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ABSTRACT:

This i s  an in v e s t ig a t io n  on t e n s i l e  t e s t in g  

d e a lin g  w ith  th e  s e r io u s  weakening e f f e c t  which occu rs 

a t  e le v a te d  tem p era tu re s  and which i s  on ly  r e a l iz e d  when 

th e  m eta l i s  s t r e s s e d  fo r  a p ro longed  period*  The ex ten sio n  

o f  th e  m etal in  th e se  p ro longed  t e s t s  has been d es ig n a ted  

«Creep'* o r  "Flow". The r a te  a t  which th e  m etal ex tends may 

be s c a rc e ly  d e te c ta b le  b u t i f  i t  p e r s i s t s ,  i t  w i l l  u ltim a te ly  

cause f a i lu r e *  The s t r e s s ,  i f  any, a t  which t h i s  creep 

ceases  i s  known as th e  "Creep L im it S tre ss"*  The most 

d i r e c t  methods fo r  e s tim a tin g  t h i s  s t r e s s  a re  very  te d io u s  

and an e f f o r t  has been made to  m a te r ia l ly  sh o rten  the t e s t .

A c o n s id e ra tio n  o f ev idence g iven  by v a r io u s  in v e s t ig a to r s ,  

le a d s  to  c e r ta in  d e f in i t e  co n c lu s io n s , and from th e se  i s  de: 

rv ised  a development o f  th e  "P ro g ress iv e  S tre s s  Test" which 

reduces th e  tim e to  determ ine th e  l im i t  s t r e s s  to  about a 

f o r tn ig h t .  C e rta in  p ro longed  t e s t s  on w ires  a t  normal 

tem peratu re , supply f u r th e r  evidence o f  t h i s  tim e e ffe c t*

They a ls o  show th a t  th e re  are  on ly  two phases o f  c reep . An 

" I n i t i a l  Creep" which r e p re s e n ts  th e  g rad u a l s t a b i l i s i n g  of 

c o n d itio n s  w ith in  th e  m e ta l, i f  th e  f i n a l  c o n d itio n  i s  

p e r f e c t  s t a b i l i t y  th e  creep  ce a se s , g iv in g  th e  creep  l im i t ;  

bu t i f  th e  f i n a l  c o n d itio n  i s  i n s t a b i l i t y ,  th e  second phase 

"F in a l Creep" commences, t h i s  p roducing  con tinued  red u c tio n  

in  c ro ss  s e c t io n a l  a re a  t i l l  f a i l u r e  ta k e s  p lace*  The creep 

l im i t  s t r e s s  i s  no t y e t  an e s ta b l is h e d  f a c t ,  b u t in  p ra c t ic e  

th e  accep tance o f  a  r e s t r i c t e d  l i f e  p ro v id es  a working l im it  

s tre s s *



THE PROPERTIES OF METALS.

A STUDY OF THE INFLUENCE OF TIME EFFECTS ON 

THE TENSILE STRENGTH AT HIGH TEMPERATURES.

INTRODUCTION: -

Of re c e n t y e a rs  th e re  has been co n s id e rab le  

en g in ee rin g  developm ent, p a r t i c u la r ly  so in  the  g en e ra tio n  

o f  power and in  v a r io u s  chem ical p ro c e s se s . Advances in  

th e se  f i e l d s  have le d  to  th e  use o f  a l l  s t r u c tu r a l  m a te r ia ls  

under in c re a s in g ly  severe c o n d itio n s , and p o s s ib le  p ro g re ss : 

: io n  h as  been h in d e red  by the  la c k  o f  s u f f i c ie n t ly  robust 

m a te r ia l .  P o ss ib ly  the  f a c to r  m it ig a t in g  most a g a in s t the 

d e s ire d  p ro g re ss io n  has been th a t  o f  tem p era tu re . The 

steam tu rb in e  d e s ig n e r  in  h i s  s t r iv in g  fo r  b e t t e r  e f f ic ie n c ie s  

has pushed working p re s su re s  and tem p era tu res  h ig h e r and 

h ig h e r , and has s im u ltan eo u sly  tak en  h is  m a te r ia ls  problems 

in to  a new and d i f f i c u l t  zone. The ra p id  p ro g re ss  in  

chem ical en g in ee rin g  has c re a te d  a demand fo r  p la n t to  

w ith s tan d  very  severe tem p era tu res  and p re s s u re s , sometimes 

such, th a t  only the  acceptance o f a l im ite d  l i f e  fo r  the  

a r t i c l e  p ro v id es  a  s a t i s f a c to r y  s o lu t io n  o f  th e  d i f f i c u l t y .

The e f f e c t  o f tem pera tu re  on th e  d i r e c t  t e n s i le  

s tre n g th  i s  very  w ell known, the m etal g e n e ra lly  m ain ta ins 

i t s  normal s tre n g th  up to  some tem peratu re c h a r a c te r i s t ic  o f 

i t s  c la s s ,  above t h i s  tem perature th e re  i s  a  f a i r l y  rap id  

decrease  in  s tre n g th , w ith  in c re a s in g  tem p era tu re , t i l l  the  

m etal has no u se fu l r e s is ta n c e  rem ain ing . These s tre n g th -  

tem peratu re  v a lu es  a re  sim ply o b ta in ed , th e  m a te r ia l ,  when 

in  th e  te s t in g —machine, i s  h ea ted  to  th e  d e s ire d  tem perature 

and broken a f t e r  the  u su a l fa sh io n . This method has now 

been in  vogue fo r  many years and i s  m erely a normal t e s t  

w ith  the  refinem ent o f  be ing  made a t  a  h igh  tem pera tu re .
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Since i t  was developed from th e  co ld  t e s t  where th e  r a te  

o f  t e s t i n g  had p r a c t i c a l ly  no s ig n if ic a n c e  so no heed was 

tak en  o f  the  f a c to r  tim e in  th e se  t e s t s .  This tim e f a c to r  

h as p robab ly  been s e t  a s id e  as  i t  was troublesom e, a ls o ,  a s  

a q u ick ly  conducted t e s t  showed the  m a te r ia l  in  a favourab le 

l i g h t .

Time e f f e c t s  have been observed by d i f f e r e n t  

in v e s t ig a to r s  in  th e  l a s t  t h i r t y  y e a rs  o r more, bu t i t  has 

on ly  been In  th e  l a s t  seven o r e ig h t y ea rs  th a t  they  have 

been e s p e c ia l ly  in v e s t ig a te d ,  and w ith  such e f f e c t  th a t  i t  

i s  c l e a r ly  ev id en t th a t  the  time f a c to r  cannot be n eg lec ted  

in  h ig h  tem peratu re  m a te r ia ls  t e s t in g  o r  in  p la n t  d es ig n .

The obvious e f f e c t s  o f  tim e are  sim ple and e a s i ly  

g rasp ed . A s t r e s s  which a h ea ted  m etal m ight su rv ive when 

te s te d  in  the  u su a l fa sh io n  might cause i t  to  ru p tu re  i f  i t  

were a p p lie d  f o r  a s u f f i c ie n t  tim e . Again, a t  some high  

tem p era tu re , some s t r e s s  w i l l  cause f r a c tu r e  in  say a  f ra c tio n  

o f  a second and as th e  s t r e s s  i s  reduced th e  tim e to  f ra c tu re  

le n g th e n s , t i l l  the  tim e re q u ire d  w i l l  u l t im a te ly  be measured 

in  y e a rs .  I t  may be observed th a t  s t r e s s  and tem perature 

a re  in te rc h a n g e a b le , an in c re a se  in  tem peratu re having the 

same e f f e c t  as an in c re a se  in  s t r e s s  and v ice  v e rsa .

The f a i lu r e  o f the  m etal w ith  tim e i s  ap p aren tly  due 

to  a "Creep" o r  "Flow" which o cc u rs . The main creep 

phenomenon i s  th a t  some s t r e s s  and tem pera tu re  w il l  produce 

a  continuous s t r e tc h in g  in  a m a te r ia l ,  t h i s  u ltim a te ly  

causing  f r a c tu r e .  For any d e f in i t e  tem peratu re i t  i s  

observed th a t  d i f f e r e n t  s t r e s s e s  produce d i f f e r e n t  continuous 

creep r a t e s ,  th e  r a te  d im in ish in g  as th e  s t r e s s  i s  reduced, 

g e n e ra lly  a t  some s t r e s s  the  creep  ap p a ren tly  c e ase s . I t  i s  

t h i s  c e s s a tio n  o f creep  which has g iven  r i s e  to  the  id ea  of 

a Creep L im it S tre s s ,  th a t  i s ,  the  s t r e s s  a t  which th e re  i s
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no oontlnuouB c ree p .

Flow i s  somewhat analogous to  f a t ig u e ,  the 

le n g th  o f  l i f e  in  each case in c re a s in g  as th e  s e v e r i ty  o f 

th e  c o n d itio n s  a re  reduced . As in  d es ig n in g  s t r u c tu re s  

su b je c te d  to  f a t ig u e  a c tio n s  so in  th e  h igh  tem peratu re  

s t r e s s  ran g es , i t  i s  u se fu l to  have l im i t in g  v a lu es  to  work 

t o .  The id e a l  l im i t  i s  one which p ro v id es  f o r  i n f i n i t e  l i f e ,  

b u t s in c e  t h i s  i s  n o t g e n e ra lly  re q u ire d , and in  some cases 

i s  ren d ered  im possib le  by o th e r  f a c to r s ,  i t  i s  convenient to 

r a i s e  th e  l im i t  v a lu e s  and accep t a r e s t r i c t e d  l i f e .  A 

knowledge o f th e  change o f  the  average creep  r a te  w ith  change 

in  s t r e s s  o r  tem pera tu re  w i l l  th en  p rov ide a  v a r ie ty  o f  l i f e  

c o n tin g e n c ie s .

S everal methods have been employed fo r  prolonged 

h l ^  tem pera tu re  t e n s i l e  t e s t s  , the  combined r e s u l t s  o f 

which re v e a l th e  s im p lic i ty  o f  th e  creep  r e s u l t s  and the 

com plexity  o f th e  c reep  p ro c e s s . No one in v e s t ig a to r  has 

covered th e  com plete f i e l d ,  bu t a survey o f th e  v a rio u s  

r e s u l t s ,  and a ls o ,  o f some o f th e  c r i t i c is m s  o f th ese  r e s u l ts  

and th e  methods o f o b ta in in g  them, su p p lie s  th e  main fe a tu re  

of th e  creep  p ro c e s s . From the  review  a s p e c ia l  method of 

making h igh  tem peratu re  t e n s i l e  t e s t s  has been dev ised  so 

th a t  th e  creep l im i t  fo r  any tem peratu re  may be e s tim a ted  

a f t e r  about a f o r t n i g h t ’s t e s t ,  and w ith  th e  expend itu re  of 

one t e s t  specim en. This method i s  a development o f  the 

P ro g ress iv e  S tre s s  T est and the  fo llow ing  i s  an account o f 

t h i s  development worked up on a s e r ie s  o f  m e ta ls  both 

fe r ro u s  and n o n -fe rro u s .

DIRECT STRENGTH-TEMPERATÜRS RELATION

The o rd in a ry  s tre s s - te m p e ra tu re  t e s t in g  has 

prov ided  fa m il ia r  d a ta , g e n e ra lly  g iven  in  ctirve form as in  

F i g . ( l ) .  The same c h a r a c te r i s t ic s  are  shown by a l l  th e  m etals
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co n s id e red . There i s  a  r e te n t io n  o f normal s tre n g th  

from normal tem pera tu re  up to  some c r i t i c a l  tem p era tu re , 

beyond which th e  s tr e n g th  d im in ish es  ra p id ly  w ith  in c re a se  

o f te m p era tu re , th e  m a te r ia l  hav ing  u l t im a te ly  no u se fu l 

s tr e n g th  rem ain in g . The t e s t  method employed to  o b ta in  

th e se  cu rves i s  very  sim p le . The te s t - p ie o e  i s  p laced  in  

an o rd in a ry  t e s t i n g  machine and h ea ted  by some means, 

g e n e ra lly  by an e l e c t r i c  fu rn a c e . On th e  d e s ire d  tem perature 

being  a t ta in e d  th e  t e s t  i s  proceeded w ith  as  u s u a l.

Such t e s t s  occupy l i t t l e  tim e in  a c tu a l ly  break ing  

th e  m e ta l, th e  b reak in g  tim e ran g in g  from a few seconds to  

about one hour depending on th e  te s t in g  machine and the  

in fo rm a tio n  d e s ire d . I f  th e  r a te s o f  lo ad in g  were dim inished 

i t  would be found th a t  th e  s tre n g th  v a lu es  o b ta in ed  would also 

d im in ish , so th a t  th e  curves in  F i g . ( l )  would re q u ire  to  be 

sheared  down in  o rd e r  to  show s tre n g th  v a lu es  which would 

r e s u l t  i n  pro longed l i f e .

PROLONGED TESTS; -

I t  i s  only  re c e n tly  th a t  th e  v i t a l  im portance o f 

th e  tim e f a c to r  has been r e a l iz e d ,  b u t tim e e f f e c t s  have 

been observed in  e a r l i e r  experim en ta l work bo th  a t  normal 

and h ig h  te m p era tu re s .

In  1899, P ro f .  M uir, in  h i s  paper “Recovery o f Iron 

from O v e rs tra in " , d e sc rib e d  a  tim e e f f e c t  and made re fe ren ce  

to  forw ard and backward c ree p in g . He w ro te , “Iro n  s tr a in e d  

beyond th e  y ie ld  when su b jec te d  to  a  sm all s t r e s s  w i l l  

e lo n g a te  more than  i t  would i f  in  th e  p r im it iv e  s ta te  and a 

s l ig h t  continued  e lo n g a tio n  -  a  “Creeping" -» may occur 

a f t e r  th e  load  has been a p p lie d . I f  t h i s  lo ad  be withdrawn 

a q u ite  ap p rec iab le  perm anent, o r  semi—perm anent, s e t  w i l l  

be found to  have been produced; a s e t  which d im in ishes 

s l i g h t ly  smd, i f  sm a ll, may van ish  prov ided  tim e be allow ed 

fo r  backward creep in g  to  take e f f e c t . "  ( l ) .
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D escrib in g  e l a s t i c  l im i t  t e s t s  in  1905, Hopkinson 

re p o r te d  forw ard and backward c reep in g , e s p e c ia l ly  a t  h igh  

tem p era tu res  where th e  e l a s t i c  l im i t  i s  very  low (2 ) ,

Some long  d u ra tio n  t e s t s  on w ires  were d esc rib ed  

by P ro f . B arr in  1910, (3 ) , some o f  th e  t e s t s  being  made a t  

normal tem peratu re  on s t e e l .  Two extrem e t e s t s  shew th a t  

w ith  a lo ad in g  r a te  h igh  enough to  cause f r a c tu r e  in  one 

m inute th e  u ltim a te  s t r e s s  was 21 to n s / in ^ . ,  and where the  

lo ad in g  pro longed th e  t e s t  f o r  tw enty-tw o hou rs the  u ltim a te  

s t r e s s  was 19 t o n s / in ^ . ,  about 90J& o f the qu ick  t e s t  v a lu e .

In  an in v e s t ig a t io n  on th e  defo rm ation  o f s o f t  

s t e e l  a t  h igh  te m p era tu re s , Rosenhain and Humfrey, 1913, 

observed th a t  as  th e  s t r a in in g  r a te  was reduced the  breaking  

s tre n g th  was lowered* (4 )*

Prof# P . Ohevenard (5 ) was th e  f i r s t  o f th e  moderns 

to  study  the  tim e e f f e c t ,  h i s  main o b je c t b e in g  to  c la s s i fy  

c e r ta in  s te e l s  acco rd in g  to  t h e i r  /  a t  e lev a ted

tem p era tu re s . The t e s t in g  tim es were very  sh o r t  being  o f a 

few hours d u ra tio n  o n ly , bu t the  ex ten s io n  r e s u l t s  are  very 

d i s t i n c t i v e .  The e x ten s io n  o r  creep  curves he o b ta in ed  are 

s im ila r  to  those in  F ig . 2 . They show a ra p id  i n i t i a l  

e x ten s io n  which g ra d u a lly  slows and u l t im a te ly  s e t t l e s  down 

to  an ap p a re n tly  s tead y  r a t e .  Ohevenard measured th ese  

f in a l  c reep  r a te s  and p lo t t e d  them w ith  th e  corresponding  

tem peratu re  as in  F ig . 3# These curves c le a r ly  in d ic a te ,  

by t h e i r  approach to  th e  a x is  o f zero creep  r a t e ,  a  s e r ie s  of 

s tre s s - te m p e ra tu re  v a lu es  which w i l l  n o t produce continuous 

c reep . The accuracy o f  th e se  t e s t s  riso enhanced as th e  

number and d u ra tio n  o f  th e  t e s t s  in  th e  reg io n  o f no con tins 

2U0U8 creep  a re  in c re a se d . The curves a lso  i l l u s t r a t e  th a t

N ote: Numbers in  p a re n th e s is  r e f e r  to  th e  b ib lio g ra p h y .
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a sm all tem pera tu re  in c re a se  has a more s e r io u s  e f f e c t  

th an  a la rg e  s t r e s s  in c re a s e .

Ohevenard»s method was employed by P ro f .  F ,0 .

Lea (6) whose t e s t s  were perform ed in  a s tan d ard  t e s t in g  

machine u sin g  an ex tensom eter s im ila r  to  M arten 's  M irror 

E xtensom eter. He made very  a c c u ra te  e x ten s io n  measurements 

and c a r r ie d  h i s  t e s t s  fo r  lo n g e r p e r io d s  th an  Ohevenard.

Lea te s te d  w ith  c o n s ta n t tem pera tu re  and v a ry in g  s t r e s s .

H is cu rves show f e a tu re s  s im ila r  to  th o se  o f  Ohevenard, a 

p e r io d  o f  i n i t i a l  flow  o r creep  m erging in to  a steady  creep 

r a te  above th e  l im i t  s t r e s s  and g iv in g  no con tinuous creep 

below th e  l im i t  s t r e s s .  F ig . 10. Lea p lo t te d  the  continuous 

creep  r a t e s  a g a in s t s t r e s s  and took  th e  s t r e s s  a t  th e  

in te r s e c t io n  o f th e  curve w ith  th e  a x is  o f zero creep  r a te  as 

th e  l im i t  s t r e s s .  This l im i t  s t r e s s  he term ed the  

Temperature V isc o s ity  S tr e s s .

