

I I Theory. 1. 

I I I Review o f Previous Observations. 5. 

IV Apparatus and Experimental Procedures. 11. 

V R e s u l t s 'of Experiments 
Galvanometer measurements 
P o t e n t i o m e t r i c measurements. 

14. 
18. 

VI C o n c l u s i o n s . 26. 

VII References. ''30. 

VIII Appendix. 



LIST OF ILLUSTRATIONS 

F i g u r e . .Page 

1. Te s t C e l l . 12. 

2. C i r c u i t .diagram. 12. 

3,4,5.. E f f e c t o f s t r a i n on g a l v a n i c c u r r e n t s . 16. 

6. Change o f p o t e n t i a l w i t h s t r e s s . 20. 

7. R e l a t i o n s h i p between e l o n g a t i o n and 
p o t e n t i a l - t i m e curves. " 20. 

8,9. P o t e n t i a l - t i m e curves. 23,24 

10. L o g a r i t h m i c r e l a t i o n s h i p between p o t e n t i a l 
change and time. 25. 

11,12. P o t e n t i a l - t i m e curves. . 27,28 



Page 1. 

E f f e c t o f S t r e s s on E l e c t r o l y t i c 

S o l u t i o n P o t e n t i a l . 

I INTRODUCTION. 

The presence of s t r e s s a f f e c t s the e l e c t r o 

chemical c o r r o s i o n of most metals ( 1 ) . S t r e s s may 

i n f l u e n c e c o r r o s i o n by c r e a t i n g p o t e n t i a l d i f f e r e n c e s 

between s t r e s s e d and u n s t r e s s e d p a r t s of a m e t a l . 

These p o t e n t i a l d i f f e r e n c e s can cause l o c a l i z e d 

a t t a c k by g a l v a n i c c u r r e n t s . 

To f u r t h e r the understanding of c o r r o s i o n t h i s 

i n v e s t i g a t i o n t h a t i s r e p o r t e d here was to measure 

the e f f e c t of s t r e s s on the e l e c t r o l y t i c s o l u t i o n 

p o t e n t i a l of copper. Because o f b e a r i n g on the 

r e s u l t s r e p o r t e d here, the work of other e x p e r i 

menters w i l l be o u t l i n e d . But f i r s t the t h e o r e t i c a l 

b a s i s f o r assuming t h a t s t r e s s changes the p o t e n t i a l 

of a metal w i l l be d i s c u s s e d . 

I I THEORY 

Walker and D i l l (2) suggested t h a t work done 

on a metal would be a v a i l a b l e as p o t e n t i a l energy, 

and t h a t work done on a metal e l e c t r o d e i n c r e a s e s 

the chemical p o t e n t i a l , making the metal more 

e l e c t r o n e g a t i v e . The European and N.B.S. Convention 
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i s used so th a t more e l e c t r o n e g a t i v e means 

1. a g r e a t e r tendency f o r the metal to 
form i o n s 

2. the metal i s l e s s noble 
3. the metal i s more anodic. 

When a t e n s i l e f o r c e t h a t i s l e s s than the 

e l a s t i c s t r e n g t h o f the metal i s a p p l i e d to a metal 

e l e c t r o d e the work done w i l l be 

W = 10" 7 T 2 J o u l e s 
2Y 

where W = work done 
Y = modulus of e l a s t i c i t y 
T = t e n s i o n i n dynes. 

SincePgoules are equal to volt-coulombs, i t was 

suggested by Walker and D i l l (2) and by M i n i a t o (3) 

that the p o t e n t i a l change would be 

E = 1 0 " 7 T 2 M v o l t s 
2Y^ h P 

where E = P o t e n t i a l change, v o l t s 
/j(rho) a d e n s i t y o f the metal, gram/cm 3 

M = molecular weight o f the metal 
h = e q u i v a l e n t s formed per gram-mole 

when the metal e n t e r s s o l u t i o n 
P - coulombs/equivalent. 

Then a t e n s i o n o f 1 kg on 24 B r i t i s h Standard Gauge 

(S.W.G.) copper wire would produce a p o t e n t i a l 

change of 2.46 x 1 0 ~ 7 v o l t s . However, i t i s not 

t h e o r e t i c a l l y p o s s i b l e to a s s o c i a t e I n t e r n a l energy 

d i r e c t l y w i t h chemical p o t e n t i a l . 

The r e v e r s i b l e e l e c t r o d e p o t e n t i a l o f a metal 

can be r e l a t e d to the fre e " e n e r g y . Consider a metal 
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M i n a s o l u t i o n o f a s a l t o f the metal as a p a r t o f a 

r e v e r s i b l e e l e c t r o c h e m i c a l c e l l . I f E i s the s i n g l e 

e l e c t r o d e p o t e n t i a l and A G i s the change of f r e e 

energy i n the r e a c t i o n 

M ^ M * " 
then - AG B n E F 
where AG = Ĝ -** -G^ 

G}j[ = f r e e energy/gm-mole o f metal 
Gfl/p" = f r e e energy/gm-mole o f i o n 

s q u a n t i t y o f e l e c t r i c i t y t h a t passes 
• through c e l l per gm-mole of i o n 
formed. 

So to c a l c u l a t e the change o f the s i n g l e e l e c t r o d e 

p o t e n t i a l caused by a mechanical f o r c e i t i s necessary 

to c a l c u l a t e the change o f f r e e energy o f the metal 

( A G M ) . 

When a mechanical f o r c e i s a p p l i e d to the e l e c t r o d e 

the termodynamic p r o p e r t i e s o f the metal w i l l be 

a l t e r e d ( 4 ) . Assume t h a t the metal i s homogeneous. 

