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In  th e  O ctober 1927 i s s u e  o f "E n g in e e rin g  N ews-Record, E a rle  B. 

N o r r is ,  Dean o f E n g in ee rin g  o f M ontana S ta t e  C o llege  p re s e n te d  h is  ern- 

p i r i c a l  e q u a tio n  f o r  p l a s t i c  flow  o f s t e e l  w hich had t e e n  c o ld  worked.

I t  i s
—t- O. 2.' I p r '  X T

—o o I %

in  w hich T i s  th e  t e n s i l  s t r e n g th ,  x i s  th e  p e rce n tag e  d e c re a se  in  d i -  

am eter and S i s  t r u e  s t r e s s .  As shown in  F ig u re  3 w hich  accom panies h is  

a r t i c l e ,  t h i s  c u rv e , when p lo t te d  fo r  v a r io u s  s t e e l s ,  fo llo w s  v ery  c lo s e ly  

th e  s t r e s s - s t r a i n  cu rv e  p lo t te d  from ex p erim en ta l o b se rv a tio n s  du rin g  

th e  c o ld  w orkings o f th e  same s t e e l s .  U ndoubtedly t h i s  i s  v ery  c lo s e  to  

a g e n e ra l one w hich  would f i t  a l l  c a s e s ,  b u t  q u o tin g  Dean N o r r is ,  "From 

my e m p ir ic a l e q u a tio n  i t  would appear t h a t  r e s i s ta n c e  t o  p l a s t i c  flow  

i s  com bination  o f a lo g a rth m ic  or e x p o te n t ia l  fu n c tio n  and a l in e a r  

fu n c t io n  o f d e fo rm a tio n  th e  form er p red o m in a tin g  up to  th e  u l t im a te  te n ­

s i l  s t r e n g th ,  as o r d in a r i ly  d e te rm in e d , w h ile  th e  l i n e a r  fu n c t io n  ta k e s  

c o n tro l  a t  h ig h e r  t r u e  s t r e s s e s .

I n  t h i s  w ork, an a tte m p t was made to  d e r iv e  an e q u a tio n  from assump­

t i o n s  as  t o  th e  n a tu re  o f  th e  r e l a t io n s h ip  betw een s t r e s s e s  and s t r a i n s ,  

i n  th e  hopes t h a t  a c o m p ara tiv e ly  s im p le  fu n c t io n  m igh t be found which 

would f i t  th e  e x p e rim en ta l d a ta .  S te e l  T -  9 .1  was th e  s p e c i f i c  specim en 

from w hich d a ta ,  as t a b u la te d ,  was ta k e n ] F ig u re  I i s  a  cu rv e  oi t r u e  

s t r e s s  from t  i s  ex p erim en ta l d a ta .

Assuming t b r t  H ooke's law h o ld , th e  e lo n g a tio n  per u n i t  le n g th  i s  

p ro p o r t io n a l  t o  th e  fo r c e  on u n i t  a r e a .  L e t t in g  , I ^ , and d^ be th e  

o r ig in a l  a r e a ,  le n g th ,  and d iam ete r r e s p e c t iv e ly  and ., I ,  and d th e  

a r e a ,  le n g th ,  and d ia m ete r r e s p e c t iv e ly  th e n

-Ai _ = V lE-1 to
a  a . f  I .
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8600 .200 43000 0 Y.P. '

7400 .196 37740 1.07 .0206 ■ 1,850,000

9600 .192 50110 ■ 2.1 .0417 2,400,000

11400 .188 60648 3 vlS. .0639 2,850,000

12400 .183 67704 . 4» 4:2 .094 2,480,000

12900 .179 72240 5.48 .1123 3,225,000

13100 .175 74670 6.55 .1429 3,275,000

13200 .170 77616 7.93 »1765 2,640,000

13300 .164 81130 9)50)
)U lt .

.2195 2,216,660

13300 .156 85386 11.7 ) 
)

15.3

.282 1,662,500

13100 .143 91700 .3986 1,007,000

12500 .128 97500 20.0 .5645 830,000

11600 .108 107416 26.5 .852 580,000

10100 .080 126250 36.8 1.500 360,070
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w here ex i s  th e  t o t a l  e lo n g a tio n . When e i s  th e  e lo n g a tio n  per u n i t

le n g th  and x i s  th e  p e rc e n ta g e  d e c re a se  i n  d iam ete r

(2 )cL,

By Hooke’ s law

K Tr

-  I (3 J

1— - I = - K V *%6 -

F ig u re  2 , th e  cu rve  p lo t t e d  from  e q u a tio n  (4 ) in d ic a te s  a  p a ra b o la  r e ­

v o lv in g  ab o u t th e  y  a x is  and no t conform ing  to  c o n d it io n s  a s  th e y  

a c tu a l ly  e x is te d  as  w ere p lo t te d  in  F ig u re  I .