The most d i r e c t  ex p erim en ta l in v e s t ig a t io n  a t  high 

tem p era tu res  was o r ig in a l ly  perform ed in  1922 by Dickenson

(7)# Using a sim ple le v e r  machine he s t r e s s e d  a l l  h is  

t e s t  specim ens a t  8 .5  to n s / in ^ . ,  and h ea ted  them over a 

range o f  from ^00 to  700 Deg. C en tig rad e . The te s t in g  

procedure c o n s is te d  in  m a in ta in in g  the  tem pera tu re  co n stan t 

and n o tin g  the  ex ten s io n  p ro g re s s . The ex te n s io n s  gave 

curves o f  which th o se  in  F ig . 4 a re  ty p ic a l .  The temperature-* 

tim e r e s u l t s  a re  i l l u s t r a t e d  by F ig . 5, which in d ic a te s  a long: 

: e r  l i f e  as th e  tem pera tu re  i s  reduced . The shape o f th e  

curves su g g ests  a l im i t in g  tem peratu re  g iv in g  i n f i n i t e  l i f e  

o r a s u f f i c ie n t ly  long  one to  s u i t  p r a c t i c a l  i^ u ire m e n ts .

In  th e  case o f the  Nickel-Chromium a l lo y  D ickenson e s tim a te s  

a  l i f e  o f about 10 y e a rs  a t  1060 Deg. Fah.

The r e s u l t s  g iven  by Dickdnson do n o t e s ta b l i s h  the 

e x is te n c e  o f a  creep  l im i t  below which no con tinuous creep  

may o ccu r, bu t the  t e s t s  w i l l  determ ine s t r e s s  and tem perature
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v a lu es  to  g ive a s u f f i c i e n t ly  long  and sa fe  l i f e  to  a 

s tru c tu re *  This t e s t  method i s  n e c e s s a r i ly  very  slow, 

h u t i t  p o sse sse s  th e  advantage o f  supp ly ing  very  accu ra te  

stres8**tem perature v a lu e s  s u i ta b le  fo r  des ig n  purposes*

In  th e  very  com prehensive work perform ed a t  th e  

N atio n a l P h y s ic a l L aborato ry  by T ap se ll and h i s  c o lla b o ra to rs

(8 ) .  The method o r ig in a te d  by Dickèneon was adopted , th e  

tem pera tu re  being  kep t co n s tan t and the  s t r e s s  v a r ie d  fo r  

each creep  l im i t  d e te rm in a tio n . They e s tim a ted  th e  creep  

l im i t  by Ohevenard»s method, p lo t t in g  th e  average steady  

creep  r a t e s ,  measured from th e i r  ex ten s io n  cu rv es , w ith  th e  

corresponding  s t r e s s ;  th e  in c id en ce  o f t h i s  curve w ith  th e  

a x is  o f  zero creep  r a te  g iv in g  a  measure o f th e  creep  lim it*  

In fo rm ation  on e lo n g a tio n  i s  a lso  g iven  by French 

and Tucker in  a p aper p u b lish ed  in  1925 (9)* They follow ed 

D ickènson 's  method w ith  c o n s ta n t tem peratu re  and v ary ing  

s tre s s *  T heir method o f m easuring ex ten s io n s  was unique 

in  th a t  they  observed the  changes in  le n g th  o f  the  t e s t -  

p ieoe w ith  a m easuring te le sc o p e  s ig h te d  through a window 

in  the  fu rnace  w all* T heir e lo n g a tio n -tim e  cu rv es , f ig *  6, 

show th re e  s e c tio n s  which were term ed — I n i t i a l  Flow, 

Secondary Flow, and F in a l Flow* French and Tucker estim a ted  

th e  l im i t  s t r e s s e s  from th e se  curves a f t e r  th e  fa sh io n  

employed by T apsell*  They named t h i s  s t r e s s  th e  **No Flow*, 

in  th e  second p e r io d , s t r e s s ;  t h i s  s t r e s s  g iv in g  long l i f e  

w ith  defo rm ation , t h i s  defo rm ation  being  measured by the 

i n i t i a l  flow* In  t h e i r  p u b lish ed  r e s u l t s ,  French and Tucker 

on ly  g ive i n i t i a l  flow  v a lu es  tak en  above th e  l im i t  s t r e s s  

80 th a t  th e  amount o f  i n i t i a l  flow  a t  t h i s  s t r e s s  must be 

estim ated*  I t  may be taken  as be ing  o f  th e  o rd e r  o f  one 

p e r cent* and the  tim e to  produce t h i s  amount o f  flow  i s  

l e s s  th an  a  day*
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A te s t in g  p rocedure  touched on by Dickénson 

and e x te n s iv e ly  used  by In g a l l  i s  the  P ro g ress iv e  

Temperature method (1 0 ). The s t r e s s e d  te s t - p ie o e  i s  h ea ted  

a t  a c o n s ta n t r a te  t i l l  f r a c tu r e  o cc u rs , th e  tem peratu re  a t  

f r a c tu r e  being  tak en  as th e  l im i t  te m p era tu re . D icktnson 

used on ly  one h e a tin g  r a te  and e v id e n tly  abandoned the  

method in  favour o f  h i s  o th e r  t e s t  method, th e  l im i t  

tem p era tu res  shown by th e  h e a tin g  t e s t s  b e in g  co n s id e rab ly  

h ig h e r  th an  th o se  o b ta in e d  o therw ise*

In g a l l  *s re s e a rc h e s , however, were very  ex tensive*  

He te s te d  a v a r ie ty  o f  pure m e ta ls  and s o l id  s o lu t io n s ,  and 

used th re e  h e a tin g  r a t e s ,  and th e  tim e e f f e c t  was n o tic e a b ly  

ev id en t in  t h a t ,  as th e  h e a tin g  r a t e  was reduced  th e  break ing  

tem peratu re  was a lso  reduced*

A very  sim ple p ro g re ss iv e  t e s t  was d ev ised  by 

Brown, who m ain ta ined  th e  tem pera tu re  c o n s ta n t w h ile  in c re a s : 

î in g  th e  s t r e s s  in  s te p s  o f  one to n /in ^ * /d a y  t i l l  f r a c tu re  

o ccu rred , th e  b reak in g  s t r e s s  b e in g  tak en  as  th e  l im i t  s t r e s s ,  

(11) .

That tim e had an e f f e c t  was r e a l iz e d  from the 

outcome o f some t e s t s  on c a s t  i ro n  a t  h igh  te m p era tu res , 

made by Prof* M ellahby in  th e  Royal T echnical O ollege, some : 

:tim e d u rin g  th e  l a t e  war* One te s t - p ie o e  showed a c e r ta in  

s tre n g th  w ith  th e  o rd in a ry  t e s t ,  bu t a  second one which had 

been kep t a t  th e  t e s t  tem peratu re  o v e rn ig h t, showed a 

re d u c tio n  in  s tren g th *  Brown co n s id ered  th a t  i f  such a 

prolonged tem peratu re  trea tm en t w ith  no lo ad  would so a f f e c t  

th e  m a te r ia l  as to  weaken i t ,  th en  i f  a  s t r e s s  were ap p lied  

du ring  the  therm al tre a tm e n t, th e  m a te r ia l  m ight be more 

s e r io u s ly  a ffec ted *  This method o f  combining th e  a p p lic a tio n  

o f s t r e s s  and tem peratu re  over a  time in te r v a l  was a lso  

reco g n ised  as being  more tru e  to  working co n d itio n s  th an  was
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th e  o rd in a ry  sh o rt tim e t e s t .

In  o rd e r  to  make p ro longed  t e s t s  a s p e c ia l 

machine was c o n s tru c te d  as in  Fig* 7* The machine i s  very  

compact, th e  sp rin g  form ing a n ea t method o f lo a d in g , and i s  

very  e a s i ly  c o n tro l le d  by means o f th e  screw and handwheel* 

The com pression o f  th e  sp r in g  i s  a measure o f  th e  ap p lied  

load* The te s t - p ie o e  i s  c a r r ie d  between screwed s t r a in in g  

ro d s , the  ends o f  th e  rods being  ce n tred  on b a l l s  a t  the  

f ix e d  and s t r a in in g  cross-heads*  A xial a p p l ic a t io n  o f th e  

lo ad  i s  in  t h i s  way ensured* The s t r a in in g  rods run between 

s id e  b u f fe rs  (not shown) which p rev en t the fu rn ace  tube 

being  damaged when th e  te s t - p ie o e  f ra c tu re s *  The fu rnace 

i s  c o n s tru c te d  from a s i l i c a  g la s s  tu b e , 8 in ch es  long  by 

2 in ch es d iam ete r, wound over a  le n g th  o f  6 in ch es w ith  

michrorne w ire , the  w ire  being  bound w ith  a s b e s to s  rope and 

th e  whole in s u la te d  in  th e  c o n ta in e r  by means o f  a sb es to s  

wool and k iese lg u h r*  The h e a tin g  c u rre n t i s  ta k en  a t  2$0 

v o lts* , from th e  town supply through an  a d ju s ta b le  lamp 

re s is ta n c e *  The t e s t  specim ents made in  one o f  two d iam eters 

0.252  and 0*206 in c h e s , a re  made to  th e  s ta n d a rd  dim ensions 

o f  Fig* 8.

^  R9Q.
Parallel
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The o r ig in a l  p ro longed  t e s t s  were made on c a s t 

iron* The f i r s t  te s t - p ie o e  was m ain ta ined  a t  a co n s tan t 

s t r e s s  and tem pera tu re  fo r  about a f o r tn ig h t  and no th ing  

happened* The s t r e s s  was in c re a se d  and l e f t  f o r  an o th er 

p e rio d ; w ith  ag a in , no r e s u l t .  The s t r e s s  was in c re a se d  a t 

v a rio u s  in te r v a ls  t i l l  th e  i ro n  f a i l e d .  Brown decided  th a t  

to  g e t anywhere some d e f in i t e  t e s t  method was e s s e n t i a l  and 

he f ix e d  on co n s ta n t tem pera tu re  w ith  s t r e s s  in c re a s in g  a t  

th e  r a te  o f one to n / in ^ ./d a y  to  f r a c tu r e .  In  t h i s  way he 

te s te d  a s e r ie s  o f  c a s t  iro n s  and proceeded w ith , a  h igh  

t e n s i l e  b ra s s ,  phosphor b ronze , Monel m e ta l, c a s t  aluminium 

and A dm iralty  G un-m etal. The au th o r had th e  p le a su re  o f 

a s s i s t i n g  w ith  the  t e s t s  on Monel m etal and A dm iralty Gun- 

m e ta l. The r e s u l t s  supply o rd in a ry  qu ick  b reak  v a lu es  

along w ith  the  l im i t  o r  p ro longed  t e s t  v a lu e s . Brown's 

curves f o r  A dm iralty Gun-metal a re  g iven  in  Fig* 9; th e se  

show d ec id ed ly  the  marked a r t i f i c i a l  s tr e n g th  which th e  

o rd in a ry  quick t e s t s  give* The slow b reak  curves supply 

a t r u e r  re p re s e n ta t io n  o f th e  m a te r ia l’s behav iour under 

working c o n d itio n s .

00H8IDERATI0N OF THE VARIOUS TEST METHODS:-

The p io n eer work o f  Ohevenard and Lea g iv es  c e r ta in  

co n c lu sio n s and su p p lie s  e x te n s io n  d a ta  which i s  no t 

in c lu d ed  in  the  reco rd s  o f  long  d u ra tio n  te s ts *  As has 

a lre ad y  been d e sc r ib e d , t h e i r  ex te n s io n  curves show two 

p h ases , th e  f i r s t  o f  a few hours d u ra tio n , d u rin g  which the  

ex ten s io n  r a te  p ro g re s s iv e ly  d ec re a se s  t i l l  i t  assumes a 

f i n a l  s teady  r a te  -  t h i s  be ing  th e  second p h ase . The 

ex ten s io n  r a te  cu rv es , d e riv e d  from th e se  s tead y  flow s, show 

th a t  f o r  reasonab le  accuracy in  th e  l im i t  e s t im a tio n , i t  i s  

d e s ira b le  to  o b ta in  r a te  v a lu es  in  th e  v ic in i ty  o f  z e ro . .
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The d i r e c t  method o f making p ro longed  t e s t s  

by m a in ta in in g  th e  s t r e s s  and tem pera tu re  co n s tan t may 

be term ed th e  “A bso lu te” method. This method i s  s im ila r  

to  th e  f a t ig u e  t e s t i n g  method and th e  c l a s s i c  examples 

g iven  by Dickdnson i l l u s t r a t e  th a t  th e  r e s u l t s  c lo se ly  

resem ble those  o b ta in e d  from fa t ig u e  t e s t s ,  p a r t i c u la r ly  

in  th a t  th e  s t r e s s  o r  tem p era tu re -tim e  cu rves i s  

hyjperbolic in  form, th e  s t r e s s  o r  tem pera tu re  asym ptote 

su g g estin g  a  l i m i t .

The p o s i t io n  à i  t h i s  l im i t  in d ic a t in g  asym ptote 

i s  d i f f i c u l t  to  a s c e r ta in  and th e  more ac cu ra te  the  

d e s ire d  r e s u l t ,  th e  more tim e abso rb in g  th e  t e s t  becomes. 

This t e s t in g  tim e h as  been m a te r ia l ly  sho rtened  by 

app ly ing  Ohevenard*s creep  r a te  method to  th e  ex ten sio n 

tim e curves o b ta in ed  from the  a b so lu te  t e s t s .

When a  m e ta l, h ea ted  to  some e le v a te d  tem peratu re , 

i s  s t r e s s e d  above th e  creep  l im i t  th re e  d i f f e r e n t  ty p es  of 

flow  a re  observed . The “I n i t i a l  Flow” commences w ith  a 

h igh  r a t e ,  g ra d u a lly  slow ing to  a minimum r a t e .  This 

i n i t i a l  flow in d ic a te s  a p e rio d  o f u n s ta b le  eq u ilib r iu m , 

th e  m etal i n i t i a l l y  ex tend ing  a t  a  g r e a te r  r a te  th an  At 

can reco v e r o r  hard en , t h i s  harden ing  e f f e c t  becoming 

g rad u a lly  more pronounced and u l t im a te ly  th e  recovery  

r a te  b a lan ces  the  e x ten s io n  r a t e .  %hen t h i s  ba lance  i s  

s tru c k  the m a te r ia l e lo n g a te s  f a i r l y  un ifo rm ly  g iv in g  the  

“Secondary Flow” . This flow  cannot be a b s o lu te ly  uniform  

as  re d u c tio n  in  c ro s s - s e c t io n a l  a re a  w i l l  accompany 

e lo n g a tio n  and so th e  s t r e s s  w i l l  in c re a se  and a c c e le ra te  

the  flow  r a t e .  The flow th en  p roceeds to  th e  second 

u n s ta b le  co n d itio n , th a t  o f  “F in a l Flow", where th e  

re d u c tio n  o f s e c tio n  becomes ra p id ly  more e f f e c t iv e ,  the  

f i n a l  ex ten sio n s  be in g  o f  a  lo c a l  c h a ra c te r .  With id e a l  

co n d itio n s  o f o b se rv a tio n  th e re  would be no evidence o f
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th e  s tead y  flow in  th e  second p e r io d , s in ce  th e re  can he 

no s tead y  flow as th e  con tinued  ex ten s io n  w i l l  c a rry  on 

th e  s t r e s s  in c re a s e , and th e  i n i t i a l  flow w i l l  merge in to  

th e  f i n a l  flow  w ith  no in te rm e d ia te  s te p  -  th e  ex te n s io n 

tim e curve w i l l  show a p o in t  o f  in f le x io n .  These ex ten s io n  

phenomenon a re  on ly  shown i f  th e  m etal i s  s t r e s s e d  

s u f f i c i e n t ly ,  i f  th e  s t r e s s  he low i t  may on ly  produce 

i n i t i a l  flow , the  e x te n s io n  th en  c e a s in g . The d e te rm in a tio n  

o f  th e  a c tu a l  s t r e s s  a t  which th e  creep  ap p a re n tly  ceases 

i s  heS t made hy Ohevenard*s method; t h i s  was done hy 

French and Tucker and hy the  N a tio n a l P h y s ic a l L aboratory  

w orkers. Taking th e  average flow  r a te  in  th e  second p e rio d , 

o r  a t  th e  p o in t o f in f le x io n ,  and p lo t t in g  w ith  s t r e s s  

o r  tem pera tu re  th e  l im i t  i s  much more r e a d i ly  e s tim a ted  

th an  hy th e  h y p e rb o lic  method.

A s e r ie s  o f  ex te n s io n -tim e  curves f o r  a l im i t  

e s tim a tio n  a re  o f s im ila r  form, h u t show c e r t a in  d is t in c t io n s  

fo r  d i f f e r e n t  tem p era tu res  o r s t r e s s e s .  Below th e  l im i t  

co n d itio n s  th e  p e r io d  o f i n i t i a l  flow  i s  v ery  s h o r t ,  

g e n e ra lly  o f a few hours d u ra tio n  o n ly ; t h i s  i s  most re a d ily  

seen in  Lea*s curves F ig . 10. In  th e  re g io n  o f  the  l im i t  

t h i s  flow  ex tends fo r  about a  day. F ig . 6, hu t above the  

l im i t  co n d itio n s  th e  p e rio d  ex tends and i n i t i a l  flow  

p e r s i s t s  fo r  days. This p ro lo n g a tio n  o f th e  i n i t i a l  flow  

p erio d  ren d ers  very  d i f f i c u l t  and te d io u s  th e  e s tim a tio n  

a t  th e  l im i t  from t e s t s  perform ed above the  l im i t  s t r e s s .  

This a r i s e s  from th e  f a c t  th a t  i f  th e  i n i t i a l  flow  p e r s i s t s  

f o r  more than  a day i t  i s  very  easy  to  p lo t  th e  ex ten s io n  

tim e curve so th a t  the  f in a l  p o r tio n  o f  th e  i n i t i a l  flow 

stage  appears as a s t r a ig h t  l i n e ,  and i f  t h i s  i s  done th e  

l im i t  may he a r t i f i c i a l l y  r a is e d .  To p rev en t t h i s ,  th e  

t e s t s  must he so pro longed as to  ensure th a t  the  p e r io d  o f

i n i t i a l  flow i s  s a fe ly  passed  b e fo re  d e term in in g  creep
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r a te  v a lu e s .
/

In  t h e i r  p u b lish ed  r e p o r t  French and Tucker 

in c lu d e  a com posite d iagram , which i s  reproduced in  F ig .