L e t the e l e c t r o d e have a u n i f o r m c r o s s - s e c t i o n o f A 

cm 2 and l e t the l e n g t h be L cms. per gram-mole. Apply 

a l o n g i t u d i n a l s t r a i n o f f dynes. Then f o r the i s o l a t e d 

system o f the e l e c t r o d e , c o n s i d e r i n g the process as 

r e v e r s i b l e , 

dQ = dU - f dL 

where dQ, i s the heat e n t e r i n g the system 
and dU i s the change o f i n t e r n a l energy o f 

the system. 

Using the ittormodynamic i d e n t i t i e s 
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H s U - L f 
G a H - TS 

we can w r i t e 

dG m = - L d f - SdT 

where H i s t h e r e n t h a l p y , U i s the i n t e r n a l energy, 
S i s the entropy, T i s the absolute temp
erat u r e and G i s the f r e e energy o f the 
system. I f the process i s Isothermal, 

dG M - - L d f . 

I f i t i s assumed t h a t the l e n g t h remains s u b s t a n t i a l l y 

constant f o r s t r e s s e s below the e l a s t i c l i m i t , 

A G M = - L ( f df = - L f j o u l e s . 
_ M To7 K W 

But L = molecular weight - M 
( d e n s i t y ) ( a r e a ) p A 

So A (hn =• - fM j o u l e s . 

10'^ A 

For the r e a c t i o n M £ M'"«€ ; - AG = nFE when the metal 

e l e c t r o d e i s u n s t r e s s e d . When the e l e c t r o d e i s s t r e s s e d 

w i t h a t e n s i o n f , A G and E change so t h a t - A Gf = >iFEf. 

L e t A E = E f - E be the change o f the s i n g l e e l e c t r o d e 

p o t e n t i a l caused by the t e n s i o n f . Then 
A E = -(4G f - A G ) 

hF 
But A G - Gj^n - G M 

A G f = - ( G M - * - A G M ) 

A G F - A G = - A G M = 4- M f 
10 l> A 

Therefore A E = - _ j l £_ v o l t s . 
10'A 
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T h e o r e t i c a l l y the t e n s i o n on the metal makes i t 

more e l e c t r o p o s i t i v e . A c c o r d i n g to t h i s equation a 

t e n s i o n o f 1 kg. on a r e v e r s i b l e e l e c t r o d e of 24 S.W.G. 

copper wire would make the e l e c t r o d e p o t e n t i a l 1.99 

mv more e l e c t r o p o s i t i v e . T h i s has not been observed. 

However Des Coudres (5) v e r i f i e d a s i m i l a r equation 

w i t h a mercury e l e c t r o d e t h a t was under a p r e s s u r e head. 

The p r o p e r t i e s o f metals are not s u i t a b l e f o r a 

simple mathematical treatment o f s t r a i n e f f e c t s such 

as has been used. In p a r t i c u l a r , metals are u s u a l l y 

heterogeneous, and accurate c a l c u l a t i o n s become 

i n v o l v e d and u n c e r t a i n ( 6 ) . A s i n g l e c r y s t a l c o u l d 

be used (7), but would have o n l y s l i g h t s t r e n g t h . 

I I I . REVIEW OP PREVIOUS OBSERVATIONS. 

There have been many o b s e r v a t i o n s and measure

ments o f p o t e n t i a l changes produced by s t r e s s i n g metals; 

there has been l i t t l e agreement of r e s u l t s . 

Andrews (8) measured the change of e l e c t r o d e 

p o t e n t i a l produced i n s t e e l by deformation and found 

t h a t samples elongated 20^ and p l a c e d i n sodium c h l o r i d e 

s o l u t i o n were 1 - 1 9 mv. more e l e c t r o n e g a t i v e , the amount 

depending on the type of s t e e l . 

Hambuechen (9) t e s t e d s t e e l , copper b r a s s , z i n c 

and wrought i r o n by s t r e s s i n g up to the y i e l d p o i n t i n 

f e r r i c c h l o r i d e solutions-*-- Measurements were made by 
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the compensation method. In a l l t e s t s the p o t e n t i a l 

o f the metal became more e l e c t r o n e g a t i v e . With 

wrought i r o n samples changes v a r i e d from 0.6 to 29 mv. 

Walker and D i l l (2) i n r e v i e w i n g Andrew's work 

showed t h a t the p o t e n t i a l d i f f e r e n c e between s t r a i n e d 

and u n s t r a i n e d s t e e l i n sodium c h l o r i d e s o l u t i o n s 

depends upon the method o f h a n d l i n g and the l e n g t h of 

time i n the s o l u t i o n . In r e v i e w i n g Hambuechen's work 

they showed t h a t the p o t e n t i a l changes may not have 

been caused by s t r a i n i n g e f f e c t s s i n c e h i s samples 

c o u l d not have reached e q u i l i b r i u m w i t h the e l e c t r o l y t e 

i n the time allowed b e f o r e t e s t i n g . 

Walker and D i l l t e s t e d s t e e l samples by s t r e s s i n g 

up to the b r e a k i n g p o i n t In f e r r o u s s u l f a t e s o l u t i o n s 

and measuring the p o t e n t i a l changes a g a i n s t a calomel 

c e l l by the p o t e n t i o m e t r i c compensation method. The 

s u r f a c e of the sample was prepared by p o l i s h i n g w i t h 

emery. Below the e l a s t i c l i m i t the p o t e n t i a l was 

changed l i t t l e or not at a l l . Above the e l a s t i c l i m i t 

the p o t e n t i a l was changed e l e c t r o n e g a t i v e l y under load. 

