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T h e L e a f l e t B e c o m e s T h e Bu l l e t i n . C o m m e n c i n g wi th th i s issue, 
t he R h e o l o g y Lea f l e t b e c o m e s t he R H E O L O G Y B U L L E T I N . C o m -
m e n c i n g w i t h th i s issue, too , w e r e s u m e the n u m b e r i n g of v o l u m e s , 
e tc . . t o ag ree w i t h t he old J o u r n a l of R h e o l o g y , Vol. Ill of t h a t j o u r n a l 
h a v i n g been issued in 1932 . F i f t e e n i s sues of t h e R h e o l o g y Lea f l e t 
w e r e pub l i shed . 

T h e A n n u a l M e e t i n g . T h e 1941 m e e t i n g of t he Soc ie ty of Rheol-
o g y will be held in N e w York in O c t o b e r . T h e exac t t i m e a n d p lace 
of m e e t i n g are n o w be ing a r r a n g e d . T h e m e m b e r s of t he p r o g r a m 
c o m m i t t e e a r e : 
F. C. B i n g h a m ; D e p t . of C h e m i s t r y , L a f a y e t t e Col lege , E a s t o n , 

P e n n s y l v a n i a . 
R. H. E w e l l ; D e p t . of C h e m i s t r y , P u r d u e Un ive r s i ty , L a f a y e t t e , In-

d iana . 
W . F . Fair , J r . , Mel lon Ins t i tu te , P i t t s b u r g h , Pa . 
A. I. M c P h e r s o n ; Na t iona l B u r e a u of S t a n d a r d s , W a s h i n g t o n , D . C . 
A. N a d a i ; Resea rch L a b o r a t o r y , W e s t i n g h o u s e Electr ic a n d M a n u f a c t -

u r ing C o m p a n y , E a s t P i t t s b u r g h , P a . 
H. F. W a k e f i e l d ; Bake l i t e C o r p . , B loomf ie ld , N. J . 
R. B. D o w , C h a i r m a n ; N e w Phys i c s Bldg. , T h e P e n n s y l v a n i a S t a t e 

Col lege , S ta t e Col lege , Pa . 
T h i s c o m m i t t e e h a s been v e r y act ive. It h a s e ight g o o d p a p e r s 

de f in i t e ly p r o m i s e d so f a r and e ight o t h e r s a re p a r t l y a r r a n g e d f o r . 
All t hose w i s h i n g t o o f f e r p a p e r s shou ld c o m m u n i c a t e a t o n c e w i t h 
s o m e m e m b e r of the p r o g r a m c o m m i t t e e a n d shou ld enc lose an or ig-
inal and t w o c a r b o n cop ies of a 3 0 0 w o r d abs t rac t . 

H i e Civi l Se rv ice C o m m i s s i o n ( R o o m 2 2 0 At lan t i c Bldg. . W a s h -
ing ton , D . C . ) , a sks us t o call a t t e n t i o n to v a r i o u s o p e n i n g s f o r rheo l -
ogists , ( f ie lds of fue l s , r u b b e r , p las t ics , t e x t i l e s ) , at sa la r ies r a n g i n g 
f r o m $ 2 , 6 0 0 t o $ 5 , 6 0 0 per yea r . A p p l i c a n t s will no t be g i v e n a w r i t t e n 
e x a m i n a t i o n b u t will be r a t ed on t he basis of e d u c a t i o n a n d e x p e r i e n c e . 
App l i ca t i ons shou ld be m a d e at once , and in a n y case shou ld r each t h e 
c o m m i s s i o n b e f o r e D e c e m b e r 31, 1941 . F o r detai ls see Bul le t in No. 
3 0 at a n y f i r s t or s econd class pos t o f f i c e . 

They Can't Keep the British Down. Your editor still receives 
no t i ce s of m e e t i n g s of T h e Plas t ics G r o u p of t he Soc ie ty of C h e m i c a l 
I n d u s t r y . T h e la tes t no t ice te l ls of a m e e t i n g at a " t e m p o r a r y a d d r e s s " 
in L o n d o n , F e b r u a r y 6 th . T h e on ly t h i n g in t h e no t i ce t ha t d o e s n ' t look 
l ike " b u s i n e s s as u s u a l " is t h e omiss ion of t h e c u s t o m a r y l u n c h e o n o r 
d i n n e r . 

C. F . Ket ter ing at the Presentat ion Dinner of the 5 th A n n u a l Mod-
e r n P las t i cs C o m p e t i t i o n said " W h e n e v e r y o u d o n o t k n o w w h a t a 
t h i n g is in Engl i sh , f i nd o u t w h a t it is in La t in or G r e e k a n d t h e n y o u 
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c a n g e t a w a y w i t h i t . . R h e o l o g y is a w o r d t h a t s l ips in a n d y o u d o n ' t 
k n o w w h y . You will f i n d all t h r o u g h y o u r i n d u s t r y j u s t such w o r d s 
t h a t m e a n a b s o l u t e l y n o t h i n g . It is t o c o v e r u p t h e f a c t t h a t y o u d o 
n o t k n o w w h a t t h e y a r e . " He g i v e s " p h o t o s y n t h e s i s " a n d " c h l o r o p h y l " 
as add i t iona l e x a m p l e s . P e r h a p s h e w i s h e s t o e n c o u r a g e t h e use of t en 
w o r d s w h e n o n e w o u l d c o n v e y t h e s a m e m e a n i n g . O n e cou ld t h e n 
say, a s h e has , t h a t an a u t o m o b i l e is " a c h e m i c a l dev ice f o r m a k i n g 
c a r b o n d iox ide a n d w a t e r " . 

The February Issue of J . Applied Physics contains an article on 
t h e T h e o r y of P las t ic P r o p e r t i e s of Sol ids by F . Se i t z a n d T . A. Read . 

T h e M e a s u r e m e n t of T h i x o t r o p y by H a r v e y A. Nevil le w h i c h 
a p p e a r e d in T h e R h e o l o g y L e a f l e t No. 12, h a s been r e p r i n t e d in Le-
h igh Un ive r s i t y P u b l i c a t i o n Vol. XV, J a n . 1941 , No . 1. 

T h e N . Y . A c a d e m y of Sc iences , Sec t ion of Phys i c s and C h e m i s t r y 
held a c o n f e r e n c e on " V i s c o s i t y " F e b r u a r y 14-15 . T h i s we l l - a t t ended 
m e e t i n g w a s held in t h e A c a d e m y q u a r t e r s in t he A m e r i c a n M u s e u m of 
N a t u r a l H i s to ry . T h e l a rge l ec tu re hall a n d t he c o m f o r t a b l e o f f i c e 
p r o v i d e exce l l en t fac i l i t ies f o r t h e c o n f e r e n c e s w h i c h t h e y ho ld a b o u t 
f o u r t i m e s each y e a r . T h e p u r p o s e of t h e s e c o n f e r e n c e s h a s b e e n de-
scr ibed by D r . D . A. M a c l n n e s in his i n t r o d u c t o r y r e m a r k s at an ear l ier 
c o n f e r e n c e on " E l e c t r o p h o r e s i s " and , b e c a u s e t h e y m i g h t a lso a p p l y 
t o t h e Soc ie ty of R h e o l o g y , w e are t a k i n g t he l ibe r ty of q u o t i n g h i m 
in r ega rd t o " t h e ideas u n d e r l y i n g t he o r g a n i z a t i o n of t h e c o n f e r e n c e . 
It h a s a p p e a r e d t o t he a u t h o r and s o m e of h i s a s soc ia tes t ha t t he o lder 
sc ien t i f ic societ ies , u s e f u l and e f f e c t i v e as t h e y are, fai l in ce r ta in im-
p o r t a n t respec t . D u e t o c r o w d e d p r o g r a m s , n o t t o m e n t i o n c r o w d e d 
r o o m s , a n d t he f a c t t h a t t h e y a r e in g e n e r a l o r g a n i z e d a r o u n d o n e 
b r a n c h of sc ience , t h e y fail t o p rov ide o p p o r t u n i t i e s f o r t he u n h u r r i e d 
d i scuss ion of t op i c s i n t e r e s t i n g t o sc ien t i s t s r e p r e s e n t i n g a w i d e r a n g e 
of act ivi t ies . T h i s c o n f e r e n c e o n e l ec t rophores i s w a s t h e r e f o r e a r r a n g -
ed t o p r o v i d e ( a ) a shor t p r o g r a m of p a p e r s dea l ing , f r o m wide ly 
d i f f e r e n t p o i n t s of v i e w w i t h t he sub j ec t of e lec t rophores i s , ( b a m p l e 
t i m e f o r d i scuss ion , and (c ) an inv i ted a u d i e n c e l imi ted t o t h o s e 
capab l e of t a k i n g pa r t in t he d iscuss ions . . It is of cons ide rab l e in t e res t 
t h a t t he se lec t ion of s p e a k e r s a n d a u d i e n c e cu t r ight across t h e u sua l 
d iv i s ions of phys ica l s c i e n c e . " 

T h e p r o g r a m , wh ich fo l lows , c o n f o r m e d to t ha t ideal . 
F r i d a y , F e b r u a r y 14. 

I n t r o d u c t o r y R e m a r k s — H. M a r k . C o n f e r e n c e C h a i r m a n , 
P o l y t e c h n i c In s t i t u t e of B r o o k l y n . 

" F o r c e s and Molecu la r A r r a n g e m e n t in L i q u i d s " — P . D e b y e . 
C o r n e l l U n i v e r s i t y . 

"V i scos i t y of L i q u i d s " — H . Ey r ing , R. E. P o w e l l a n d C h . C l a r k , 
P r i n c e t o n U n i v e r s i t y . 
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L u n c h e o n . 
" D i s t r i b u t i o n F u n c t i o n s in C o n d e n s e d S y s t e m s " — J . E. Maye r , 

C o l u m b i a U n i v e r s i t y . 
"Viscos i ty of L a r g e Molecu le s in S o l u t i o n " — R . S i m h a , C o l u m -

bia U n i v e r s i t y . 
A f t e r t he c o m p l e t i o n of t he d a y ' s p r o g r a m the g r o u p j o i n e d in a 

cockta i l h o u r a r r a n g e d by t h e E x e c u t i v e Sec re t a ry , Mrs. E u n i c e 
T h o m a s Miner a n d h e r s t a f f . I n f o r m a l d i scuss ion of v i scos i ty 
c o n t i n u e d t h r o u g h t he d i n n e r w h i c h w a s held in t h e M u s e u m r e s t a u -
ran t w h e r e t he g u e s t s w e r e w e l c o m e d by D r . R o y W . Miner , P r e s i d e n t 
of t he A c a d e m y f o r 1 9 4 0 a n d 1941 . 
S a t u r d a y , F e b r u a r y IS . 

" E x p e r i m e n t a l Aspec t s of Viscosi ty , D i f f u s i o n a n d S e d i m e n t a -
t i on of High P o l y m e r s " . E. O . K r a e m e r . B iochemica l F o u n -
da t ion , N e w a r k , D e l a w a r e . 

E. O . K r a e m e r . B iochemica l F o u n d a t i o n , N e w a r k , D e l a w a r e . 
T h e col lected p a p e r s will be pub l i shed in an ea r ly v o l u m e of t h e 
A n n a l s of t h e N e w York A c a d e m y of Sc iences . 
P r o f e s s o r H. M a r k h a s been k ind e n o u g h t o w r i t e t h e f o l l o w i n g 

s u m m a r y f o r t he R h e o l o g y Bul l e t in . 

Report O n the Conference O n "Viscosity." 
T h e a im of t he c o n f e r e n c e w a s to p r e s e n t and d i s c u s s t h e 

p re sen t e x p e r i m e n t a l and theore t i ca l k n o w l e d g e on t h e v i scos i ty of 
l iquids and so lu t i ons w i t h pa r t i cu l a r e m p h a s i s laid o n t h e v i scos i ty 
of l o n g cha in mo lecu le s . 

P r o f . P . D e b y e p o i n t e d o u t h o w the d i f f r a c t i o n of l ight a n d x - r ays 
h a s been succes s fu l l y used to ge t an ins ight in to t h e a r r a n g e m e n t s of 
t he m o l e c u l e s in a l iquid. V e r y smal l c h a n g e s in t he w a v e l e n g t h of 
sca t t e red visible l ight a l low o n e t o d e t e r m i n e the w a v e l e n g t h a n d 
t h e r a t e of p r o p a g a t i o n of h e a t w a v e s in a l iquid a n d p r o v i d e v e r y in-
t e r e s t i n g c o n c l u s i o n s c o n c e r n i n g dens i t y f l u c t u a t i o n s in sma l l 
v o l u m e s . X-ray s c a t t e r i n g m a k e s it poss ib le t o d e t e r m i n e t he a v e r a g e 
pos i t ion of t he a t o m s ( H g ) o r m o l e c u l e s ( C C U ) , w h i c h is bes t de-
scr ibed by a c u r v e ind ica t ing t he p robab i l i t y of f i n d i n g an a t o m o r a 
molecu le , e x p r e s s e d as a f u n c t i o n of t he d i s t ance f r o m a g i v e n par t i c le 
w h i c h h a s been c h o s e n as or ig in . P r o f . D e b y e f u r t h e r s h o w e d t h a t 
r a t h e r s imi la r m o l e c u l e s such as b e n z e n e or t o l u e n e s e e m t o b e h a v e 
qu i t e d i f f e r e n t l y as soon as o n e is c o n c e r n e d wi th n o t o n l y the i r m u t u a l 
f o r c e s b u t a lso the i r geomet r i ca l p a c k i n g e f fec t s . 