11. I t  shows th e  U ltim ate  S tre n g th , Creep L im it S tre s s ,  

and L im it o f P ro p o r t io n a l i ty  S tr e s s .  These curves d iv id e  

th e  s tre s s - te m p e ra tu re  f i e l d  in to  th re e  d i s t i n c t  zones.

The f i r s t ,  under th e  p ro p o r tio n a l l im i t  curve covers the  

range o f e l a s t i c  d efo rm atio n , c o n d itio n s  in  th i s  zone 

producing no permanent defo rm ation  in  the  m e ta l. The 

second, between th e  p ro p o r tio n a l  l im i t  and th e  creep  l im i t  

s t r e s s  curves in d ic a te s  a zone o f  i n i t i a l  flow . This 

flow , however, c e a s e s ,a s  th e  c o n d itio n s  a re  below the  

creep  l im i t  c o n d itio n s . T his second reg io n  was d es ig n a ted  

by French and Tucker as the  f i e l d  where the  m etal r e ta in e d  

th e  " A b ili ty  to  S tra in  H arden". The a b i l i t y  o f  the 

m a te r ia l to  s t r a i n  harden  i s  due to  th e  w e ll known work 

hardening  phenomenon, whereby th e  deform ation  o f a m etal 

r e s u l t s  in  a s tren g th en in g  o f th e  s t r u c tu r e .  S tra in  

harden ing  i s  an a f t e r  e f f e c t  from d efo rm atio n , w ith in  

l im i t s  the  s t r a in  h ard en in g  in c re a s e s  w ith  d efo rm ation ; a t  

the same tim e i t  i s  governed to  some e x te n t th e rm a lly , 

s t r a in  harden ing  being  n o n -e x is te n t above a c e r ta in  

an n ea lin g  tem p era tu re . The c o n t ro l l in g  f a c to r s ,  deform ation  

and tem pera tu re  a re  p o rtra y ed  in  th e  d iagram . The a b i l i t y  

to  s t r a i n  harden i s  co n s id e rab le  a t  normal tem pera tu re  and 

g ra d u a lly  d im in ishes to  zero a t  about 800 Deg. F ah ., in  

t h i s  case th e  an n ea lin g  tem p era tu re . Above t h i s  tem p era tu re , 

s in ce  s t r a i n  harden ing  i s  absen t and n o n - e la s t ic  deform ation  

would s p e l l  continuous creep  and f a i lu r e  th e  creep  l im i t  

s t r e s s  co in c id es w ith  the l im i t  o f  p r o p o r t io n a l i ty ,  th e  

l im i t  o f  e l a s t i c  d i s t o r t i o n .  The c reep  l im i t  s t r e s s  i s  

the  upper l im i t  o f  tem porary c reep . Whenever th e  s t r e s s
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i s  in c re a se d  in to  th e  t h i r d  re g io n , th e  i n i t i a l  flow 

in s te a d  o f  ceasin g  p roceeds to  th e  f i n a l  flow  and the  

m etal u lt im a te ly  f a i l s .  This t h i r d  zone m ight he named 

the  "Time F acto r" a r e a .  The more th e  s t r e s s  exceeds th e  

creep l im i t  s t r e s s  th e  s h o r te r  th e  l i f e  o f  th e  m a te r ia l  

becomes, t i l l  i t  i s  th e  m a tte r  o f  a  few seconds when the  

s t r e s s  i s  the  normal u ltim a te  s t r e s s .  From a knowledge 

o f the  f i n a l  e lo n g a tio n  and th e  average flow  r a te  th e  l i f e  

fo r  a p a r t i c u la r  s t r e s s  and tem peratu re  may be e s tim a te d . 

E x p ec ta tio n s  o f l i f e  o f  from months to  y e a rs  may be 

determ ined  and th e  co rrespond ing  l in e s  p lo t t e d  in  th i s
(6)

th i r d  re g io n . Such curves are  g iven  by T ap se ll and B radley ,*

The p ro g re ss iv e  h e a tin g  method employed by In g a ll  

i s  very  in te r e s t in g  and i l l u s t r a t e s  th e  t im e -e f fe c t  very  

e x p l i c i t l y .  I t  has the  s e r io u s  drawback, in  t h a t ,  as 

p ra c t ic e d  by I n g a l l ,  th e  l im i t  tem pera tu re  found i s  much 

above th a t  observed by th e  ab so lu te  method. The fo llo w in g  

reaso n in g  w il l  make th i s  c l e a r .  C onsidering  creep  in  r e :  

: l a t io n  to  the  r a te  o f h e a tin g , as th e  tem pera tu re  i s  

r a is e d  the s t r e s s  tem pera tu re  c o n d itio n  w i l l  reach  th e  

creep  l im i t  value which i f  m ain ta ined  would u l t im a te ly  

cause f a i l u r e .  But, in  th e  h e a tin g  t e s t  th e  c o n d itio n s  do 

no t rem ain c o n s ta n t,  the  tem peratu re  i s  s te a d i ly  r a is e d  

and a t  the  same tim e the  creep  r a te  a lso  r i s e s ,  th e  t e s t  

assuming the form o f  a race  in  which the  tem pera tu re  proceeds 

s te a d i ly  w ith  the  creep  r a te  fo llo w in g  on doing  i t s  u tm ost. 

The h ig h e r  the  h e a tin g  r a t e  th e  h ig h e r  the  tem p era tu re  

a t ta in e d  b efo re  f r a c tu r e  and v ic e  v e rs a .

An i l l u s t r a t i o n  may be tak en  from Dickdnson*s 

ex ten s io n  curves F ig . 4* One p ie c e  broke a f t e r  about 100 

hours a t  1 ,155 Deg. Fah. which i s  about 180 Deg. F ah ., in  

excess o f  th e  l im i t  tem p era tu re . -Tnlring Tngnl l ' n  lowe s t
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heat in g  r a te  -as 5 Peg»- 3Tah«  ̂ -whiok lo  -abe t t t - l êO- Dog# Fah . , 

in  ejEoeea o f th e  l im i t  t empejgybiige-> Taking In g a l l  • s 

low est h e a tin g  r a te  as 5 Deg. Fah. p e r  m inute, h i s  t e s t  

would p ass  from th e  l im i t  c o n d itio n s  to  1 ,155 Deg. F a h ., 

in  h a l f  an hour, so th a t  th e  tem pera tu re  had about 100 

hours to  spare b e fo re  th e  creep  could  cause f a i l u r e .  This 

tim e m argin i s ,  o f co u rse , ra p id ly  reduced as  th e  tem perature 

r i s e s ,  bu t th e  tem p era tu re  must advance co n s id e rab ly  beyond 

1,155 Deg. F ah ., b e fo re  f a i lu r e  o ccu rs , so th a t  t h i s  

p a r t i c u la r  r e s u l t  would show a r e s u l t  a t  l e a s t  200 Deg.

F ah ., on the  wrong s id e .

This manner o f  t e s t in g  m ight prove more s a t is f a c to ry  

i f  th e  tem peratu re  were p ro g re s s iv e ly  in c re a se d  say in  

d a i ly  increm en ts, ex tensom eter measurements be ing  made to  

measure the  creep  e f f e c t s  due to  th e  p e r io d s  a t  co n s tan t 

tem pera tu re .

In  s e v e ra l o f the  d is c u s s io n s  on th e  v a rio u s  

papers and a r t i c l e s  on creep  th e  method o f p lo t t in g  r e s u l t s  

lo g a r ith m ic a lly  has been r a is e d .  Foremost in  th e  

advocation  o f t h i s  method has been B ailey  (12) who has 

analysed  many r e s u l t s  and has a r r iv e d  a t  some very  i n t e r e s t  ng 

co n c lu s io n s . The g en e ra l co n c lu sio n  which B a iley  draws 

i s  th a t  th e re  i s  no c reep  l i m i t .  He c i t e s  Dick&nson*s 

r e s u l t s  where i f  th e  tem pera tu re  i s  p lo t te d  w ith  the  

lo g a rith m  o f the tim e the r e s u l t  i s  a s t r a ig h t  l i n e ,  t h i s  

meaning, o f co u rse , th a t  th e re  can be no c reep  l im i t .

F ig . 12. L ogarithm ic p lo t t in g ,  however, la b o u rs  under the 

same d i s a b i l i t y  as do o th e r  m ethods, in  t h a t ,  they  rep re se n t 

f a c t s  w ith in  the  range they  p o r tra y  b u t beyond th a t  th ey  can 

show n o th in g . Any experim en ta l p lo t t in g  i s  l im ite d  to  the  

d a ta  a v a ila b le  and, in  t h i s  c a se , th e re  i s  none to  show th a t
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D ickenson 's  s t r a ig h t  l in e s  con tinue  so in d e f in i t e ly .

I t  i s  in te r e s t i n g  to  compare th e se  r e s u l t s  

w ith  th e  correspond ing  f a t ig u e  t e s t  r e s u l t s  which they  

60 c lo s e ly  resem ble . About f a t ig u e ,  th e re  was a  s im ila r  

doubt as to  th e  e x is te n c e  o f a  l i m i t ,  normal p lo t t in g  o f 

the  r e s u l t s  suggested  a hyperbo la  w ith  a l im i t  asym ptote, 

w hile lo g a rith m ic  p lo t t in g  sa id  th e re  was no l im i t .  In  

1910, a f t e r  a c a re fu l  in v e s t ig a t io n  o f e x is t in g  f a t ig u e  

d a ta , Basquin (13 ) suggested  th a t  a f a tig u e  l im i t  might 

e x i s t .  More re c e n t work by Moore & Kommers (14) and o thers 

on a b a s is  o f 10^ r e v e r s a ls  has shown th a t  th e re  i s  a 

l im i t  in d ic a t in g  d is c o n t in u i ty  in  th e  lo g a rith m ic  curve.

B ailey  a ls o  ap p lied  lo g a rith m ic  p lo t t in g  to  

ex ten sio n  r e s u l t s ,  an example being  shown in  F ig . 13$ where 

he has used French and T u ck er's  r e s u l t s  and p lo t te d  the  

logarithm  o f the creep  r a te  in  th e  second p e rio d  w ith  the 

corresponding  s t r e s s .  He was aga in  rewarded w ith  more 

s t r a ig h t  l i n e s ,  th e  n a tu ra l  co n c lu sio n  being  th a t  flow  i s  

unceasing . I f  we assume th a t  th e re  i s  no creep  l im i t  and 

th a t  lo g a rith m ic  p lo t t in g  i s  p ro p h e tic  th en  we may 

e x tra p o la te  th e se  l i n e s  and f in d  th a t  a t  zero  s t r e s s  t h i s  

s t e e l  would creep  o r flow  a t  r a te s  o f the  o rd e r  o f 10“ ^ 

and 10~9 inches p e r hour a t  810 and 36O Deg. F a h ., r e s p e c t:  

l iv e ly .  Such a r e s u l t  i s  q u ite  in  o rd e r in  so f a r  as  i t  

shows th a t  a t  a d e f in i t e  s t r e s s  th e  creep  r a te  d ec rease s  

w ith  decrease  in  tem p era tu re , b u t even a t  m oderately  h igh  

tem pera tu res to  have flow w ith  no s t r e s s  p roducing  i t  i s  

absu rd . The th i r d  curve in  th e  diagram  may a s s i s t  in  

ex p la in in g  m a tte rs . This cu rve , f o r  1,100 Deg. F a h ., shows 

a decided  f la t t e n in g  to  some s t r e s s  v a lu e , su g g estin g  a 

l im i t .  That we g e t an ev id en t su g g estio n  o f  a l im i t  a t

a h igh tem pera tu re , le a d s  us to  th e  co n c lu sio n  th a t  a t
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lower tem p era tu res , g iv in g  more s ta b le  c o n d itio n s  in  

the  m e ta l, the  o th e r  curves w i l l  u l t im a te ly  f l a t t e n  

o u t a l s o .  These th re e  cu rves o f  F ig . 13, i l l u s t r a t e  an 

in te r e s t in g  e f f e c t  o f  tem pera tu re  on creep  r a t e .  The 

h ig h e r th e  tem pera tu re  the  more marked i s  th e  d i s t in c t io n  

between c e s s a tio n  o f  creep  a t  the  l im i t  and continuance 

above th e  l i m i t .  As th e  tem pera tu re  i s  reduced the  i n i t i a l  

flow above th e  l im i t  becomes more pro longed  and im m ediately 

above th e  l im i t  i t  must be p r a c t i c a l ly  in d is t in g u is h a b le  

from continuous flow . So w ith  lo g a rith m ic  p lo t t in g  the  

l im i t  in d ic a t in g  d is c o n t in u i ty  occu rs a t  h ig h e r  creep  r a te s  

fo r  h igh  tem p era tu res  th a n  fo r  low te m p era tu re s . To reach  

th i s  d is c o n t in u i ty  a t  low tem p era tu res  th e  t e s t in g  tim es 

would re q u ire  to  be co n s id e rab ly  ex tended . In  th e  case o f 

some t e s t s  on copper w ires  a t  normal tem p era tu re , w ith  a 

s t r e s s  o f  11.56  to n s / in .^  producing  a creep r a te  o f the 

order o f  O.OOOO7 cm ./hour, a f t e r  7 ,000 hours th e  m etal i s  

s t i l l  in  th e  i n i t i a l  flow  s ta g e , t h i s  s t r e s s  i s  very  

c lose  to  th e  l im i t  s t r e s s  i f  i t  i s  no t th e  a c tu a l  l im i t  

s t r e s s .

The e s s e n t i a l  co n c lu sio n s from t h i s  c o n s id e ra tio n  

may be s h o r tly  summed up. The ab so lu te  method forms a 

lo g ic a l  and s tra ig h tfo rw a rd  t e s t ,  b u t i t  i s  very  la b o r io u s . 

The tim e involved may be sh o rten ed  and th e  accuracy  

probab ly  Unimpaired by combining w ith  i t  O hevenard 's 

ex ten sio n  r a te  method. In  c e r ta in  r e s p e c ts  th e  lo g a rith m ic  

in v e s t ig a t io n  o f th e  a v a ila b le  ev idence o a s ts  some doubt 

on th e  id ea  o f a c ree p  l im i t  s t r e s s ,  bu t in  o th e rs ,  i t  

le ad s  to  the  b e l ie f  th a t  th e re  may be a creep  l im i t  s t r e s s .  

The problem may be d e f in i t e ly  so lved  a t  some d a te , which 

must needs be in  th e  d is t a n t  f u tu r e ;  bu t no m a tte r  th e  

outcome, the p re se n t day creep l im i t  s t r e s s e s ,  i f  used 

d is c r e e t ly ,  w i l l  be found em inently  s a t i s f a c to r y .
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PROGRESSIVE STHBS3 METHOD:^

The p ro g re ss iv e  s t r e s s  method has a lre ad y  been 

d e sc r ib e d , b u t s in c e  i t  forms th e  b a s ic  t e s t  in  th e  

experim ents to  be d e s c r ib e d , i t  w i l l  now be co n sid ered  in  

d e ta il*
In  th e  o r ig in a l  t e s t s  d e sc rib ed  by Brown, a 

s e r ie s  o f  b r i t t l e  m e ta ls  were t e s t e d ,  th e se  com prising o as t 

iro n s  and se v e ra l n o n -fe rro u s  a l lo y s  which a re  d u c t i le  a t  

low tem p era tu res , b u t e x h ib it  b r i t t l e n e s s  a t  h ig h e r  

tem p era tu res .

Brown's concep tion  o f h i s  t e s t  was, i f  a m etal 

would s u s ta in  a s t r e s s  and tem pera tu re  fo r  tw en ty -fo u r 

hours i t  would rem ain in d i f f e r e n t  in d e f in i t e l y .  This 

conclusion  was deduced from some o f the  i n i t i a l  experim ents 

when a o as t i ro n  w ith sto o d  a s e r ie s  o f  in c re a s in g  s t r e s s e s  

fo r  co n sid erab le  p e r io d s . The c a s t  iro n  showed l i t t l e  o r no 

e lo n g a tio n  so i t  was co nsidered  unnecessary  to  employ an 

extensO m eter. U ltim a te ly  th e  sea rch  fo r  th e  l im i t  s t r e s s  

was reduced to  the sim ple method o f su b je c tin g  the  m etal 

under t e s t  to  d a i ly  s t r e s s  advances, the r a t e  o f in c re a se  

being  g e n e ra lly  tak en  as 1 to n / in . - / d a y .  The s t r e s s  

im m ediately p reced in g  f r a c tu r e  was co n s id ered  the  l im i t  

s t r e s s .

This method may be q u ite  le g i t im a te  w ith  b r i t t l e  

m a te r ia l  which shows p r a c t i c a l ly  no d i s t o r t i o n ,  b u t i t  i s  

open to  q u es tio n  when d u c t i le  m e ta ls  a re  under t e s t .  Under 

c e r ta in  co n d itio n s  a  d u c t i le  m etal might creep  fo r  days 

b efo re  f r a c tu r in g ,  and , in  such a case when t e s t in g  by the 

p ro g re ss iv e  method the  s t r e s s  would have been in c re a se d  

beyond th e  l im i t  va lue  b efo re  th e  creep  had advanced 

s u f f i c ie n t ly  to  cause f ra c tu re *

Since th e  p re se n t re se a rc h  was to  be perform ed 

mainly on s te e l s ,  th e  au th o r dec ided  th a t  ex ten s io n  m easure: 

.ment8 were e s s e n t ia l  i f  r e l i a b le  r e s u l t s  were to  be
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obtained* The s im p les t means o f  o b ta in in g  ex ten s io n  

reco rd s  was to  measure th e  d isp lacem en t Of th e  s t r a in in g  

crosshead  r e l a t iv e  to  the  f ix e d  frame o f th e  machine, th e  

crosshead  moving upwards as the  te s t - p ie c e  elongated*

The f i r s t  measurements were tak en  w ith  an "Unique 

Test In d ic a to r" ,  read in g  from zero to  f i f t e e n  thousand ths 

o f an in c h . The in d ic a to r  was clamped r ig id ly  to  th e  

machine frame w ith  i t s  moving head touch ing  th e  un d ersid e  

o f th e  s t r a in in g  c ro ssh ead , the  p o in te r  showed th e  r e l a t iv e  

m otion. This arrangem ent was very  crude and the  in d ic a to r  

re q u ire d  fre q u en t r e s e t t in g ,  b u t i t  was used th roughout a 

p ro g re ss iv e  t e s t  and served  to  show th a t  th e re  was a 

d e f in i t e  ex ten s io n  p ro c e s s . In  th e  subsequent t e s t s  an 

"Ames M icrometer D ial"  F ig . 14 was s u b s t i tu te d  fo r  th e  

t e s t  in d ic a to r .  The m icrom eter d i a l  read s  in  thousand ths 

of an inch  w ith  a  range o f  th re e  te n th s  o f  an in ch ; t h i s  

range was found to  be s u f f i c ie n t  f o r  a com plete t e s t .

