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S e c t i o n  A.— M a t h e m a t i c a l  a n d  P h y s i c a l  S c i e n c e s .

the Viscous Flow in Metals, and Allied Phenomena.

B y  E . 1ST. d a - C. A n d r a d e , B.Sc ., P h y s ic s  R e s e a r c h  S c h o la r ,  U n i v e r s i t y

C o lle g e , L o n d o n .

(C o m m u n ic a te d  b y  P ro f .  F .  T . T ro u to n , F .R .S . R e c e iv e d  M a rc h  9 ,^ -R e a d

A p ri l 14, 1 9 1 0 .)

I t  h a s  b e e n  o b s e r v e d *  t h a t  fo r  a  le a d  w ire ,  lo a d e d  w e ll  b e y o n d  t h e  e la s t i c  

l im i t ,  t h e  e x te n s io n  a f t e r  so m e  t im e  b e c o m e s  p r o p o r t io n a l  to  t h e  t im e ,  o r  t h e  

flow  b e c o m e s  v is c o u s  i n  c h a r a c te r .  T h e  r a t e  o f  t h i s  v is c o u s  flo w  v a r ie s  w i th  

t h e  lo a d , a n d  t h e  fo l lo w in g  w o rk  w a s  u n d e r t a k e n  to  i n v e s t i g a t e  t h e  la w  o f 

t h i s  v a r ia t io n ,  a n d  th e  p h e n o m e n o n  i n  g e n e r a l .

Methods of Experiment. The Hyperbolic eight.

T h e  e x p e r im e n t s  w e re  a l l  d o n e  o n  w ire s  o f t h e  m e ta l ,  a n d  th e  p r e l i m i n a r y  

o b s e r v a t io n s  w e re  a l l  m a d e  o n  le a d . T o  s u s p e n d  t h e  w ire s ,  t h e y  w e r e  

s o ld e r e d  i n to  s to u t  b ra s s  h o o k s . I n  t h e  f i r s t  r o u g h  e x p e r im e n t s  t h e  

e x te n s io n  r e g i s t e r e d  i t s e l f  o n  a  c lo c k w o r k - d r iv e n  d r u m  ; th e s e  e x p e r im e n t s  

s h o w e d  t h a t  t h e  r a t e  o f e x te n s io n  fo r  a  g iv e n  lo a d  b e c a m e  c o n s t a n t  fo r  

a  t im e ,  b u t  f in a l ly  in c r e a s e d , a n d  c o n t in u e d  in c r e a s in g .  T h is  is  d u e  to  tw o  

c a u s e s : ( 1 )  A s  t h e  w ir e  s t r e tc h e s ,  t h e  l e n g t h  o f w ire  b e in g  e x p e r im e n te d  o n  

a t  a n y  m o m e n t  in c r e a s e s .  (2 )  A s  th e  w ire  s t r e t c h e s ,  t h e  c ro s s - s e c t io n  

d im in is h e s ,  a n d  t h u s  t h e  lo a d  p e r  u n i t  a r e a  o r  s t r e s s  in c re a s e s .  T h is  is  b y  

f a r  t h e  m o re  d i s tu r b in g  c a u s e , s in c e , a s  s h o w n  l a te r ,  t h e  r a t e  in c re a s e s  m u c h  

m o re  r a p id ly  w i th  t h e  s t r e s s  t h a n  w o u ld  b e  g iv e n  b y  a  l i n e a r  la w . T o

*  E.g.f T r o u t o n  a n d  R a n k i n e ,  “  O n  t h e  S t r e t c h i n g  a n d  T o r s i o n  o f  a  L e a d  W i r e  b e y o n d  

t h e  E l a s t i c  L i m i t , ”  ‘ P h i l .  M a g . , ’ O c t o b e r ,  1 9 0 4 .
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o b v ia te  t h i s  d i f f ic u l ty  a n  a u t o m a t i c  m e th o d  o f k e e p in g  t h e  s t r e s s  c o n s t a n t  

w a s  d e v is e d .

C o n s t a n t  s t r e s s  w a s  o b ta in e d  b y  l e t t i n g  t h e  w e ig h t  p r o d u c in g  t h e  s t r e s s  

s in k  i n t o  a  l i q u i d  (fig . 1 )  a s  t h e  w i r e  s t r e t c h e d ,  t h e  fo r m  o f  t h e  w e ig h t  b e in g  

so  c h o s e n  t h a t  t h e  u p t h r u s t  a t  a n y  m o m e n t  w a s  s u c h  t h a t  t h e  e f fe c t iv e  lo a d

w a s  i n v e r s e l y  a s . t h e  l e n g t h  o f t h e  w ire  a t  

t h a t  m o m e n t ,  a n d  t h u s  w a s  d i r e c t ly  a s  t h e  

c r o s s - s e c t i o n a l  a re a .  T h e  r e q u i r e d  s h a p e  is  

e a s i ly  s h o w n  to  b e  g iv e n  b y  a  h y p e r b o la  o f  

r e v o lu t io n ,

=  . / S .  J _
y v  U + x'

w h e r e  M  is  t h e  m a s s  o f  t h e  lo a d , Z0 t h e  

i n i t i a l  l e n g t h  o f  t h e  w ire ,  a n d  t h e  d e n s i t y  

o f  t h e  l iq u id .  A s  w a t e r  w a s  a lw a y s  u s e d  a s  

t h e  l i q u id ,  p i s  f ix e d . H a v i n g  c h o s e n  a  

p a r t i c u l a r  M  a n d  l0, t h e  e x a c t  s iz e  o f  t h e  

w e i g h t  is  g iv e n . F r o m  t h e  e q u a t i o n  w e  s e e  

t h a t  a  w e ig h t ,  o n c e  c o n s t r u c t e d ,  is  o n ly  

e x a c t l y  e f f ic ie n t  f o r  o n e  p a r t i c u l a r  i n i t i a l  

lo a d , b u t  w i t h  r e a s o n a b le  a p p r o x im a t io n  t h e  

s a m e  w e ig h t  c a n  b e  u s e d  o v e r  a  l im i t e d  

r a n g e  o f  lo a d s .