D r . P o w e l l p r e s e n t e d a p a p e r , w h i c h w a s p r e p a r e d b y P r o f . H . 
Eyr ing . D r . C l a rk and h imse l f . It s h o w s t h a t o n e can descr ibe d i f f u s -
ion, v i scos i ty behav io r , s u r f a c e t e n s i o n and o t h e r p rope r t i e s of l o n g 
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cha in m o l e c u l e s u n d e r t h e a s s u m p t i o n t ha t t hose m o l e c u l e s m o v e a s 
a w h o l e ( cu r l ed u p ) pa r t i c le in s u f f i c i e n t l y d i lu ted so lu t ion , wh i l e 
t h e y m o v e in ce r ta in sec t ional s e q u e n c e in m o r e c o n c e n t r a t e d s y s t e m s . 
If o n e t a k e s t he E y r i n g - F l o r y - K a u z m a n n e q u a t i o n f o r t h e v iscos i ty 
of t he p u r e m o l t e n h igh p o l y m e r as t he e x t r e m e case in w h i c h t h e 
pa r t i c l e s m o v e in q u a s i - i n d e p e n d e n t s e g m e n t s , and t h e S t a u d i n g e r 
e q u a t i o n a s t h e o t h e r e x t r e m e case in w h i c h t he par t i c les m o v e inde-
p e n d e n t l y as a w h o l e , t h e n o n e s u c c e e d s in e x p l a i n i n g i n t e r m e d i a t e 
s t a t e s ( c o n c e n t r a t e d s o l u t i o n s ) by c o m b i n i n g t h e s e t w o r e l a t ionsh ips 
in a su i t ab le m a n n e r . In o r d e r to r each a g r e e m e n t w i t h t h e e x p e r i m e n t -
al fac t s , o n e h a s t o a s s u m e s e g m e n t s of b e t w e e n 10 and 3 0 e l e m e n t a r y 
u n i t s of t he h igh p o l y m e r ( g l u c o s e un i t in case of cel lulose, i s o p r e n e in 
case of r u b b e r , e tc . ) 

P r o f . J . E. M a y e r e x p o u n d e d t he f u n d a m e n t a l laws, w h i c h 
g o v e r n t he d i s t r ibu t ion of m o l e c u l e s in l iquids a n d so lu t ions . H e 
s h o w e d t h a t f o r a c o m p l e t e s a t i s f a c t o r y desc r ip t ion , o n e w o u l d n e e d 
t o k n o w the po t en t i a l e n e r g y of a n y t w o n o t t o o r e m o t e par t i c les a s 
a f u n c t i o n of t he rad ius , t h e n of a n y t h r e e of t h e m a n d so o n . A s a 
g o o d a p p r o x i m a t i o n , h o w e v e r , o n e can use t he m u t u a l i n t e r ac t i on of 
t w o par t i c les in w h i c h case, o n e is led t o t h e d i s t r i bu t ion of molecu le s , 
w h i c h w a s der ived by D e b y e f r o m the a n g u l a r i n t ens i t y of d i s t r i bu t ion 
of sca t t e red x - r a y s and w h i c h w a s d i scussed in t h e f i r s t p a p e r . 

T h e s e t h r e e p a p e r s g a v e a v e r y c o m p r e h e n s i v e and up - to -da t e 
desc r ip t ion of t h e s ta t is t ical m e t h o d s , w h i c h can be used t o i n t e r p r e t 
t he e x p e r i m e n t a l r e su l t s of v iscos i ty m e a s u r e m e n t s . 

D r . R. S i m h a c o m p l e t e d t he p i c t u r e of t he p r e s e n t s i t ua t i on f r o m 
the h y d r o d y n a m i c a l end . H e d iscussed t he d i f f e r e n t e f f o r t s t o f i g u r e 
o u t h o w t h e v i scos i ty of a l iquid is inc reased if rigid (o r quas i - r ig id) 
par t i c les of v a r i o u s n u m b e r , size and s h a p e are d i spe r sed in it. T h e 
f u n d a m e n t a l e q u a t i o n of E ins te in ( 1 9 0 6 ) h a s been e x t e n d e d t o 
e l o n g a t e d par t i c les a n d in to t he r a n g e of h igh c o n c e n t r a t i o n s . T h e s e 
c o n s i d e r a t i o n s lead t o e x p r e s s i o n s w h i c h are in f a i r a g r e e m e n t w i t h 
m e a s u r e m e n t s on m o d e l s u s p e n s i o n s and w i t h i n v e s t i g a t i o n s o n h igh 
p o l y m e r s in the u l t r a c e n t r i f u g e . T h e S t a u d i n g e r ru le a p p e a r s as a 
s ta t is t ical e q u a t i o n s h o w i n g tha t in v e r y d i lu ted s y s t e m s l o n g c h a i n 
m o l e c u l e s b e h a v e l ike i n d e p e n d e n t , cur led up, par t ic les . Viscos i ty 
m e a s u r e m e n t s a l low a f a i r e s t i m a t i o n of t h e i r a v e r a g e size, s h a p e a n d 
in t e r ac t i on . 

F ina l ly , D r . E. O . K r a e m e r descr ibed e x t e n s i v e l y t h e p r e s e n t 
s t a t e of e x p e r i m e n t a t i o n a n d c o m b i n e d v iscos i ty m e a s u r e m e n t s w i t h 
t he i nves t iga t ion of o s m o t i c p h e n o m e n a , d i f f u s i o n a n d s e d i m e n t a t i o n . 
T w o e x p e r i m e n t a l d i f f i cu l t i e s a r e o u t s t a n d i n g : 

a. In o r d e r t o r e d u c e t he e v e n t u a l i n t e r ac t i on of t he dis-
pe r sed par t ic les , o n e h a s to g o to v e r y d i lu ted s o l u t i o n s ; u sua l l y 
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a r o u n d 0 . 0 5 v o l u m e p e r cen t , s o m e t i m e s even still l ower . Vis-
cos i ty can still be m e a s u r e d in such s y s t e m s w i t h s u f f i c i e n t ac-
c u r a c y , b u t m e a s u r e m e n t s of t he o t h e r p r o p e r t i e s ( d i f f u s i o n , 
o s m o t i c p res su re , e tc . ) a r e e x t r e m e l y del ica te . 

b. All h igh p o l y m e r s a r e m o r e o r less h e t e r o g e n e o u s m i x -
t u r e s of m o l e c u l e s of d i f f e r e n t size, s h a p e a n d s o m e t i m e s e v e n 
chemica l c o m p o s i t i o n . O n e has , t h e r e f o r e , a l w a y s t o deal w i t h 
a v e r a g e va lues , w h i c h a r e of d i f f e r e n t n a t u r e if d i f f e r e n t exper i -
m e n t a l m e t h o d s are e m p l o y e d and t h e r e f o r e m u s t n o t be c o m -
pa red w i t h each o t h e r w i t h o u t p r e c a u t i o n . 

T h e d i scuss ion cen te red on t he poin ts , w h i c h w e r e p u t f o r w a r d 
by t he s p e a k e r s and e m p h a s i z e d pa r t i cu la r ly , the necess i ty of b e t t e r 
e x p e r i m e n t a l d a t a t o check and i m p r o v e t he p r e s e n t c o n c e p t s o n t h e 
b e h a v i o r of l o n g c h a i n m o l e c u l e s in t h e me l t a n d in so lu t ions . 

A R E P O R T ON RHEOLOGICAL 
DEFINITIONS AND NOMENCLATURE. 

F o r e w o r d . 
In t he f o l l o w i n g r e p o r t b y t he C o m m i t t e e on D e f i n i t i o n s and 

N o m e n c l a t u r e , an a t t e m p t is m a d e to d e v e l o p a logical a n d se l f -con-
s i s t en t s y s t e m of c lass i f ica t ion of ma te r i a l s acco rd ing t o the i r rheo-
logical p rope r t i e s . T h e c lass i f i ca t ion a n d the a c c o m p a n y i n g de f in i -
t i o n s h a v e been d e v e l o p e d in t e r m s of ideal ized m a t e r i a l s t o w h i c h 
ac tua l m a t e r i a l s c an be c o m p a r e d . In o t h e r words , ideal t y p e s of 
b e h a v i o r and d e f o r m a t i o n are p o s t u l a t e d wh ich a r e suscep t ib l e of 
e x a c t d e f i n i t i o n and c lass i f ica t ion . Ac tua l m a t e r i a l s can t h e n be de-
scr ibed in t e r m s of t he ideal t y p e s t o w h i c h the i r b e h a v i o r a p p r o x i -
m a t e s . It shou ld be b o r n e in m i n d tha t an ac tua l ma te r i a l w i t h rheo-
logical p r o p e r t i e s co inc id ing exac t ly w i t h t hose of a s ingle idealized 
m a t e r i a l is t he e x c e p t i o n r a t h e r t h a n t h e r u l e . In a p p l y i n g t o ac tua l 
m a t e r i a l s t h e q u a n t i t a t i v e d e f i n i t i o n s f o r ideal ized ma te r i a l s , g r e a t 
c a u t i o n m u s t be used . 

It is r ecogn ized t h a t t he c lass i f i ca t ion of a pa r t i cu l a r m a t e r i a l m a y 
s o m e t i m e s d e p e n d u p o n the m e t h o d of m e a s u r e m e n t . T h i s is p a r -
t i cu la r ly t r u e as appl ied t o t h e p rec i s ion a t t a ined . T h e r ecogn i t i on of 
a m e a s u r e a b l e "y ie ld s t r e s s , " f o r e x a m p l e , m a y d e p e n d u p o n t h e p re -
cis ion of the m e a s u r e m e n t s a n d u p o n t he d u r a t i o n of t he tes t . T h e s e 
u n c e r t a i n t i e s in t he c lass i f ica t ion of m a t e r i a l s resu l t f r o m the f a c t 
t ha t it is s o m e t i m e s e i ther imposs ib le or u n i m p o r t a n t t o d e t e r m i n e f o r 
ac tua l m a t e r i a l s s o m e of t h e cha rac te r i s t i c s w h i c h can be theore t i c -
ally d i s t i ngu i shed . 

In th i s s y s t e m of c lass i f ica t ion and de f in i t ions , o n l y s h e a r i n g 
s t r a ins a n d s t resses are of in te res t , and t h e r e l a t i ons invo lved a r e e x -
pressed w i t h r e f e r e n c e t o s imp le shear . M a n y of t h e c o n c e p t s d e -
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f i ned h e r e in t e r m s of s imp le s h e a r a re c losely re la ted t o t hose u sua l l y 
d e f i n e d by e n g i n e e r s in t e r m s of m o r e c o m p l e x t y p e s of d e f o r m a t i o n , 
such as t hose ar i s ing in t e n s i o n and c o m p r e s s i o n tes ts . T h e s e de-
f o r m a t i o n s , w h i l e i n v o l v i n g s i m u l t a n e o u s s h e a r s in t h r e e d i m e n s i o n s 
a n d h e n c e ana ly t ica l ly c o m p l e x , are o f t e n easier t o p r o d u c e exper i -
m e n t a l l y t h a n a s imple shea r . T h e y t h e r e f o r e s e rve as a basis f o r 
m a n y u s e f u l a n d prac t ica l c o n c e p t s and d e f i n i t i o n s in t he f ield of 
e n g i n e e r i n g . W h e r e an ana lys i s of t he f u n d a m e n t a l b e h a v i o r of t he 
m a t e r i a l in d e f o r m a t i o n is r equ i red , t h e s e e n g i n e e r i n g t e s t s m a y be 
r e d u c e d t o a c o m b i n a t i o n of shea r s and descr ibed in t e r m s of t he con-
c e p t s used in th i s r epo r t . 

A gene ra l re la t ion b e t w e e n s t ra in and s t ress appl ies t o a n y po in t 
w i t h i n a ma te r i a l , and e x c e p t in e x t r a o r d i n a r y c i r c u m s t a n c e s , t h e s e 
v a l u e s will v a r y at d i f f e r e n t po in t s . T h e q u a n t i t i e s invo lved in t h e s e 
r e l a t i ons a p p l y i n g to ind iv idua l p o i n t s w i th in t he mate r ia l c a n n o t be 
obse rved d i rec t ly . O b s e r v a b l e q u a n t i t i e s such as e f f l u x - r a t e , p res -
sure , etc. , c an be o b t a i n e d by i n t e g r a t i n g t he basic po in t r e l a t ions and 
can t h e n be c o m p a r e d w i t h t he v a l u e s o b t a i n e d e x p e r i m e n t a l l y . It 
is, h o w e v e r , a l w a y s possible , at least f o r m a l l y , t o dev i se e x p e r i m e n t s 
and m e t h o d s of ana lys i s by w h i c h t he f u n d a m e n t a l r e l a t i onsh ip can 
be c o m p l e t e l y d e t e r m i n e d f r o m e x p e r i m e n t a l da t a . 

A l t h o u g h all ma te r i a l s exhibi t t he iner t ia e f f e c t s assoc ia ted w i t h 
acce le ra t ion of the m a s s e l e m e n t s w i th in t he mate r ia l , t hese e f f e c t s 
a r e ignored as b e i n g i r r e l evan t in t h e c lass i f ica t ion and d e f i n i t i o n s 
g i v e n be low . It shou ld be n o t e d t ha t t u r b u l e n c e a n d re la ted h y d r o -
d v n a m i c a l p r o p e r t i e s b e l o n g in this c a t ego ry . 

Desc r ip t i ve D e f i n i t i o n s . 
P l a s t i c i t y is t h a t p r o p e r t y of a b o d y by v i r t ue of w h i c h it r e t a i n s 

a f r a c t i o n of its d e f o r m a t i o n a f t e r r educ t i on of t h e d e f o r m i n g s t r e s s 
t o zero . 

E las t ic i ty is t h a t p r o p e r t y of a b o d y by v i r t ue of w h i c h it r e c o v e r s 
i ts o r ig ina l size and s h a p e a f t e r d e f o r m a t i o n . 

T h i x o t r o p y is t ha t p r o p e r t y of a b o d y b y v i r t u e of w h i c h t h e r a t i o 
of s h e a r s t ress t o r a t e of d e f o r m a t i o n is t e m p o r a r i l y r educed by p re -
v ious d e f o r m a t i o n . 

S t r a i n h a r d e n i n g is t h a t p r o p e r t y of a b o d y by v i r t u e of w h i c h 
t he s t r e s s r e q u i r e d f o r p e r m a n e n t d e f o r m a t i o n inc reases w i t h t h e ex-
t e n t of p r e v i o u s p e r m a n e n t d e f o r m a t i o n . 

A fluid is a s u b s t a n c e w h i c h u n d e r g o e s c o n t i n u o u s d e f o r m a t i o n 
w h e n s u b j e c t e d t o s h e a r s t ress . 

A solid is a s u b s t a n c e capab l e of r e m a i n i n g in s ta t i c e q u i l i b r i u m 
u n d e r a shea r s t ress , less t h a n s o m e v a l u e called t h e Y ie ld S t r e s s . 
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Q u a n t i t a t i v e D e f i n i t i o n s 

A simple shear s t ra in is a deformat ion in which the material a t 
a n y po in t has m o v e d para l le l t o a f i xed l ine in a r e f e r e n c e p l a n e b y 
an a m o u n t w h i c h is p r o p o r t i o n a l t o t h e d i s t a n c e of t he p o i n t f r o m 
the p l ane . S u c h a d e f o r m a t i o n is s h o w n in F i g u r e 1, t h e fu l l l ines 
s h o w i n g t he init ial s h a p e a n d t h e d o t t e d l ines t h e f i n a l s h a p e . 0 0 is 
t he f i xed l ine in t he r e f e r e n c e p l a n e , P is t he o r ig ina l pos i t i on of a 
po in t in t h e body , and P i ts pos i t i on a f t e r d e f o r m a t i o n . T h e s h e a r 
s t ra in , £ , is g iven by t he r a t i o of t he d i s p l a c e m e n t ds t o t he dis-
t ance dx of t h e po in t P f r o m 0 0 , or £ = d s / d x . T h i s s imp le re la-
t ion does n o t a p p l y if t h e r e is r o t a t i o n of t h e r e f e r e n c e l ine 0 0 . 