When the l o a d was removed the p o t e n t i a l became s l i g h t l y 

more e l e c t r o p o s i t i v e than i t was i n i t i a l l y . At the 

b r e a k i n g p o i n t the p o t e n t i a l change was 50 mv. more 

e l e c t r o n e g a t i v e at the time of b r e a k i n g and w i t h time 

the p o t e n t i a l changed toward, the i n i t i a l v a l u e . 
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Measurements of the e l e c t o d e p o t e n t i a l at s e v e r a l 

temperatures and measurements o f the temperature of 

the s t e e l d u r i n g s t r e s s i n g showed t h a t the p o t e n t i a l 

changes c o u l d not be caused by temperature changes, 

because the temperature c o e f f i c i e n t under t e s t 

c o n d i t i o n s was p o s i t i v e and the temperature d i d not 

f a l l d u r i n g the t e s t s . 

M ercia (10) s t r e s s e d specimens of annealed 

brass i n s o l u t i o n s of z i n c and copper s a l t s . The 

surface of the samples was prepared by p o l i s h i n g 

w i t h emery and e t c h i n g w i t h n i t r i c a c i d . The p o t e n t i a l 

changes were measured a g a i n s t a calomel c e l l u s i n g 

a p o t e n t i o m e t r i c method. A i r was excluded by o i l on 

the s u r f a c e of the e l e c t r o l y t e . He found t h a t the 

p o t e n t i a l changed 0.2 mv. more e l e c t r o n e g a t i v e when 

s t r e s s e d to the e l a s t i c l i m i t , and 1.0 mv. more 

e l e c t r o n e g a t i v e when s t r e s s e d to the y i e l d p o i n t . 

The change i n p o t e n t i a l was not permanent. 

Endo and Kamayana (11) conclude from experiments 

w i t h v a r i o u s l y prepared i r o n samples In a IN. f e r r o u s 

s u l f a t e s o l u t i o n that the rougher the s u r f a c e the 

g r e a t e r the e l e c t r o d e p o t e n t i a l . E l e c t r o l y t i c i r o n , 

e l e c t r i c a l l y p o l i s h e d , was 12 mv. more e l e c t r o 

p o s i t i v e than i r o n as deposited, and 6 mv. more 

e l e c t r o n e g a t i v e than annealed but u n p o l i s h e d i r o n . 
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They a l s o found the e f f e c t o f s l i g h t s t r a i n on 

p o t e n t i a l u s i n g a s i n g l e c r y s t a l o f i r o n . S t r a i n 

made the c r y s t a l s l i g h t l y more e l e c t r o p o s i t i v e . They 

conclude from p o t e n t i a l time curves that the sur f a c e 

o f the e l e c t r o d e was p a r t i a l l y covered by an i n v i s i b l e 

f i l m o f Pe ( 0 H ) 2 and F e ( 0 H ) 5 , whose e f f e c t c o u l d not 

be ev a l u a t e d or e l i m i n a t e d . 

N i k i t i n (12) measured the changes of e l e c t r o d e 

p o t e n t i a l s o f samples o f copper, s i l v e r and i r o n 

d u r i n g deformation i n s o l u t i o n s o f N/lO copper 

s u l f a t e , N/lO s i l v e r n i t r a t e and N/lO f e r r o u s s u l f a t e 

r e s p e c t i v e l y . T e s t s were made w i t h the metal to be 

s t r e s s e d as one e l e c t r o d e o f the c i r c u i t and a small 

p i e c e o f the same sample as the t e s t specimen as an 

a u x i l i a r y e l e c t r o d e . I t was shown to be unnecessary 

to cover the su r f a c e of the e l e c t r o l y t e w i t h o i l . 

The p o t e n t i a l change i n c r e a s e d w i t h the speed o f 

t e s t i n g . In a l l t e s t s w i t h copper the p o t e n t i a l 

became more n e g a t i v e . The maximum change was 7 mv. 

The p o t e n t i a l o f h a r d copper changed more than the 

p o t e n t i a l o f s o f t copper. When s t r e s s e d by con

tinuous t e n s i o n t i l l r u p t u r e the copper became a b r u p t l y 

more e l e c t r o n e g a t i v e at r u p t u r e . A f t e r r u p t u r e the 
0 

p o t e n t i a l r e t u r n e d toward the i n i t i a l value r a p i d l y 

at f i r s t and then s l o w l y but d i d not r e a c h i t i n ten 

hours. I f the copper^eTormed by l o a d was l e f t l o a d e d 
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the e l e c t r o d e p o t e n t i a l , a f t e r l i n e a r dimensions o f 

the sample had ceased to change, began to r e t u r n to 

the i n i t i a l value, at f i r s t r a p i d l y and then more 

slowly. The p o t e n t i a l r e t u r n e d toward i n i t i a l values 

at the same speed whether the samples were loaded 

or not loaded. Deformation changed the p o t e n t i a l o f 

s i l v e r a maximum o f 20 mv. p o s i t i v e l y and changed the 

p o t e n t i a l of i r o n a maximum o f 40 mv. n e g a t i v e l y . 

N i k i t i n s t a t e s t h a t p o t e n t i a l changes may be a t t r i b u t e d 

to temperature changes s i n c e copper and i r o n show 

neg a t i v e p o t e n t i a l changes when deformed and have 

n e g a t i v e temperature c o e f f i c i e n t s o f e l e c t r o d e 

p o t e n t i a l while s i l v e r shows p o s i t i v e p o t e n t i a l changes 

when deformed and has a p o s i t i v e c o e f f i c i e n t o f 

e l e c t r o d e p o t e n t i a l . 