The d e f in in g  e q u a tio n  o f Y oung 's modulus E, i s

k  e
Cs")

and now i t  i s  assum ed t h a t  E i s  a  c o n s ta n t .  From p re v io u s  n o ta t io n s ,

V  A »T ,
CU

e  = Vr  C i t- e ) 1
A , ( 7 )

Then

J e
A (. i -v e  >

* A,
o n

From e q u a tio n  (2 )

/ - A

( i - v e ) I

—2 i

and
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S u b s t i t u t in g  th e  v a lu e s  of' eq u a tio n s  (9 ) and (10) in  e q u a tio n  ( 8 ) ,  i t  

i s

A x  -  - ^ r\ - x  1= A .
Qiol J

S in ce  A i s  - th e  o r ig in a l  a r e a ,  M ,  may be ex p re ssed  as  K, a  c o n s ta n t .  

I n te g r a t in g  (10) i t  i s

C l - * ) *  -*■ c  =

or

%%-X% -

F ig u re  3 i s  th e  cu rv e  p lo t t e d  from  e q u a tio n  (10^ b u t a g a in  t h i s  does 

n o t conform  t o  F ig u re  I .

U sing e q u a tio n  ( 5 ) ,  th e  modulus was c a lc u la te d  a t  each  su c c e s s iv e  

s ta g e  o f e lo n g a tio n  f o r  s e v e ra l  specim ens of- s t e e l .  F ig u re  4 shows th e  

cu rv es  p lo t t e d ,  u s in g  th e  modulus a s  o rd in a te  and a re a  a s  a b s c is s a ;  i n  

each  c a se  i t  was n o ted  t h a t  th e  modulus o f maximum v a lu e  was a t ta in e d  

b e fo re  th e  specim en re a c h e d  th e  u l t im a te  t e n s i l  s t r e n g th .

Assuming E to  be a fu n c t io n  o f e , a  cu rve  was p lo t t e d  fo r  th e  T -  9 .1  

s t e e l  ( F ig u r e '5 )  w here E was a g a in  th e  o rd in a te ,  and th e  e lo n g a tio n  e , 

th e  a b s c is s a .  S e le c t in g  th r e e  w id e ly  s e p a ra te d  p o in ts  ( e —- . 02; e— .14 ; 

e= o56) an  a tte m p t was made to  d e r iv e  a  cu b ic  e q u a tio n  w hich  would s a t i s ­

fy  a l l  p o in ts  on th e  cu rv e  and th u s  acc o u n t f o r  th e  change w hich o ccu rred  

i n  E a c c o rd in g  to  e q u a tio n  ( 5 ) ;  t h i s  was n o t accom plished . A q u a r t ic  

was th e  .co n sid e red  u s in g  th e  same th r e e  p o in ts  a n d  th e  s lo p e s  a t  e=.Q2 ■ 

and e - .1 4 jfro m  e q u a tio n  (5 )

1 - 5 -
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Assume

and

Then.

th a t

e,  -
T  Ĉ tx-V- e X ( n )

A,  I ,

E e  , d e, d. v" C V. +  e  
A 1X 1

11 a )

jT (S1) - e , C * a )

= a . ^ a ,e. +  a ^ e . 3+ a , e , "  f ' 4 )

f i e , D £_a. e, + a , e * +a* e - + a e . 4  + a  u
Cib')

E q u a tio n  (15) was so lv ed  and  th e  v a lu e s  o f  th e  c o n s ta n ts  c a lc u la te d  

f o r  th e  T -  9 .1  s t e e l ,  h u t th e  q u a r t ic  d id  n o t s a t i s f y  th e  p o in ts  o f

th e  cu rv e  w hich showed th e  v a r i a t i o n  in  E.

C o n s id e rin g  th e  e x p e rim en ta l d a ta  in  hand i t  was n o t found p o s s ib le  

t o  d e r iv e  a  sim p le  e q u a tio n , b ased  on th e  above assu m p tio n s, w hich would 

s a t i s f y  th e  a c tu a l  o b s e rv a tio n s  as  w e ll as  d id  th e  e q u a tio n  c o n t r ib u t -  

ed by Dean N o r r is .
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