O 

T h e a n g l e of s h e a r is the ang le w h o s e t a n g e n t is t he s h e a r s t r a in . 
In F igu re 1 t he angle (X is t he ang l e of s h e a r (<% = t a n " ' d s / d x ) . 

T h e r a t e of s h e a r is t h e t i m e ra t e of c h a n g e of shea r s t r a in . In 
F igu re 1 t he r a t e of s h e a r is g i v e n b y : 

d v „ _ d i a i ) 
d x ~ dt 

A c o m p l e x s h e a r is t he r e s u l t a n t of t w o or m o r e s i m p l e shears . 
F o r s implic i ty , t he d e f i n i t i o n s g i v e n in th i s r e p o r t a re s t a t ed in t e r m s 
of s imple shear , it b e i n g u n d e r s t o o d t h a t t he s a m e d e f i n i t i o n s a p p l y 
in t he case of c o m p l e x r e su l t i ng f r o m s imp le s h e a r s of t h e s a m e 
t y p e . 

W h e n the ra t io of shea r s t ress t o r a t e of s h e a r is c o n s t a n t , t h e n 
t h e f lu id m a y be called " s i m p l e . " U n d e r these c o n d i t i o n s t h e con -
s t a n t m a y be called " c o e f f i c i e n t of v i s cos i t y . " 

T h e po i s e is t he un i t of v iscos i ty in t h e C . G . S. s y s t e m . 
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T h e f lu id i ty of a s imp le f lu id is t he rec iproca l of t he v iscos i ty . 
T h e r h e is the un i t of f l u id i t y in t he C. G . S. s y s t e m . 
T h e m o b i l i t y y t ( is the q u a n t i t y d e f i n e d by t he e q u a t i o n 

T h e yie ld s t r e s s F 0 of a solid is t he s h e a r s t ress w h i c h m u s t be 
equa l l ed or exceeded to p r o d u c e p e r m a n e n t d e f o r m a t i o n . 

T h e e las t ic l imi t in s h e a r of a solid is t he m a x i m u m s h e a r de fo r -
m a t i o n t h a t exh ib i t s c o m p l e t e e las t ic r ecove ry . 

The shear modulus of elasticity (modulus of rigidity) of an 
elast ic solid is the ra t io of s h e e r s t ress t o s h e a r s t ra in fo r v a l u e s of 
t he shea r s t ra in b e l o w the e las t ic l imit . 

T h e c lass i f ica t ion of ideal ized t y p e s of m a t e r i a l s is in t e r m s of 
the i r b e h a v i o r u n d e r stress, or t he r e l a t ion b e t w e e n s t ra in a n d s t ress . 
T h e s t ress at a n y p o i n t w i t h i n a ma te r i a l is a f u n c t i o n of t he s t ra in 
and its t ime de r iva t ive , or r a t e of s t ra in . 

T h e s t r e s s m a y d e p e n d t o s o m e e x t e n t on t he pr io r s t ra in or 
d e f o r m a t i o n h i s to ry of t he ma te r i a l . S u c h d e p e n d e n c e u p o n t h e 
pr io r s t r a in is r e g a r d e d f o r c o n v e n i e n c e a s a s e c o n d a r y cha rac t e r i s -
tic, m a t e r i a l s b e i n g classif ied p r ima r i l y by t he ac tua l r e l a t ion be-
t w e e n s t ress and i n s t a n t a n e o u s s t r a in or r a t e of s t ra in w i t h o u t r e g a r d 
t o d i f f e r e n c e s in th i s r e l a t i onsh ip t h a t w o u l d resu l t f r o m a d i f f e r e n t 
s t ra in h is tory ." 

Classes of Fluids. 
( a ) A s imple f lu id ( N e w t o n i a n f l u i d ) is o n e f o r w h i c h t he r a t e 

of s h e a r is p r o p o r t i o n a l t o t he s h e a r s t ress . S y m b o l i c a l l y : 

( b ) A c o m p l e x f l u i d ( N o n - N e w t o n i a n f l u i d ) is o n e f o r w h i c h 
t he r a t e of s h e a r is a f u n c t i o n of s h e a r s t ress on ly , t h i s f u n c t i o n be-
ing o t h e r t h a n t h a t of direct p r o p o r t i o n a l i t y . S y m b o l i c a l l y : 

Classes of Solids. 
( a ) A n e las t i c solid is o n e f o r w h i c h t h e s h e a r s t r a in is a s ingle 

va lued m o n o t o n i c f u n c t i o n of t he s h e a r s t ress fo r all v a l u e s of t h e lat-

C las s i f i ca t ion . 

dv _ J _ r ( S e e n o t e . ) 
d x ~ V 

d v = f ( F ) > O V 
dx ^ 

(See N o t e ) 
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t e r b e l o w t h e s h e a r s t r e n g t h . S y m b o l i c a l l y : 
6 = f ( F ) > O , - Ì | > O , O < F < F ^ ( S e e n o t e ) 

R e d u c t i o n of t h e s h e a r i n g s t r e s s t o ze ro r e su l t s in t h e i m m e -
d ia t e a n d c o m p l e t e d i s a p p e a r a n c e of t h e s t r a in . 

(b) A Hookean solid, (ideal elastic solid), is an elastic solid 
f o r w h i c h t h e s h e a r s t ra in is d i rec t ly p r o p o r t i o n a l t o t h e s h e a r s t r e s s 
f o r all v a l u e s of t h e l a t t e r b e l o w t h e s h e a r s t r e n g t h . S y m b o l i c a l l y : 

6 = < F < ^ 0 0 ( S e e N o t e ) 
R e d u c t i o n of t h e s h e a r i n g s t r e s s t o ze ro r e su l t s in t h e i m m e -

d ia t e a n d c o m p l e t e d i s a p p e a r a n c e of t he s t r a in . 
( c ) A p la s t i c solid is o n e w h i c h o b e y s t he l a w of an elas t ic solid 

f o r s h e a r s t r e s s b e l o w t h e yie ld s t ress , a n d f o r s h e a r s t r e s s in exces s 
of th i s v a l u e is p e r m a n e n t l y d e f o r m e d w i t h o u t f u r t h e r inc rease in 
t h e s h e a r s t ress . S y m b o l i c a l l y : 

É = f ( F ) > O , - f f > 0 , 0 < F < F 0 

6 > O , j k t ) O , F 0 < F < F ^ 
° * ( S e e n o t e ) 

R e d u c t i o n of t h e s h e a r s t r e s s t o zero r e s u l t s in an i m m e d i a t e 
r e c o v e r y of t he elast ic p o r t i o n of t he s t r a in . T h e s t ra in in excess of 
t h a t e x p e r i e n c e d u p to t he yield p o i n t r e m a i n s as p e r m a n e n t d e f o r -
m a t i o n . 

(d ) A plastico-viscous solid is one for which the de fo rmat ion 
f o r shea r s t ress b e l o w t h e yie ld s t ress is t h a t of an elas t ic solid, a n d 
w h i c h f o r s h e a r s t r e s s a b o v e t h a t v a l u e d e f o r m s c o n t i n u o u s l y a t a 
r a t e of s h e a r w h i c h is a f u n c t i o n of t h e s h e a r s t ress . S y m b o l i c a l l y : 

e - M F ) > o , - ^ > 0 , 0 < - F < F 0 

^ L = f ( F ) > O , F 0 < F < F o 0 

(See n o t e ) 
R e d u c t i o n of t h e s h e a r s t ress t o a v a l u e b e l o w t h e yie ld s t r e s s 

resu l t s in t he i m m e d i a t e r e d u c t i o n of t h e r a t e of s h e a r to ze ro . T h e 
s t ra in in excess of t h a t e x p e r i e n c e d u p t o t h e yie ld p o i n t r e m a i n s a s 
p e r m a n e n t d e f o r m a t i o n . 

( e ) A c o m p l e x solid is o n e f o r w h i c h t h e s h e a r s t ress r e q u i r e d 
f o r d e f o r m a t i o n is a f u n c t i o n of b o t h t h e s h e a r s t ra in a n d r a t e of 
s t r a in . S y m b o l i c a l l y : », 

N O T E 
T h e c lass i f ica t ion g i v e n a b o v e is w i t h o u t r e g a r d t o p r io r s t r a in . 

W h e n t h e t e r m s d e f i n e d a b o v e are u sed w i t h o u t qua l i f i c a t i on it is 
impl ied t h a t t he s t ress -s t ra in r e l a t ion is i n d e p e n d e n t of t h e s t ra in 
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prev ious ly expe r i enced . Mater ia l s f o r wh ich the s t ress-s t rain rela-
t ion is d e p e n d e n t o n pr io r s t ra in shou ld be descr ibed as T h i x o t r o p i c 
o r S t r a i n H a r d e n i n g in the senses in w h i c h these t e r m s a re d e f i n e d 
above . 

F o r p u r p o s e s of easy c o m p a r i s o n the f o l l o w i n g is recorded here . 

T E N T A T I V E D E F I N I T I O N S O F T E R M S 
R E L A T I N G T O R H E O L O G 1 C A L P R O P E R T I E S O F M A T T E R 

A. S. T . M. D e s i g n a t i o n . E 24 -37 T 
( U n d e r the s t anda r i za t ion of the Society , these de f in i t i ons 

are u n d e r the jur i sd ic t ion of the A. S. T . M. C o m m i t t e e E - l o n 
Me thods of T e s t i n g . ) 

C o n s i s t e n c y — T h e res is tance to d e f o r m a t i o n of mate r ia l . 
Q u a n t i t a t i v e l y it is the ra t io of the shea r ing s t ress to the ra te 

of shear . 
P l a s t i c i t y — T h e abili ty of a b o d y to re ta in a par t o r all of its 

d e f o r m a t i o n a f t e r r educ t ion of the d e f o r m i n g s t ress to zero. 
E l a s t i c i t y — T h a t p r o p e r t y of a body by v i r tue of wh ich it re-

covers its or iginal size and s h a p e a f t e r d e f o r m a t i o n . 
L i q u i d s — S u b s t a n c e s which u n d e r g o c o n t i n u o u s d e f o r m a t i o n 

w h e n sub jec ted to shea r ing stress . 
S i m p l e L i q u i d s — T h o s e s u b s t a n c e s in w h i c h the ra te of shea r is 

p r o p o r t i o n a l to the shea r ing stress . T h e c o n s t a n t ra t io of shea r ing 
s t ress to ra te of shea r of a s imple l iquid is the viscosity of the l iquid. 

C o m p l e x L i q u i d s — T h o s e s u b s t a n c e s in which the ra te of shea r 
is no t p ropor t i ona l to the s h e a r i n g stress . 

S o l i d s — S u b s t a n c e s which u n d e r g o p e r m a n e n t d e f o r m a t i o n on ly 
w h e n sub j ec t ed to shea r ing s t ress in excess of some f in i t e va lue char -
acterist ic of the subs t ance . 

P las t ic S o l i d s — T h o s e s u b s t a n c e s which do not d e f o r m u n d e r a 
s h e a r i n g s t ress unti l the s t ress a t t a ins a critical va lue (yield s t ress ) 
w h e n the solids d e f o r m so readi ly or so qu ick ly tha t , excep t fo r in-
ert ia e f fec t s , the s t ress neve r exceeds the yield s tress . 

E las t ic S o l i d s — T h o s e s u b s t a n c e s in which , f o r all va lues of t h e 
s h e a r i n g s t ress be low t h e r u p t u r e s t ress ( shear s t r e n g t h ) , the s t ra in 
is fu l ly d e t e r m i n e d by the s t ress regard less of w h e t h e r the s t ress is 
increas ing o r decreas ing . 

N O T E : Most solids exhibi t c o m b i n a t i o n s of proper t ies . Metals , 
f o r example , are ma in ly elastic-plastic, whi le s o m e p e t r o l e u m 
residues , w a x e s and s imilar mate r ia l s a r e plast ic-viscous. S o m e 

11. 



m a t e r i a l s exhib i t even m o r e c o m p l e x d e f o r m a t i o n , f o r e x a m p l e , rub-
b e r c o m p o u n d s . 

CORRELATED ABSTRACTS. 
VISCOSITY. 

Viscosities of polyester solutions and the Staudinger equation. 
P a u l J . F lo ry . J . A m . C h e m . Soc . 62 , 3 0 3 2 - 8 ( 1 9 4 0 ) . T h e i n t e rna l 
f r i c t i o n s of d i l u t e so lu t i ons of d e c a m e t h y l e n e a d i p a t e po ly s t e r s in 
d ie thy l succ ina t e and in c j j l o r o b e n z e n e h a v e b e e n c o m p a r e d w i t h 
w e i g h t a v e r a g e m o l e c u l a r w e i g h t s M w d e t e r m i n e d f r o m the r e l a t ion -
s h i p r ecen t ly f o u n d by t he a u t h o r , c o n n e c t i n g t h e v i scos i ty of t he m o l -
t e n p o l y m e r w i t h its m o l e c u l a r w e i g h t (c f . R h e o l o g y Leaf le t , No. 14, 
14 ( 1 9 4 0 ) ) . in t he r a n g e of mo l . w t s . e x a m i n e d — 1 5 0 0 = M w = 3 0 0 0 0 
— S t a u d i n g e r ' s ru le is no t o b e y e d . Ins tead t he e q u a t i o n 

fcprH- i v r w 
w i t h K w and 1 c o n s t a n t s and c t he c o n c e n t r a t i o n in g r a m / l i t e r a n d 

d e n o t i n g t h e re la t ive viscosi ty , is f o u n d t o be val id. T h e v a l u e 
of the t w o c o n s t a n t s d e p e n d s u p o n t he n a t u r e of t h e p o l y m e r a n d of 
t he so lven t . 

T h e i m p o r t a n c e of i nves t i ga t i ons of th i s t y p e h a s a l r eady b e e n 
s t ressed by t he r ev i ewer . 