A n  a d d i t i o n a l  a d v a n t a g e  a c c r u in g  f r o m  t h e  d e v ic e  o f  t h e  h y p e r b o l i c  

w e ig h t  w a s  s o o n  d is c o v e re d , v iz ., t h a t  s t r e s s e s  c o u ld  b e  f r e e ly  a p p l i e d  m u c h  

g r e a t e r  t h a n  c a n  p o s s ib ly  b e  u s e d  w i t h  c o n s t a n t  lo a d in g . T h e  p o s s ib i l i t y  o f  

w o r k in g  a t  m u c h  g r e a t e r  k n o w n  s t r e s s e s  t h a n  is  o th e r w is e  f e a s ib le  o p e n s  u p  

a  n e w  re g io n  f o r  e x p e r im e n t .

j  Description of Experiments.

E x p e r i m e n t s  w e re  m a d e  o n  t h r e e  k i n d s  o f w ir e s  :—

( 1 )  A p p r o x i m a t e l y  p u r e  le a d .

( 2 )  “  F u s e  w i r e .” A n  a l lo y  o f  l e a d  a n d  t i n .

(3 )  A p p r o x i m a t e l y  p u r e  c o p p e r .

F u s e  w ir e  w a s  u s e d , b e c a u s e  i t  s h o w s  t h e  v is c o u s  flo w  to  a  r e m a r k a b l e  

e x t e n t ; c o p p e r  a s  b e in g  a  m e t a l  u s u a l l y  s u p p o s e d  n o t  to  s h o w  a  v is c o u s  

flo w .

T h e  f i r s t  e x p e r i m e n t s  w e r e  m a d e  o n  le a d . T h e  p r e l i m i n a r y  t e s t s  w e re  

m a d e  o n  o r d in a r y  c o m m e r c ia l  w i r e ; t h e  l a s t  s p e c im e n , h e r e  c a l l e d  le a d  D ,

2  M r .  E .  N .  d a  C .  A n d r a d e .  On Viscous [M a r . 9 ,

f
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Flow in Metals, and Allied Phenomena. 31 9 1 0 . ]

w a s  s u p p li e d  a s  p u r e  le a d  b y  th e  L o n d o n  E l e c t r i c  W i r e  C o m p a n y .  M o s t  o f 

t h e  n u m e r ic a l  r e s u l t s  h e r e  g iv e n  w e re  o b ta in e d  f r o m  t h i s  s p e c im e n , w h ic h  o n  

a n a ly s is  w a s  f o u n d  to  b e  9 9 ’8  p e r  c e n t ,  p u r e  le a d . T h e  a n a ly s i s  w a s  k i n d l y  

d o n e  fo r  m e  b y  M r. I .  G-. R a n k in ,  B .S e ., w h o  a ls o  a n a ly s e d  th e  fu s e  w ire ,  a n d  

f o u n d  i t  c o n ta in e d  le a d , 2 1 ’5 p e r .  c e n t . ; t i n ,  78;5 p e r  c e n t .

T o  o b s e r v e  t h e  e x te n s io n  a  c a t h e t o m e t e r  r e a d in g  to  0*01 m m . w a s  u s e d . 

T h e  w a t e r  i n to  w h ic h  th e  h y p e r b o l i c  w e ig h t  s a n k  w a s  c o n ta in e d  in  a  v e s s e l  

o f m u c h  l a r g e r  d i a m e te r  t h a n  t h e  w e ig h t ,  f i l le d  u p  to  t h e  l e v e l  o f a  h o le  i n  

t h e  s id e , th r o u g h  w h ic h  t h e  d is p la c e d  w a t e r  e s c a p e d , t h u s  s e c u r in g  c o n s t a n t  

le v e l .  T h e  w e ig h t  w a s  a d ju s t e d  so  a s  j u s t  to  t o u c h  t h e  s u r f a c e  b y  o b s e r v a 

t io n  o f  t h e  im a g e  i n  t h e  w a te r ,  t h e  w e ig h t  b e in g  p r e v io u s ly  d r y ; t h i s  w a s  to  

a v o id  u n c e r t a i n t y  c a u s e d  b y  th e  s u r f a c e - te n s io n  r is e .  T h r e e  d i f f e r e n t  h y p e r 

b o lic  w e ig h ts  w e re  u s e d  to  c o v e r  t h e  r a n g e  o f lo a d s  fo r  t h e  le a d , a  f o u r t h  fo r  

t h e  fu s e  w ire ,  a n d  a  f i f th  i n  t h e  h ig h  t e m p e r a t u r e  e x p e r im e n t s ,  w h ic h  w e r e  

d o n e  w i t h  l e a d  a t  1 6 2 °  C .

I n  th e s e  e x p e r im e n t s  t h e  t e m p e r a t u r e  w a s  m a i n t a i n e d  b y  a n  o i l b a t h  k e p t  

a t  c o n s t a n t  t e m p e r a t u r e  b y  a  R i e c h e r t  r e g u l a t o r .  T h e  w ire  w a s  p u l l e d  

u p w a rd s ,  t h e  lo w e r  h o o k  b e in g  h o o k e d  o n  to  a  h o r i z o n ta l  b a r  r u n n i n g  acro ss , 

t h e  b o t to m  o f t h e  b a th .  S h o r t  l e n g t h s  o f l e a d  w ir e  w e re  u s e d , a b o u t  1 0  c m ., so  

t h a t  t h e  t e m p e r a t u r e  t h r o u g h o u t  m i g h t  b e  c o n s ta n t ,  a n d  t h e  lo a d  w a s  a p p l i e d  

b y  a  f in e  s t e e l  w ir e  r u n n i n g  o v e r  tw o  p u l l e y s ,  to  w h ic h  w a s  a t t a c h e d  a  h y p e r 

b o l ic  w e ig h t .  T h e  f r i c t i o n  o f  t h e  s t e e l  w i r e  o n  t h e  p u l l e y s  w a s  le s s  t h a n  

1 0  g ra m m e s  w e ig h t .