To fo llow  th e  e x ten s io n  p ro cess  in  th e  p ro g re ss iv e  

s t r e s s  t e s t  the  creep  evidence a lre ad y  d isc u sse d  must be 

co n s id ered . I t  has been shown th a t  in  the  range from 

the  l im i t  o f p ro p o r t io n a l i ty  to  the  creep  l im i t  s t r e s s  th e re  

i s  only  one creep  -  i n i t i a l  o r tem porary -  t h i s  creep  e x i s t s  

fo r  a tim e and u l t im a te ly  c e a se s . When th e  creep  l im i t  

s t r e s s  i s  exceeded, t h i s  tem porary creep  s t i l l  o ccu rs bu t 

in s te a d  o f ceasin g  i t  p asses  o f f  in to  continuous c reep .

Since th e  p ro g re ss iv e  s t r e s s  t e s t  p fbceeds in  

s ta g e s  o f tw en ty -fo u r h o u rs , the  d u ra tio n  o f th e se  creep  

e f f e c t s  a re  im p o rtan t. An exam ination  o f v a r io u s  ex ten s io n  

curves su p p lie s  th e se  d u ra t io n s . In  g e n e ra l, in  a s e t  o f 

ex ten sio n  cu rves, as the  v a r ia b le  f a c to r ,  s t r e s s  o r 

tem pera tu re , i s  reduced th e  d u ra tio n  o f  i n i t i a l  flow i s  a lso  

reduced, and t h i s  re d u c tio n  co n tin u es through th e  l im i t



0 £



-  20 «•

value* In  D ick en so n 's  and T ap se ll and B ra d le y 's  curves 

the  minimum i n i t i a l  flow  proceeds fo r  about tw en ty -fo u r 

h o u rs , so th a t  in  th e  range below th e  l im i t  i t  w i l l  e x i s t  

fo r  a s h o r te r  time* French and T u ck e r 's  cu rves show 

s im ila r  v a lu es  and in  some cases  th e  d u ra tio n  o f the  

i n i t i a l  flow i s  on ly  a few hours* L e a 's  cu rves show 

tem porary creep  as l a s t i n g  from e ig h t to  s ix te e n  hours* 

G en era lly , in  the  f i e l d  between the  l im i t  o f  p ro p o r t io n a l i ty  

and th e  creep  l im i t  s t r e s s  tem porary creep  o cc u rs , and i t s  

d u ra tio n  v a r ie s  w ith  th e  a p p lie d  s tre s s *  In  the  low er 

p o r tio n  o f th e  f i e l d  t h i s  c reep  i s  o f  a very  sh o rt d u ra tio n  

and p robab ly  even fo r  a sh o r t range above th e  creep  l im i t  

s t r e s s  (depending on th e  tem p era tu re) i t  does not exceed 

tw en ty -fo u r hours*

Applying to  th e  p ro g re ss iv e  s t r e s s  t e s t ,  employing 

d a i ly  s t r e s s  in c rem en ts , th e  f a c t  th a t  tem porary creep  

e x i s t s  f o r  l e s s  th an  a  day a t  s t r e s s e s  up to  th e  creep  

l im i t  s t r e s s ,  aach lo ad in g  produces an immediate e l a s t i c  

ex ten s io n  fo llow ed by a  tem porary creep  e x te n s io n , bo th  

th ese  ex ten s io n s  axe in c lu d ed  in  th e  d a i ly  e x te n s io n  

measurements* On p a ss in g  the  creep  l im i t  s t r e s s  th e se  two 

ex ten s io n s  s t i l l  o ccu r, bu t the i n i t i a l  flow  in s te a d  o f 

ceas in g , e i th e r  co n tin u es  o r  p asses  o f f  in to  continuous 

creep  depending on th e  e x is t in g  cond itions*  Such phenomena 

are  g raph ically^  p o r tra y e d  by the  s e t  o f  L e a 's  curves shown 

in  Fig* ^0* The p a r t i c u la r  f e a tu re s  observed a r e ,  below 

the  creep  l im i t  s t r e s s  th e  amount o f  tem porary c reep , o r 

permanent defo rm ation , in c re a se s  f a i r l y  s te a d i ly  w ith  

in c re a se  in  s t r e s s ,  and above th e  creep  l im i t  s t r e s s  the  

creep in c re ase  over each d a i ly  p e rio d  becomes p ro g re s s iv e ly  

g rea te r*

P lo t t in g  ex ten s io n s  from a p ro g re ss iv e  s t r e s s  t e s t  

w ith  e i th e r  s t r e s s  o r  tim e, the  two being  in te rc h a n g e a b le ,
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curves as  in  Fig* 15 a re  o b ta in e d . These commence w ith  

a very  f l a t  curve p a ss in g  th rough a sharp  curve to  a 

second f l a t  curve* The f i r s t  f l a t  p o r t io n  r e p re s e n ts th e  

zone o f i n i t i a l  flow  below th e  creep  l im i t  s t r e s s ,  w hile 

the  rem aining  p o r t io n s  re p re s e n t th e  flow above th e  creep  

l im i t  s t r e s s .  In  t h i s  curve th e  p o in t o f d ivergence 

re p re se n tin g  th e  creep  l im i t  s t r e s s  i s  no t c l e a r .  Lea*s 

curves show th a t  tem porary creep  in c re a s e s  f a i r l y  s te a d i ly  

w ith  in te n s i f i e d  s t r e s s ;  so th a t  co n s id e rin g  only  ex ten s io n  

in c re a s e s ,  a b e t t e r  id e a  o f  th e  p o s i t io n  o f th e  d ivergence 

correspond ing  to  th e  creep  l im i t  s t r e s s  w i l l  be o b ta in e d . 

This i s  done by ta k in g  e x te n s io n  d if fe re n c e s  from th e  

ex ten s io n  curves and r e p lo t t in g  on the  same b a se . The 

new d e r iv e d  curves F ig . 16, a r e  composed o f s t r a ig h t  l in e s  

p ass in g  o f f  in to  cu rv es . The s t r a ig h t  l in e  corresponds to  

the s tead y  in c re a s e s  o f  tem porary flow  and th e  curve 

corresponds to  con tinuous flow , th e  l im i t  o f  th e  s t r a ig h t  

l in e  in d ic a te s  the  c reep  l im i t  s t r e s s .

In  making th e se  t e s t s ,  the  tw en ty -fo u r hour 

p e rio d  i s  fo llow ed as f a r  as p o s s ib le  bu t each week-end 

th e re  i s  a  f o r ty - e ig h t  hour p e r io d . This in c re a se  in  tim e 

has no e f f e c t  as below th e  l im i t  c o n d itio n s  a l l  the  ex ten : 

:s io n  fo r  a  p a r t i c u la r  s t r e s s  i s  f in is h e d  in  l e s s  than  

tw en ty -fo u r h o u rs , and the  m etal rem ains dormant fo r  th e  

succeeding day. Above th e  creep  l im i t  s t r e s s ,  in c re a s in g  

the  tim e in te rv a l  in c re a s e s  th e  correspond ing  creep  

ex ten s io n , bu t t h i s  need no t be co nsidered  as  th e  ex ten sio n  

measurements taken  a f t e r  th e  l im i t  h as  been p assed , have 

n o th ing  w hatever to  do w ith  th e  creep  l im i t  e s tim a tio n .

I t  i s  ap p rec ia te d  th a t  th e re  a re  se v e ra l o b je c t :  

. io n s  to  th e  method o f m easuring ex ten s io n s  by the  Ames 

Gauge as used h e re ; t h i s  not be ing  done d i r e c t l y  on th e  

gauge le n g th . A ctua lly  th e  gauge reco rd s  changes in  le n g th
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both  o f th e  te s t - p ie o e  and o f th e  s t r a in in g  members o f 

the machine under th e  combined in f lu e n c e  o f  s t r e s s  and 

tem p era tu re . I t  a ls o  shows the  r e s u l t s  o f  b u ck lin g  in  

the  base p la te  and th e  s id e  ro d s .

To study  th e  e f f e c t  o f  th e  e x te n s io n  o f the  

s t r a in in g  rods and frame d i s t o r t i o n ,  th e  c lock  gauge was 

compared w ith  a Cambridge Extensom eter f i t t e d  d i r e c t ly  

on a t e s t - p i e c e .  The te s t - p ie c e  was loaded  to  th e  c a p a c ity  

o f  th e  machine th e  s t r e s s  induced being  below th a t  o f  th e  

l im i t  o f p r o p o r t io n a l i ty .  The ex ten s io n s  n o ted  a re  d e ta i l e d  

in  ta b le  No. 1 . F ig . 17, i s  th e  s t r e s s  e x te n s io n  curve 

fo r  th e  t e s t - p ie c e ,  th e  Young's Modulus o f  which was 3 2 .5  * 

10^ I b / in ^ .  Taking th e  s t r a in in g  rods to  have t h i s  

e l a s t i c i t y ,  t h e i r  e x te n s io n s  under th e  t e s t  lo ad in g  were 

determ ined , and reducing  the  t e s t - p ie c e ,  ex ten s io n s  to  a  

b a s is  o f  ex ten s io n  o f  a 3*5 iooh p a r a l l e l  le n g th , the  

a c tu a l  e r r o r  due to  frame d i s t o r t i o n  was found and p lo t t e d  

in  F ig . 18. This e r r o r  fo llo w s a s t r a ig h t  l i n e  law . This 

e r r o r  a l t e r s  th e  shape o f  th e  ex ten s io n -tim e  cu rv es , and 

a lso  th e  shape o f  th e  s t r a ig h t  p o r t io n  o f th e  d e riv e d  curve, 

b u t s in c e  th e  n ecessa ry  c o r re c t io n  wùuld be th e  s u b tra c t io n  

o f a  s t r a i ^ t  l i n e ,  th e  l im i t  e s tim a tio n  i s  no t a f f e c te d  i f  

t h i s  ad justm ent i s  no t made.

On making th e  d a i ly  s t r e s s  in c re a s e , the  gauge 

reco rd s  immediate ex te n s io n s  which a re  co n s tan t th roughout 

a t e s t .  This e l a s t i c  ex ten s io n  i s  made up o f  th e  e l a s t i c  

ex te n s io n  o f the t e s t - p ie c e ,  o f  th e  s t r a in in g  rods and o f 

the  frame d i s t o r t i o n .  This i s  ta b u la te d  in  the  t e s t  r e s u l t s  

as " S tre tc h  on Loading" Table No. 2 . I t  i s  a lso

included  in  th e " F in a l Gauge Reading" which i s  p lo t t e d  in  th e  

e x te n s io n -s tr e s s  increm ent cu rv es , b u t as has been shown i t  

does no t a f f e c t  th e  l im i t  e s tim a tio n .
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E rro rs  due to  tem pera tu re  f lu c tu a t io n  a re  more 

in s id io u s  th an  th o se  due to  s t r e s s  v a r ia t io n .  V a r ia tio n s  

in  tem peratu re  produce d i f f e r e n t  creep  r a te s  and t h i s  

e r ro r  i s  u n fo r tu n a te ly  v ery  d i f f i c u l t  to  a s s e s s .  The 

tem peratu re  v a r ie s  w ith  th e  mains v o lta g e  which f lu c tu a te s  

w ith  th e  C ity and th e  College lo a d , i t  reach es  a maximum and 

rem ains f a i r l y  c o n s tan t a t  t h i s  va lue  o v e rn ig h t, the  

co n d itio n s  e x is t in g  in  th e  morning being  th o se  which have 

been imposed on th e  m etal fo r  th e  m ajor p o r t io n  o f the  

com plete day . The occurrence o f  t h i s  c o n s ta n t p e r io d  h e lp s  

co n s id e rab ly  to  m inim ise t%e d e tr im e n ta l e f f e c t s  o f  

tem pera tu re  v a r ia t io n ,  the  se r io u s  f lu c tu a t io n s  only  accur 

a t  th e  beg inning  o f i n i t i a l  flow  and tend  to  reduce th e  

flow . The flow  r a te  comes to  i t s  p ro p er v a lue  w ith  th e  

in c re a se  o f  tem pera tu re  to  the  p ro p er t e s t  v a lue  and th e  

f in a l  s ta g e s  o f i n i t i a l  flow  occur under th e  c o r re c t  

c o n d itio n s . In  t h i s  way, a t  th e  l im i t  co n d itio n s  th e  flow  

w i l l  p a ss  on to  th e  continuous s tag e  a t  th e  c o r re c t  

tem p era tu re ; and f u r th e r ,  s in ce  below th e  creep  l im i t  

s t r e s s  th e  i n i t i a l  flow  stag e  o ccup ies l e s s  th an  tw en ty -fo u r 

h o u rs , th e  lo s s  o f ex te n s io n , due to  the  low i n i t i a l  flow  

r a te ,  w i l l  be made up w ith in  the  day when th e  tem pera tu re  

r i s e s  to  i t s  normal v a lu e .

Changes in  tem pera tu re  show them selves in  changes 

in  le n g th  o f the  te s t - p ie c e  and th e  h ea ted  members o f  th e  

t e s t in g  machine, th e se  v a r ia t io n s  being  read  on the  

m icrom eter d i a l .  This e f f e c t  may be c o rre c te d  by o b se rv in g  

gauge changes fo r  d e f in i t e  tem pera tu re  changes and app ly ing  

t h i s  to  c o rre c t fo r  f lu c tu a t io n s  on e i th e r  s id e  o f  th e  mean 

tem pera tu re . The average c o r re c t io n  i s  l / l  QOOOinch./Deg. 

Fah.* t h i s  a l t e r s  w ith  th e  tem p era tu re , as  th e  tem pera tu re  

i s  in c rease d  a g re a te r  le n g th  o f  th e  s t r a in in g  rods i s

su b jec ted  to  tem peratu re  In flu en ce  so th e  c o r re c t io n  w i l l
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be g re a te r  accord ing ly*

Table No. 2 shows th e  method o f  re co rd in g  th e

v ario u s  ex ten s io n s  and o th e r  o b se rv a tio n s  th roughout a 

p ro g re ss iv e  s t r e s s  t e s t ;  th e se  r e s u l t s  a re  from a t e s t  on 

b ra ss  a t  340 Deg. Fah. S tre s s  and tem p era tu re  a re  e n te re d  

in  co n ju n c tio n , th e  tem peratu re  being  taken  a t  the  end o f 

each tw enty fo u r h o u rs . The read in g s  are  a l l  made in  the  

morning so th a t  o v ern ig h t c o n d itio n s  a re  observed . The time 

under each s t r e s s  and tem pera tu re  i s  shown a long  w ith  th e  

s t a r t in g  and f in is h in g  tim es o f each s t r e s s  s te p .  In  

making a t e s t ,  when the  t e s t - p ie c e  i s  a t  th e  re q u ire d  

tem peratu re  th e  lo ad  i s  s e t  to  zero and th e  m icrom eter d i a l  

s e t  ac co rd in g ly . The s t r e s s  i s  th en  brought to  the  f i r s t  

value and im m ediately a f t e r  lo a d in g  the  m icrom eter and 

tem peratu re  a re  m easured. These f i r s t  d i a l  read in g s  a re  

e n te re d  under "B efore and A fte r  Loading" and th e  i n i t i a l  

tem peratu re  i s  s e t  a t  the  head o f the  tem p era tu re  column, 

to  be used to  c o r re c t  th e  i n i t i a l  a f t e r  lo a d in g  read in g  

i f  n e c e ssa ry . The d if fe re n c e  between b e fo re  and a f t e r  

lo ad in g  i s  en te red  as " S tre tc h  on Loading". At th e  end 

o f th e  tw en ty -fo u r hour p e rio d  th e  m icrom eter gauge i s  

aga in  read , e n try  being  made under "F in a l Gauge", and 

the  corresponding  tem pera tu re  i s  m easured. The s t r e s s  i s  

in c re ased  by a  f u r th e r  t o n / i n ^ . ,  th e  gauge ag a in  re a d .

This procedure i s  c a r r ie d  th rough  each m orning. Dhder 

"Temperature Corrected" gauge read in g s  the  i n i t i a l  a f t e r  

lo ad in g  read ing  and each f in a l  rea d in g  a re  e n te re d , a f t e r  

being co rrec ted  fo r  te m p era tu re . These c o r re c te d  read in g s  

are  p lo t te d  w ith  the  number o f th e  co rrespond ing  s t r e s s  

increm ent, g iv in g  th e  e x te n s io n - s tr e s s  increm ent curve.

F ig . 14 . From th e  smoothed curve ex te n s io n  v a lu es  a re  

en te red  under "From Curve", the  su ccessiv e  d if fe re n c e s  from 

these  are  pu t under "D iffe re n c e " . D iffe re n c e s  p lo t t e d  w ith
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s t r e s s  increm ents g ive  th e  d e riv e d  curve, F ig . 16, and 

the l im i t  s t r e s s  v a lu e .

To o b ta in  d u c t i l i t y  re c o rd s , the  te s t - l e n g th  

i s  marked by two tra n s v e rs e  s c ra tc h e s  one inch  a p a r t .

A fter f r a c tu r e  the  broken p ie c e s  a re  p u t c a re fu l ly  

to g e th e r  and h e ld  f irm  by p la c in g  on a  sh e e t o f  p l a s t i c in e .  

The d is ta n c e  between th e  s c ra tc h e s  i s  measured w ith  a 

m easuring m icroscope. The reduced d iam eter i s  a lso  more 

co n v en ien tly  measured in  t h i s  way than  w ith  a  screw m icro :

:meter.
Throughout a l l  the  t e s t s  perform ed, th e  g r e a te s t

number o f  f r a c tu r e s  o ccu rred  w ith in  th e  gauge le n g th ,

the  sc ra tc h e s  never inducing  a  f r a c tu r e .  T his may be
a

a t t r i b u te d  to  the  use o f^fu ll-w ound  fu rnace  f o r  h e a tin g  

the  t e s t - p ie c e s ,  t h i s  type o f fu rn ace  g iv in g  an uneven 

tem peratu re  d i s t r ib u t io n  over the  t e s t - l e n g th ,  the  c e n tre  

o f  th e  le n g th  always being  h o t t e s t  and consequen tly  

w eakest, so th a t  f r a c tu r e  w i l l  p e rfo rc e  tak e  p la ce  th e re ,  

u n le ss  some in h e re n t weakness o r  flaw  lo c a te s  i t  e lsew here .