P . J . F lo ry . 
Relationships between viscosity and elastic properties of 

a m o r p h o u s s u b s t a n c e s . _ W . K u h n . Z. P h y s . C h e m . B. 42 , 1 
( 1 9 3 9 ) . T h e to ta l m e a s u r e d v i scos i ty of a s u b s t a n c e is c o n s i d e r e d 
as a s u m of par t ia l v iscosi t ies d u e to e las t ic b o n d m e c h a n i s m s i, each 
h a v i n g a k n o w n r igidi ty m o d u l u s G Q j a n d a r e l axa t ion t i m e \ j 
obse rved if this pa r t i cu l a r b o n d o n l y is p r e s e n t . T h e r e f o r e accord-
ing t o M a x w e l l ' s r e l a t ionsh ip = G Q j A } . T h e r e l axa t ion of t he 
s h e a r c r e a t e c ^ i n the s a m p l e r s t h e r e f o r e descr ibed b y an e q u a t i o n 
G = G Q 1 C Aj + Go2 C + E x p e r i e n c e s h o w s t h a t 
t h e s u m G 0 ^ + - G o z +- h a s t h e s a m e va lue w i t h i n t w o o r d e r s 
of m a g n i t u d e . T h e g rea t d i f f e r e n c e s in t he v iscous-e las t ic b e h a v i o u r 
of d i f f e r e n t ma te r i a l s a re ascr ibed to t he d i f f e r n c e in t he d i s t r i bu t ion 
of the A j - va lues . Typ ica l r e p r e s e n t a t i v e s f o r o n e c lass of s u b -
s t a n c e s are e. g. g lass or g lycer ine , h a v i n g \ J - v a l u e s n o t d i f f e r i n g 
f r o m each o t h e r f o r m o r e t h a n o n e o r t w o o r d e r s of m a g n i t u d e . In 
h i g h m o l e c u l a r w e i g h t ma te r i a l s on t he o t h e r h a n d w ide ly d i f f e r i n g 
A f * 's a r e p re sen t . High ly e las t ic b e h a v i o r is cha rac t e r i zed b y a f e w 

l a r g e Aj" ( c a u s i n g e las t ic i ty) a n d a la rge set of sma l l A f c a u s i n g 
v i scous e f f e c t s . F u r t h e r e x a m p l e s l ike p o l y s t y r e n e g lasses a re dis-
cussed . 

R o b e r t S i m h a . 
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F L O W O F METALS. 
T h e plas t ic d e f o r m a t i o n of m e t a l s d e p e n d s u p o n t w o m a i n f ac -

tors , t he abi l i ty of t he m e t a l t o d e f o r m w i t h o u t f r a c t u r e a n d t h e fo r ce s 
n e c e s s a r y t o p r o d u c e such d e f o r m a t i o n . O r d i n a r y m e c h a n i c a l p r o p -
e r ty tes ts u sua l l y d o n o t g ive s u f f i c i e n t i n f o r m a t i o n t o ind ica te t h e 
d e f o r m a b i l i t y of m e t a l s in t he v a r i o u s w a y s in w h i c h t h e y m a y be 
d e f o r m e d . C o n s i d e r a b l e e f f o r t h a s been e x p e n d e d in t r y i n g t o de-
v e l o p a tes t w h i c h will ind ica te t he abi l i ty of shee t s of a g i v e n 
ma te r i a l to be d r a w n in to c u p s or shells. O n e t y p e of tes t w h i c h has 
been p r o p o s e d as a fa i r ly rel iable g u i d e f o r t he d e e p - d r a w a b i l i t y of 
m e t a l shee t is t ha t k n o w n as t he Kayse le r m e t h o d . T h i s m e t h o d 
ut i l izes a w e d g e of shee t w h i c h is d r a w n o u t t o a r e c t a n g u l a r s h a p e 
t h r o u g h a p r i smat i c die. A p p a r e n t l y t he a d v a n t a g e of t he Kayse le r 
m e t h o d is t ha t it m a k e s poss ible a di rect c o m p a r i s o n b e t w e e n s h e e t s 
of d i f f e r e n t t h i cknes s . Desc r ip t i on of th i s m e t h o d m a y be f o u n d in 
t he f o l l o w i n g t echn ica l a r t i c l e s : T e s t i n g of D e e p D r a w i n g Mate r i a l s 
by t he W e d g e - D r a w - C u p p i n g T e s t ( D i e P r u f u n g v o n T i e f z i e h w e r k -
s t o f f e n d u r c h das K e i l z u g - T i e f u n g s v e r f a h r e n ) W i l h e l m P u n g e l . 
S t ah l u . E isen , Vol . 60 , J u n e 27, 1940, p p . 5 7 0 - 5 7 1 . R e v i e w and 
Resea rch . ( F o r ear l ie r w o r k , see Me ta l s a n d Al loys , Vol. 9 , J u n e , 
1938 , p. MA 3 6 9 L 5, and Vol . 10, J u n e , 1939 , p . MA 3 5 8 R 5 . ) 
Also see Meta l s and Alloys, Vol . 12, p. 8 3 2 , D e c e m b e r , 1940 . 

Mos t spec i f i ca t i ons f o r d e t e r m i n i n g t he tens i le p r o p e r t i e s of 
m a t e r i a l s s p e c i f y l imi ts f o r t he r a t e of s t ra in d u r i n g t h e pa r t i cu l a r 
tes t s . Mos t tes ts , h o w e v e r , a re n o t m a d e at a c o n s t a n t s t ra in r a t e 
b u t th i s r a t e u sua l l y va r i e s app rec i ab ly d u r i n g t he test . In the W e s t -
i n g h o u s e Resea rch R e p o r t No . R - 9 4 2 6 - A. M. ent i led " S t r a i n - R a t e 
T e s t s on Specia l High T e m p e r a t u r e H o s k i n s 5 0 2 A l l o y " d a t e d D e -
c e m b e r 4, 1940 , W . E. T r u m p l e r g i v e s d a t a s h o w i n g t he e f f e c t of 
s t ra in r a t e u p o n t he p r o p e r t i e s o b t a i n e d f o r a h i g h s t r e n g t h s teel 
a l loy. 

O f t e n it is des i rable t o h a v e ma te r i a l s t ha t will d e f o r m plas t ica l ly 
u n d e r re la t ive ly l o w loads in o r d e r to p r o v i d e s m o o t h s u r f a c e s a n d 
p r o t e c t ha rd s h a f t s in bea r ings . In t he A. S. M. E. T r a n s a c t i o n s f o r 
J u l y 1 A 4 0 in a p a p e r en t i t l ed " P r o p e r t i e s and P e r f o r m a n c e of P las t ic 
B e a r i n g M a t e r i a l s , " L. M. T i c h v i n s k y s h o w s tha t p las t ic m a t e r i a l 
m a y be a d v a n t a g e o u s in b e a r i n g s no t o n l y f o r t he case of p e r f e c t 
f lu id lubr ica t ion b u t also f o r t ha t of semi- f lu id lub r i ca t ion . He dis-
cusses a n u m b e r of u se s of plast ic m a t e r i a l s in h e a v y d u t y b e a r i n g s 
a n d g ives an exce l len t b i b l i o g r a p h y on the s u b j e c t . T h e d i scuss ion 
of t h i s p a p e r in t h e T r a n s a c t i o n s is m o r e d i rec t ly c o n c e r n e d w i t h 
m e t a l s . 

P e r h a p s o n e of t he m o s t s i gn i f i can t rhelo logica l p h e n o m e n a 
e n c o u n t e r e d in t he me ta l i n d u s t r y is t h a t of e x t r u s i o n of m e t a l s . A 
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v e r y i n t e r e s t i n g a n d i n f o r m a t i v e ser ies of ar t ic les o n e x t r u s i o n h a v e 
a p p e a r e d in A l u m i n i u m , J u n e 1938 , p p . 3 7 9 - 3 8 5 ; A u g u s t 1938 , p p . 
5 5 6 - 5 5 9 , anl J u l y 1937, pp . 5 0 5 - 5 0 9 u n d e r t he t i t le ( in G e r m a n ) of 
" I n v e s t i g a t i o n of t he P r o c e s s e s of M e t a l - F l o w in S ing le a n d Mul t i -
S t r a n d E x t r u d e d R o d s " by H. W a l b e r t . T h i s ar t ic le n o t o n l y dis-
cusses t he p r o p e r t i e s of t he m a t e r i a l b e f o r e e x t r u s i o n a n d a f t e r e x t r u -
s ion b u t a lso g i v e s i n f o r m a t i o n re la t ive t o t h e p r e s s u r e s and t e m p e r a -
t u r e s i n v o l v e d in t he e x t r u s i o n process . T w o pa r t i cu la r f e a t u r e s of 
t h e s e ar t ic les a r e t h a t t h e y s h o w p h o t o g r a p h s of e t ched l o n g i t u d i n a l 
sec t ions of t he e x t r u d e d ingot and e x t r u s i o n piece. T h e s e e t c h e d 
c ross s ec t i ons qu i t e c lear ly ind ica te f l o w l ines of t he m e t a l . S e a r c h -
ing c o m m e n t s o n t he inves t iga t ion by D r . A. V o n Zee r l ede r a n d H. 
H u g of N e u h a u s e n , G e r m a n y , a r e v e r y in t e re s t ing . 

A fa i r ly c lear p i c tu re of t h e f o r c e s a n d p o w e r r e q u i r e d f o r t h e 
e x t r u s i o n of m e t a l s is o b t a i n e d f r o m t h e p a p e r en t i t l ed " R e c e n t D e -
v e l o p m e n t s in Meta l E x t r u s i o n " by Alber t B. C u d e b e c w h i c h a p p e a r s 
in Mechan ica l E n g i n e e r i n g , J a n u a r y 1941 . Mr. C u d e b e c d i scusses 
t h e e x t r u s i o n of s ta in less s teel , n icke l a l loys a n d b e a r i n g s tee ls as 
wel l a s n o n f e r o u s me ta l s . His ar t ic le is ba sed m o s t l y o n his exper i -
e n c e w i t h e x t r u s i o n e q u i p m e n t and p rocesses c u r r e n t l y u sed in t h e 
Br i t i sh Isles. 

R. G . S t u r m . 

GEOLOGICAL APPLICATIONS 
Experimental Flow of Rocks Under Conditions Favoring Re-

c rys t a l i z a t i on by D a v i d Gr iggs , Bull . G e o l . Soc. A m e r . 51 , 1001 , 1 9 4 0 . 
In o r d e r t ha t t he r e su l t s of e x p e r i m e n t a l i n v e s t i g a t i o n s of t he f l o w of 
rocks m a y be appl ied w i t h a n y deg ree of a s s u r a n c e t o p r o b l e m s of rock 
d e f o r m a t i o n in n a t u r e , it is essent ia l t ha t t he e f f e c t s of all f i v e of t h e 
v a r y i n g e n v i r o n m e n t a l f a c t o r s be i n v e s t i g a t e d : ( 1 ) c o n f i n i n g pres -
sure , ( 2 ) shea r s t ress , ( 3 ) t e m p e r a t u r e , ( 4 ) t ime , a n d ( 5 ) t h e pres -
e n c e of so lu t ions . P r e s s u r e a lone c h a n g e s t h e b e h a v i o r of r ocks a n d s im-
u l a t e s s o m e t y p e s of n a t u r a l d e f o r m a t i o n , b u t is s h o w n t o b e inad-
e q u a t e t o exp la in all n a t u r a l f l o w b e c a u s e of t h e t r e m e n d o u s s t r e n g t h 
inc rease invo lved , i ts inabi l i ty to p r o d u c e plast ic b e h a v i o r in q u a r t z , 
and t he d e v e l o p m e n t of t oo i n t e n s e m e c h a n i c a l t w i n i n g in cal-
c i te agg rega te s . T e m p e r a t u r e p r o d u c e d u n i m p o r t a n t r e su l t s in 
p r e l i m i n a r y e x p e r i m e n t s at h i g h p r e s s u r e . T i m e s e e m s t o be in-
a d e q u a t e a s s h o w n by c r eep t e s t s o n S o l e n h o f e n l i m e s t o n e at l ow a n d 
h i g h p re s su re . S o m e n e w e x p e r i m e n t s s h o w the e f f e c t of so lu t ions . 
T h e p r o p e r t i e s of q u a r t z c h a n g e m a r k e d l y in t h e p r e s e n c e of so lu-
t i o n s a t e l eva ted t e m p e r a t u r e . Marb le f l o w is s t r ik ing ly a l te red b y 
t h e p r e s e n c e of so lu t i ons at e l eva ted t e m p e r a t u r e . N e w c reep t e s t s 
o n a l abas t e r in t he p r e s e n c e of so lu t ions s e e m t o d e m o n s t r a t e re-
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c rys t a l i za t ion f l o w a n d ind ica ted t h e e x i s t e n c e of t w o gene ra l l a w s g o v -
e r n i n g th i s t y p e of f l o w . T h e s e r e c o n n a i s s a n c e e x p e r i m e n t s ind ica te 
t he i m p o r t a n t ro le t h a t s o l u t i o n a n d recrystal izai t ion m a y p l a y in rock 
d e f o r m a t i o n . 

( A b s t r a c t b y A u t h o r . ) 
THEORETICAL RHEOLOGY. 

Flow in Stressed Solids: An Interpretation by Roy W. Goranson, 
Bull . G e o l . Soc. A m e r . 51 , 1023 , 1940 . A c c o r d i n g t o t h e h y p o t h e s i s 
p r e s e n t e d p las t ic f l o w in sol ids t a k e s p lace by m e a n s of a c h a n g e - o f -
p h a s e t r a n s f e r m e c h a n i s m as solid -> f l u i d - » solid, or s o l i d - » s o l u t i o n 
- » r e c r y s t a l i z a t i o n of solid. E x p r e s s i o n s are de r ived f r o m c o n s i d e r a t i o n 
of t h e t h e r m o d y n a m i c p o t e n t i a l r e l a t i ons f o r d i f f e r e n t phys ica l condi -
t i ons . T h e q u a n t i t y t h a t h a s been r e l a t ed to t h e v i scos i ty of a f lu id 
is t h u s seen t o be a f u n c t i o n of t h e " a c t i v a t i o n e n e r g y . " If t he h y d r o -
s ta t ic c o n f i n i n g p r e s s u r e b e s u f f i c i e n t l y h i g h t h e n re lease of t h e e n e r g y 
of d e f o r m a t i o n s to red u p in t he c rys ta l la t t ice can t a k e p lace o n l y b y 
a change-o f p h a s e m e c h a n i s m . T h e m a t h e m a t i c a l d e v e l o p m e n t is as 
f o l l o w s : T h e e x p r e s s i o n s c o n n e c t i n g c o m p r e s s i v e s t ress X and m e l t i n g 
t e m p e r a t u r e in d e g r e e s a b s o l u t e T ^ of a solid a re 

d In tJ\ — - _ 1 _ ( 1 ) 

F. 

( 1 ) is f o r t h e " s t r e s sed f a c e " a n d ( 2 ) f o r t he " f r e e f a c e . " h is t h e 
h e a t of m e l t i n g ( ac t i va t i on e n e r g y ) , P t h e dens i t y a n d E is Y o u n g ' s 
M o d u l u s f o r c o m p r e s s i o n . 