j Experimental Results.— T h e  g e n e r a l  n a t u r e  o f  t h e  s t r e t c h  in  a  l e a d  w ire  

lo a d e d  b e y o n d  t h e  e la s t i c  l i m i t  h a s  b e e n  n o te d  b y  p r e v io u s  w o rk e r s .*  A n  

im m e d ia te  e x te n s io n  is  fo l lo w e d  b y  a  c o n t in u o u s  s t r e t c h  w h ic h  d e c r e a s e s  in  

r a p i d i t y  to  a  f in a l  r a te ,  c o n s t a n t  i f  t h e  e x te n s io n  is  s u f f ic ie n t ly  s m a l l  to  m a k e  

n e g l ig ib le  t h e  in c re a s e  i n  s t r e s s  d u e  to  t h i n n i n g .  T h e  f i r s t  r e s u l t  f r o m  t h e  

u se  o f  t h e  h y p e r b o l i c  w e ig h t  w a s  t h a t  e v e n  f o r  l a r g e  e x te n s io n s  th e  r a t e  

s e t t l e s  d o w n  to  a  c o n s t a n t  v a lu e ,  i f  t h e  s t r e s s  is  k e p t  c o n s t a n t .  I n  fig. 2 

t h e  e x te n s io n s  a re  s h o w n  i n  t h e  tw o  c a s e s  o f  c o n s t a n t  lo a d  a n d  c o n s t a n t  

s t r e s s  fo r  t h e  s a m e  i n i t i a l  l e n g th ,  a n d  th e  s a m e  i n i t i a l  lo a d . I t  is  to  b e  

n o te d  t h a t  e v e n  w h e n  th e  s t r e s s  is  k e p t  c o n s t a n t  w e  s h o u ld  e x p e c t  t h e  r a t e  

o f f lo w  to  in c r e a s e  a g a in ,  o w in g  to  t h e  l e n g t h  f lo w in g  a t  a n y  m o m e n t  

in c r e a s in g  w i t h  t h e  t i m e ; t h i s  e ffe c t,  h o w e v e r ,  w o u ld  n o t  b e  v e r y  n o t i c e a b le  

in  t h e  c a se  s h o w n , a s  t h e  r a t e  o f f lo w  a t  t h e  c o n s t a n t  s ta g e  is  n o t  v e r y  

r a p id . I n  t h e  c a s e  o f  fu s e  w ire ,  h o w e v e r ,  w h e re  t h e  v is c o u s  r a t e  is  la rg e , 

t h i s  e ffe c t is  m a r k e d . I t  wra s  f o u n d  t h a t  t a k i n g  th e  r a t e  a t  d if f e r e n t  t im e s  

in  t h e  v is c o u s  flow , a n d  d iv id in g  b y  t h e  m e a n  l e n g th  p e r t a i n i n g  to  e a c h  r a t e ,

*  T r o u t o n  a n d  R a n k i n e ,  loc. cit.
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4 M r. E .  N .  d a  C . A n d r a d e .  On the Viscous [M a r .  9 ,

B R E A K S

FIG 2

T l  M  E  (m i n s )

a  r a t e  p e r  u u i t  l e n g t h  w a s  o b ta in e d ,  w h ic h  w a s  c o n s t a n t  a t  d i f f e r e n t  s ta g e s  

o f  t h e  flo w . I t  w a s  t h u s  e s t a b l i s h e d  t h a t  under constant stress t h e  r a t e  

p e r  u n i t  l e n g t h ,  o n c e  t h e  i n i t i a l  e f fe c t  h a s  d ie d  o u t ,  is  c o n s t a n t  r i g h t  u p  to  

b r e a k in g .*

A  s e r ie s  o f  r e s u l t s  fo r  l e a d  u n d e r  c o n s t a n t  s t r e s s  a t  v a r io u s  s t r e s s e s  w a s  

o b ta in e d . T h e  e x p e r i m e n t s  a t  h ig h  t e m p e r a t u r e s  g a v e  s im i l a r  e x te n s io n  

c u r v e s ,  b u t  t h e  i n i t i a l  e f fe c t  w a s  m u c h  le s s  m a r k e d .  I n  t h e  e x te n s io n  c u r v e s  

f o r  fu s e  w i r e  t h e  i n i t i a l  e f fe c t  w a s  s m a l l e r  s t i l l ; t h e  in c r e a s e  i n  v is c o u s  r a t e ,  

o w in g  to  i n c r e a s in g  l e n g t h ,  c a n  b e  e a s i l y  s e e n  i n  fig . 3 .

I  w a s  l e d  to  d i v id in g  t h e  e x t e n s io n  i n t o  t h r e e  p a r t s  :—

( 1 )  T h e  im m e d ia t e  e x te n s io n  o n  lo a d in g .

( 2 )  A n  i n i t i a l  f lo w  w h ic h  g r a d u a l l y  d i s a p p e a r s .

( 3 )  A  c o n s t a n t  flo w , t a k i n g  p l a c e  t h r o u g h o u t  t h e  e x te n s io n .

I  s h a l l  c a l l  ( 2 )  t h e  /3 -flo w , a s  a  m e a s u r e  o f  i t  is  g iv e n  b y  th e  c o n s t a n t  /3 in  

a n  e q u a t i o n  to  b e  d e a l t  w i t h  l a t e r .  T h e  c o n s t a n t  f lo w  p e r  u n i t  l e n g t h  h a s  

a l r e a d y  b e e n  m e n t io n e d  a s ,v is c o u s  flo w . A  d is c u s s io n  o f  a  c o n c e p tio n  o f t h e  

m e c h a n i s m  o f th e s e  f lo w s  is  g iv e n  i n  t h e  t h e o r e t i c a l  s e c t io n .