There a re  c e r ta in  d i s t i n c t iv e  d if fe re n c e s  

between the  p ro g re ss iv e  s t r e s s  t e s t  and th e  a b so lu te  method. 

In  the  ab so lu te  method th e  creep  l im i t  s t r e s s  i s  approached 

by red u c tio n  through th e  f i e l d  o f  con tinuous c reep , w hile  

w ith  th e  p ro g re ss iv e  t e s t  th e  l im i t  s t r e s s  i s  approached 

v ia  th e  f i e ld  o f tem porary c ree p . The tendency w ith  th e  

ab so lu te  method i s  to  e s tim a te  th e  l im i t  on th e  h i ^  s id e ,  

w hile w ith  the  p ro g re ss iv e  t e s t  i t  ten d s  to  th e  low s id e ;  

t h i s ,  o f course , i s  a  decided  advantage from the  s a fe ty  

p o in t o f view, though i t  means more m a te r ia l  i f  the  m etal 

i s  to  be worked ju s t  on the  l i m i t .  Since in  the  p ro g re ss iv e  

S tre ss  t e s t ,  the  i n i t i a l  flow s e x i s t  f o r  l e s s  th an  a day, 

then  w ith  a s t r e s s  increm ent r a te  o f one to n / in ^ . , /d a y ,  th e re
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i s  no tim e e f f e c t  and th e  creep  l im i t  s t r e s s  may be 

very a c c u ra te ly  determ ined  in  about te n  d ay s . This compares 

very favo u rab ly  w ith  th e  a b so lu te  method which re q u ire s  

months to  com plete and u ses  s e v e ra l t e s t - p i e c e s .

FÜRNAOS TESTS WITH OAST IRON:-

In  th e  course o f  t h i s  re se a rc h  th e  au th o r had 

o ccasion  to  p a r t i c ip a te  in  the  d is c u s s io n  on a paper on the 

su b je c t o f  " F a ilu re  o f M etals by Creep" by K err (15)* K err 

r e f e r r e d  to  the  work o f two American ex p erim en te rs  (1 6 ), 

which appeared to  r a i s e  im portan t is s u e s  reg a rd in g  the  

accuracy  o f the  s tan d a rd  p ro ced u re . The Americans had made 

tem peratu re  surveys on s im ila r  te s t - p ie c e s  h e a ted  in  f u l l  

and gap-wound fu rn a c e s ; th e  gap-w inding b e in g  so arran g ed  

as to  g ive a uniform  tem peratu re along the  t e s t - l e n g t h .

They a lso  made com parative t e n s i l e  t e s t s  u s in g  both  

fu rn a c e s . T heir s tre s s - te m p e ra tu re  diagram s showed th a t  

the  fu ll-w ound fu rnace  produced r e s u l t s  which were f a l s e  

by about 100 Deg. Fah. This in c re a se  in  tem pera tu re  they  

a t t r ib u te d  to  th e  f a c t  th a t  fu ll-w in d in g  in  a fu rnace  has 

the e f f e c t  o f  c o n c e n tra tin g  the  h e a t tow ards th e  c e n tre  

o f the  te s t - p ie c e  and le a v in g  th e  ends c o o l.

An exam ination  o f the  A m erican 's tem pera tu re  

v a r ia t io n s  fo r  fu ll-w in d in g  was made and th e  r e s u l t s  

compared w ith  a survey made in  th e  a u th o r 's  p la n t .  A 

co n s id erab le  d isc rep an cy  was found and i t  was concluded th a t  

t h i s  and the  abnormal r e s u l t s  from th e i r  fu ll-w ound  fu rnace  

t e s t s  could probably  be ex p la in ed  by poor sh ie ld in g  o f th e i r  

therm o-couple from the fu rnace  w all r a d ia t io n  and h o t a i r  

c u r re n ts . To f i n a l l y  s e t t l e  the  problem; i t  was dec id ed  

to  ca rry  out a complete fu rnace  in v e s t ig a t io n  and compare 

s tre n g th  values o f oast iro n  when te s te d  in  e i th e r  type 

of fu rn ace , sp e c ia l  ca re  to  be tak en  w ith  th e  measurement 

o f tem pera tu re .
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Two new fu rn a ce s  were c o n s tru c te d , one f u l l  

and th e  o th e r  gap-wound and the  tem pera tu re  surveys 

proceeded w ith . Three therm o-couples were employed, 

the h o t ju n c tio n s  being  lo c a te d  one a t  e i th e r  end and 

one on th e  c e n tre  o f  th e  t e s t - l e n g t h .  For purposes o f 

checking th e  u n ifo rm ity  o f  the  tem pera tu re  d i s t r ib u t io n  

a d d i t io n a l  coup les were sometimes in s e r te d  in  a v a r ie ty  

o f in te rm e d ia te  p o s i t io n s .  Each couple was c a re fu l ly  

bound to  th e  t e s t - p ie c e  by means o f  a s tra n d  o f  a sb e s to s  

co rd . The cord sh ie ld e d  th e  ju n c tio n  from r a d ia t io n  and 

the  su rrounding  h o t a i r ,  so th a t  th e  a c tu a l  m etal tem pera tu re  

was o b ta in e d . The e le c t r o n  m otive fo rc e  g en e ra ted  by th e  

couples was measured w ith  a m i l l i—v o l t  m eter u s in g  th e  

*Null* method, th u s  en su rin g  th a t  any r e s is ta n c e  in  th e  

couple le a d s  was c a n c e lle d .

The fu ll-w ound  fu rnace  rem ained as i t  had been 

wound^120 tu rn s  on a s ix - in c h  le n g th , b u t th e  gap-wound 

one had to  be rewound se v e ra l tim es b e fo re  a uniform  

tem peratu re  along th e  te s t - l e n g th  was a t t a in e d .  The f i n a l  

winding was -  29 tu rn s  on 1^ in ch es a t  the  to p , 11 tu rn s  

fo r  2^ in c h es , 40 tu rn s  on 2 in ch es a t  the  bottom , making 

80 tu rn s  in  a l l .  The te s t - p ie c e  was lo c a te d  a t  th e  c e n tre  

o f the  fu rnace le n g th .

The r e s u l t s  o f th e  surveys a re  g iv en  in  F ig s .

19 and 20, gap-w inding F ig . 19, and fu ll-w in d in g  F ig . 20 .

The tem pera tu res a re  p lo t t e d  on a base o f  th e  number o f 

lamps used in  the  c o n tro l  r e s is ta n c e  p a n e l.

For gap-w inding, two curves a re  g iven  connecting  

tem perature w ith  lamp r e s is ta n c e ;  th e se  a re  f o r  th e  c e n tre  

and bottom coup les, th a t  f o r  th e  top  i s  no t shown as i t  

was p r a c t ic a l ly  co in c id e n t w ith  th e  c e n tre  cu rv e . The 

o ther two curves show d if fe re n c e s  between the  to p  and the  

ce n tre , and between th e  bottom  and the  c e n tre  tem p e ra tu re s .
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The tem p era tu re  d i s t r i b u t io n  i s  f a i r l y  uniform  up to  

700 Deg. F a h ., a f t e r  which i t  g ra d u a lly  becomes le s s  

r e g u la r ,  th e  top  becoming h o t te r  and th e  bottom  co o le r  

th e re  being  a tem pera tu re  g ra d ie n t from the  to p  to  the 

bottom . The d e v ia tio n s  a re  sm a ll, th e  g r e a te s t  being  

20 Deg. F ah ., low, a t  about 1 ,100 Deg. Fah.

The co rrespond ing  curves fo r  the  fu ll-w ound  

fu rnace  a re  shown in  F ig . 20. Three tem pera tu re  curves 

a re  g iv en , fo r  the  c e n tre , top  and bottom  co u p le s , a t  a l l  

tem p era tu res  the  c e n tre  i s  always th e  warmest p o r t io n  and 

th e  bottom  i s  always c o o le s t .  The d if fe re n c e s  in  t h i s  

case a re  very  co n s id e rab le  being  15O Deg. F a h ., and more a t  

1,200 Deg. F ah .; s im ila r ly  w ith  th e  gap-wound fu rn a ce , 

they  a re  w ith in  reaso n ab le  bounds up to  ^00 Deg. Fah.

For any g iven  number o f  lamps in  th e  c i r c u i t  

r e s is ta n c e  th e re  i s  no f ix e d  tem p era tu re , b u t r a th e r  some 

range, as th e  packing  a t  the  to p  o f the  fu rn ace  cannot 

be made always in  th e  same s t a t e  o f  t ig h tn e s s .  For t h i s  

reaso n , in  making th e  surveys, i t  was e s s e n t i a l  to  make 

good and w ell sh ie ld e d  th e rm o -ju n c tio n s  and to  commence 

w ith  a low tem pera tu re  so th a t  any danger o f a  couple 

burn ing  through would be confined  to  th e  f in i s h  o f  a  

survey . In  one case th e re  was a b u rn t co u p le , th e  bottom  

couple in  th e  fu ll-w ound fu rn ace  bu rn ing  th rough  a t  th e  

end o f th e  ran g e . This couple was made o f  copper and 

C onstan tin  w ire s , and i t  was found th a t  th e  copper w ire 

burned through very  r e a d i ly .  In  l a t e r  t e s t s ,  iro n  was 

s u b s t i tu te d  fo r  copper, th e  coup les th e r e a f te r  g iv in g  

ev ery  s a t i s f a c t io n .

Both s e ts  o f tem pera tu re  curves a re  i n i t i a l l y  

nearly  s t r a ig h t ,  showing a d i r e c t  r e la t io n  between tem per: 

•a tu re  and fu rnace c u r r e n t .  In  th e  h ig h e r tem pera tu re

ranges th e re  i s  a f a l l i n g  o f f  in  tem p era tu re ; t h i s  i s  due
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to  g r e a te r  h e a t lo s s e s  by conduction  and co n v ec tio n .

The fu ll-w ound  fu rnace  g iv e s  uniform  r a d ia t io n ,  

so th a t  in  h e a tin g  a t e s t - p ie c e ,  the  r e l a t i v e l y  sm all 

specimen re c e iv e s  h e a t a t  the  same r a te  as  do th e  more 

m assive g r ip s .  When steady  c o n d itio n s  o ccu r, th e re  i s  a 

h ea t flow  from th e  t e s t - p ie c e  through th e  s t r a in in g  rods 

to  th e  r e s t  o f  th e  m achine, g iv in g  a tem pera tu re  g ra d ie n t 

from th e  c e n tre  o f  th e  te s t - p ie c e  ou tw ards. C losing th e  

top  o f th e  fu rnace  reduces the  h e a t lo s s  due to  convection  

and th e  h o t te s t  re g io n  i s  in  consequence moved upwards), so 

to  o b ta in  th e  h ig h e s t tem pera tu re  a t  th e  c e n tre  o f th e  

t e s t - l e n g th  th e  fu rn ace  i s  s e t  o f f  c e n tre  r e l a t i v e  to  the  

t e s t - p ie c e .  With gap-w inding th e  h e a tin g  e f f e c t  i s  

co n c en tra ted  about th e  g r ip s ,  and h e a t flow s in to  th e  t e s t -  

p ie ce  u n t i l  s tead y  c o n d itio n s  a re  a t ta in e d ,  when th e  

tem pera tu re  d i s t r ib u t io n  a long  the  t e s t  le n g th  i s  un ifo rm . 

With th e  top  c lo sed  th e  upper p o r t io n  o f th e  specimen 

tends to  become warmer th an  the  r e s t ,  due to  r e s t r i c t i o n  o f 

convection , and f o r  t h i s  reason  th e  gap-wound fu rn ace  has 

uneven end w ind ings.

On th e  com pletion  o f the  fu rn ace  t e s t s ,  

experim ents were c a r r ie d  ou t on c a s t - i r o n ,  u s in g  th e  two 

forms o f fu rnace  c o n s tru c tio n . Six c a s t  i ro n  t e s t - p ie c e s  

o f known g e n e ra l p ro p e r t ie s  were s e le c te d . The t e s t s  were 

made a t  approx im ately  600, 800 and 1,000 Deg. F ah ., two 

t e s t s  being  made a t  each te m p era tu re , one w ith  fu ll-w in d in g  

and th e  o th e r  w ith  gap-w inding . T his choice o f  tem p era tu res  

was made to  g ive a  good d is p o s i t io n  o f  the  r e s u l t in g  

s tre n g th  v a lu es on th e  s tre s s - te m p e ra tu re  d iagram . This 

diagram i s  g iven  in  F ig . 21.

I t  i s  very  apparen t th a t  th e re  i s  no d if fe re n c e  

in  the  s tre n g th  v a lu e s  o b ta in ed  by u sin g  the  d i f f e r e n t  

■fcîHpes o f fu rnace w inding, th e  sm all d if f e re n c e s  shown on
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th e  curve being  w ith in  th e  range o f ex p erim en ta l e r r o r .

I t  i s  th u s  shown th a t  f o r  t h i s  type o f t e n s i l e  t e s t  a t  

e le v a te â  tem p era tu res  a full««wound fu rnace  i s  ju s t  as 

s a t i s f a c to r y  as  a fu rn ace  which produces a uniform  

tem p era tu re  a long  th e  t e s t  le n g th , su b je c t to  th e  thermo

ju n c tio n  being  lo c a te d  a t  th e  h o t t e s t  p o in t o f  th e  

specim en.

During th e se  t e s t s  th e  Ames m icrom eter gauge was 

emp].oyed to  fo llow  th e  e x te n s io n  o f th e  c a s t  i r o n .  These 

measurements a re  g iv en  in  Table No. 3 along w ith  th e  o th e r  

t e s t  in fo rm a tio n . The f i n a l  gauge read in g s  a f t e r  hav ing  th e  

tem pera tu re  c o r r e c t io n  a p p lie d  were p lo t t e d  as e x te n s io n  

curves in  F ig . 22, th a t  f o r  T est No. 5 being  om itted  as th e  

tem pera tu re  had v a r ie d  very  e r r a t i c a l l y .  The curves a re  

ty p ic a l  b u t a re  v ery  sh o rt s in ce  th e  t e s t s  were kept s h o r t 

a f t e r  th e  fa sh io n  o f  th e  o r ig in a l  p ro g re ss iv e  s t r e s s  te s t#  

C onsidering  th e  p a u c ity  o f  s t r e s s  increm en ts b e fo re  th e  

l im i t  v a lu e , the  d e r iv e d  curves F ig . 2) a re  very  c l e a r ,  the  

s t r a ig h t  p o r t io n  and th e  d ivergence being  w e ll marked# At 

th e  p o in ts  o f  d ivergence  th e  co rrespond ing  l im i t  s t r e s s e s  

have been e n te re d . The d e riv e d  curve No. 3 i s  no t p lo t t e d ,  

bu t th e  l im i t  s t r e s s  i s  e a s i ly  e s tim a ted  from an in s p e c tio n  

o f the  v a lu es  tak en  from th e  ex te n s io n  cu rv e . The 

e s tim a ted  creep  l im i t  v a lu es  a re  p lo t t e d  w ith  th e  slow 

break  s t r e s s e s  in  Fig# 21. The e s tim a ted  c reep  l im i t  

s t r e s s e s  a re  about one to n /in ^  low er th an  th e  p ro g re ss iv e  

s t r e s s  t e s t  curve over th e  range o f  600 to  1 ,000 Deg. F ah ., 

the o rd in a ry  p ro g re ss iv e  s t r e s s  v a lu e s  b e in g  too h igh  to  the  

ex ten t o f one s t r e s s  increm ent#

On m easuring the  t e s t - p ie c e s  fo r  e lo n g a tio n  a f t e r  

f ra c tu re  on ly  a sm all in c re a se  in  le n g th  could  be d e te c te d , 

but so sm all th a t  p robab ly  most o f  i t  was due to  bad 

f i t t i n g  o f th e  f r a c tu r e d  ends# No re d u c tio n  in  c ro s s -  

seo tio n  could be d e te c te d .
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ADMIRALTY GUN-METAL:-

Two s e t s  o f v ery  c a re fu l ly  p rep a red  A dm iralty gun- 

m etal t e s t - b a r s  were su p p lie d  by M essrs. Dewrance and Go., 

o f  th e  fo llo w in g  com positions

A dm iralty  
S p e c i f ic a t io n .M etal. Set No. 1. Bet No.

Copper 87 . 8* 8 7 . 4#
Tin 10.24 10.28

Zinc 1 .76 1 .63
Lead — 0 .50

88)&

10

2

The f i r s t  s e t  was approx im ately  to  A dm iralty  S p e c if ic a t io n , 

w hile  th e  second had th e  a d d i t io n  of h a l f  a  p e r cen t o f le a d . 

The a d d i t io n  of th e  le a d  co n ten t was made in  o rd e r to  observe 

th e  e f f e c t  o f le a d  on th e  h igh  tem pera tu re  p ro p e r t ie s ;

These t e s t s  being  made upon r e l a t iv e ly  weak m a te r ia l
2 i

th e  s tr e s s  increm ents were reduced from 1 to n / in  . ,  to  ^  Ton/in^j 

so as  to  l im i t  s t r e s s  e r r o r s  to  ^ T on /in^ , A re c o rd  o f th e  

ex ten s io n s  as  shown on th e  m icrom eter gauge was n o ted . In  | 

co n ju n c tio n  w ith  th e  slow t e s t s  o rd in a ry  quick b reak  t e s t s  || 

were perform ed, th e  te s t - p ie c e  was h ea ted  as u su a l and th e  I 

s t r e s s  was in c re a se d  in  s te p s  t i l l  f r a c tu r e  o ccu rred , extension^ 

were n o ted  on th e  m icrom eter gauge.

E leven p ro g re ss iv e  t e s t s  were made, s ix  being  on th e  

normal a l lo y  and f iv e  on th e  lead ed  one. The e x te n s io n  curves 

a re  g iven  in  F ig . 24 . With two ex cep tio n s . Ho, 2-3 a t  597 

Deg. F a h ., and No. I -7  a t  454 Deg. F a h ., th ey  a re  very  poor, 

t h e i r  e x te n t being  only th re e  o r  fo u r s t r e s s  in c rem en ts , fo u r  

o th e r  t e s t s  were not p lo t te d .