O n the a s s u m p t i o n t h a t t h e n u m b e r of f r e e m i g r a t i n g a t o m s in-
c reases w i t h t e m p e r a t u r e , a n d at t h e m e l t i n g p o i n t th i s f r a c t i o n of 
t h e to ta l n u m b e r b e c o m e s u n i t y , t he e q u a t i o n 

9 = T/TW ( 3 ) 
is u sed t o cor re la te t e m p e r a t u r e - c r e e p da t a . C o m b i n i n g ( 1 ) a n d ( 3 ) 
a n d i n t e g r a t i n g 

X - X 0 = ? h l n f | ( 4 ) 
F o r s u f f i c i e n t l y h i g h s t ress , i. e., i e l a t ive ly la rge c r eep ra te , it c an b e 
s h o w n tha t 

X - X „ = K i l n - ^ ( 5 ) 
o 

K is a phys ica l c o n s t a n t a n d V s t h e s t e a d y o r m i n i m u m c reep r a t e . 
T h e a u t h o r s t a t e s t h a t ( 5 ) h a s b e e n used f o r t h e pas t t h i r t y y e a r s t o 
e x p r e s s empi r i ca l c r eep r a t e s f o r m e t a l a g g r e g a t e s . 

R. B. D o w . 
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PLASTICS. 
Flow Temperature of Thermoplastics. L. W. A. Meyer. Modern 

Plas t ics . 18 , No. 4 , 5 9 - 6 1 ( 1 9 4 0 ) R e p r i n t e d by c o u r t e s y of t h e A m e r -
ican Soc ie ty f o r T e s t i n g Mater ia l s . 

Acry la te , p o l y s t y r e n e , v iny l c o - p o l y m e r , ce l lu lose e t h e r a n d 
cel lu lose ace t a t e w e r e t e s t ed f o r f l o w charac te r i s t i c s in t h e Rossi -
P e a k e s F l o w T e s t e r , M o o n e y S h e a r i n g Disc P l a s t o m e t e r , Di l lon Ex-
t r u s i o n P l a s t o m e t e r ( m o d i f i e d ) a n d t h e W i l l i a m s Para l le l P l a t e 
P l a s t o m e t e r ( m o d i f e d ) . T h e a u t h o r c o n c l u d e s t h a t it is poss ib le t o 
co r re l a t e t he f l o w t e m p e r a t u r e s as d e t e r m i n e d by t he Ross i -Peakes 
f l o w tes te r wi th t he re la t ive p las t ic i ty a s d e t e r m i n e d by t he M o o n e y 
s h e a r i n g disc p l a s t o m e t e r and w i t h t he e x t r u s i o n t e m p e r a t u r e as de-
t e r m i n e d by t h e m o d i f i e d Di l lon a p p a r a t u s f o r m a t e r i a l s of s imi la r 
c o m p o s i t i o n s . N o s imp le co r re l a t ion cou ld be f o u n d b e t w e e n d a t a 
t a k e n on these m a c h i n e s and t he plast ic t e m p e r a t u r e s as d e t e r m i n e d by 
t h e paral le l p la te p l a s t o m e t e r . 

Crystalline Behavior of Linear Polyamides, Effect of Heat Treat-
m e n t . C. S. Ful ler , W . O . B a k e r a n d N. R. P a p e . J . A m . C h e m . Soc. 6 2 , 
3 2 7 5 ( 1 9 4 0 ) A l t h o u g h th i s ar t ic le is d e v o t e d p r ima r i l y t o t h e c ry s t a l 
s t r u c t u r e of "these ma te r i a l s as s h o w n by t he x - r ay e x a m i n a t i o n o n e 
will f i nd s o m e d a t a on t he m e c h a n i c a l p r o p e r t i e s s u c h as Y o u n g ' s 
m o d u l u s and s h r i n k a g e e f f e c t s caused by v a r i o u s a n n e a l i n g t e m p e r a -
tu re s . 

Cellulose Derivatives as Basic Materials for Plastics. Emil Ott . 
J . Ind. E n g . C h e m . 3 2 , 1641-7 ( 1 9 4 0 ) . T h i s ar t ic le is an exce l l en t 
r e v i e w of t he ex i s t ing k n o w l e d g e c o n c e r n i n g t h e e f f e c t of c h e m i c a l 
c o m p o s i t i o n u p o n phys ica l p rope r t i e s . T h e i n f l u e n c e of m o l e c u l a r 
s ize and shape , of side c h a i n s and of v a r i o u s p las t ic izers is c o v e r e d 
a n d w e a lso f i nd v iscos i ty c u r v e s f o r s o l u t i o n s of ce l lu lose de r iva -
t ives . E m p h a s i s is p laced u p o n t h e fac t t ha t in c o r r e l a t i n g phys ica l 
p r o p e r t i e s w i t h m o l e c u l a r w e i g h t o n e shou ld use t he w e i g h t - a v e r a g e 
m o l e c u l a r w e i g h t s f o r t he v iscos i ty a n d t h a t t he i m p o r t a n t phys ica l 
p r o p e r t i e s of ce l lu lose are f u n c t i o n s of t he w e i g h t - a v e r a g e and n o t t h e 
n u m b e r a v e r a g e . T h i s is pa r t i cu la r ly i m p o r t a n t w h e n o n e h a s n o 
d a t a r e g a r d i n g t he m o l e c u l a r w e i g h t d i s t r i bu t ion . 

Protein Plastics f rom Soybean Products. George H. Brother, 
L e o n a r d L. M c K i n n e y a n d W . C a r t e r Su t t l e . J . Ind . Eng . C h e m . 3 2 , 
1 6 4 8 - 5 1 ( 1 9 4 0 ) . S o y b e a n p r o t e i n h a r d e n e d w i t h f o r m a l d e h y d e w a s 
u sed as a b inde r in a l a m i n a t e d shee t . V a r i o u s phys ica l p r o p e r t i e s 
a re p r e s e n t e d , such as impac t and f l e x u r a l s t r e n g t h s a n d m o d u l u s of 
e las t ic i ty . 
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T H E VISCOSITY O F HELIUM II. 
A. D. Misener , U n i v e r s i t y of T o r o n t o . 

L iqu id H e l i u m II is u n i q u e a n d t h e r e f o r e in t e re s t ing . It is in-
f i n i t e ly m o r e i n t e r e s t i ng b e c a u s e it h a s p r o v e d t o be an e x c e p t i o n t o 
t h e well es tab l i shed ru l e s in t w o f ie lds of p h y s i c s cons ide red a s 
a m o n g t h o s e m o s t t h o r o u g h l y exp lo red , t he f l o w of hea t t h r o u g h m a t -
t e r and t he f l o w of f lu ids t h r o u g h t u b e s . T h e e l e m e n t , h e l i u m , 
l i que f i e s u n d e r a t m o s p h e r i c p r e s s u r e a t a t e m p e r a t u r e of 4 2 ° A b -
so lu te , w h e n all o t h e r s u b s t a n c e s a re solid. B y r e d u c i n g t he p r e s s u r e 
o v e r the l iquid it m a y be m a d e to boil and t h e t e m p e r a t u r e d r o p s still 
l ower . If w e g o o n l o w e r i n g t he p r e s s u r e a n d c o n s e q u e n t l y t he t e m -
p e r a t u r e , s u d d e n l y at 2 . 2 ° K a s t a r t l ing c h a n g e occurs . T h e l iquid 
a p p e a r s to s t o p boi l ing, n o b u b b l e s r ise t h r o u g h it, t h e s u r f a c e is 
i m m o b i l e . It is still e v a p o r a t i n g r ap id ly a n d t he t e m p e r a t u r e can be 
l owered by m o r e rap id p u m p i n g a n d it is still a l iquid b u t it r e m a i n s 
q u i e s c e n t . T h e s e t w o p h a s e s w e r e ch r i s t ened , p rosa ica l ly e n o u g h . 
H e l i u m I, the f i r s t or h i g h t e m p e r a t u r e m o d i f i c a t i o n , and H e l i u m l l , 
the s econd or l ow t e m p e r a t u r e m o d i f i c a t i o n of t he l iquid . 

M e a s u r e m e n t of t h e d e n s i t y of l iquid h e l i u m s h o w e d t h e d i f f e r -
ence b e t w e e n t he s t a t e s c lear ly . H e l i u m II w a s f o u n d to h a v e a 
n e g a t i v e e x p a n s i o n coe f f i c i en t , i. e., an ad iaba t ic e x p a n s i o n w o u l d 
r a i s e its t e m p e r a t u r e . T h e p h a s e d i a g r a m F i g u r e I, s h o w s an even 
m o r e r e m a r k a b l e a n o m a l y . H e l i u m II a p p a r a n t l y ex i s t s a s a l iqu id 
in e q u i l i b r i u m w i t h its v a p o u r at t he a b s o l u t e ze ro of t e m p e r a t u r e . 
Solid h e l i u m can exist o n l y u n d e r an exces s p r e s s u r e of a b o u t 30 a t m . 
F r o m e n t r o p y c o n s i d e r a t i o n s th i s m e a n s , s imp ly , t h a t H e l i u m II m u s t 
s o m e h o w h a v e t he s a m e d e g r e e of o r d e r as a c rys ta l l ine so l id ; y e t 
all its phys ica l p r o p e r t i e s are t hose of a f l u i d — a n d a very f lu id f lu id 
as we shall see. 

In Fig. I it will be not iced t ha t t h e r e is n o t r ip le po in t at w h i c h 
solid, l iquid and g a s a re in equ i l i b r i um as is t he case wi th t h e d i a g r a m s 
of o t h e r e l e m e n t s . T h e t w o l iquid p h a s e s H e l i u m I t o t he r ight a n d 
H e l i u m II t o t he lef t are s epa ra t ed by the \ -l ine, and w h e r e t h i s l ine 
m e e t s t he v a p o u r l ine we h a v e t he ^ -poin t , i. e., t he t e m p e r a t u r e at 
w h i c h H e l i u m I c h a n g e s t o H e l i u m II w h e n b o t h are in e q u i l i b r i u m 
w i t h h e l i u m gas . T a b l e I g i v e s a list of the phys ica l p r o p e r t i e s of 
h e l i u m w h i c h h a v e been s tud i ed t o f i nd poss ib le c h a n g e s at th i s 

-po in t . 

Table Behavior of the Physical Properties of Liquid 
Helium at the -Point. 

C h a n g e Spec i f ic h e a t 
d i s c o n t i n u o u s l y Viscos i ty 
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T h e r m a l c o n d u c t i v i t y 
C o m p r e s s i b i l i t y a n d ve loc i ty of s o u n d 
S u r f a c e t ens ion 

C h a n g e in 
t e m p e r a t u r e 
c o e f f i c i e n t 

V a p o r p r e s s u r e 
D e n s i t y 
In te rna l e n e r g y 
Die lec t r ic c o n s t a n t 
R e f r a c t i v e i n d e x 
L a t e n t h e a t s of f u s i o n a n d v a p o r i z a t i o n 

No c h a n g e 
obse rved 

Electr ical po la r i za t ion 
Molecu la r r e f r a c t i v i t y 
Electr ical c o n d u c t i v i t y 
S c a t t e r i n g of l ight 
X- ray s t r u c t u r e 

In this t ab l e w e f ind c h a n g e s w e w o u l d n o t e x p e c t a n d s o m e p r o p -
er t ies d o no t c h a n g e w h e n we t h o u g h t t h e y w o u l d . T h e fac t m u s t 
be e m p h a s i z e d t ha t wh i l e t h e r e is n o d o u b t t h a t H e l i u m I and H e l i u m 
II a re t w o dis t inc t s t a t e s t h e y c a n n o t be cons ide red as t w o p h a s e s in 
t h e o r d i n a r y chemica l sense , s ince the re is n o o b s e r v a b l e l a t en t h e a t 
of t r a n s f o r m a t i o n , a n d t he m e a s u r e m e n t s w o u l d h a v e d e t e c t e d 0 . 0 0 1 
t i m e s t he spec i f ic hea t . 

C o n s i d e r i n g all its pecu l i a r p r o p e r t i e s and its u n i q u e pos i t i on 
in t he s c h e m e of t h i n g s it is n o t su rp r i s i ng to f i nd t ha t H e l i u m II h a s 
f l o w p r o p e r t i e s w h i c h d i s t ingu i sh it f r o m all o t h e r l iquids . T h e f i r s t 
a t t e m p t to m e a s u r e its v iscos i ty w a s m a d e at T o r o n t o in 1935 ( 1 ) . 
T h e d a m p i n g of an osc i l la t ing cy l i nde r s u s p e n d e d in t he l iquid w a s 
o b s e r v e d . It w a s f o u n d tha t an a b r u p t c h a n g e in v i scos i ty occu r s a t 
the -po in t and t ha t H e l i u m II, t h o u g h a l iquid of spec i f ic g r a v i t y 
a b o u t 0 . 1 4 , has a v iscos i ty less t h a n t ha t of ga se s at o r d i n a r y t e m -
p e r a t u r e s . W i t h such an u n e x p e c t e d l y low viscos i ty t he R e y n o l d ' s 
n u m b e r s invo lved in t he m e a s u r e m e n t s a re f a r t oo h i g h ; b u t t h e ob-
se rved l o g a r i t h m i c d e c r e m e n t s a re so c losely l inear t ha t t h e d a t a a r e 
p r o b a b l y f a i r ly re l iable . 

T h e h igh R e y n o l d ' s n u m b e r had b o t h e r e d o t h e r s bes ides o u r -
se lves and s i m u l t a n e o u s l y , in 1938, K a p i t z a ( 2 ) and Al len a n d 
Misene r ( 3 ) pub l i shed r e su l t s o n t he f l o w of H e l i u m II t h r o u g h f i n e 
c h a n n e l s w h i c h s h o w e d t h a t it cou ld n o t h a v e a v i scos i ty a s g rea t a s 
10" ' c. g. s. un i t s . S o o n i nves t i ga to r s in o t h e r p l aces t r ied t o f i n d 
w h e t h e r th i s " s u p e r f l u i d " had a n y viscos i ty at all. It soon b e c a m e 
obv ious , h o w e v e r , t h a t t h e t e r m " v i s c o s i t y " cou ld n o t be app l ied t o 
H e l i u m II as it d i sobeyed all t h e classical l a w s of f l o w . 

T h i s c an be i l lus t ra ted by o n e e x a m p l e . H e l i u m II w a s m a d e t o 
f l o w t h r o u g h c h a n n e l s of a b o u t 0 .12 u w i d t h and 20 c m . l e n g t h u n d e r 
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an impe l l i ng f o r c e w h i c h dec reased f r o m 1 6 0 d y n e s t o 5 d y n e s . 
U n d e r s u c h c o n d i t i o n s o n e m i g h t r e a s o n a b l y e x p e c t classical s t r e a m -
l ine f l o w , b u t ins tead of t h e r a t e of f l o w b e i n g p r o p o r t i o n a l t o t h e 
p r e s s u r e it w a s a b s o l u t e l y i n d e p e n d e n t of t h e p r e s s u r e . T h e r a t e 
w a s t h e s a m e f o r a h e a d of 5 d y n e s as f o r a h e a d of 1 6 0 d y n e s t o 
w i t h i n 0 . 5 % . W h a t w a s equa l ly a s t o u n d i n g w a s t h a t t h e c o m p a r a -
t ive ly d e n s e l iquid H e l i u m II w e n t t h r o u g h t he cap i l l a ry at f r o m 1 0 
t o 15 c m sec. w h i l e w e cou ld f o r c e h e l i u m gas t h r o u g h a-t a r a t e 
of 8 c m sec. o n l y b y a p p l y i n g an excess p r e s s u r e of 15 a t m o s p h e r e s , 
a p r e s s u r e s o m e 106 t i m e s t h a t n e e d e d by t he l iquid . 