A , f e w  e x p e r im e n t s  w e re  d o n e  o n  c o p p e r  w i t h  t h e  a u to m a t i c  r e c o r d e r  b e fo re  

m e n t io n e d .  P .  P h i l l i p s f  s t a t e s  t h a t  “ t h e  c o p p e r  w ir e s  m a d e  n o  a t t e m p t

*  B r e a k i n g  i n  s u c h  a  c a s e  i s  m e r e l y  d u e  t o  a  c u m u l a t i v e  l o c a l  t h i n n i n g  a t  s o m e  i n i t i a l  

i r r e g u l a r i t y ; i n  t h e  c a s e  o f  f u s e  w i r e  a n  e x t e n s i o n  o f  m o r e  t h a n  5 0  p e r  c e n t ,  o f  t h e  

o r i g i n a l  l e n g t h  w a s  f r e q u e n t l y  o b t a i n e d .

t  “  T h e  S l o w  S t r e t c h  i n  I n d i a r u b b e r ,  G l a s s ,  a n d  M e t a l  W i r e s ,  w h e n  s u b j e c t  t o  a  

C o n s t a n t  P u l l , ”  P .  P h i l l i p s ,  JV J .S q ,, * P h i l .  M a g . , ’ A p r i l ,  1 9 0 5 .
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1 9 1 0 . ] Flow in Metals, and Allied Phenomena. 5

FIG 3

—  F U S E  W I R E
w>

2  U N D E R  C O N S T A N T  S T R E S S

T I M E  (m i n s )

to w a r d s  a p p r o x im a t io n  to  a  l i n e a r  f u n c t io n  ” ; I  fo u n d , h o w e v e r ,  t h a t  when 

loaded near the breaking stress, a n n e a l e d  c o p p e r  w ir e s  g a v e  a  l i n e a r  f lo w  w h ic h  

w a s  s t i l l  c o n t in u in g  a f t e r  s e v e n  d a y s . A  p e c u l i a r i t y  o f  c o p p e r  w i r e  w a s  t h a t  

i t  s h o w e d  s u d d e n  s l ip s  a t  i r r e g u l a r  i n t e r v a l s ,  w h ic h , p e r h a p s ,  m a y  b e  c a l l e d  

“  c o p p e r  q u a k e s ,”  a s  b e in g  a n a lo g o u s  to  t h e  g e o lo g ic a l  s l i p p in g  s u p p o s e d  to  

r e s u l t  i n  e a r th q u a k e s .  T h e s e  w e re  n o t  d u e  to  t h e  r e c o r d in g  a p p a r a t u s .  I n  

fig . 8 , w h ic h  r e p r e s e n t s  o n e  o f  t h e  t r a c in g s  f r o m  t h e  d r u m ,  b o t h  th e s e

|  FIG 8

z

T I M E

s l ip s  a n d  th e  e x i s t e n c e  o f a  f in a l  v is c o u s  flo w  a r e  e v id e n t .  I n  c o p p e r , 

t h e  v is c o u s  flo w  is  v e r y  s m a l l ,  t h e  im m e d ia te  e x t e n s io n  v e r y  la rg e  i n  

c o m p a r i s o n  to  a  m e ta l  s u c h  a s  le a d .

B e fo re  c o n s id e r in g  v a r i a t i o n s  w i t h  t h e  s t r e s s , ' i t  w a s  t h o u g h t  a d v is a b le  to  

o b ta in  a n  e q u a t io n  to  t h e  c u rv e  o f  l e n g t h  a g a in s t  t i m e  a t  c o n s t a n t  s t r e s s ,  to  

see  h o w  to  d iv id e  u p  t h e  e f fe c t  i n to  i n i t i a l  f lo w  a n d  v is c o u s  flow . F o r  la r g e  

v a lu e s  o f  t h e  t im e ,  t h e  l e n g th  l is  g iv e n  b y  Cekt, w h e re  C  is  a p p r o x im a te ly

c o n s ta n t ,  s in c e , e x p e r im e n ta l ly ,  \<j[i =  c o n s ^a n b

S in c e  P h i l l i p s  g iv e s  l =  a-\-b lo g  t fo r  t h e  c a s e  w h e n  th e

flow , i.e, w h e n  kss  0 , 1 t r i e d

l =  A  {a +  lo g  t) ekt.
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6 M r . E .  N .  d a  C . A n d r a d e .  On Viscous [M a r .  9 ,

T h is  w a s  n o t  v e r y  s u c c e s s fu l .  A f t e r  v a r io u s  a t t e m p t s ,  l — Z0 — A  w a s  

fo u n d  to  g iv e  a  g o o d  r e p r e s e n t a t i o n  o f  t h e  i n i t i a l  p a r t  o f t h e  c u r v e ; t h e  fo r m  

o f e q u a t i o n

Z =  Z0 (1  +  / 3 Z V ‘

w a s  th e r e f o r e  a t t e m p t e d .  T h i s  f i t t e d  o u r  l e a d  c u r v e s  s u r p r i s i n g l y  a c c u r a te ly  

t h r o u g h o u t  t h e  w h o le  r a n g e . T o  s h o w  t h e  c lo s e n e s s  o f  t h e  f it , t h e  fo l lo w in g  

t a b l e s  f o r  tw o  s t r e s s e s  c h o s e n  a t  r a n d o m  a r e  g iv e n , s in c e  s u c h  d iv e r g e n c ie s  a s  

t h e r e  a r e ,  a r e  to o  s m a l l  f o r  c o n v e n i e n t  d i a g r a m m a t i c  r e p r e s e n t a t i o n  :—

T a b le  I . — L e a d  D .

I n i t i a l  lo a d ,  3 6 0 0  g ra m m e s .  I n i t i a l  l e n g th ,  3 8 -8  c m . A v e r a g e  te m p . ,  1 4 ° -5 C .

T im e

( i n  m i n u t e s ) .

L e n g t h  o b s e r v e d .
L e n g t h  f r o m  f o r m u l a  

l =  ( 3 9  - 1 3  +  0  -5 7  Vi) eO - 0 0 0 0 6 9 5 * .  

.

S t r e s s .

\  ( . -■ i

0 3 8  -8  + 3 9  T 3 3 6 0 0

1 3 9  *73 3 9  ‘7 0

2 3 9  - 8 7 3 9  *85

4 4 0 - 0 4 4 0  *04

5 4 0 * 1 2 4 0 * 1 2

1 5 4 0 - 5 6 4 0  *57

* 2 5 4 0 - 8 5 4 0  *86 3 5 9 7

3 5 4 1  - 0 7 4 1  *09

4 0 4 1  - 1 7 4 1  T 8

8 0 4 1  -8 1 4 1  ‘8 1

1 3 0 4 2  - 3 8 * 4 2 ‘3 9 3 5 9 7

2 5 0 4 3  - 4 8 4 3 ‘4 7

3 0 0 4 3  - 8 6 4 3  -8 5

4 2 0 4 4  - 6 8 4 4  - 6 9 3 6 0 1

5 0 0 4 5  - 1 9 4 5  -1 9

5 5 0 4 5  - 5 1 4 5  *50 3 6 0 2

’ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - v . - - - - - - . . . . . .  -  1

S t r e s s  g i v e n  i n  g r a m m e s  w e i g h t  p e r  a r e a  o f  c r o s s - s e c t i o n  o f  u n s t r e t c h e d  w i r e .