Gautam and Jiha (13) hung annealed copper wires 

i n a s o l u t i o n of copper s u l f a t e and observed the 

change i n the p o t e n t i a l d i f f e r e n c e between the w i r e s 

when weights were added to one o f them. The wires 

were annealed by h e a t i n g t i l l r e d hot and then d i p p i n g 

i n methyl a l c o h o l . Measurements were made w i t h a 

potentiometer. In s o l u t i o n s of N/250 and N/25 copper 

s u l f a t e , the maximum changes were 6.7 mv. and 2.4 i r 

r e s p e c t i v e l y . The s t r a i n e d wire always became more 

e l e c t r o p o s i t i v e . A f t e r a l o a d of about 1500 kg/sq. cm. 
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had been added the p o t e n t i a l d i f f e r e n c e was n e a r l y 

constant to the maximum l o a d o f about 1800 kg/sq. cm. 

When the l o a d was removed the s t r a i n e d wire d i d not 

r e a c h i t s o r i g i n a l v a l u e . 

Evans (14) measured the change of p o t e n t i a l 

w i t h time o f samples o f m i l d s t e e l i n a s o l u t i o n o f 

N/lO KCl underjsteady s t r e s s . At any time compres

s i v e s t r e s s e s gave more e l e c t r o p o s i t i v e p o t e n t i a l s , 

and t e n s i l e s t r e s s e s more e l e c t r o n e g a t i v e p o t e n t i a l s , 

than when the t e s t area was not s t r e s s e d . The same 

f i n a l p o t e n t i a l was reached whether the t e s t area 

was compressed, extended, not s t r e s s e d , or s u b j e c t 

to a l t e r n a t i n g s t r e s s . 

MIniato (3) hung p a i r s o f w i r es i n s o l u t i o n s 

and added weights to one wire to observe the e f f e c t 

o f s t r e s s on p o t e n t i a l . A galvanometer was used to 

measure p o t e n t i a l d i f f e r e n c e s between the t e s t wires. 

S t r e s s changed the p o t e n t i a l of copper, b r a s s and 

s t e e l wire i n 4$ sodium c h l o r i d e n e g a t i v e l y . Gen

e r a l l y the p o t e n t i a l changed l i n e a r l y w i t h stress, to 

near the y i e l d p o i n t where the p o t e n t i a l d i f f e r e n c e 

between the wires became constant. The maximum 

changes o f p o t e n t i a l as i n d i c a t e d by galvanometer 

d e f l e c t i o n s were 1.45 mv. f o r c o l d drawn copper under 

2700 kg/sq. cm. s t r e s s , 0.5 mv. f o r annealed copper 

under 400 kg/sq. cm. s t r e s s , 1 . 7 5 mv. f o r b r a s s under 
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22C0kg/sq. cm. s t r e s s , and 10 mv. f o r s t e e l under 

2400 kg/sq. cm. s t r e s s . S t r e s s i n g c o l d drawn copper 

wires i n sodium s u l f a t e and sodium carbonate gave no 

galvanometer d e f l e c t i o n s . ' Potassium c h l o r i d e s o l u t i o n s 

gave s i m i l a r r e s u l t s to sodium c h l o r i d e s o l u t i o n s . 

In s o l u t i o n s of c u p r i c c h l o r i d e , ammonium c h l o r i d e , 

and a c i d i c and a l k a l i n e sodium c h l o r i d e , the i n i t i a l 

p o t e n t i a l d i f f e r e n c e s between copper wires produced 

o f f - s c a l e d e f l e c t i o n s . 

IV. APPARATUS AND EXPERIMENTAL PROCEDURES. 

Samples o f wire to be t e s t e d were p l a c e d i n c e l l s 

l i k e t h a t shown i n F i g u r e 1. The wires were suspended 

from hooks i n the top bar of a four f o o t square 

4 by 4 wooden frame. Scale pans were atta c h e d to the 

w i r e s below the c e l l s to which weights c o u l d be added 

to s t r e s s the w i r e s . The wires were i n s u l a t e d from 

the hooks and pans by b a k e l i t e . E l e c t r i c a l con

n e c t i o n s were made to the wires by screw f a s t e n i n g s 

and by s p r i n g c l i p s which gave good e l e c t r i c a l c o n t a c t 

between the t e s t w i r es and the l e a d w i r e s . 

Measurements were made w i t h a galvanometer, w i t h 

a s e n s i t i v i t y o f 0.295 mv./cm. s c a l e r e a d i n g , and w i t h 

a Leeds and Northrup K-2 type potentiometer. These 

instruments were connected to - the c e l l s i n the way 

shown i n F i g u r e 2. 
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The w i r e s . t o be t e s t e d were f i r s t cleaned w i t h 

e t h y l e t h e r . They were then coated w i t h a t h i n l a y e r 

of p a r a f f i n wax above and below the s e c t i o n to be 

exposed to the e l e c t r o l y t e and p l a c e d i n the c e l l w i t h 

w i t h s u f f i c i e n t weight suspended to prevent c u r l i n g . 

The s e c t i o n exposed was about one centemeter l o n g . 

Then the e l e c t r o l y t e was poured i n the c e l l . I n those 

t e s t s u s i n g a deareated e l e c t r o l y t e , the su r f a c e o f 

the e l e c t r o l y t e was covered w i t h a l a y e r o f Stanolax, 

a petroleum o i l , one centimeter deep. 