T a b l e II g ives a s u m m a r y of t h e resu l t s o b t a i n e d u p t o a b o u t a 
y e a r a g o b u t b e f o r e d i scuss ing t h e i r s ign i f i cance w e m u s t c o n s i d e r 
t w o n e w f a c t s w h i c h w e r e d i scovered c o n c e r n i n g H e l i u m II and w h i c h 
m a d e u s a b a n d o n all h o p e of dea l i ng w i t h it in ony classical m a n n e r . 

Table EL Summary of Experiment« on the Viscosity of 
Liquid Helium II. 

E x p e r i m e n t e r s M e t h o d Viscos i ty H e 11 
T ° K T) x l O 

W i l h e l m , M i s e n e r Osc i l l a t ing 2 .2 3 3 
and C l a r k ( 1 ) cy l i nde r 

Al len a n d L o n g 2 . 1 7 ^ < 0 . 0 0 4 
Misene r ( 3 ) " cap i l l a ry 1 .07 J 

K a p i t z a ( 2 ) F l o w b e t w e e n 
< 0 . 0 0 1 para l le l p l a t e s < 0 . 0 0 1 

B u r t o n S h o r t 
capi l lar ies 2 . 1 6 50 t o 80 

K e e s o m a n d Osc i l l a t i ng 2 . 1 6 16 
M a c W o o d disc 1 .72 3 . 8 

1 .32 1 .9 
G i a u q u e , S t o u t F l o w t h r o u g h 2 .2 15 

a n d B a r i e a u v e r y sma l l 1.8 0 . 3 5 
c h a n n e l 1.4 0 . 0 7 

Al len a n d L o n g 2 . 1 8 
M i s e n e r cap i l l a ry 1 .15 

S h o r t 2 . 1 6 78 
cap i l l a ry 

J o h n s , W i l h e l m V a r i o u s 2 . 0 8 2 9 . 3 
a n d S m i t h ( 8 ) capi l la r ies 1 . 9 6 2 4 . 4 a n d S m i t h ( 8 ) 

1 .81 19 .2 
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Allen and V a r i o u s ' - v ^ l O 
Misene r ( 7 ) capi l lar ies ( f o r l a rge r 

t u b e s ) 

D a u n t a n d M e n d e l s s o h n ( 4 ) in a ser ies of e l egan t e x p e r i m e n t s 
s h o w e d tha t w h e n e v e r a solid s u r f a c e c a m e in c o n t a c t w i t h H e l i u m II 
a f i lm of the l iquid q u i c k l y f l o w e d ove r t he s u r f a c e a n d if t he s u r f a c e 
h a p p e n e d to c o n n e c t t w o rese rvo i r s of t he l iquid, th i s f i l m w o u l d fill 
u p the l o w e r at t he e x p e n s e of t h e h i g h e r ( see Fig. II, A a n d B ) . 
T h e s e f i l m s w e r e f o u n d t o be a b o u t 5 0 m / u thick a n d t o f l o w at a 
ra te of a b o u t 2 0 c m . / sec. T h e y had m a n y i n t e r e s t i n g p r o p e r t i e s b u t 
t he m o s t s t r i k ing w a s t ha t w h e n f l o w i n g f r o m o n e level to a n o t h e r 
these f i l m s m o v e d at a s t e a d y ra t e n o m a t t e r w h a t t h e d i f f e r e n c e 
in level was . T h a t is, t he l iquid in these f i l m s f l o w e d in an a b s o l u t e l y 
p r e s s u r e - i n d e p e n d e n t m a n n e r ; as did t he l iquid in o u r f i n e capi l lar ies . 

T h e second fac t w a s d i scovered w h e n we w e r e m e a s u r i n g t he 
f l o w of H e l i u m II t h r o u g h e m e r y p o w d e r t igh t ly p a c k e d in g l a s s 
t u b e s ( 5 ) . W e w e r e t r y i n g t o s l ow th is s u p e r f l u i d d o w n b u t it s l ipped 
t h r o u g h t he p o w d e r a lmos t i n d e p e n d e n t of p r e s s u r e head , e v e n t h o u g h 
we p a c k e d it as t igh t ly a s t he g lass t u b e w o u l d a l low. N o w w h e n 
o n e is w o r k i n g at these v e r y low t e m p e r a t u r e s o n e h a s t o be v e r y 
c a r e f u l to r e m o v e all ga se s bu t h e l i u m f r o m y o u r a p p a r a t u s , o t h e r -
wise t h e y will f r e e z e solid and p l u g t he tubes , etc. O n e of o u r t u b e s 
w a s b e h a v i n g b a d l y and I t u r n e d a smal l pocke t f lash l ight on it t o see if 
I cou ld loca te t he t roub le . You can i m a g i n e m y su rp r i se w h e n I sud-
d e n l y s a w a f o u n t a i n of l iquid h e l i u m s p o u t i n g o u t of t h e t o p of o n e 
of t he o t h e r t u b e s in t he c ryos t a t . W h e n e v e r t he l ight fell on t he 
e m e r y p o w d e r in the b o t t o m pa r t of the t u b e a jet of l iquid sho t f r o m 
the t o p of it severa l inches a b o v e t he b a t h level ( see Fig . II D ) . 

O f cou r se t h e r e w a s a g r e a t r u s h i n g a b o u t to t ake p i c tu r e s of this 
direct t r a n s f o r m a t i o n of hea t in to m e c h a n i c a l e n e r g y . W e w e r e a f r a i d 
it m i g h t be ha rd to r e p r o d u c e b u t it h a s p r o v e d o n e of t he cha rac te r i s -
tic p r o p e r t i e s of H e l i u m II. P l ace an o p e n t u b e in t he l iquid, in t ro-
d u c e hea t a t o n e end , an electr ic h e a t e r w o r k s as well as l ight (F ig . 
HE) and t he l iquid will f l o w u p the t ube . T h a t is, w i t h a hea t f l o w 
d o w n the t u b e t o the b a t h w e h a v e a f l o w of l iquid in t he o p p o s i t e 
d i rec t ion . It w a s logical t o a s s u m e , a n d it h a s s ince been s h o w n , ( 6 ) 
tha t a f l o w of th i s pecu l i a r f luid g e n e r a t e d a t e m p e r a t u r e d i f f e r e n c e 
and a c o n s e q u e n t h e a t f l o w in t he o p p o s i t e sense . 

C o u l d th i s exp la in t he p r e s s u r e i n d e p e n d e n t f l o w in o u r f i n e 
c h a n n e l s and in t he f i l m s ? W a s the i r m o t i o n g o v e r n e d not by pres -
s u r e s bu t by the r a t e at w h i c h t he t e m p e r a t u r e d i f f e r e n c e p r o d u c e d b y 
the i r m o t i o n could be equa l i s ed? P r o b a b l y t he a n s w e r is no t a s 
s imp le as t h a t . 
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In sp i te of t h e s e c o m p l i c a t i n g f a c t o r s f l o w m e a s u r e m e n t s w e r e 
still ca r r ied o n . At C a m b r i d g e ( 7 ) w e c o n c e n t r a t e d o n s ee ing h o w 
the r a t e of f l o w var ied w i t h c h a n n e l size. S o m e of o u r r e su l t s a r e 
s u m m a r i s e d in Fig . III. C o n s i d e r t h e r e s u l t s at o n e t e m p e r a t u r e , say 
1 . 5 ' K . At f i r s t t he ve loc i ty of f lu id f l o w t h r o u g h t he c h a n n e l is de-
c reased as t he siz d e c r e a s e s b u t t he c h a n n e l s of less t h a n 4 x l O ~ r 
c m . w i d t h t h e ve loc i ty r ap id ly inc reases f o r f u r t h e r dec rease of size. 
L o o k i n g at t he va r i a t ion of ve loc i ty w i t h t e m p e r a t u r e fo r t he sma l l e s t 
c h a n n e l w e see t ha t it is s t r i k ing ly s imi la r t o t ha t g i v e n by D a u n t 
and M e n d e l s s o h n f o r the i r m o b i l e s u r f a c e f i l m s ( see Fig . I V ) , e v e n 
t h e ve loc i ty of f l o w is a p p r o x i m a t e l y t he s a m e . 

Let us p roceed in i m a g i n a t i o n f r o m t h e w i d e r t u b e s t o t he n a r -
r o w e r r e m e m b e r i n g t ha t t he ve loc i ty of f l o w w e h a v e been cons ide r -
ing is t he a v e r a g e f o r t he w h o l e c ross sect ion a n d shou ld p e r h a p s b e 
c o n s i d e r e d in t e r m s of t he v o l u m e p e r s econd per un i t a rea p a s s i n g a 
g i v e n p o i n t . As t he t u b e n a r r o w s th is v o l u m e is decreased b u t it 
a p p e a r s t h a t w h e n t he wal ls a p p r o a c h each o t h e r w i t h i n 15 j u or so 
the i r p r o x i m i t y e n c o u r a g e s t he f l o w and t he r a t e increases . W e a r e 
lead t o a f l o w c ross sect ion s o m e t h i n g l ike Fig. V. 

T h e l iquid d o e s no t slip at t h e walls , it f l o w s in t he f o r m of a 
mob i l e f i lm wi th t he s a m e veloc i ty as if t he solid w e r e a b o v e t h e f r e e 
s u r f a c e of t he l iquid . B e y o n d th is f i lm w e h a v e s o m e t h i n g l ike t he 
n o r m a l s t a t e of a f fa i r s , t h e o u t e r l aye r s b e i n g r e t a rded by v i scous 
f o r c e s and t he cen t r a l a t o m s s l ipp ing a l o n g f a s t e r . T h e big m y s t e r y 
in all th i s is h o w do t h e a t o m s jus t ins ide t he f i lm k n o w tha t t he wall 
is t h e r e t o r e t a rd t h e m t h r o u g h a layer of severa l h u n d r e d f a s t m o v -
ing b ro the r s . 

At T o r o n t o , J o h n s , W i l h e l m and S m i t h ( 8 ) carr ied o u t f l o w 
e x p e r i m e n t s des igned t o s e p a r a t e t he p r e s s u r e d e p e n d e n t and pres -
su re i n d e p e n d e n t c o m p o n e n t s of the f l o w . T h e y f o u n d tha t by sub-
t r ac t i ng t he p r e s s u r e i n d e p e n d e n t f l o w f r o m the to ta l f l o w t h e y w e r e 
lef t w i t h a pa r t p r o p o r t i o n a l t o p r e s s u r e a n d o b e y i n g Po i seu i l l e ' s L a w . 
T h e i r resu l t s a re s h o w n in Fig. VI. It is g r a t i f y i n g t o see t ha t t he 
v a l u e of t h e v i scos i ty t h e y d e d u c e f o r t h e p r e s s u r e d e p e n d e n t pa r t of 
t he f l o w is in r e a s o n a b l e a g r e e m e n t w i t h t he ear ly d y n a m i c a l va lues . 

All these f l o w m e a s u r e m e n t s h a v e d o n e m u c h m o r e t h a n b r i n g 
us back t o o u r s t a r t i n g po in t , t h e y h a v e revea led t he p r e s e n c e of th i s 
p r e s s u r e i n d e p e n d e n t a n d f r i c t ion les s " s u p e r - f l o w , " — a m u c h m o r e 
i n t e r e s t i n g p r o b l e m . T h e t heo r i e s a d v a n c e d t o exp la in th i s phe -
n o m e n o n all h a v e the i r d r a w b a c k s . W e shal l he re ou t l i ne b r i e f ly 
o n e l ine t ha t s e e m s p r o m i s i n g . T h i s t heo ry , a d v a n c e d by F . L o n d o n 
( 9 ) and e l abo ra t ed la te r by h imsel f and a lso T i sza , ( 1 0 ) app l ied 
Bose-Eins te in s ta t i s t ics to t he e n e r g y d i s t r i bu t ion of t he h e l i u m a t o m s . 
Essen t ia l ly th i s m e a n s t ha t t h e p r e s e n c e of o n e or m o r e a t o m s in t he 
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l o w e s t leve l of t r a n s l a t o r y m o t i o n i nc r ea se s t he p robab i l i t y of o t h e r 
par t i c les g o i n g in to t h a t level . T h e s e a t o m s are said t o be in t h e 
" c o n d e n s e d " or " d e g e n e r a t e " s ta te . T h e s e d e g e n e r a t e a t o m s a r e 
v e r y pecu l i a r in t h a t the i r w a v e f u n c t i o n m u s t be s p r e a d u n i f o r m l y 
ove r t he w h o l e v o l u m e a n d h e n c e o n e can n o t s a y j u s t w h e r e t h e y 
a c t u a l l y are . It s e e m s poss ib le t ha t t h e m o b i l e s u r f a c e f i l m s a n d t h e 
p r e s s u r e i n d e p e n d e n t f l o w in cap i l l a r ies a r e d u e t o t h e s e e lus ive 
a t o m s . T h e y can a lso a c c o u n t f o r t h e " f o u n t a i n e f f e c t " a n d t h e ab-
n o r m a l l y h i g h t h e r m a l c o n d u c t i v i t y of t h i s s u p e r f l u i d . 
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Titles of f igures: 
Fig . I. D e n s i t y - t e m p e r a t u r e d i a g r a m of solid a n d l iquid h e l i u m . 

H e l i u m 1 t o r ight o Q - l i ne ; h e l i u m II t o l e f t o f \ - l i n e . 

F ig . II. T r a n s p o r t p h e n o m e n a in l iquid h e l i u m II. 

F ig . III. Var i a t ion of f l o w w i t h t e m p e r a t u r e f o r capi l lar ies of d i f -
f e r e n t d i ame te r s , ( f r o m Allen a n d M i s e n e r ) . 

F ig . IV. D e p e n d e n c e of r a t e of f l o w of f i l m o n t e m p e r a t u r e , 
( f r o m D a u n t a n d M e n d e l s s o h n ) . 

F ig . V. P r o b a b l e a p p e a r a n c e of t h e va r i a t i on of ve loc i ty across 
t h e d i a m e t e r of a cap i l la ry . A r e p r e s e n t s t he s u r f a c e 
f i l m ; B r e p r e s e n t s t h e bu lk l iquid. 