T a b le  I I . — L e a d  D .

I n i t i a l  lo a d , 1 8 0 0  g ra m m e s .  I n i t i a l  l e n g t h ,  9-9  c m . A v e r a g e  te m p . ,  1 6 2 °  C .

T im e

( i n  m i n u t e s ) .
L e n g t h  o b s e r v e d .

L e n g t h  f r o m  f o r m u l a  

l =  ( 9 - 9 4  +  0 - 4 3  V Z )  e ° -0106i.

. S t r e s s .

0 9 - 9  + 9  - 9 4 1 8 0 0

1 1 0  -4 6 1 0  - 4 8

2 1 0  *70 1 0  ’7 1

3 1 0  - 9 0 1 0  - 9 0

5 1 1  - 2 7 , -  1 1 - 2 6 1 8 0 0

8 1 1  - 7 6 1 1  - 7 6

1 0 1 2  - 0 8 1 2  -0 8

1 2  ; 1 2 - 4 0 1 2 ' 4 0

1 4 1 2  -7 3 1 2  -7 3

1 5 1 2  -9 0 1 2  -9 0 1 8 0 0
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T h e  e x t e n s i o n  c u r v e s  f o r  f u s e  w i r e ,  w h e n  t h e  s t r e s s  w a s  t r u l y  c o n s t a n t ,  

w e r e  e q u a l l y  w e l l  r e p r e s e n t e d  b y  t h e  f o r m u la .

S in c e  t h e  e q u a t i o n  l — l0(1  +  ftt^)ekt f i t t e d  m y  r e s u l t s  so  w e l l ,

w e l l  to  t r y  t h e  e q u a t i o n  l =  Z0 (1  +  ft$)  f o r  t h e  c

t h e r e  is  n o  a p p r e c i a b l e  f in a l  v i s c o u s  flo w . T a k i n g  a  s e t  o f  r e a d i n g s  f r o m  

P h i l l i p s ’ p a p e r ,*  t h e  e q u a t i o n  /  =  70 (1  + w a s  f o

h i s  l o g a r i t h m i c  e q u a t i o n .  T o  i n v e s t i g a t e  t h i s  a  l i t t l e  f u r t h e r ,  I  d i d  o n e  

e x p e r i m e n t  o n  /3 -f lo w  i n  c o p p e r .  T h e  f o l l o w i n g  t a b l e  e x h i b i t s  t h e  r e s u l t :—

1 9 1 0 . ]  Flow in Metals, and A llied Phenomena. 7

T a b le  I I I . — /3 - F lo w  i n  C o p p e r .

T im e  ( i n  m i n u t e s ) . H e a d i n g . 3  - 0 8 9  — r e a d i n g  =  Z— Z0.
0  - 1 3 1  v # .

0 L o a d e d

2 2  * 9 2 4 0 - 1 6 5 0 - 1 6 5

3 2  - 9 0 0 0 - 1 8 9 0  - 1 8 9

4 2 - 8 8 1 0 - 2 0 8 0 - 2 0 8

5 2  - 8 6 3 0 - 2 2 6 0 * 2 2 4

6 2  * 8 5 0 0 * 2 3 9 0 - 2 3 9

7 2  * 8 4 0 0 - 2 4 9 0 - 2 5 0

8 2  - 8 2 7 0 - 2 6 2 0 * 2 6 2

9 2  - 8 1 4 0 - 2 7 5 0 - 2 7 3

1 0 2  - 8 0 7 0 * 2 8 2 0 - 2 8 2

1 5 2  - 7 6 7 0 - 3 2 2 0  * 3 2 2

2 0 2  - 7 4 0 0 - 3 4 9 0 * 3 5 5

P h i l l i p s  s t a t e s  t h a t  t h e r e  w e r e  c o n s i d e r a b l e  d e v i a t i o n s  f r o m  t h e  l o g a r i t h m i c  

l a w  w h e n  t h e  s t r e t c h  h a d  b e c o m e  v e r y  s lo w , b u t ,  u n f o r t u n a t e l y ,  h e  d o e s  n o t  

s t a t e  i n  w h ic h  d i r e c t i o n  t h e  d e v i a t i o n s  w e r e ,  so  i t  c a n n o t  b e  s u r m i s e d  w h e t h e r  

m y  f o r m u la  w o u ld  a f f o rd  a  b e t t e r  f it .

T h e  t a b l e s  g iv e n ,  w h ic h  a r e  r e p r e s e n t a t i v e ,  s u f f ic e  to  s h o w , I  t h i n k ,  t h a t  

l — Z0 ( 1 4 -  ftt^) ekt i s  s u c c e s s f u l  i n  r e p r e s e n t i n g  t h e  o b s e r v e d  f a c ts .  Iq i s  n o t  

t h e  e x a c t  u n s t r e t c h e d  l e n g t h ,  b u t  a  n u m b e r  s l i g h t l y  l a r g e r ,  p r o b a b l y  t h e  

i m m e d i a t e  l e n g t h  o n  lo a d in g ,  w h i c h  c o u ld  n o t  b e  m e a s u r e d ,  b e in g  f a i r l y  

s m a l l  c o m p a r e d  to  1 , 1 + / 3  ft b e c o m e s  n e a r l y  c o n s t a n t  f o r  l a r g e

ti t h e n  i n c r e a s e s  v e r y  s lo w ly .  W e  h a v e  f o r  c o n v e n ie n c e  c a l l e d  t h a t  p a r t  o f  

t h e  f lo w  r e p r e s e n t e d  b y  t h e  c o e f f i c ie n t  ft  t h e  / 3 - f l o w ; i s  a  m e a s u r e  o f  t h e  

p u r e l y  v i s c o u s  f lo w .