The e l e c t r o l y t e s were prepared u s i n g d i s t i l l e d 

water. When r e q u i r e d the e l e c t r o l y t e s were deareated 

by b o i l i n g or by p l a c i n g under a vacuum o f 65 cms. o f 

mercury. 

In t e s t s by M i n i a t o ' s method the l e a d w i res from 

the c e l l were connected to the galvanometer. The 

g a l v a n i c c u r r e n t i n the c e l l was shown by the de

f l e c t i o n o f the galvanometer-mirror's image on the 

galvanometer s c a l e . The c i r c u i t was arranged so t h a t 

a r e s i s t a n c e o f 10,000 or 20,000 ohms c o u l d be 

i n s e r t e d to reduce i n i t i a l c u r r e n t s t h a t might produce 

o f f - s c a l e d e f l e c t i o n s . Weights were added to the 

s c a l e pan on one o f the wires and the e f f e c t o f 

s t r a i n i n g t h i s wire on the c u r r e n t i n the c e l l was 

found by r e a d i n g the d e f l e c t i o n o f the image on the 



Page 14. 

s c a l e . Since the c u r r e n t i s caused by p o t e n t i a l ' 

d i f f e r e n c e s between two w i r e s , changes i n the c u r r e n t 

may i n d i c a t e changes i n the p o t e n t i a l d i f f e r e n c e ] 

and so the change i n the e l e c t r o d e p o t e n t i a l s of the 

s t r a i n e d w i r e . 

In p o t e n t i o m e t r i c t e s t s the l e a d w i res from the 

c e l l were connected to the potentiometer. The 

p o t e n t i a l d i f f e r e n c e between the two w i r e s i n the 

t e s t c e l l was thus measured a g a i n s t a standard West cam 

c e l l . Weights were added to the s c a l e pan on one 

of the wires and the e f f e c t o f s t r a i n i n g t h i s wire 

on the p o t e n t i a l d i f f e r e n c e between the two wires was 

observed by a d j u s t i n g the potentiometer to o b t a i n a 

balance o f the p o t e n t i a l s i n the c i r c u i t , and then 

r e a d i n g the potentiometer s c a l e . 

To measure the e x t e n s i o n o f a wire marks on the 

wire, above and below the c e l l y were observed through 

the two t e l e s c o p e s o f a cathetometer capable o f 

measuring 0.001 cm. 

V. RESULTS O P EXPERIMENTS. 

Galvanometer Measurements. 

The use of a galvanometer to i n d i c a t e the changes 

i n e l e c t r o d e p t o e n t i a l produced by s t r a i n was not 

a l t o g e t h e r s u c c e s s f u l . The p r i n c i p l e d i f f i c u l t y was 

t h a t the m i r r o r image s h i f t e d c o n t i n u o u s l y , showing 



Page 15. 

that the c u r r e n t was not steady. Since M i n i a t o (3) 

had been s u c c e s s f u l i n o b t a i n i n g steady, c o n d i t i o n s 

many t e s t s were made, but these and correspondence 

w i t h M i n i a t o , f a i l e d to show the reason f o r l a c k o f 

agreement. 

Tests were made on the wi r e s that are l i s t e d as 

f o l l o w s . 

5 p a i r s o f s o f t drawn 14 S.W.G. copper wire 
5 " " c o l d drawn 14 S.W.G. " " 
7 " " s o f t drawn 18 S.W.G. " " 

12 " 11 c o l d drawn 21 S.W.G. " " 
7 " " c o l d drawn 24 S.W.G. " " 

The r e s u l t s may be summarized as f o l l o w s . 

1. The i n i t i a l p o t e n t i a l d i f f e r e n c e between two 
app a r e n t l y s i m i l a r w i r e s was sometimes as l a r g e as 
20 mv. 

2. By v a r y i n g the r e s i s t a n c e o f the c i r c u i t i t was 
found t h a t the apparent p o t e n t i a l d i f f e r e n c e depended 
upon the c u r r e n t . Large d e f l e c t i o n s c o u l d be reduced 
s h o r t i n g the t e s t w i r e s . This i n d i c a t e d p o l a r i z a t i o n . 

3. R e p o r t i n g o n l y those t e s t s o f l o a d i n g and un
l o a d i n g the wires which i n d i c a t e d some c o n s i s t e n c y , 
there were 48 t e s t s showing no s t r a i n e f f e c t s , 9 
t e s t s i n d i c a t i n g e l e c t r o n e g a t i v e p o t e n t i a l changes 
due to s t r a i n , 8 t e s t s i n d i c a t i n g e l e c t r o p o s i t i v e 
p o t e n t i a l changes due to s t r a i n , and 2 t e s t s i n d i c a t i n g 
e l e c t r o p o s i t i v e p o t e n t i a l changes f o r small s t r a i n s 
and e l e c t r o n e g a t i v e p o t e n t i a l changes f o r l a r g e s t r a i n s . 

The r e s u l t s and c o n d i t i o n s o f three t e s t s which 

showed a s t r a i n e f f e c t are t a b u l a t e d i n Table 1. (See 

appendix) and p l o t t e d i n F i g u r e s 3, 4 and 5.-«- These 

t e s t s are i n c l u d e d to show the method used to determine 

the e f f e c t o f s t r e s s i n g the w i r e s . They are not 
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t y p i c a l o f the ge n e r a l r e s u l t s because i n these the 

c u r r e n t s are f a i r l y steady and because the s t r a i n 

e f f e c t c o u l d be r e p e a t e d s e v e r a l times. 