F ig . VI. Viscos i ty of h e l i u m I and p r e s s u r e - d e p e n d e n t c o m p o n -
e n t of f l o w of h e l i u m II. 
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V a r i a t i o n of flow wi th t e m p e r a t u r e for cap i l l a r ies 
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T H E TRANSIENT RESILIENCE O F SOME FLUIDS. 
By J . M. Kendall, 

Geophysical Research Corporation, 
Tulsa, Okla. 

M a n y y e a r s a g o M a x w e l l d i scovered t h a t m a n y f lu ids h a v e 
elas t ic p r o p e r t i e s in shea r . M o r e r e c e n t l y t h e s u b j e c t h a s been e x -
t e n s i v e l y cons ide red in t he " F i r s t R e p o r t on Viscos i ty a n d P l a s t i c i t y , " 
( A c a d e m y of Sciences , A m s t e r d a m , 1 9 3 5 ) a n d e l s ewhere . H o w e v e r , 
d a t a on t he elast ic p r o p e r t i e s of ac tua l f l u i d s s e e m t o b e r a t h e r m e a g e r , 
e v e n o n t he m o r e v i scous s u b s t a n c e s w h e r e t h e m e a s u r e m e n t s can be 
m a d e w i t h o u t m u c h d i f f i cu l t y . T h e p r e s e n t w o r k r e p r e s e n t s an a t -
t e m p t t o i nves t iga t e t he e las t ic p r o p e r t i e s of severa l f l u i d s w i t h a vis-
cos i ty of a f e w P o i s e s or less. 

In o r d e r t o o b s e r v e t h e e las t ic e f f e c t s in a f lu id w h e n a s h e a r 
is appl ied , it is n e c e s s a r y t o a p p l y t h e s h e a r as s u d d e n l y a s poss ib le 
and t o o b s e r v e t h e i n s t a n t a n e o u s r a t e of d e f o r m a t i o n . In a s t r ic t ly 
N e w t o n i a n f lu id i. e., o n e w h i c h is en t i r e ly f r e e f r o m elast ic e f f e c t s , 
a s u d d e n l y appl ied s h e a r i n g s t ress will p r o d u c e a r a t e of shea r p ro-
p o r t i o n a l at all t i m e s t o t he s h e a r i n g stress . O n t h e o t h e r h a n d , a 
f lu id h a v i n g elas t ic p r o p e r t i e s g ives a r a t e of shea r w h i c h is ini t ia l ly 
in excess of t ha t t o be expec t ed if o n l y t he v i scos i ty a n d t he app l ied 
s t r e s s a re t a k e n in to a c c o u n t . T h e elast ic e f f e c t , or resi l ience, is a 
r a t h e r e lus ive p h e n o m e n o n in t ha t it m a n i f e s t s itself o n l y wh i l e t h e 
appl ied s t ress is c h a n g i n g ; t h a t is, it is t r ans i en t in n a t u r e . In th i s 
p a p e r t h e t e r m " t r a n s i e n t r e s i l i ence" will be appl ied t o t h i s p r o p e r t y . 
Resi l ience, of cour se , is de f ined as t he rec iproca l of r ig id i ty . 

In an a p p a r a t u s de s igned fo r use in o b s e r v i n g t r ans i en t res i l ient 
e f f e c t s in f lu ids , it is neces sa ry t o be able to a p p l y t he s t ress as sud-
d e n l y as poss ib le in o r d e r t o a c c e n t u a t e t he a n o m a l o u s d e f o r m a t i o n . 
F u r t h e r m o r e , t he a n o m a l o u s d e f o r m a t i o n occu r s w i t h t he g r e a t e s t 
m a g n i t u d e o n l y w h e n all m a s s e f f e c t s i nvo lved in t he s y s t e m are re-
d u c e d su f f i c i en t l y . T h e a p p a r a t u s s h o w n in Fig. I w a s des igned w i t h 
t h e s e t w o ideas in m i n d . T h e c l ea rance b e t w e e n the cy l inder , w h i c h 
c o n s t i t u t e s t h e m o v i n g pa r t of t he a p p a r a t u s , a n d t he a l u m i n i u m 
block, w h i c h is s t a t i ona ry , is 0 . 0 0 3 inches b o t h ins ide and ou t s ide . 
F ig . Ia s h o w s t he de ta i l s of t he a r r a n g e m e n t . T h e d i a m e t e r of t h e 
cy l inder is 3-8 inch, t h e l eng th 1 -2 inch, a n d t he wal l t h i c k n e s s 0 . 0 0 1 5 
inch . T h e m o m e n t of iner t ia is 0 . 0 5 g. c m ^ . 

T h e r o t a t i n g cy l inder is m o u n t e d on a rigid s h a f t w h i c h a lso 
car r ies a m i r r o r and a smal l coil of c o p p e r wi re . T h i s en t i r e r o t a t i n g 
s y s t e m is s u s p e n d e d on f i ne t u n g s t e n w i r e s of negl ig ib le s t i f f n e s s in 
to r s ion . T h e smal l mi r ro r , in c o n j u n c t i o n w i t h t he l a m p , t he l ens 
s y s t e m and t he r o t a t i n g d r u m c a r r y i n g p h o t o g r a p h i c p a p e r , cons t i -
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t u t e t he r e c o r d i n g a r r a n g e m e n t used f o r r e c o r d i n g t he a n g u l a r dis-
p l a c e m e n t of t he m o v i n g cy l inder as a f u n c t i o n of t ime . T h e electr ical 
p a r t of t h e a p p a r a t u s h a s been des igned so as t o a p p l y to t h e m o v i n g 
cy l inder a t o r q u e w i t h a t i m e c o n s o n a n t of e i ther 11 m i c r o s e c o n d s o r 
3 5 0 m i c r o s e c o n d s . T h e r e su l t i ng t o r q u e can be r e g a r d e d as i m p u l s i v e 
in n a t u r e . 

F ig . II s h o w s t he m e c h a n i c a l a n a l o g y fo r a f lu id h a v i n g t r a n s i e n t 
res i l ience. T h e r e is a s p r i n g e l e m e n t R r e p r e s e n t i n g the resili-
ence , a n d t w o d a s h p o t s r e p r e s e n t i n g t he spec i f ic v iscos i ty 7 j s p a n d 
t he paral le l v iscos i ty 7 j 0 . T h e f o l l o w i n g re la t ion e x p r e s s e s t h e s h e a r 
at a n y t i m e r e su l t i ng f r o m the app l i ca t ion of an i m p u l s e of s h e a r i n g 
s t r e s s t o a f lu id of t h e t y p e r e p r e s e n t e d by t he a b o v e a n a l o g y . 

It is t o be no t ed t h a t , as t he t i m e t — ) o o , t h e e x p o n e n t i a l t e r m 
— } O t h u s l e a v i n g o n l y t he spec i f ic v iscos i ty a n d appl ied s h e a r i n g 

s t ress imp l se in t h e r igh t h a n d side of t he e q u a t i o n . Th i s , of course , is 
t he cond i t ion u n d e r w h i c h t he speci f ic v iscos i tv is usua l ly m e a s u r e d 
w i t h a cap i l l a ry t u b e . T h e re la t ion m a y be r e g a r d e d as a m o r e expl ic i t 
d e f i n i t i o n of t he t e r m " t r a n s i e n t r e s i l i ence . " T h s re la t ion , h o w e v e r , 
neg lec t s t h e m a s s of t h e f lu id and t he m o v i n g cy l inde r , 
and f u r t h e r , d o e s n o t t a k e in to a c c o u n t t he fac t t ha t t he f lu id con -
s t a n t s a re d i s t r ibu ted r a t h e r t h a n l u m p e d . Moreove r , m o s t of t he 
f lu ids h a v i n g t r a n s i e n t res i l ience are n o n - N e w t o n i a n , so tha t t he re-
la t ion will n o t ho ld a b o v e a ce r t a in r a t e of s h e a r b e c a u s e of t he n o n -
l inea r r e l a t i onsh ip u sua l l y p re sen t in such f lu ids . 

If a f lu id w i t h N e w t o n i a n v iscos i ty is i n t r o d u c e d in to t he appa -
r a t u s t he ac t ion is qu i t e s imp le . T h e i m p u l s i v e t o r q u e p r o d u c e d by 
t he c o n d e n s e r d i scha rge t h r o u g h t he coil i m p a r t s an a n g u l a r m o m e n -
t u m to t he m o v i n g cy l inder . Because of t he h igh v i scous d r a g a n d 
negl ig ib le iner t ia , t he cy l inder qu ick ly a t t a i n s its f ina l de f l ec t i on . It 
shou ld a lso b e r e m e m b e r e d in th i s c o n n e c t i o n t ha t t he t o r q u e d u e t o 
t he s u s p e n s i o n is v e r y smal l and its e f f e c t negl igible d u r i n g t he t i m e 
in w h i c h t he record is t a k e n . It f o l l o w s tha t t he de f l ec t ion of t h e 
cy l i nde r r e m a i n s c o n s t a n t o n c e t he a n g u l a r m o m e n t u m h a s been dis-
s ipa ted b y v i s c o u s fo rces . 

If, h o w e v e r , t h e f lu id b e t w e e n t he cy l i nde r s is resi l ient , as well 
as v i scous , t he ac t ion is s o m e w h a t d i f f e r e n t . W h e n t he c u r r e n t im-

(1) 

T —Impulse of s h e a r i n g s t ress 
T W ^ p e c i f i c Viscos i ty 
T | 0 = P a r a l l e l v iscos i ty 
ft = R e s i l i e n c e = Gr 
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pulse is app l ied to t he coil, it i m p a h s m o m e n t u m t o t he m o v i n g sys-
t e m . T h e s y s t e m c o n t i n u e s to m o v e unt i l its m o m e n t u m is e x p e n d e d 
b o t h by t he ac t ion of t he v i s c o u s d r a g a n d t he d e f o r m a t i o n of t he 
resi l ient s t r u c t u r e in t he f lu id . T h e e n e r g y abso rbed by t he v i scous 
d r a g is i m m e d i a t e l y d i ss ipa ted in t he f o r m of hea t , b u t t ha t a b s o r b e d 
by the elast ic f o r c e s p r o d u c e s a s t ress w i t h i n t he f lu id . T h i s e las t ic 
s t r e s s is t h e n d i ss ipa ted by d e f o r m i n g t he f lu id , and it ca r r ies t h e 
cy l inder wi th it t o w a r d its init ial pos i t ion . T h e record t h e n h a s a n 
" o v e r s h o o t " w h i c h m a y be used as an ind ica t ion of t r a n s i e n t res i l ience 
in t he f lu id . S t a t e d d i f f e r e n t l y t he o v e r s h o o t is d u e to the par t ia l re-
c o v e r y of t h e f lu id a f t e r t he s u d d e n d e f o r m a t i o n . 

T h e a p p a r a t u s can also be used f o r the de tec t ion of v e r y smal l 
shea r yield s t r e n g t h s of m a t e r i a l s w h i c h it is poss ible t o i n t r o d u c e be-
t w e e n the cy l inders . T h i s is d o n e by a p p l y i n g a c o n s t a n t smal l t o r q u e 
t o the cy l i nde r and o b s e r v i n g its m o t i o n . If t he cy l inder r o t a t e s at 
a s low, u n i f o r m ra te , the yield s t r e n g t h of t he ma te r i a l b e t w e e n t h e 
cy l i nde r s is t o o low t o res t ra in t he shea r ing m o t i o n p r o d u c e d by th i s 
pa r t i cu la r t o r q u e . T h e t o r q u e m a y be dec reased inde f in i t e ly by de-
c r e a s i n g t he c u r r e n t t h r o u g h the coil, and if t he ro t a t i on dec reases cor-
r e s p o n d i n g l y w i t h o u t s t o p p i n g c o m p l e t e l y , t he yield s t r e n g t h is zero , 
a n d t h e r e f o r e the ma te r i a l is f lu id . By th is p r o c e d u r e a yield s t r e n g t h 
a s l o w as 1 d y n e / c m ^ can be de tec ted . 

S ince o u r p u r p o s e is the m e a s u r e m e n t of v iscos i ty a n d phe -
n o m e n a assoc ia ted wi th it, iner t ia e f f e c t s of the f lu id m u s t be r educed 
to as low a va lue as poss ib le . T h i s is a ccompl i shed by m a k i n g t h e 
s p a c i n g b e t w e e n t he m o v i n g and f i xed cy l i nde r s s u f f i c i e n t l y c lose . 
S i m p l e t h e o r y of p r o p o g a t i o n of w a v e s in a v i scous f lu id s h o w s t h a t 
th i s s p a c i n g m u s t be m a d e smal le r t h a n e i ther of t he q u a n t i t i e s d o r ^ , 
w h i c h a r e d e f i n e d by t he f o l l o w i n g r e l a t i ons : 

^ — f r e q u e n c y c. p. s. 

^ —densi ty 

If, f o r e x a m p l e = 1 0 Poises , ^ = 1 . 0 g / c m ^ f — 1 , 5 0 0 cycles p e r 
second , t h e n d = 0 . 0 1 8 2 inches , \ = 0 . 1 1 4 inches . It is c lear tha t , in 
this case, t he ac tua l s p a c i n g used in the a p p a r a t u s will lead t o sat is-
f a c t o r y p e r f o r m a n c e . 

W a v e l e n g t h : 

D i s t ance f o r an 
(2) 

—viscosity 
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RESULTS. 

Fig. III. s h o w s a r eco rd f o r P r i m o l D, a c lear m i n e r a l oil h a v i n g a 
v i scos i ty of 1 .25 Po i ses at 2 2 ° C as d e t e r m i n e d by a F e n s k e cap i l l a ry 
t u b e v i s c o m e t e r . T h e record s h o w s n o o b s e r v a b l e o v e r s h o o t , a n d 
t h e r e f o r e it m a y be i n f e r r e d t h a t , u n d e r t he c o n d i t i o n s of th i s tes t , th i s 
f lu id h a s n o t r a n s i e n t resi l ience. T h e m a x i m u m ra te of s h e a r at t he 
s t eepes t pa r t of th i s r eco rd w a s 5 , 8 0 0 c m / s e c / c m . 

Fig. IV. ind ica tes t he p r e s e n c e of t r ans i en t resi l ience in a so lu t ion 
of " V i s t a n e x m e d i u m " ( P o l y b u t e n e ) in p s e u d o - c u m e n e . T h i s so lu-
t ion is a pe r f ec t l y c lear oi ly f lu id . T h e p r o p o r t i o n s of t he c o m p o n e n t s 
are such t ha t t he spec i f ic v iscos i ty is 0 . 8 7 Poises at 2 0 ° c a s m e a s u r e d 
by the F e n s k e cap i l l a ry v i s come te r . T h e o v e r s h o o t ind ica tes an ap-
prec iab ly t r a n s i e n t resi l ience. T h e shea r yield s t r e n g t h is ze ro . 