O onsidering th o se  which were no t p lo t t e d .  Of th e  

non-leaded  a l lo y ,  No. 1-5 te s te d  a t  788 Deg, F a h ,, gave only  

th re e  s t r e s s  increm ents commencing a t  1 T o n /in ^ ., and b reak in g  

w ith  a  s t r e s s  of 2 Tons/ln® . This te s t - p ie c e  c re p t about
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p
11/1000 in ch  a t  1 .5  T o n s/in  and about 3/1000 inch  a t

2 2 1 T on /in  . ,  so th a t  th e  l im i t  i s  p robab ly  1 T on /in  . T e s t-

p ie c e  No. 1-10 broke on lo ad in g  w ith  th e  second s t r e s s

increm en t, 10 T o n s/in  a t  305 Deg. F a h ., th e  t e s t  being

p r a c t i c a l l y  v a lu e le s s .  Of th e  lead ed  a l lo y ,  No. 2-7 te s te d

a t  405 Deg. F a h ., gave on ly  th re e  s t r e s s  increm en ts, from 7

T o n s/in ^ , to  f r a c tu r e  a t  8 T o n s/in ^ . I t  was e v id e n tly  no t

a  r e p re s e n ta t iv e  sample as can be seen from i t s  low p o s i t io n  on

th e  s tre s s - te m p e ra tu re  diagram F ig . 27 . T est No. 2-12 s u f fe re d

from ex ten s io n  i r r e g u l a r i t i e s ,  th e  m icrom eter gauge had

e v id e n tly  s tu ck  s e v e ra l tim es during  th e  t e s t .  From th e  creep

v a lu es  and a c o n s id e ra tio n  of th e  course of th e  s tre s s - te m p e ra ;

: tu r e  curve th e  l im i t  s t r e s s  was e s tim a ted  a t  about 9.5 Tons/

in f .  a t  300 Deg. Fah.

The rem aining seven t e s t s  gave a v a r ie ty  of forms o f

ex ten s io n  d if fe fe n c e c u rv e s . The curves fo r  t e s t s  Nos. I -7

and 2-3  a re  normal and show a reaso n ab le  le n g th  o f s t r a i g h t .

T ests  Nos. 1-12 and 1-9 were p robab ly  commenced on o r ju s t

above th e  l im i t  s t r e s s  as  t h e i r  d if fe re n c e  curves show only

th e  upper curved range so th a t  th e  l im i t  v a lu es have been
2taken  a s  No. 1-12 -  9.5 T o n s/in  a t  316 Deg. F a h ., and No.1-9 

2
-  9 T o n s/in  a t  40^ Deg. Fah. T est No. 2-5 has ap p a re n tly  

a lso  been commenced above th e  l im i t  s t r e s s ,  in  f a c t ,  a t  th e  

tem pera tu re  o f  th e  t e s t ,  820 Deg. Fah. th e re  i s  th e  p o s s i b i l i t y  

th a t  th e re  i s  no l im i t  s t r e s s ,  continuous creep commencing 

w ith  a very  low s t r e s s .  The l im i t ,  however, has been e s tim a ted  

a t  ^  T on/in  . In  th e  case o f t e s t  No. 2 -10 , th e  d if fe re n c e  

curve i s  a  s t r a ig h t  l i n e  up to  th e  l a s t  ex ten s io n  read in g . The 

b reaking  s t r e s s  i s  in  agreem ent w ith  th e  o th e rs ,  bu t th e re  i s  

no guide to  th e  p o s i t io n  o f th e  l im i t  v a lue  o th e r  th an  in t e r :  

:p o la tio n  from th e  o th e r  l im i t  s t r e s s e s .

The m a jo rity  o f th e se  t e s t s  have been too  sh o r t to
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make p ro p er e s tim a tio n s  o f  th e  c reep  l im i t  s t r e s s ,  bu t 

reckon ing  from th e  d e f in i t e  r e s u l t s  from the two long  

t e s t s  Hos* 1-7  and 2-3 th e  p lo t te d  creep  l im i t  s t r e s s  

v a lu es  combine v ery  w ell Figs* 26 and 27 . The s tre n g th  

cu rves in  th e se  f ig u re s  a re  ty p ic a l  o f t h i s  c la s s  o f  non- 

fe r ro u s  a l lo y ,  though t h e i r  s tre n g th s  a re  somewhat low er 

th an  i s  g en e ra l f o r  A dm iralty Gun-metal*

The gap, between th e  o rd in a ry  quick  b reak  s t r e s s -  

tem p era tu re  curve and th e  p ro g re ss iv e  s t r e s s  t e s t  cu rve , 

which was dem onstra ted  by Brown, i s  in  ev idence in  th e se  

d iagram s; b u t th e re  i s  a lso  a f u r th e r  gap between th e  

p ro g re ss iv e  s t r e s s  t e s t  curve and the  e s tim a ted  creep  l im i t  

s t r e s s  curve* This d if fe re n c e  due to  creep  e f f e c t s ,  i s  o f  

the  o rd e r  o f  i j  to n s / in  . ,  to  th e  c r i t i c a l  tem peratu re  o f  

about 400 Deg. F a h ., beyond t h i s  the  d if fe re n c e  i s  reduced  

to  1 to n / in ^ .

The slow break  and e s tim a ted  creep  l im i t  cu rves 

f o r  th e  leaded  a l lo y  a re  r a th e r  s t r a i g h t ;  t h i s  i s  p robab ly  

due to  th e  la ck  o f tej.st v a lu es  between JOO and 300 Deg* 

F ah ., where in  t h i s  range f o r  th e  normal a l lo y  th e re  a re  

d i s t i n c t  rounded sh o u ld e rs  to  th e se  curves* T es t-p ie c e  

No* 2-7  which f ra c tu re d  a t  the  low s t r e s s  o f  8 t o n s / in ^ . ,  

a t  405 Deg* F a h ., should p robab ly  have broken a t  about 10& 

T o n s /in ^ ., when th e  cu rves fo r  bo th  a l lo y s  would have been 

p r a c t i c a l l y  id e n tic a l*

The quick  b reak  and creep  l im i t  cu rves f o r  bo th  

m eta ls  have been combined in  F ig . 28* So f a r  a s  th e  qu ick  

b reak  curves show, th e re  i s  l i t t l e  d if fe re n c e  between th e  

m e ta ls , th e  leaded  a l lo y  has th e  advantage o f  about 1 

t o n / i n ^ . ,  from normal to  th e  c r i t i c a l  tem p era tu re , b u t bo th  

are  s im ila r  beyond t h i s  tem p era tu re . Allowing fo r  th e  

d if fe re n c e  between th e  creep  l im i t  curves a lre ad y  

d isc u sse d , th e re  i s  l i t t l e  d if fe re n c e  in  them a ls o ,  th e
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lead ed  a l lo y  being  ap p a re n tly  w eaker. This weakness 

may be due to  a s l i g h t  weakening e f f e c t  caused by the  

le a d  a d d i t io n , t h i s  weakness on ly  appearing  du ring  

p ro longed  t e s t s .

During the  quick b reak  t e s t s  the  c lock  gauge was 

used to  reco rd  e x te n s io n s . The s t r e s s - e x te n s io n  read in g s  

gave f a i r  s t r a ig h t  l i n e s  over the  e l a s t i c  range , th e  

rem aining  range showing smooth cu rv es . No d e f in i t e  

d e te rm in a tio n s  could be made so th e  curves a re  no t shown. 

The e l a s t i c  e x te n s io n s  in c lu d e  those  o f the  te s tin g -m ach in e  

i t s e l f  and even c o r re c t in g  fo r  t h i s  th e  gauge read in g s  a re  

no t s u f f i c i e n t ly  a c c u ra te  to  allow  modulus d e te rm in a tio n s  

to  be made. This same c o n s id e ra tio n  a lso  ru le s  ou t the  

l im i t  o f p ro p o r t io n a l i ty  v a lu e s .

On exam ining th e  su rface  o f the te s t - p ie c e s  a f t e r  

f r a c tu r e ,  the  rough m arks, resem bling  hammer blow 

in d e n ta t io n s  p e c u l ia r  to  some o f  th e  n o n -fe rro u s  a l lo y s ,  

could  be seen covering  th e  gauge le n g th .

The su rfa c e  was a lso  cracked , the  cracks being  

w id est in  th e  re g io n  o f the  f r a c tu r e .  F ra c tu re  always 

appeared to  be lo c a te d  a t  one o f th e se  c ra c k s , the  crack  

ap p a re n tly  w idening and p roceed ing  through th e  m e ta l, th e  

s t r u c tu r e  to re  th rough to th e  o p p o site  s id e . This 

p ro g re ss iv e  te a r in g  a p a r t  produced a badly  tum bled f r a c tu r e  

and th e  te s t - p ie c e  sometimes appeared to  have been b e n t, 

th e  f r a c tu r e  in  every  case was so d is tu rb e d  as to  p rev en t 

th e  two p o r tio n s  be in g  f i t t e d  to g e th e r . These bad ly  f i t t i n g  

f r a c tu r e s  p reven ted  any e lo n g a tio n  measurements being  made 

and th e  s e c t io n  was too  d is to r te d  to  determ ine re d u c tio n s  

in  a re a .

BRASS: -

A a e r ie s  o f  e lev en  t e s t s  were made on a  b ra s s  o f 

th e  fo llo w in g  co m p o sitio n :-
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Copper 67*7#

Zino 30 .8

I ro n  and
Aluminium 1*4

Manganese A t r a c e .

The a n a ly s is  was made by the  M e ta llu rg ic a l Department 

o f  th e  College*

Six quick b reak  t e s t s  were made in  the  Avery 

100 to n  T estin g  Machine in  the  M a te r ia ls  T es tin g  L aborato ry  

o f  the  C o llege . The te s t - p ie c e s  were h ea ted  in  an e l e c t r i c  

fu rn a c e , and th e  ex ten s io n s  produced du ring  the  t e s t s  were 

measured by a s p e c ia l ly  adapted  M artdn*s E xtensom eter.

This m odified  ex tensom eter was d ev ised  by th e  l a t e  P ro f .  

Longbottom (17 ) .

The ex tensom eter measurements a re  p lo t te d  as load- 

ex te n s io n  curves in  F ig . 29 . The curves a re  arranged  in  

o rd e r o f  in c re a s in g  tem p era tu re , th e  re d u c tio n  o f th e  

modulus and l im i t  o f  p ro p o r t io n a l i ty  v a lu es  being  in  t h i s  

way very  c le a r ly  i l l u s t r a t e d .

The rem aining f iv e  specimens were te s te d  by th e  

p ro g re ss iv e  t e s t  method, u sin g  th e  m icrom eter gauge. In  

th e  f i r s t  th re e  t e s t s  a l l  above 550 Deg. F a h ., the  gauge 

was o f l i t t l e  value the  t e s t s  be ing  only  o f  from two to  

th re e  s t r e s s  increm ents d u ra tio n . In  the f i n a l  two t e s t s  

a t  445 and 340 Deg. F a h ., i t  was more u s e fu l ,  the  t e s t s  

being  o f  fo u r and e lev en  increm ents r e s p e c t iv e ly .  The 

e x te n s io n - s tr e s s  increm ent curve f o r  the  t e s t  a t  445 Deg. 

F ah ., i s  shown in  F ig . 30 and i s  a very  good s t r a ig h t  

l i n e ,  showing no s ig n  o f a l im i t  o th e r  than  th a t  g iven  by 

th e  p ro g re ss iv e  s t r e s s  t e s t  va lue  o f 11 to n s / in ^ .  The curve 

fo r  340 Deg. F a h ., i s  very  good and i s  t y p i c a l  o f  th e  

p ro g re ss iv e  s t r e s s  t e s t ;  i t  i s  shown in  F ig . 15 p lo t te d  

w ith  a s im ila r  curve f o r  a low carbon s t e e l .  The curve fo r
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b ra e s  i s  i n i t i a l l y  much f l a t t e r  and changes i t s  d i r e c t io n  

very  ra p id ly  im m ediately b efo re  f r a c tu r e .  The e x ten s io n  

d if fe re n c e  curve i â  g iven  in  F ig . 16, along w ith  th a t  f o r  

s t e e l ;  th e re  i s  ag a in  a resem blance. The b ra s s  curve, 

however, shows two l im i t s  and p roceeds very  qu ick ly  from 

th e  upper l im i t  to  f r a c tu r e .  These l im i t s  a re  a t  12 and 

17 to n s / in ^ .  The e x te n s io n  r e s u l t s  from t h i s  t e s t  a re  

shown in  Table No. 2 . Towards th e  end o f  t h i s  t e s t  some 

s l ip p in g  o f th e  te s t - p ie c e  was observed . One s l i p  was 

n o tic e d  on lo ad in g  from 19 to  20 t o n s / in ^ . ,  and on going 

from 20 to  20|- t o n s / in ^ . ,  th e re  were th re e  d i s t i n c t  s l i p s ,  

one b e in g  o f th e  o rd e r  o f  f i f t y  th o u san d th s . These s l i p s  

were r e a d i ly  f e l t  as p u ls e s .

The quick  and slow b reak  v a lu es  are  combined in  

F ig . 31, which shows, quick b reak , slow b reak , e s tim a ted  

creep  l im i t  and l im i t  o f p ro p o r t io n a l i ty  cu rv es . The 

quick  b reak  curve in d ic a te s  a  change o r  c r i t i c a l  p o in t a t  

about 450 Deg. F a h ., th e  s tre n g th  th e r e a f te r  d im in ish in g  

ra p id ly  to  a b o u t.3 to n s / in ^ . ,  a t  1,000 Deg. Fah. The slow 

break  curve shows a s im ila r  ra p id  d ecrease  in  s tre n g th  

between the  tem p era tu res  o f 350 and 900 Deg. Fah. The 

l im i t  o f p ro p o r t io n a l i ty  curve c ro sse s  the  slow  break  curve 

a t  about JQO Deg. Fah. According to  th e  concep tion  o f the 

l im i t s  o f  p r o p o r t io n a l i ty  and creep  the  l im i t  o f 

p ro p o r t io n a l i ty  can never exceed th e  creep l im i t  s t r e s s ,  

th en  in  t h i s  case the  l im i t  o f p ro p o r t io n a l i ty  v a lu es  

must be too g r e a t ,  s in ce  i f  th e re  i s  an e r r o r  in  the  c reep  

l im i t  s t r e s s  i t  w i l l  tend  to  be on th e  h igh  s id e . The 

e r r o r  in  th e  l im i t  o f  p ro p o r t io n a l i ty  v a lu es  i s  p robab ly  

caused by a  time e f f e c t ,  the te n s i le  t e s t  b e in g  c a r r ie d  

th rough  too qu ick ly  to  allow  th e  slow c re e p s , which w i l l  

occur a f t e r  th e  a c tu a l  l im i t  o f  p ro p o r t io n a l i ty  i s  p assed , 

to  show them selves in  th e  ex te n s io n s .
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Of th e  two l im i t s  shown hy the  ex ten s io n  

d i f f e r e n c e - s t r e s s  increm ent curve o f F ig . 16, th e  upper 

l im i t  i s  th e  creep  l im i t  s t r e s s  and the  low er l im i t  

co rresponds to  th e  o rd in a ry  y ie ld  s t r e s s .  This low er 

l im i t  curve i s  d e fin e d  hy only  two t e s t  p o in ts  and 

a p p a re n tly  co in c id e s  w ith  the  slow break  curve a t  about 

450 Deg. Fah. The only  d i r e c t  evidence fo r  t h i s  m eeting 

i s  th e  creep  ex ten s io n  curve fo r  th e  t e s t  a t  445 Deg. F a h ., 

th e re  i s  no evidence from th e  t e s t s  a t  h ig h e r  tem p era tu res  

as th ey  were too s h o r t .  A f u l l  c o n s id e ra tio n  o f the  

r e l a t i o n  between t h i s  low er l im i t  and the y ie ld  s t r e s s  

w i l l  be g iven  l a t e r  when an O .25#  carbon s t e e l  i s  d e a l t  

w ith .

C onsidering  the  d u c t i l i t y  cu rv es . F ig . 32 , th e re  

i s  a very  co n s id e rab le  drop in  th e  re d u c tio n  o f  a re a  

v a lu es  between 300 and 6OO Deg. F a h ., and to  a le s s e r  

e x te n t w ith  th e  e lo n g a tio n s . So a t  the  c r i t i c a l  p o in t 

o f  450 Deg. F a h ., a s  on th e  qu ick  b reak  cu rv e , we have 

o th e r  two phenomena, lo s s  o f  d u c t i l i t y  and merging o f th e  

low er l im i t  o r  y ie ld  v a lu es w ith  th e  slow b reak  v a lu e s .

The a l t e r a t i o n s  in  d u c t i l i t y  e v id e n tly  a f f e c t  the  creep 

p ro c e s s . When the  d & c ti l i ty  i s  very  low th e  i n i t i a l  flow  

v a lu es  a re  reduced so th a t  the e x te n s io n - s tr e s s  increm ent 

curve i s  n e a rly  s t r a i g h t ,  and s in c e  th e  f i n a l  e lo n g a tio n  

i s  low th e  amount o f f i n a l  flow  must a lso  be sm all and i s  

ap p a re n tly  com pleted in  abou t th e  p e rio d  o f one s t r e s s  

in c rem en t. The t e s t  on b ra s s  a t  345 Deg. F a h ., shows 

th e  change from b r i t t l e n e s s  to  d u c t i l i t y ,  th e  creep  a f f e c t s  

in  t h i s  case resem bling  those fo r  s t e e l ,  th e  b ra s s  a t  t h i s  

tem pera tu re  being  q u ite  d u c ti le *  This te s t - p ie c e  showed 

co n s id e rab le  necking down, w hile th e  o th e rs  a t  h ig h e r  

tem p era tu res  showed none.
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O onsidering  th e se  r e s u l t s  from o as t iro n , 

A dm iraïty  Gun-meta l  and b r a s s .  These m eta ls  a re  e i th e r  

w holly b r i t t l e ,  o r  th ey  have a d u c t i le  range a t  low 

tem p era tu res  fo llow ed  by a b r i t t l e  o r low d u c t i l i t y  

ran g e . In  the  m a jo rity  o f  cases th e se  t e s t s  have been 

c a r r ie d  th rough  when th e  m e ta ls  have been in  th e  upper 

ran g e , th e  b ra s s  example c i te d  above being  th e  one 

e x c e p tio n . C e rta in  o f th e  gun-m etal t e s t s  were w ith in  th e  

d u c t i le  ran g e , bu t th e se  have been shown to  be r a th e r  

u n s a t is f a c to ry  as th e  t e s t s  were commenced on th e  creep  

l im i t  v a lu e . The r e s u l t s  show th a t  i f  a m a te r ia l  i s  

b r i t t l e  th en  th e  o r ig in a l  p ro g re ss iv e  s t r e s s  t e s t  w i l l  

g ive  a c lo se  approxim ation  to  th e  e s tim a ted  creep  l im i t  

s t r e s s .  In  th e  cases o f c a s t  i ro n  and gun-m etal th e se  

two v a lu e s  were w ith in  one o r two s t r e s s  increm ents o f 

each o th e r ,  and w ith  b ra s s  they  co incided  over the 

b r i t t l e  tem peratu re  range a t  l e a s t .