I n F i g u r e 3 d u r i n g the time i n t e r v a l 1.5 to 4.25 

minutes a s t r e s s o f 190 kg/sq. cm. on the ne g a t i v e 

wire reduced the c u r r e n t , seemingly i n d i c a t i n g t h a t 

the s t r a i n e d wire had become more e l e c t r o p o s i t i v e . 

In the time i n t e r v a l 5.25 to 6.75 minutes a s t r e s s 

o f 390 kg/sq. cm. i n c r e a s e d the c u r r e n t , i n d i c a t i n g 

t h a t the s t r a i n e d wire had become more n e g a t i v e . I n 

F i g u r e 3 small s t r e s s e s seemed to change the e l e c t r o d e 

p o t e n t i a l o f the s t r a i n e d wire p o s i t i v e l y , and l a r g e 

s t r e s s e s n e g a t i v e l y . I n F i g u r e 4 and 5 the e l e c t r o d e 

p o t e n t i a l s o f the w i r e s seemed to become more e l e c t r o 

p o s i t i v e w i t h s t r a i n . For example, i n F i g u r e 5 i n 

the time i n t e r v a l 3 to 4 minutes, a s t r e s s o f 550 

kg/sq. cm. on the p o s i t i v e wire i n c r e a s e d the c u r r e n t , 

i n d i c a t i n g t h a t the wire had become more e l e c t r o p o s i t i v e . 

System o f numbering t e s t s . Example, 21 Cu cd 6. 

Th i s means the s i x t h t e s t w i t h a p a i r o f c o l d drawn 

21 S.W.G. copper, w i r e . "sd" stands f o r s o f t drawn 

wire and "a" stands f o r annealed w i r e . 
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The d i f f e r e n c e s between the r e s u l t s I n F i g u r e 3 

and those i n F i g u r e 4 and 5 cannot be a t t r i b u t e d to 

d i f f e r e n c e s o f s o l u t i o n . T h i s was found from the 

r e s u l t s o f other t e s t s . 

Q u a n t i t a t i v e estimates o f the change o f p o t e n t i a l 

c o u l d not be made because the c u r r e n t d i d not depend 

s o l e l y on the p o t e n t i a l d i f f e r e n c e between the wires. 

The r e s i s t e n c e i n the c i r c u i t c o u l d be determined 

e a s i l y but the degree o f p o l a r i z a t i o n depended upon 

the c u r r e n t and was d i f f i c u l t to evaluate because 

the c u r r e n t was always changing. The e f f e c t o f • 

p o l a r i z a t i o n was l a r g e . For example, i n a t e s t w i t h 

21 S.W.G. c o l d drawn copper wire i n 4% sodium c h l o r i d e 

the p o t e n t i a l d i f f e r e n c e one hour a f t e r f i l l i n g the 

c e l l was 5.5 mv. as found by the potentiometer w i t h 

no c u r r e n t f l o w i n g and 0.02 mv. as i n d i c a t e d by the 
-7 

IR drop w i t h a c u r r e n t o f 1.4 x 10 amps. 

Other causes than the change o f e l e c t r o d e 

p o t e n t i a l may change the c u r r e n t f l o w i n g i n the c e l l 

when one of the wires i s s t r a i n e d . I f there i s a 

f i l m o f c o r r o s i o n products on the s u r f a c e o f the metal 

changes i n c u r r e n t c o u l d be caused by changes o f the 

r e s i s t e n c e o f the f i l m by d i s t o r t i o n . 

P o t e n t i o m e t r i c Measurements. 

For p o t e n t i o m e t r i c measurements o f the p o t e n t i a l 



Page 19. 

change produced by s t r e s s most o f the wires t e s t e d 

were annealed. 

Two methods o f an n e a l i n g were f o l l o w e d . I n the 

f i r s t , t h a t used by Gautam and J h a (13), the s e c t i o n 

o f the c o l d drawn wire to be t e s t e d was heated to 

redness i n a bunsen flame and quenched i n methyl 

a l c o h o l . I n the secdnd method, the w i r e s were heated 

to about 400° C. i n an atmosphere o f n i t r o g e n by an 

e l e c t r i c furnace, kept at t h i s approximate temperature 

f o r 20 to 30 minutes and cooled, s t i l l i n n i t r o g e n . 

Both methods o f anne a l i n g gave the same apparent 

r e s u l t when t e s t e d . No d i f f e r e n c e i n behavior was 

observed between u s i n g a r e a t e d and deareated 

e l e c t r o l y t e s . 

T ests were made on the wires that are l i s t e d as 

f o l l o w s . 

31 p a i r s o f annealed 24 S.W.G. copper wire 
4 " " c o l d drawn 24 S.W.G. copper wire 

20 " " annealed 21 S.W.G. " " 
3 " " c o l d drawn 21 S.W.G. " 11 

2 " " annealed 14 S.W.G. " " 

In Table I I (see appendix) and i n F i g u r e 6 are 

some t y p i c a l r e s u l t s showing the p o t e n t i a l changes 

produced by adding weights q u i c k l y to one wi r e . One 

p o t e n t i a l r e a d i n g was taken a f t e r each i n c r e a s e o f 

s t r e s s . Weights were added as r a p i d l y as re a d i n g s 

c o u l d be taken. The l e n g t h o f these t e s t s was about 
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f i v e minutes (see Table I I ) . These r e s u l t s compare 