T o  s e e  h o w  ft  a n d  kva r i e d  w i t h  t h e  s t r e s s ,  a n d  t h e  q u a n t i t y

t h e  “ f lu i d i ty ,” w e r e  p l o t t e d  a g a i n s t  s t r e s s .  F ig .  4  s h o w s  a n d  k j  ( s t r e s s )  fo r  

l e a d  D  a t  1 5 ° ,  a n d  fig . 5  t h e  s a m e  q u a n t i t i e s  f o r  l e a d  D  a t  1 6 2 ° . I t  is  t o  b e  

e s p e c ia l ly  n o t e d  t h a t  ft  t e n d s  to  b e c o m e  c o n s t a n t  f o r  l a r g e  v a l u e s  o f  t h e  s t r e s s .

A  f o r m  o f c u r v e  s i m i l a r  t o  o u r  ft-c u r v e s  w a s

*  Loc. cit. ,  p .  5 2 5 .

t  Loc. cit. ,  p 4 5 2 6 .  C a r v e s  I I I  a ,  6 ,  e ,  d.
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8 M r. E .  N .  d a  C . A n d r a d e .  On the Viscous [M a r . 9 ,

FIG 4 —- - L E A D  A T  15'

S T R E S S

3 0 0 0 4 0 0 02 0 0 0 5 0 0 0 6 0 0 0

FIG 5 — L E A D  A T  1 6 2

S T R E S S
2 0 0 9

v a r i a t i o n s  o f  h is  c o e f f ic ie n t  b w i t h  t h e  s t r e s s  i n  h i s  e x p e r

w h e re  h e  w a s  d e a l in g  w i t h  a  c a s e  in v o lv in g  n o  s e n s ib le  v is c o u s  flow . (O w in g  

to  t h e  s i m i l a r i t y  o f o u r  e q u a t i o n s ,  b a n d  yd a r e  m e a s u r e s  o f  a p p r o x im a te ly
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Flow in Metals, and Allied  . 91 9 1 0 . ]

t h e  s a m e  e ffe c t .)  I t  is  r e m a r k a b le  t h a t  /3 t e n d s  to  t h e  s a m e  l im i t  i n  t h e  

e x p e r im e n t s  a t  1 6 2 °  a s  i n  th o s e  a t  1 5 ° ,  t h o u g h  t h e  c o r r e s p o n d in g  v a lu e s  o f k 

a r e  v e r y  m u c h  g r e a t e r  i n  t h e  f o r m e r  c a se .

F ig . 6  s h o w s  th e  v a r ia t io n s  o f  k/s  ( w h e r e  s i s  t h e  s t r e s s )  fo r  fu s e  w ire . I t  

is  o f  e x a c t ly  t h e  s a m e  c h a r a c t e r  a s  i n  le a d , fi i s  n o t  h e r e  s h o w n , a s  i t  is  so

FIG 6 ---- F U S E  W I R E  A T  1 5 °

S T R E S S

200C

s m a l l  i n  t h e  c a s e  o f  fu s e  w ir e  t h a t  s a t i s f a c to r y  d e t e r m in a t io n s  w e re  n o t  m a d e . 

T h e  c u rv e s  o f  k/s  a g a in s t  s c a n  b e  a p p r o x im a te ly  f i t t e d  b y  h y p e rb o la e  h a v in g  

o n e  a s y m p to te  p a r a l l e l  to  t h e  a x is  o f  s, a n d  th e  o t h e r  a s y m p t o te  in c l in e d  a t  a n  

a c u te  a n g le  to  t h i s  a x is .

F ig . 7  s h o w s  k/s  fo r  a n  e a r ly  s p e c im e n  o f  le a d , A . k  w a s  c o m p u te d  f ro m  

th e  l a t e r  r e a d in g s  o f t h e  e x te n s io n ,  i t  b e in g  a s s u m e d  t h a t  t h e  /9 -flow  h a d  d ie d  

o u t .  T h e  v a lu e s  a r e  th e r e f o r e  o n ly  a p p r o x i m a t e ; t h e  f ig u re  is  g iv e n  a s  a

L E A D  A A T  15

S T R E S S

2 0 0 0 3 0 0 0 4 0 0 0
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c o n f i r m a t io n  o f t h e  c h a r a c t e r  o f  t h e  f l u i d i ty  c u rv e ,  t h e  s p e c im e n  b e in g  a  s o f t e r  

l e a d  t h a n  D .

1 0  M r . E .  N .  d a  C . A n d r a d e .  On the Viscous [M a r . 0 ,

T a b le  i V . — L e a d  D .

S t r e s s  =  s i n  

g r a m m e s / i n i t i a l  a r e a . . j j j k .

‘ 1
— x  1 0 s .
S

T e m p e r a tu re ,  15° C.

2 0 0 0 0  - 0 0 0 8  1

2 6 0 0 0  ' 0 0 4 4

3 0 0 0 0 - 0 0 7 7 0  - 0 0 0 0 3 5 1  1 6

3 6 0 0 0  - 0 1 4 5 0  - 0 0 0 0 6 9 1  -9 2

4 0 0 0 ' 0  - 0 2 1 0 0  - 0 0 0 1 1 0 2  -7 5

4 4 0 0 0  - 0 2 9 0 0  - 0 0 0 2 0 2 4 - 6 0

4 6 0 0 0  - 0 3 3 4 0  - 0 0 0 3 2 2 7  - 0 0

5 2 0 0 0 * 0 4 2 4 0  * 0 0 2 0 7 4 0  -0

5 4 0 0 0  - 0 4 2 0 0  - 0 0 2 5 3 4 7  -0

5 6 0 0 0 - 0 4 4 0 0  - 0 0 3 4 5 6 1  -6

T e m p e r a tu re ,  162° C.