F ig . V. s h o w s a ser ies of r e c o r d s t a k e n fo r a n o t h e r so lu t io nof 
t he s a m e mater ia l s , bu t w i t h a spec i f ic v iscos i ty of 15 .84 Po i ses at 
2 0 ° C . T h i s m a t e r i a l a lso h a s ze ro yield s t r e n g t h in shea r . T h e f i v e 
d i f f e r e n t a m p l i t u d e s r eco rded h e r e g ive an idea of h o w the s h a p e of 
t he t i m e - r e c o v e r y c u r v e var ies w i t h a m p l i t u d e . T h e m a x i m u m ra te 
of s h e a r o c c u r r i n g in t he s t eepes t p a r t of t he la rges t a m p l i t u d e is ap-
p r o x i m a t e l y 2 8 , 3 0 0 c m s / s e c / c m . T h e 3 5 0 m i c r o s e c o n d i m p u l s e 
w a s used in m a k i n g t h e f o u r l a rges t a m p l i t u d e records . T h e 11 
m i c r o s e c o n d i m p u l s e w a s used on t he sma l l e s t a m p l i t u d e record o n l y . 

D a t a o b t a i n e d f r o m th i s ser ies of r eco rds s h o w tha t as t he ampl i -
t u d e of t he appl ied s h e a r i m p u l s e is increased , t he e f f e c t i v e v iscos i ty 
of t he f lu id decreases , w h i c h b e h a v i o r m u s t be a t t r i bu t ed to the n o n -
N e w t o n i a n cha rac te r i s t i c s of t he f lu id itself. 

M a x w e l l c o n c l u d e d tha t r e l axa t ion p h e n o m e n a shou ld be ex-
p o n e n t i a l . In spec t ion of F ig . V. s h o w s t he t i m e - r e c o v e r y cu rves , 
and h e n c e t ime - r e l axa t i on cu rves , are on ly a p p r o x i m a t e l y e x p o n e n t i a l 
in s h a p e . T h e r e c o v e r y r a t e is t oo rapid at t he b e g i n n i n g of t he record 
and too s low at t he tail end of t he record . F u r t h e r m o r e , even t h e s h a p e 
of the c u r v e c h a n g e s w h e n t h e a m p l i t u d e is c h a n g e d . La rge ampl i -
t u d e s c a u s e m o r e t r a i l ing t h a n smal l a m p l i t u d e s . 

T h e f lu id used in t a k i n g t h e s e r eco rds h a s p roper t i es , wh ich , ex-
cep t f o r t he g r e a t d i f f e r e n c e of t he t i m e scale, a re pract ica l ly ident i -
cal v/i th the p r o p e r t i e s of m u c h m o r e v i scous mate r ia l s . F e r r y and 
P a r k s * f o u n d t h a t p u r e p o l y i s o b u t y l e n e w i t h a v iscos i ty of 8 x 1 0 ^ 
Po i ses at 2 0 ° C , g a v e a v e r y s imi la r sor t of record , excep t t ha t t h e 
t imes w e r e m e a s u r e d in m i n u t e s r a t h e r t h a n in Thousands of a s econd . 
T h e pr inc ipa l resul t of a d d i n g a so lven t to a th ick s u b s t a n c e s e e m s t o 

* P h y s i c s 1936, Vol . 6, p. 356 . 
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be t h a t of d e c r e a s i n g t h e t i m e f a c t o r , b u t l e av ing o t h e r t h i n g s p r e t t y 
m u c h as t h e y w e r e b e f o r e h a n d . B e y o n d a ce r t a in d i lu t ion , th i s s ta te -
m e n t is o b v i o u s l y n o t t rue . 

F ig . VI. is a rep lo t o n a l a rge r scale of t h e smal les t a m p l i t u d e re-
cord of Fig. V. T h e c o m b i n a t i o n of iner t ia of t he m o v i n g s y s t e m and t h e 
t r a n s i e n t res i l ience of t h e f lu id f o r m a r e s o n a n t s y s t e m . T h e n a t u r a l 
f r e q u e n c y in th i s case is a b o u t 1 0 0 0 cyc les per s econd . T h e t r a n s i e n t 
resi l ience, a n d h e n c e t he t r a n s i e n t m o d u l u s of r igidi ty , m a y be esti-
m a t e d f r o m t h e s e da t a . T h e t r a n s i e n t m o d u l u s of r igidi ty c o m e s 
o u t t o be t he o r d e r of l o ^ d y n e s / c m 2 . W i t h t he aid of re la t ion ( 1 ) 
t he paral le l v iscos i ty m a y a lso be e s t i m a t e d a n d is a b o u t 3 .2 Poises , 
w h e r e a s t he spec i f ic v iscos i ty of t he f luid is a b o u t 16 Poises . 

T h e m a g n i t u d e of t he o v e r s h o o t obse rved w i t h a so lu t ion of 
V i s t anex , a s well as w i t h o t h e r s imi lar f lu ids , is a f u n c t i o n of c o n c e n -
t r a t i on a n d dec reases as t he so lu t ion is d i lu ted . At a s u f f i c i e n t di lu-
t ion, it d i s a p p e a r s en t i r e ly . T h i s o c c u r s in the case of t he V i s t a n e x 
m e d i u m ( m . w . 8 0 , 0 0 0 ) so lu t ion w h e n t he v iscos i ty is b e t w e e n 0 . 2 5 
a n d 0 . 1 5 Poises . F o r these low v a l u e s of v iscos i ty t he iner t ia of t h e 
m o v i n g s y s t e m of t h e a p p a r a t u s aind t he iner t ia of t he f lu id itself a re 
so g r e a t c o m p a r e d t o t he v i scous a n d elast ic e f f e c t s in t he f lu id t ha t 
t h e y b e c o m e the con t ro l l i ng f a c t o r s and h e n c e m a k e it d i f f i cu l t or im-
poss ib le t o o b s e r v e t h e o v e r s h o o t . 

S o m e e x p e r i m e n t s w e r e p e r f o r m e d to d e t e r m i n e t he e f f e c t of 
m o l e c u l a r cha in l e n g t h o n t he t r a n s i e n t res i l ience. T h e s e exper i -
m e n t s s h o w tha t of t w o s o l u t i o n s d i lu t ed to the s a m e v iscos i ty , t he 
o n e w i t h are l o n g e r cha in m o l e c u l e s h a s t he g r ea t e r res i l ient e f f e c t . 

F o u r t e e n f lu ids h a v e been inves t iga t ed . T h e y a r e l isted in T a b l e 
1. T h e tab le g ives t he a p p r o x i m a t e v iscos i ty and t he t r a n s i e n t resili-
en t e f f e c t , t he la t te r qua l i t a t i ve ly . 

Severa l of t he l o n g c h a i n m o l e c u l e s de se rve s o m e c o m m e n t . It 
is n o t su rp r i s i ng , p e r h a p s , t o f i nd t ha t d i lu ted r u b b e r c e m e n t g a v e a 
l a rge t r a n s i e n t res i l ient e f f e c t , b u t it does s e e m s o m e w h a t s u r p r i s i n g 
t o t he wr i t e r t o f i nd t ha t a so lu t ion of Luci te ( m e t h y l m e t h a c r y l a t e 
p o l y m e r ) g a v e an even l a rge r e f f e c t . U n d e r o r d i n a r y c o n d i t i o n s 
p u r e Luc i t e d o e s no t exhibi t h igh elast ic i ty . W h e n t he ind iv idua l 
l . uc i t e m o l e c u l e s a re m o r e or less f r eed f r o m each o t h e r as t h e y m u s t 
b e w h e n in so lu t ion , t h e y c a u s e a v e r y la rge res i l ient e f f e c t . T h e 
m o l e c u l a r we igh t of t he s a m p l e tes ted is t h o u g h t t o be a b o u t 2 0 0 , 0 0 0 
w h i c h f a c t a lone m a y a c c o u n t fo r t he l a rge e f f e c t o b s e r v e d . Mater ia l 
No . 4, P o l y s t y r e n e so lu t ion , s h o w e d an app rec i ab l e res i l ient ¿e f fec t . 
T h e t i m e c o n s t a n t of its r ecove ry , h o w e v e r , w a s cons ide rab ly s t io r te r 
t h a n t h a t of o t h e r f l u i d s w i t h a b o u t t he s a m e a m o u n t of res i l ience. 
Moreove r , it a p p e a r e d t o be m o r e n e a r l y e x p o n e n t i a l t h a n a n y o t h e r 
ma te r i a l i nves t iga ted . 
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T h e l o n g c h a i n m o l e c u l e s and t h e e m u l s i o n s a c c o u n t f o r all of 
t he res i l ient e f f e c t s obse rved , w i t h t he s ingle e x c e p t i o n of a s o l u t i o n of 
G . E. C a b l e C o m p o u n d ( S o l u t i o n No. 7 ) . G . E. C a b l e C o m p o u n d 
a p p e a r s t o be a r e f i n e d a spha l t . O n l y a smal l e f f e c t w a s f o u n d f o r a 
so lu t ion w i t h a viscosi ty of a b o u t 2 0 Poises , qu i t e a d i f f e r e n t o r d e r 
c o m p a r e d t o t h e so lu t i ons of long cha in mo lecu le s . 

A m o n g all t he s u b s t a n c e s inves t iga t ed , t he e m u l s i o n s w e r e t h e 
o n l y o n e s to s h o w a n y yie ld s t r eng ths , and t h e s e yield s t r e n g t h s w e r e 
q u i t e smal l . T h e e m u l s i o n s also s h o w e d v e r y app rec i ab l e res i l ient 
e f f ec t s . T h u s t h e y shou ld real ly be c lassed as w e a k plast ics, r a t h e r 
t h a n as f lu ids , e v e n t h o u g h all of t he c o n s t i t u e n t s of t he e m u l s i o n s 
are t h e m s e l v e s l iquids . T h e resi l ient e f f ec t p r o b a b l y res ides in t he 
s u r f a c e t e n s i o n s of t he smal l g lobu les . T h e s u d d e n s h e a r i n g i m p u l s e 
m u s t d i s to r t t he s p h e r e s in to sphe ro ids , a f t e r w h i c h t he s u r f a c e t en -
s ion r e s t o r e s t h e m t o t he spher ica l f o r m , t h e r e b y c a u s i n g t he over -
s h o o t in t he record . 

W i t h t h e possible e x c e p t i o n s of t he emu l s ions , n o n e of t h e f l u i d s 
inves t iga ted are w h a t m i g h t be called t h i x o t r o p i c . As ide f r o m the 
t r a n s i e n t res i l ient e f f ec t s , the i r v iscosi t ies a re i n f l u e n c e d ne i t he r b y 
t he d u r a t i o n of an appl ied s h e a r n o r b y t he pas t rheologica l h i s to ry of 
t h e f lu ids . R a t h e r t h e y shou ld be descr ibed as n o n - N e w t o n i a n . 

HYPOTHESES CONCERNING TRANSIENT RESILIENCE. 
S o m e l o n g c h a i n m o l e c u l e s a re s u p p o s e d t o b e k i n k e d wh i l e 

o t h e r s a re s t r a igh t . T h e k i n k e d m o l e c u l e s a r e p r o b a b l y m o r e c a p -
able of s t r e t c h i n g t h a n t he s t r a igh t ones . O n t h e o t h e r h a n d , b o t h 
k i n d s are n o d o u b t la tera l ly qu i t e f l ex ib le . Fig. Vl l s h o w s a s s u m e d 
s t ress-s t ra in d i a g r a m s fo r t h e s e cha ins . It is a s s u m e d tha t t he mole -
cu les a r e m u c h m o r e eas i ly c o m p r e s s e d t h a n s t r e t ched . T h e l o n g 
c h a i n m o l e c u l e s f o r m an elast ic s t r u c t u r e w h e n in so lu t ion . T h e 
s t r u c t u r e , h o w e v e r , is c o n t i n u o u s l y r e a r r a n g i n g itself b e c a u s e of 
t h e r m a l m o t i o n , w h i c h fac t c an a c c o u n t f o r t h e ze ro yield s t r e n g t h . 
W h e n a smal l a m p l i t u d e i m p u l s e of shea r is app l ied t o such a f lu id , 
t he s t r u c t u r e s e e m s to yield w i t h o u t m u c h a l t e ra t ion of t he s t r u c t u r a l 
c o n f i g u r a t i o n , o t h e r t h a n a t e m p o r a r y d i s to r t ion . O n the o t h e r h a n d , 
w h e n a la rge a m p l i t u d e i m p u l s e of s h e a r is appl ied , t h e s t r u c t u r e is 
c o m p l e t e l y d i s r u p t e d a n d m a n y of t h e cha in m o l e c u l e s a re c r u m p l e d . 
T h e c r u m p l e d chains , b e i n g w e a k in r e s to r ing fo rce , s lowly r e s u m e 
u n s t r e s s e d shapes . T h i s f a c t c an a c c o u n t f o r t h e p r e v i o u s l y m a d e 
o b s e r v a t i o n t h a t t he la rger t h e a m p l i t u d e of t h e appl ied impu l se , t h e 
l o n g e r t he r e c o v e r y t ime . T h e non - l i nea r s t ress -s t ra in r e l a t ion w o u l d 
a c c o u n t f o r t he n o n - e x p o n e n t i a l r e c o v e r y f o r t he ind iv idua l cha ins . 
T h e overa l l e f f ec t of t he l a rge i m p u l s e m a y be cons ide red t o be a 
w h o l e s p e c t r u m of n o n - e x p o n e n t i a l e l e m e n t s , w i t h t he s p e c t r u m it-
self a f u n c t i o n of the a m p l i t u d e of t h e app l ied i m p u l s e . 
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T a b l e 1. 
Approx. 

Item Solvent Viscosity Resilient 
No. Material Poises Effect 
1 Vistanex Polyiso Pseudo cumene 0.15 None 

butylene 
" " 0.25 Trace 
" " 1 Large 
" " 16 Very Large 
" " 1 Trace 

2 Lucite Methyl Dichlor 1 Very Large 
Methacrylate Benzene Polymer 

3 N-Propyi Methacrylate 1 Small 
Polymer 4 Polystryene Pseudo cumene 1 Appreciable 

5 Vinyl Acetate 1 Small 
6 Rubber Cement Diluted with 1 Large 

Diamyl Benzene 
7 G. E. Cable Com- Pseudo Cumene 1 None pound " " 20 Small 
8 Glyptal Alkyd Resin Pseudo Cumene 0.3 None 
9 Linseed Oil Boiled None 

10 LePages Mucilage Water 1 None 
11 Glucose Water 1 None Emulsions 
12 Dairy Cream Appreciable 
13 Petrol Agar diluted with water 
14 Glucose, Water, soap, 

and Mirerai Oil 

Remarks Approx. m.w. 
80,000 

Approx. m.w. 
20 ,000 
Approx. m.w. 
200,000 

All of these e m u l s i o n s shewed a slight yield strength 
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