G en era lly , fo r  b r i t t l e  m a te r ia ls  o r  m eta ls 

having a range o f b r i t t l e n e s s , t h e  o r ig in a l  p ro g re ss iv e  

s t r e s s  t e s t  w i l l  be a s a t i s f a c to r y  s u b s t i tu te  fo r  the 

e s tim a ted  creep  l im i t  method, p rov ided  a sm all s t r e s s  

allow ance i s  made. In  th e  d u c t i le  range o r w ith  d u c t i le  

m e ta ls , ex tensom eter measurements must be made.

0 .9 *  CARBON STEEL! -

I t  was on th i s  s t e e l  th a t  th e  f i r s t  e lo n g a tio n  

measurements were made, commencing w ith  an ’’Unique T est 

I n d ic a to r ” ; t h i s  in d ic a to r  was d isca rd ed  in  favour o f 

an ’’Ames M icrometer Gauge” having a much w ider range. 

Twelve t e s t s  were made; th e se  in c lu d ed  f iv e  o rd in a ry  

quick b reak  t e s t s  and o f  the  rem aining  seven, two were 

te n ta t iv e  experim ents y ie ld in g  n eg a tiv e  r e s u l t s .
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The ex te n s io n  and e x te n s io n  d if fe re n c e  -  s t r e s s  

increm ent curves from th e  slow t e s t s  are  shown in  Figs*

33 and 34* The second f ig u re  i s  th e  most d i r e c t ly  

in fo rm a tiv e , showing a t  a g lance th a t  t e s t s  Nos* 2, 3 and 

12 were commenced above th e  c reep  l im i t  s t r e s s ,  th e re  

b e in g  no i n i t i a l  s t r a i g h t  p o r t io n  to  th e se  curves* The 

cgrve fo r  No* 11 i s  very  n e a rly  s t r a ig h t  a t  th e  b eg in n in g , 

th e  t e s t  p robab ly  hav ing  been commenced ju s t  on the  creep  

l im i t  s tre s s *  Curve No* 4 has a very  long s t r a ig h t  p o r t io n ,  

t h i s  ex ten d in g  fo r  s ix te e n  s t r e s s  in c rem en ts , the  t e s t  

commenced a t  16 to n s / in ^ * , and th e  e s tim a te d  creep  l im i t  

s t r e s s  i s  32 to n s / in  * The l im i t  s t r e s s e s  f o r  t e s t s  

Nos* 2 , 3 and 12 were roughly  e s tim a te d  from th e  d if fe re n c e  

curves and from a c o n s id e ra tio n  o f th e  slow break  s tre n g th  

cu rv e . C onsidering  th e  approxim ate e x te n s io n s  g iven  by 

th e  unique t e s t  in d ic a to r ,  the l im i t  s t r e s s  fo r  th e  f i r s t
pt e s t  was e s tim a ted  as 14 to n s / in  *, a t  800 Deg* Fah*

The s tre n g th  curves a re  g iven  in  F ig . 35, showing 

-quick b reak , slow b reak , e s tim a ted  creep  l im i t  and l im i t  

o f  p ro p o r t io n a l i ty  values* T heir p r in c ip a l  fe a tu re  i s  th e  

wide s e p a ra tio n  between th e  e s tim a ted  creep  l im i t  and 

th e  slow b reak  curves* U nlike c a s t  i ro n  and b r i t t l e  non- 

fe r ro u s  a l lo y s ,  when a d u c t i le  s t e e l  i s  te s te d  by the  

o r ig in a l  p ro g re ss iv e  s t r e s s  t e s t ,  t h i s  t e s t  g iv es  an 

e n t i r e ly  f a l s e  im pression  o f the  s tre n g th  o f th e  m etal*

The e r r o r  ranges from 25^  a t  5^0 Deg* Fah*, to  4D0% a t  

1 ,100 Deg* F a h ., th e  e r r o r s  be ing  based on th e  e s tim a te d  

creep  l im i t  values*  In  te s t in g  d u c t i le  m e ta ls  th e  

ex tensom eter method must be ap p lied  to  th e  p ro g re ss iv e  

s t r e s s  t e s t  and care  must be tak en  to  commence a l l  t e s t s  

w e ll below th e  e s tim a ted  creep l im i t  values*
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The ex tensom eter re c o rd s  fo r  th e  qu ick  b reak  

t e s t s  a re  g iven  in  Figs* 36 and 37* They resem ble the  

u su a l lo a d -e x te n s io n  cu rves fo r  s t e e l ,  hav ing  a s t r a ig h t  

e l a s t i c  p o r t io n , a  y ie ld  and a f i n a l  p l a s t i c  p o r t io n . The 

y ie ld  i s  w e ll d e fin e d  a t  normal tem p era tu re , t h i s  

d e f in i t io n  becoming le s s  sharp  as th e  tem peratu re  in c re a s e s  

t i l l  th e  y ie ld  i s  no lo n g e r e v id en t a t  1 ,200 Deg. F a h ., and 

i s  b a re ly  n o tic e a b le  a t  1,000 Deg. Fah. The v a lu es  o f  th e  

l im i t s  o f  p ro p o r t io n a l i ty  were approxim ately  determ ined  

from th e se  cu rv es . F ig . 37 and were p lo t te d  on F ig . 35 
w ith  th e  o th e r  s tr e n g th  cu rv es . The l im i t s  o f  p ro p o rtio n : 

: a l i t y  g ive a f a i r  curve which c ro sse s  the  e s tim a ted  creep  

l im i t  curve a t  900 Deg. Fah. The v a lu es  f o r  th e  l im i t s  

o f  p ro p o r t io n a l i ty  a re  most p robab ly  h igh  due to  the 

c rudeness o f th e  e x te n s io n  measurem ents, t h i s  causing  th e  

c ro ss in g  o f th e se  l im i t  cu rv es .

The p ercen tag e  e lo n g a tio n s  and re d u c tio n s  in  

a re a  a re  shown in  F ig . 38. The d u c t i l i t y  v a lu es  f o r  th e  

slow creep  t e s t s  a re  s l ig h t ly  h ig h e r  th an  f o r  the  qu ick  

break  t e s t s .  The d u c t i l i t y  reach es i t s  low est va lue  about 

600 Deg. F ah ., bu t the  s t e e l  never becomes b r i t t l e .

0.25%0ARB0N STEEL: -

This s t e e l  was su p p lied  by M essrs. David C o lv ille

& Sons, L td . ,  M otherw ell. G reat care i s  ta k en  w ith  th e

m anufacture o f  t h i s  s t e e l  which i s  o f  a q u ite  normal

com position , th e  m anufactu ring  p ro cess  accoun ting  fo r  th e

good q u a l i t i e s  which i t  shows. No d e t a i l s  o f  m anufacture

are  a v a i la b le ,  b u t the  com position i s  as fo llo w s ;*

Carbon O .25#
S il ic o n  0 .10
Manganese 0 .1 3
Sulphur and 
Phosphorus 0 .03•
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Three qu ick  b reak  t e s t s  were made in  th e  100 Ton 

T estin g  Machine u s in g  the  M artèn*s type ex tensom eter.

The t e s t  tem p era tu res  were 550,700 and 85O Deg. Fah.

The ex tensom eter r e s u l t s  a re  g iven  in  F ig . 39, th e  l im i t s  

o f  p ro p o r t io n a l i ty  be ing  1 2 .8 , 8*4 stnd 6 .4  to n s / in ^ . ,  

r e s p e c t iv e ly .

A s e r ie s  o f  f iv e  quick t e s t s  were made in  the  

sp rin g  m achine, to  o b ta in  an approxim ation  to  th e  y ie ld  

s t r e s s  and to  determ ine th e  u ltim a te  s tr e n g th s .  The 

s t r e s s - e x te n s io n  r e s u l t s  a re  g iven  in  F ig . 40 , which shows 

a ls o  th e  y ie ld  and u ltim a te  s t r e s s e s .  The e l a s t i c  l im i t s  

were no t determ ined as th e  d ia l  gauge i s  no t s u f f i c ie n t ly  

s e n s i t iv e  and the  v a lu es  a re  shown h ig h .

The slow b reak  t e s t s  were very  c a re fu l ly  made, 

g re a t ca re  being  ta k e n  to  commence th e  t e s t s  w ell below 

the  e s tim a ted  creep  l im i t  s t r e s s e s  so as to  g ive long  

s t r a ig h t  p o r t io n s  to  th e  e x te n s io n  d if fe re n c e  -  s t r e s s  

increm ent cu rv es . In  one case th e  t e s t  was d isc o n tin u e d  

s h o r t ly  a f t e r  th e  l im i t  s t r e s s  was p assed . The s t r e s s  

increm ents were v a r ie d  fo r  two t e s t s .  At 1 ,030 Deg. Fah. 

th e  increm ent was reduced to  ^  to n / in ^ . ,  to  enable a  more 

a c c u ra te  e s tim a tio n  to  be made. At 760 Deg. F a h ., a s t r e s s  

increm ent o f 5 t o n s / in ^ . ,  was used , t h i s  in  o rd e r  to  see 

th e  e f f e c t  o f in c re a s in g  the  increm ent on th e  e s tim a tio n  

o f  th e  l i m i t .  The ex ten s io n  curves are  g iv en  in  F ig . 4I*

These cu rves are  norm al, those  f o r  v a r ie d  

increm en ts being  l i t t l e  d i f f e r e n t  from th e  o th e r s .  For the  

f iv e  to n  increm en ts , each increm ent i s  p lo t t e d  as f iv e ,  

u n i t  o r  one to n , inc rem en ts , the  r e s u l t in g  curve being  

i n i t i a l l y  s te e p e r  th a n  th e  o th e rs  and a f t e r  th e  l im i t  

reg io n  th e  decrease  in  slope i s  much more ra p id  th an  w ith  

th e  o th e r s .  The low i n i t i a l  slope i s  due to  cummulative 

i n i t i a l  flow s, over a la rg e  number o f  sm all s t r e s s  increm ents.
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producing  more d i s t o r t i o n  f o r  a  g iven  s t r e s s ,  when fo r  

th e  same s t r e s s  w ith  l a r g e r  increm en ts th e  in d iv id u a l 

i n i t i a l  flow s w i l l  be la rg e r  b u t they  w i l l  sum up to  a 

sm a lle r  d is to r t io n *  Above the  creep  l im i t  reg io n  th e se  

e f f e c t s  a re  re v e rse d , w ith  th e  la rg e  increm ent the  c reep  

r a te  in c re a s e s  more ra p id ly  th an  w ith  the  sm all increm ent* 

Also fo r  th e  h a l f  to n  increm ents the  i n i t i a l  s lope  i s  low er 

than  f o r  one to n  increm ents* When co n s id e rin g  t h i s  h a l f  

to n  s t r e s s  increm ent curve i t  should be n o tic e d  th a t  th e  

increm ent sc a le  has been doubled , each t e s t  increm ent 

be ing  p lo t t e d  as 1 to n / in ^ .  This in c re a se  in  sc a le  

d is p la y s  th e  curve to  b e t t e r  advantage*

The curves fo r  514 and 67O Deg. Fah*, show a 

f l a t t e n in g  over th e  ce n tre  p o r t io n s ;  th i s  i s  reproduced 

in  th e  e x te n s io n  d if fe re n c e  curves Fig* 42 , where a d i s t i n c t  

d is c o n t in u i ty  i s  shown in  th e  corresponding  cu rv es . In  

th e se  cases th e re  a re  two l im it in g  v a lu es  fo r  each 

tem perature*  In  th e  case o f  th e  t e s t  a t  390 Deg* F a h ., 

th e re  i s  a b reak  a t  22 to n s / in ^ . ,  bu t th e  s lope  rem ains 

th e  same; t h i s  d is c o n t in u i ty  being  most p robab ly  due to  

some d is tu rb a n c e  which a l t e r e d  the  m icrom eter gauge* The 

o th e r  d if fe re n c e  curves a re  s e l f  ex p lan a to ry , g iv in g  

l im i t in g  v a lu es  as shown.

The l im i t  v a lu es  are  p lo t t e d  along w ith  the  

u ltim a te  s tr e n g th s , l im i t s  o f p ro p o r t io n a l i ty  and slow 

break  v a lu es  in  F ig . 43* From th e  t e s t  w ith  5 to n s / in ?  

in c rem en ts , th e  e s tim a ted  l im i t  i s  p r a c t i c a l ly  th a t  shown 

by th e  curve fo r  th e  creep  lim it*  This r e s u l t  i s  very  

fav o u ra b le , bu t i t  w i l l  p re s e n tly  be seen from t e s t s  on 

c a s t  s t e e l  th a t  th e  accuracy  o f  th e  t e s t  i s  o f  th e  o rd e r  

o f p lu s  o r minus th e  s t r e s s  increm ent*
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In  making th e se  t e s t s  th e  Order was from 

h ig h  to  low tem pera tu re  so th a t  a t  670 Deg. F ah ., the  

t e s t - p ie c e  was broken bu t the  l im i t  e s tim a tio n  was made 

so a s  on ly  to  show th e  low er l i m i t .  S im ila r ly  a t  514 

Deg. F a h ., on ly  th e  lower l im i t  was determ ined , and th a t  

a t  390 Deg. F ah ., was used only  as a check and th e  t e s t  

no t con tinued  so f a r  as th e  upper l i m i t .  In  t h i s  way th e  

low er l im i t  curve was o b ta in ed  and although  i t  was con sid : 

:e re d  p e c u l ia r ,  i t  was only  when th e  com plete ex ten s io n  

curves were drawn th a t  the  a c tu a l  creep l im i t  curve was 

d e te rm ined . This creep  l im i t  s t r e s s  curve was found to  

fo llow  th e  u su a l course from maximum s tre n g th  a t  th e  low er 

c r i t i c a l  tem peratu re  to  p r a c t i c a l ly  no s tre n g th  a t  1 ,100 

Deg. Fah.

On the  s tr e n g th  c h a r a c te r i s t i c s  diagram . F ig .

43, i t  i s  n o tic e a b le  th a t  th e  curves fo r  low er l im i t  and 

y ie ld  s t r e s s  a re  p r a c t i c a l ly  c o in c id e n t, th e  ev iden t 

co n c lu s io n  being  th a t  they  are  one and th e  same cu rv e .

This occurrence i s  r e a d i ly  ex p la in ed  w ith  th e  a id  o f  F ig .

44 .
Here i s  p lo t t e d  a lo a d -e x te n s io n  curve taken  a t  

550 Deg. F a h ., on th e  100 Ton T estin g  Machine w ith  the  

M artèn 's  Type M irro r E xtensom eter. The e l a s t i c  l im i t  

and th e  y ie ld  p o in t a re  c le a r ly  marked. I f  t h i s  t e s t  were 

c a r r ie d  through in  d a i ly  s t r e s s  s ta g e s , th en  i f  th e  e l a s t i c  

l im i t  were c o r re c t  th e re  would be no change up to  t h i s  

p o in t and p o ss ib ly  l i t t l e  to  the  y ie ld  p o in t .  A fte r  th e  

y ie ld  p o in t the  ex ten s io n s  would be g re a te r  due to  the  

e f f e c t  o f  i n i t i a l  flow . P robably i n i t i a l  flow  would be 

o b se rv ab le  b e fo re  th e  y ie ld  p o in t ,  depending on th e  

s e n s i t i v i t y  o f  th e  ex tensom eter. In  any case th e  form
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would be the  same, so th a t  t h i s  lo a d -e x te n s io n  curve 

i s  e s s e n t i a l l y  th e  same as  a p ro g re ss iv e  s t r e s s  t e s t  

s t r e s s  increm ent -  e x ten s io n  cu rv e .

Taking e x te n s io n  d i f f e r e n c e s ,  th e se  a re  zero 

up to  the  e l a s t i c  l i m i t ,  have th e  v alue  d^ a t  the  y ie ld  

p o in t and a t  two succeeding  s tre ss^ ab o v e  th e  y ie ld  s t r e s s  

th ey  a re  dg and d j*  These d if fe re n c e s  g ive th e  d e riv ed  

curve shown, which ag a in  i s  p r a c t i c a l ly  id e n t ic a l  w ith  

th e  d e r iv e d  curve by the  p ro g re ss iv e  s t r e s s  t e s t .  Here 

two l im i t s  a re  in d ic a te d , th e  e l a s t i c  l im i t  and th e  low er 

creep  l i m i t .  The low er creep  l im i t  i s  th e  y ie ld  p o in t o f  

th e  s h o r t  time t e s t .  The d if fe re n c e s  going to  make up d^ 

a re  very  sm all so th a t  th e  e l a s t i c  l im i t  escapes d e te c t io n  

by th e  Ames gauge in  th e  p ro g re ss iv e  s t r e s s  t e s t .  Also th e  

resem blance between th e  ex ten s io n  r e s u l t s  f in is h e s  w ith  th e  

y ie ld  p o in t ,  the  tim e f a c to r  a l t e r in g  the  a sp ec t o f th e  

t e s t s .  This low er l im i t  i s  a b e t t e r  measure o f  th e  y ie ld  

s t r e s s  th an  th a t  g iven  in  the  qu ick  t e s t ,  s in ce  i t  can be 

d e te c te d  by l e s s  s e n s i t iv e  ex tensom eter ap p a ra tu s  and i s  

no t l i a b l e  to  a r t i f i c i a l  e le v a t io n  due to  h igh  s t r a in in g  

r a t e s .

The low er l im i t  o r y ie ld  curve merges w ith  th e  

creep  l im i t  curve a t  about 800 Deg. F ah ., a lso  in  th e  qu ick  

b reak  cu rv es . F ig . 40 , th e re  i s  no y ie ld  in d ic a t io n  a t  820 

Deg. F a h ., and o v e r. At about 800 Deg. F a h ., th e  tim e 

e f f e c t  w ipes ou t th e  y ie ld  p o in t and s u b s t i tu te s  the  

c reep  l i m i t .  With a sm all tem perature advance o f from 100 

to  150 deg rees th e  l im i t  o f  p ro p o r t io n a l i ty  merges w ith  

th e  e s tim a ted  creep  l i m i t .