7 0 0 0 - 0 0 2 o-oooi 1 4

1 0 1 0 0  - 0 0 4 5 0 - 0 0 0 9 5 9 4

1 4 0 0 0  - 0 2 1 0 - 0 0 3 2 2 3 0

1 5 0 0 0  - 0 2 4 0  - 0 0 4 8 3 2 0

1 6 0 0 0 - 0 4 1 0  - 0 0 6 0 3 7 5

1 7 0 0 0 - 0 4 1 0 - 0 0 8 3 4 8 8

1 8 0 0 0  0 4 3 0  - 0 1 0 6 5 8 8

2 0 0 0 0 - 0 4 3 0  - 0 2 1 6 1 0 8 0

A p p r o x im a t e  c r o s s - s e c t i o n a l  a r e a  o f  n n s t r e t c l i e d  w i r e  ** 2  *16  s q .  m m .

T a b le  V .— F u s e  W i r e .  T e m p e r a t u r e ,  1 5 °  C.

S t r e s s  i n  g r a m m e s  

p e r  i n i t i a l  a r e a .
k .

II

-  x  1 0 6.

t ' 5

7 3 0 0  - 0 0 0 7 2 1  -o

8 4 0 0  - 0 0 1 1 6 1 - 4

9 6 0 0  - 0 0 1 9 7 2  - 0 5

1 2 5 0 0  - 0 0 5 9 0 4 - 7

1 2 8 0 0  - 0 0 6 2 8 4 - 9

1 4 8 0 0  - 0 1 3 2 8 - 9

1 5 0 5 0  - 0 1 4 6 9 / 7

1 5 8 0 0  - 0 1 7 4 1 1  -o

1 6 8 0 0  - 0 2 4 1 1 4  -3

1 7 9 0 0  - 0 3 6 9 2 0 - 6

1 8 8 5 0 - 0 6 0 3 1  -8

1 9 8 5 0 - 0 9 0 4 5  -0

2 0 9 0 0  - 1 3 6 6 5  -0

A p p r o x im a t e  c r o s s - s e c t i o n a l  a r e a  o f  n n s t r e t c l i e d  w ir e  =  0  *64 s q .  m m .
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1 9 1 0 .1  Flow in Metals, and Allied Phenomena. 11

Theoretical Considerations.

T h e r e  a p p e a r s  to  h a v e  b e e n  b u t  l i t t l e  p re v io u s ly  w r i t t e n  o n  th e  flo w  in  

m e ta ls  w h ic h  w il l  a id  in  f o r m u la t in g  a  t h e o r y  to  a c c o rd  w i th  th e s e  r e s u l t s .  

B o l tz m a n n ’s w e ll -k n o w n  p a p e r  o n  “ E l a s t i s c h e  N a c h w i r k u n g  ”* o ffe rs  n o  h e lp . 

I t  is  i n t e r e s t in g ,  h o w e v e r ,  to  c o n s id e r  t h e  p h e n o m e n a  f r o m  th e  p o i n t  o f v ie w  

s u g g e s te d  b y  E w in g  in  h is  P r e s i d e n t i a l  A d d r e s s  to  S e c t io n  G- o f  t h e  B r i t i s h  

A s s o c ia t io n  o n  t h e  s t r u c t u r e  o f  m e ta l s . f  I n  t h i s  h e  i n s i s t s  u p o n  t h e  

c r y s ta l l in e  n a t u r e  o f  t h e  s t r u c t u r e .

W e  m a y  lo o k  a t .  t h e  i n i t i a l  f lo w  a s  r e s u l t i n g  f r o m  t h e  a d d i t io n  to  a  

p e r m a n e n t  v is c o u s  flo w  o f a  f lo w  w h ic h  d ie s  o u t  w i t h  t h e  t im e .  T h is  l a t t e r  

m a y  b e  t a k e n  a s  a r i s in g  f r o m  a  r e a r r a n g e m e n t  o r  r o t a t i o n  o f  s m a l l  p a r t s  o f a  

c r y s ta l l in e  n a t u r e  i n  t h e  m a te r i a l ,  m u c h  a f t e r  t h e  f a s h io n  o f t h e  r o t a t i o n  s e e n  

in  E w in g ’s m a g n e t i c  m o d e l  i l l u s t r a t i n g  h y s t e r e s i s  i n  i r o n ; t h e  /3 -c u rv e  is  

o f t h e  s a m e  fo rm  a s  t h e  c u rv e  o f  m a g n e t i s a t io n .  I  a s s u m e  th e  r o t a t i o n  o f  t h e  

c r y s ta l s  to  b e  o p p o s e d  b y  s o m e  k i n d  o f  e l a s t i c  fo rc e  p r o p o r t io n a l  to  t h e  

d i s p la c e m e n t ,  b u t ,  a s  i n  t h e  m a g n e t i c  m o d e l ,  a  s u c c e s s io n  o f  e q u i l ib r iu m  

p o s i t io n s  is  p a s s e d , t h r o u g h  w h ic h  r e t u r n  is  n o t  s p o n ta n e o u s ly  p o s s ib le  o n  

th e  r e m o v a l  o f t h e  s t r e s s .  T h e  v is c o u s  flow  m a y  b e  r e g a r d e d  a s  t a k i n g  p la c e  

in  a  v is c o u s  m a t r ix ,  i n  w h ic h  t h e  c r y s t a l s  a r e  e m b e d d e d .

I f  w e  t a k e  t h e  f o r m u la  l = 1$ ( 1 4 - / 3 ^ )  ekt, w e  m a y  w r i t e

r j ] f t

dt J 0

s in c e  /3 a n d  Jet ar e  s m a l l  w i t h i n  t h e  r a n g e . !  T h e  f i r s t  t e r m  r e p r e s e

p u r e ly  v is c o u s  flo w , t h e  s e c o n d  t h e  flo w  d u e  to  r e a r r a n g e m e n t  o r  r o t a t i o n s ,  i f  

w e  a s s u m e  t h a t  t h e  n u m b e r  o f c r y s t a l s  r o t a t i n g  p e r  u n i t  t im e  d im in i s h e s  a s  

t~i. T h e  t h i r d  t e r m ,  w h ic h  is  s m a l l ,  m a y  b e  r e g a r d e d  a s  a  s m a l l  c o r r e c t io n  

to  t h e  p e r m a n e n t  f lo w  a r i s in g  f r o m  th e  r o t a t i o n s  in c r e a s in g  th e  a m o u n t  o f 