w i t h those o f Guatam and Sha i n magnitude, but are 

e l e c t r o n e g a t i v e p o t e n t i a l changes, whereas t h e i r 

p o t e n t i a l changes were e l e c t r o p o s i t i v e . No r eason 

f o r t h i s c o n t r a d i c t i o n has y e t been' found. There 

was a s l i g h t l y g r e a t e r p o t e n t i a l change i n d i l u t e 

s o l u t i o n s . Compare curves 1 and 4 w i t h curves 3 and 

2. Gautam and 3>ha a l s o observed t h i s . Comparison 

o f curve 5 to curve 4, F i g u r e 6, shows t h a t a g r e a t e r 

l o a d i s r e q u i r e d to produce a p a r t i c u l a r change of 

p o t e n t i a l at the second l o a d i n g (curve 5) than i s 

r e q u i r e d at the f i r s t l o a d i n g (curve 4 ) . A g r e a t e r 

s t r e s s i s r e q u i r e d to elongate the wire a f t e r i t has 

been s t r a i n e d than when i t i s f r e s h l y annealed. I t 

w i l l be shown t h a t the p o t e n t i a l e f f e c t s are r e l a t e d 

to e l o n g a t i o n . 

I f the weights were added i n t e r m i t t e n t l y so t h a t 

s e v e r a l p o t e n t i a l r e a d i n g s c o u l d be taken between 

a d d i t i o n s , r e s u l t s were o b t a i n e d l i k e those g i v e n i n 

Tables IV and V (see appendix) and p l o t t e d i n F i g u r e s 

8 and 9. These curves show the tendency o f the 

p o t e n t i a l change produced by s t r a i n i n g to drop toward 

zero as time passes. Note i n these curves that the 

removal o f the l o a d causes l i t t l e or no change i n the 

p o t e n t i a l . 



Page 22. 

Fi g u r e 7 (Table I I I ) compares percent e l o n g a t i o n and 

the p o t e n t i a l - time r e l a t i o n s h i p f o l l o w i n g s t r e s s e s 

on c o l d drawn and on annealed copper. The g r e a t e r 

e l o n g a t i o n w i t h annealed copper g i v e s a g r e a t e r s t r a i n 

p o t e n t i a l e f f e c t . 

S e c t i o n s A and B o f the curves i n F i g u r e 8, and 

s e c t i o n s C, D and E o f the curves i n F i g u r e 9, are 

p l o t t e d i n F i g u r e 10 showing t h a t the r e l a t i o n s h i p 

between the p o t e n t i a l change f o l l o w i n g deformation 

and the time el a p s e d i s approximately l o g a r i t h m i c 

i n some t e s t s . 

An e x p l a n a t i o n o f these e f f e c t s i s t h a t copper, 

when p l a c e d i n con t a c t w i t h an e l e c t r o l y t e , does not 

rea c h a steady s t a t e w i t h the e l e c t r o l y t e immediately. 

The p o t e n t i a l may change d u r i n g the fo r m a t i o n o f some 

surf a c e f i l m . The p o t e n t i a l w i l l be steady when the 

f i l m i s completely formed. Then i f copper i s 

elongated f r e s h s u r f a c e may be exposed and the p o t e n t i a l 

w i l l change q u i c k l y toward the o r i g i n a l value, and w i l l 

r e t u r n w i t h time to the steady s t a t e p o t e n t i a l as the 

breaks i n the f i l m r e p a i r . 

Thus i n F i g u r e 7 the g r e a t e r e l o n g a t i o n o f 

annealed copper may have broken the s u r f a c e f i l m more 

completely and so g i v e n the gr e a t e r s t r a i n ^ p o t e n t i a l 

e f f e c t . 
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The r e s u l t s p l o t t e d i n F i g u r e 11 and F i g u r e 12 

(Table VI) show th a t d i f f e r e n t s o l u t i o n s give markedly 

p o t e n t i a l - t i m e curves. I t has been shown (15) t h a t 

the magnitude o f the steady s t a t e p o t e n t i a l depends 

upon the a c i d i t y and s a l i l i n i t y o f the e l e c t r o l y t e . 

I t was a l s o found that i f a wire was s t r e s s e d 

immediately a f t e r the a d d i t i o n o f the e l e c t r o l y t e 

no s t r a i n p o t e n t i a l change was produced. P o s s i b l y 

the f i l m was not then formed. 

In these experiments no i n c r e a s e was observed in 

the i n i t i a l p o t e n t i a l d i f f e r e n c e between a p a i r o f 

annealed w i r e s , u s u a l l y l e s s than 2 mv., when one of 

the w i r e s was s t r a i n e d b e f o r e the a d d i t i o n o f the 

e l e c t r o l y t e . Newberry ( 1 6 ) t r e a t e d copper i n s e v e r a l 

d r a s t i c a l l y d i f f e r e n t ways but no d i f f e r e n c e i n the 

I n i t i a l p o t e n t i a l was observed that c o u l d be a t t r i b u t e d 

to mechanical c o n d i t i o n s . "On the other hand the 

nature of the s u r f a c e c e r t a i n l y a f f e c t s the speed of 

the r e a c t i o n which occurs between the e l e c t r o d e and 

the e l e c t r o l y t e . " 

VI. CONCLUSIONS. 

The measurements made w i t h a galvanometer show 

how g a l v a n i c c u r r e n t s are reduced by p o l a r i z a t i o n . 

I t i s not p o s s i b l e from the experiments r e p o r t e d here 



2,7 
•|.. 

- • _ i ,J. ;-(+ 
.III? _' 1 73f 3.;h j ivr 7L7J7- " ;-7-i-7" •7~7 

rr— .. i7'!7 
m~;— 

r - • j ii.'. r| 

: ; • -••' a:- ¥ 1 ©7y II, -•"7 - •* f-' _r±r7 
• t-j- . .J 77'7f\ -• ,4 -'- Irp. A:A 

t •.777 ''.it1': P E N ill •rtH: 
I E k s 

...i • a.tj-' -<: 71*̂  
A 7t7 - .̂-J. 

: ,7 : Art 
.... •7.. _ 1.' A. -L-fxr. 

4 . . t ; tg: : l i.!J: 
4.' .'t. 777 ••-<'•-r 

— 1 

i • • ** r r , U-- . - i -+ 

VB: . j IT 
x i : 
K :± 
• i.j.....'.. 

•U-:Jf :7-;7 
•I- 7zA - ' l i r e 

•- + • .'r. 1 ;7-'" 7 J." " 

i I 
.: 

; -T •_ 
.)-'.., 

T;:I:- :rit'--a
:r: -r - . . . . r 

" L i ' " ' ' 
_(." '! f ' 7 77-1-i 177 4-:r 

Vfir; 
_ ]... 

\ 
; " f . i?̂ 7 7_ĵ  |̂  •-:-4 
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to make any c o n c l u s i o n as to the e f f e c t o f s t r a i n 

upon the e l e c t r o l y t i c s o l u t i o n p o t e n t i a l o f copper. 

The measurements made w i t h a potentiometer are 

summarized as f o l l o w s . 

1. The d i r e c t i o n and magnitude of the p o t e n t i a l change 
produced hy s t r a i n i n g copper depends upon the e l e c t r o 
l y t e . A c c o r d i n g to the theory i f s t r a i n o n l y a f f e c t s 
the e l e c t r o l y t i c s o l u t i o n p o t e n t i a l o f the metal, the 
nature o f the s o l u t i o n should have no i n f l u e n c e . 

2. S t r a i n d i d not a p p r e c i a b l y i n f l u e n c e the e l e c t r o 
l y t i c s o l u t i o n p o t e n t i a l o f copper u n l e s s accompanied 
by e l o n g a t i o n . T h i s i n d i c a t e s t h a t the p o t e n t i a l 
changes produced by s t r e s s i n g were s u r f a c e e f f e c t s . 

3. The magnitude o f the p o t e n t i a l change produced by 
s t r e s s i n g copper wire i n copper, s u l f a t e s o l u t i o n s 
was a l o g a r i t h m i c r e l a t i o n s h i p to time. T h i s a l s o 
i n d i c a t e s t h a t the p o t e n t i a l changes were s u r f a c e 
e f f e c t s . The p o t e n t i a l may depend upon the regrowth 
o f a f i l m on the f r e s h s u r f a c e s exposed by e l o n g a t i o n 
o f the me t a l . I t might be supposed the growth o f a 
f i l m would be a c c o r d i n g to a p a r a b o l i c e quation but 
many metals o x i d i z e a c c o r d i n g to a l o g a r i t h m i c 
e q uation (17). 

4. P o t e n t i a l changes t h a t c o u l d be a t t r i b u t e d to 
s t r e s s i n g d i d not occur u n l e s s the copper had been 
exposed to the e l e c t r o l y t e f o r a s u f f i c i e n t time f o r 
a f i l m to form. 

5. Removal o f the l o a d caused l i t t l e change i n the 
p o t e n t i a l . Annealed copper I s i n e l a s t i c (18) and so 
the wire that had been s t r e s s e d d i d not r e t u r n to i t s 
o r i g i n a l l e n g t h . So the removal o f the l o a d d i d not 
much a l t e r the c o n d i t i o n s at the sur f a c e o f the wire 
t h a t c o n t r o l l e d the p o t e n t i a l change. 

The o r i g i n a l i n t e n t i o n o f measuring the e f f e c t 

o f s t r e s s on the e l e c t r o l y t i c s o l u t i o n p o t e n t i a l o f 

copper and a p p l y i n g the r e s u l t s to a t h e o r e t i c a l 

e q u a t i o n has not been f u l f i l l e d . The s t r a i n p o t e n t i a l 
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changes reporte d here and by others are p r i m a r i l y 
surface phenomena. The c o n d i t i o n of s t r a i n on the 
metal electrode has l i t t l e i n f l u e n c e on the electro d e 
p o t e n t i a l . To make measurements that can be i n t e r 
preted the com p l i c a t i n g e f f e c t s of the surface f i l m 
must be avoided. 

On the subject of s t r a i n p o t e n t i a l s Copson, w r i t e s 
(19) : " I t i s f r e q u e n t l y s t a t e d t h a t energy st o r e d i n 
a d i s t o r t e d metal makes such metal more e l e c t r o 
negative than ........ s t r e s s - f r e e m a t e r i a l , and that 
as a r e s u l t g a l v a n i c e f f e c t s may cause r a p i d c o r r o s i o n 
of the d i s t o r t e d metal. Attempts have been made to 

t 
a r r i v e at the p o t e n t i a l d i f f e r e n c e . Results vary but 
i n general i n d i c a t e o t h a t the d i f f e r e n c e i n emf. i s 
only a few my. This d i f f e r e n c e i s too small to have 
much e f f e c t on c o r r o s i o n and could e a s i l y be upset 
by such f a c t o r s as con c e n t r a t i o n c e l l s . " 

v 

I t i s p o s s i b l e that w h i l e the st a t e of s t r a i n on 
a metal has l i t t l e i n f l u e n c e on the ele c t r o d e p o t e n t i a l , 
the increased i n t e r n a l energy of the s t r a i n e d metal 
(20) may c o n t r i b u t e to the energy necessary f o r 
a c t i v a t i o n of the r e a c t i o n s i n v o l v e d i n corrosion^ 
and thus s t r a i n may speed c o r r o s i o n . 
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