m a t e r i a l  w h ic h  a t  a n y  m o m e n t  is  i n  a  s u i t a b l e  a t t i t u d e  fo r  p u r e l y  v is c o u s  

f lo w : i t  is  p r o p o r t io n a l  to  t h e  n u m b e r  o f c r y s t a l s  w h ic h  h a v e  r o ta te d .  (T h e  

fo r m u la  is  n o t  p r e s u m e d  to  d o  m o re  t h a n  r e p r e s e n t  t h e  p h e n o m e n a  th r o u g h o u t  

a n y  c o n v e n ie n t  e x p e r im e n t a l  r a n g e  ; fo r  v e r y  l a r g e  v a lu e s  o f  t i t  is  in c o r r e c t ,  

a s  i t  w o u ld  g iv e  t h e  n u m b e r  o f  c r y s t a l s  r o t a t i n g  iu  a n  in f i n i t e  t im e  a s  b e in g  

in f in i te ,  s h o u ld  p r o b a b ly  b e  r e p la c e d  b y  a  f u n c t io n  o f  t w h ic h  a p p r o x im a te s

*  L .  B o l t z m a n n ,  ‘ W i e n e r  S i t z u n g s b e r i c h t e , ’ O c t o b e r ,  1 8 7 4 .

t  J .  A .  E w i n g ,  ‘ R e p o r t  o f  t h e  B r i t i s h  A s s o c i a t i o n , ’ 1 9 0 6 ,  p .  6 5 7 .

t  F o r  e x a m p l e ,  t a k e  l e a d  f o r  s t r e s s  4 6 0 0  g r a m m e s  p e r  i n i t i a l  a r e a .  H e r e  t h e  l a r g e s t  

v a l u e  o f  let w a s  0 * 0 7 9 ,

dl/dt =  0 * 0 0 6 5  +  0 * 0 0 5 4  ( 1  +  0 * 0 7 9 +  £  ( 0 * 0 7 9 ) 2 + . . . ) ,

a n d  t h e  o m i s s i o n  o f  s q u a r e s  a n d  h i g h e r  p o w e r s  o f  m a k e s  a n  e r r o r  o f  a b o u t  0 * 1 5  p e r  

c e n t ,  i n  t h e  f l o w .
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1 2  On the Viscous Flow in M etals,a

c lo s e ly  to  ft f o r  s u c h  v a lu e s  a s  a r e  h e r e  c o n s id e re d , b u t  w h ic h  a s  t in c re a s e s  

u l t i m a t e l y  b e c o m e s  c o n s t a n t . )

T h e  f a c t  t h a t  ft t e n d s  to  t h e  s a m e  l i m i t  a t  b o t h  1 6 2 °  a n d  ,15° is  s ig n if ic a n t ,  

a s  s u g g e s t in g  t h a t  t h e  d iv i s io n  o f  t h e  f lo w  i n t o  /3 -flo w  a n d  v is c o u s  flo w  is  

v a l id  p h y s i c a l ly ,  /3 -f lo w  b e in g  d e p e n d e n t  o n  a  p u r e l y  g e o m e t r i c a l  a r r a n g e m e n t  

i n  t h e  s t r u c t u r e  o f  t h e  m e ta l .  S u c h  a  p ro c e s s  a s  t h e  r o t a t i o n s  s u g g e s te d  w o u ld  

g iv e  t h e  e x p e r i m e n t a l l y  o b s e r v e d  c o n s t a n c y  o f  ft f o r  l a r g e  s tr e s s e s .

T h e  fo l l o w in g  is  a  b r i e f  s u m m a r y  o f  t h e  p a p e r  :—

( 1 )  E s t a b l i s h m e n t  o f  t h e  e x i s t e n c e  o f  a  v is c o u s  flo w  i n  le a d , i n  a  l e a d - t i n  

a l l o y , a n d  in  c o p p e r .

( 2 )  R e a l i s a t i o n  o f  t h e  n e c e s s i ty  o f  w o r k in g  a t  c o n s t a n t  s t r e s s ,  a n d  t h e  

d e v ic e  o f  t h e  “ h y p e r b o l i c  w e ig h t  ” f o r  t h i s  p u rp o s e .

( 3 )  D e m o n s t r a t i o n  t h a t  a t  c o n s t a n t  s t r e s s  t h e  f lo w  is  p u r e l y  v is c o u s  r i g h t  

u p  to  b r e a k i n g  fo r  t h e  m e t a l s  u s e d .

(4 )  T h e  e m p i r i c a l  f o r m u la  l — U(1  - f  ft ft) ekt i s  s h o w

t h e  e x t e n s io n - c u r v e s .  T h e  f lo w  c a n  b e  d iv id e d  i n to  /3 -f lo w  a n d  v is c o u s  flow .

( 5 )  T h e  /3 -f lo w  is  e x p e r i m e n t a l l y  s h o w n  to  t e n d  to  a  l i m i t  fo r  l a r g e  

s t r e s s e s .

( 6 )  T h e  y£?-flow is  s h o w n  to  t e n d  to  t h e  s a m e  l i m i t  a t  1 6 2 °  a s  a t  1 5 °  C .

( 7 )  T h e  c u r v e  o f f l u i d i t y  a g a i n s t  s t r e s s  is  s h o w n  to  b e  r o u g h ly  a  h y p e r b o la ,  

w i t h  o n e  a s y m p t o t e  p a r a l l e l  to ,  a n d  t h e  o t h e r  s t e e p l y  in c l in e d  to ,  t h e  s t r e s s  

a x is .

I t  is  a  g r e a t  p l e a s u r e  to  m e  t o  o f fe r  m y  t h a n k s  to  P r o f .  T r o u to n ,  to  w h o s e  

u n r e m i t t i n g  k i n d n e s s  a n d  e n c o u r a g e m e n t  w h a t e v e r  m e r i t  t h e r e  m a y  b e  in  

t h i s  w o r k  is  l a r g e l y  d u e . I  a ls o  o w e  m y  t h a n k s  to  A s s i s t a n t - P r o f e s s o r  

A . W .  P o r t e r  f o r  m a n y  s u g g e s t io n s ,  a n d  f o r  r e a d in g  t h r o u g h  t h e  p a p e r .
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