In  o rd e r to  check the  p ro g re ss iv e  s t r e s s  method 

o f  e s tim a tin g  the c reep  l im i t  s t r e s s  a s e t  o f  long  d u ra tio n  

t e s t s  was made, w ith  v a ry in g  s t r e s s  a t  approx im ately  

820 Deg. Fah. Seven t e s t s  were c a r r ie d  through w ith



Zoo

0 -26 % CARBON S t e e l . 

EXTENSION-. TfMC C(/RVES.
IBO

160

fuz
1200

8

z
o
(/Iz
y

k
w

100

6 0

60

4 0

799 r.0—0

20

looo
(200 ( 4 0 0200 (600 800



o

M

c\tCVi

CM

unon j ooofjf a a s y g

ifl

8S



o#

CM
CM

CM

CM

1

v/>Z

(/)
a
h



Tâ&l£. N° 4.

O 25 % CAR&ON S t e e l  . 

F low  K a t ls .

S t r e l s s l&MPERATUT^E.

M I N I M U M M i n i m u m L O Q .

C R E 1 E .T >  F A T E . CREEP F a t e .. CREET» F A T E .

T ô n s / / n^ î ) E q  T A h . X o o o  j  H o on . In c h  /  H ouik.

e y - 5 - 8 o < 3 0  2 9 3 0 0 0 2 9 3  ' ~ " 3 '  5 "  3 é  o

2 6  o 8 / 6 O  / ^ 2 - o o o / - 3  8 4 ^  ^ 8

2 5 *  o 8 2 9 0  2 2 4 ^ ■ 0 0 0 2 2 ^ - 3  6 - ^ o o

2 ^  o 8 2 8 O  / ^ O 0 0 0 / ^ 0 - 3  8 S ^ O

2 Z  o 8 2 3 o  0 8 0 ■ o o o o & o - ^ ^  0 9 7 0

2 o  o 8 2 3 O  O ^ ' é . O O O O S C - ^  ■ 2 S /  Ô

/ 8  o F 9 9 O  O O S 3 . . O O O O O S 3 - j r  2 7 3 ^ F



-  45 -

s t r e s s e s  rang ing  from 27J  to n s / in ^ . ,  to  18 to n s / in ^ . ,  

th e  tem p era tu re  be in g  m ain ta ined  as co n s tan t a s  p o ss ib le*  

D aily  e x te n s io n  read in g s  were n o ted  t i l l  th e  m etal 

f r a c tu re d  o r t i l l  s u f f i c ie n t  e x te n s io n  measurements had 

been made* The ex ten s io n -tim e  curves are  g iven  in  F ig .

45» Due to  tem pera tu re  f lu c tu a t io n s  th e  curves a re  

somewhat e r r a t i c ,  b u t t h e i r  g en e ra l shape shows an 

i n i t i a l  c reep  p o r t io n  fo llow ed by f in a l  creep to  f r a c tu r e .  

With h ig h  s t r e s s e s  creep  r a te s  a re  h igh  and i n i t i a l  flow  

p asses  q u ick ly  in to  f in a l  flow . At low er s t r e s s e s  the  

creep  r a t e s  a re  reduced and the  change fromi i n i t i a l  to

f i n a l  flow  i s  more g rad u a l th e re  being  ap p a ren tly  a

range o f co n s tan t c ree p . At 18 to n s / in ^ . ,  t h i s  i n t e r :

:m ediate p o r tio n  i s  very  pronounced, the creep  r a te  be in g  

very  low , and a f t e r  about 80 days t e s t  th e re  i s  no s ig n  of 

in c re a se  in  th e  creep  r a t e ,  so th a t  18 to n s / in ^ . ,  must

be c lo se  on the  creep  l im i t  s t r e s s .

To e s tim a te  th e  creep l im i t  s t r e s s  th e  i n t e r :

: m ediate o r minimum flow r a te s  were measured and p lo t te d  

w ith  the  corresponding  s t r e s s e s  in  F ig . 46# The 

r e s u l t in g  curve i s  somewhat h y p e rb o lic  in  form ten d in g  to  

tangency w ith  th e  a x is  o f zero creep  r a te  a t  a s t r e s s  o f  

about 13 to  14 to n s / in ^ .  F u rth e r  th e  lo g a rith m  o f th e  

creep  r a te  was p lo t t e d  w ith  s t r e s s  the  r e s u l t  being  as 

in  F ig . 47» where th e  p lo t  i s  a s t r a ig h t  l i n e  to  20 

to n s / in ^ . ,  and th e re  changing d i r e c t io n .  The re d u c tio n  

in  lo g . creep  r a te  f o r  s t r e s s e s  below 20 to n s / in ^ . ,  being  

much g r e a te r  th an  fo r  those  above 20 to n s / in ^ .  These 

flow  v a lu es  are  ta b u la te d  in  ta b le  No. 4*

That th e  lo g . creep  r a te  curve shows such a 

d is c o n t in u i ty  may be taken  as a d d i t io n a l  ev idence th a t  

th e  c reep  o r flow w i l l  cease a t  some l im i t in g  s t r e s s .

The g ra p h ic a l evidence in  F igs 45» 46 and 47 in d ic a te s  a
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l im i t  o f  13 to  14 to n s / in ^ . ,  a t  820 Deg. Fah. This 

value f a l l s  on th e  e s tim a te d  creep  l im i t  curve, so th a t  

in  t h i s  case the  p ro g re ss iv e  s t r e s s  method o f making a 

l im i t  s t r e s s  e s tim a tio n  g iv e s  th e  same r e s u l t  as does the  

more la b o r io u s  and tim e abso rb ing  ab so lu te  method.

The d u c t i l i t y  r e s u l t s  from the  slow t e s t s  a re  

g iven  in  F ig . 48* The d u c t i l i t y  i s  f a i r l y  c o n s ta n t up to  

800 Deg. F ah ., i t  th en  r i s e s  ra p id ly  as a re d  tem peratu re  

i s  approached.

OAST STEEL

A p iece  o f  m a te r ia l  cu t from the  tu rb in e  casin g  

o f  an Ex-German C ru ise r su p p lied  th e  c a s t  s t e e l  used in  the 

fo llo w in g  ex p erim en ts . The sc rap  was approxim ately  3 i  

in ch es  by 1^ in ch es and had a chord o f  20 in c h e s , the  

d iam eter o f th e  ca s in g  had been approxim ately  7 f e e t .  The 

te s t - p ie c e s  were cu t ou t c i r c u m fe re n t ia l ly . The carbon 

co n ten t was found to  be p r a c t i c a l ly  0 .3  p e r  c e n t.

Two quick  b reak  t e s t s  were f i r s t  made a t  908 

and 1,169  Deg. F a h ., the r e s u l t in g  e x te n s io n  curves are  

g iven  in  F ig . 49» The l im i t  o f  p ro p o r t io n a l i ty  v a lu es  were 

approx im ately  9 and 4& to n s / in ^ ,  r e s p e c t iv e ly .  The m etal 

i s  very  d u c t i le  th e  p ercen tage  re d u c tio n s  in  a re a  being  

67 and 89 and the  percen tag e  e lo n g a tio n s  30 and 47 re sp e c tiv e :

:iy.
Three p ro g re ss iv e  s t r e s s  t e s t s  w ith  s t r e s s  in c re :  

:m ents o f 1 to n /in ^  were made a t  759,852 and 926 Deg. Fah. 

With an increm ent o f  2 to n s / in ^ . ,  a t e s t  was made a t  925 

Deg. F a h ., and w ith  an increm ent o f 2^ to n s / in ^ .^  an o th e r

was made a t  925 Deg. Fah. Thus a t  925 Deg. F a h ., th re e  

p ro g re ss iv e  s t r e s s  t e s t s  were made w ith  th re e  d i f f e r e n t  

in c rem en ts . The e x te n s io n  and ex te n s io n  d i f f e r e n c e - s t r e s s  

increm ent curves a re  in  F ig s . 50 and 51 ,eacb  s t r e s s  

increm ent being  p lo t te d  as a u n i t .  The low er l im i t ,  o n ly .
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h as been found in  each case , as  a t  the  tem p era tu res  

co n s id ered  both  l im i t s  have merged.

At 925 Deg. F ah ., th e  creep  l im i t  s t r e s s  i s  

g iven  as  6 to n s / in ^ • , by th e  one and two to n s / in ^ •, 

increm ent t e s t s ,  w hile  f o r  th e  increm ent o f 2^ to n s / in ^ ,  

th e  l im i t  i s  to n s / in ^ .  The accuracy  o f th e  t e s t  i s  

l im ite d  by th e  s t r e s s  increm ent, the  r e s u l t  always being  

w ith in  an increm ent o f th e  c o r re c t  v a lu e . Thus any 

advantage in  in c re a s in g  the  s t r e s s  increm ent to  h a s ten  

th e  t e s t , r e s u l t s  in  a lo s s  o f accu racy .

These c h a r a c te r i s t i c  v a lu es  a re  shown in  F ig .

52 a long  w ith  r e s u l t s  from an 0 .53^  carbon c a s t s t e e l ,  

te s te d  a t  th e  N a tio n a l P h y sica l L a b o ra to ry .(8 ) . The 

l im i t  o f p ro p o r t io n a l i ty  v a lu es  l i e  above th e  creep  l im i t  

s t r e s s  v a lu e s . As w ith  the  p rev io u s  s te e l  th e  measurements 

made w ith  the  c lock  gauge tend  to  g ive h igh  r e s u l t s  in  

th e  e l a s t i c  l im i t  d e te rm in a tio n .

As a second check on th e  p ro g re ss iv e  s t r e s s  

method o f creep  l im i t  e s tim a tio n  a second s e r ie s  o f ab so lu te  

t e s t s  were made, t h i s  tim e w ith « co n stan t s t r e s s ,  10 t o n s / i i f . 

and v a ry in g  tem p era tu re . Six t e s t s  were made over a 

tem pera tu re  range from 1,033 to  886 Deg. Fah. The 

e x ten s io n -tim e  curves a re  shown in  F ig . 53, and th ese  a re  

very  s im ila r  to  th o se  fo r  0 .2$^  carbon s t e e l .

The minimum creep r a te s  were determ ined and 

p lo t t e d  w ith  th e  correspond ing  tem pera tu res in  F ig . 54 , the 

creep  r a t e s  a re  g iven  in  Table No.5 . The r e s u l t in g  curve
j

i s  ag a in  o f a h y p e rb o lic  form becoming ta n g e n t ia l  to  the  ' 

a x is  o f  zero  creep  f a te  a t  about, 8£0 to  880 Deg. Fah. The | 

lo g a rith m ic  p lo t .  F ig . 55 , in  th i s  ca se , i s  no t so d e f in i t e ,  | 

th e  form being  a f l a t  curve which might ten d  to  an !

asym ptote somewhere below 880 Deg. Fah. The l im i t  temperature
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f o r  10 to n s /in ^ *  as e s tim a ted  by th e  p ro g re ss iv e  s t r e s s  

method i s  820 Deg. F ah .; t h i s  i s  low er th a n  th a t  g iven  

by th e  a b so lu te  method bu t i t  shows th a t  th e  p ro g re ss iv e  

s t r e s s  method i s  sa fe  and s h o r t .

On account o f th e  v a r ie d  n a tu re  o f  th e se  t e s t s  

no d u c t i l i t y  cu rves could be drawn, b u t th e  d u c t i l i t y  

r e s u l t s  a re  shown in  Table No. 6 .

DISCUSSION OF TEST RESULTS: -

The fu rn ace  experim en ts were very  in t e r e s t i n g  

a lth o u g h  somewhat le n g th y . The g r e a te s t  tim e was sp en t in  

a d ju s t in g  th e  w ind ings o f  the  gap-wound fu rn ace  to  g ive  a 

s a t i s f a c to r y  tem p era tu re  d i s t r i b u t i o n .  T his in v o lv ed  about 

h a l f  a dozen w inding a l t e r a t i o n s  and a v a r ie ty  o f t e s t s  

w ith  each  w inding f o r  d i f f e r e n t  fu rn ace  p o s i t io n s .

In  th e se  t e s t s ,  u s in g  a v e r t i c a l  fu rn a ce  w ith  th e  

to p  c lo se d  in  w ith  a s b e s to s  wool p ack in g , an even ly  

d i s t r i b u t e d  gap-w inding  i s  u s e le s s ,  and the  f i n a l  gap- 

w inding  was such as to  c o n c e n tra te  more h e a t a t  the  bottom  

th an  a t  th e  to p .

Due to  t h i s  v a r ia b le  to p  pack ing  i t  was found to

be im p o ss ib le  to  r e p e a t  a p rev io u s  tem p era tu re  w ith  th e

same fu rn ace  c u r r e n t .  B ut, the  v a r ia b le  pack in g  was 

u s e f u l ,  i n  t h a t ,  w ith  a  l i t t l e  p r a c t ic e  a  f in e  tem pera tu re

c o n tro l  could  be o b ta in e d  by making a h o le  in  t h i s

p ack in g  and v a ry in g  th e  h o le  to  s u i t  tem p era tu re  

f lu c tu a t io n s .

The s t r e n g th  t e s t s  in  th e se  fu rn a c e s  show th a t  

no s p e c ia l  type o f  fu rn ace  i s  r e q u ire d  to  g ive  c o r re c t  

s t r e s s - te m p e ra tu re  v a lu e s .  Care must be ta k e n  to  h e a t the 

t e s t - p i e c e  p ro p e r ly , e i t h e r  u n ifo rm ly , o r  w ith  a  tem peratu re  

g ra d ie n t  o u t from th e  c e n t r e .  I f  th e  second method i s  used 

th e  h o t t e s t  tem p era tu re  o f  th e  t e s t - p ie c e  must be m easured. 

Also th e  th e rm o -ju n c tio n  must n o t be h e ld  a g a in s t  th e  t e s t -
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p ie ce  in  any haphazard  fa sh io n , b u t must be t ig h t ly  in  

c o n ta c t w ith  the  m etal and must be sh ie ld e d  from th e  

fu rn ace  w all r a d ia t io n  and from h o t a i r  c u r r e n ts .  There 

a re  v a r io u s  ways o f f ix in g  the coup le , b u t th a t  o f 

c a r e fu l ly  b in d in g  i t  to  the  te s t - p ie c e  w ith  a sb e s to s  cord 

i s  bo th  sim ple and e f f e c t iv e .

The t e s t s  on c a s t  i ro n , A dm iralty gun-m etal and 

b ra s s  may be co n s id e red  to g e th e r  as t h e i r  r e s u l t s  are  

s im ila r  in  many r e s p e c ts .  Cast i ro n  over normal t e s t in g  

tem p era tu res  i s  a b r i t t l e  m e ta l, the  gun-m etals and th e  

b ra s s  a re  d u c t i le  up to  c e r ta in  tem p era tu res  and th e r e a f te r  

they  become b r i t t l e .  This b r i t t l e n e s s  le a d s  to  an 

in te r e s t i n g  t e s t  r e s u l t .  This i s  shown in  i t s  e f f e c t  on 

th e  creep  or flow  o f  the  m e ta ls , when i t  r e s u l t s  in  th e  

creep  e x te n s io n - s tr e s s  increm ent curves being  n e a rly  

s t r a ig h t  l i n e s  up to  p r a c t i c a l ly  th e  l a s t  increm en t, a f t e r  

which a f a i r  s t r e tc h in g  ta k e s  p la c e . The low d u c t i l i t y  

has a lre a d y  been shown to  r e s u l t  in  reduced i n i t i a l  flow  

v a lu e s , so s tr a ig h te n in g  out the  creep  e x te n s io n  cu rv e .

Also s in ce  th e  a c tu a l  e lo n g a tio n  o f th e  te s t - p ie c e  i s  

sm all, when continuous flow  s e ts  in  i t  p roduces f r a c tu r e  

in  one, o r  a t  most, two days. In  t h i s  way th e  e s tim a ted  

creep  l im i t  s t r e s s  i s  always ju s t  one o r two s t r e s s  

increm ents below th e  p ro g re ss iv e  s t r e s s  t e s t  b reak in g  

s t r e s s .

When a m eta l i s  b r i t t l e ,  to  o b ta in  th e  creep 

l im i t  s t r e s s  a l l  th a t  i s  re q u ire d  i s  to  perform  an 

o r ig in a l  p ro g re ss iv e  s t r e s s  t e s t  w ith o u t an ex tensom eter 

and reduce th e  b reak in g  s t r e s s  by one o r two s t r e s s  

increm ents depending on the  accuracy  re q u ire d .

The d i f f è r e n t  e f f e c t s  o f  d u c t i l i t y  and la ck  o f 

d u c t i l i t y  are  s t r ik in g ly  d isp lay ed  in  th e  t e s t s  on b r a s s .
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This m etal i s  so b r i t t l e  above the  c r i t i c a l  tem pera tu re  

a s  to  g ive p e r f e c t ly  s t r a ig h t  creep  ex ten s io n  cu rv es .

But, j u s t  below th e  c r i t i c a l  tem peratu re  i t  a q u ire s  

c o n s id e rab le  d u c t i l i t y  and in  a d d i t io n  we have an 

in tro d u c t io n  to  th e  two l im i t s ,  th e  low er -  o r  y ie ld  

s t r e s s  and th e  upper -  th e  e s tim a ted  creep l im i t  s t r e s s .

The b ra s s  in  t h i s  c o n d itio n  behaves very  l ik e  s t e e l ,  

a lth o u g h  i t  does no t have th e  same range between the  

creep  l im i t  s t r e s s  and the  slow break  s tre s s*

This double l im i t  e s tim a tio n  i s  very  in t e r e s t i n g .  

I t  p ro v id e s  a new method o f f in d in g  the  y ie ld  s t r e s s  and a t  

th e  same tim e d e f in e s  the  y ie ld .  I t  a lso  su g g ests  a very  

com prehensive t e s t  which w i l l  be econom ical in  tim e, la b o u r 

and m a te r ia l .  Using an ex tensom eter o f the  s e n s i t i v i t y  

re q u ire d  fo r  e l a s t i c  l im i t  d e te rm in a tio n s  w ith  a 

p ro g re ss iv e  s t r e s s  t e s t ,  th re e  l im i t  d is c o n t in u i t ie s  would 

appear in  th e  ex ten s io n  d i f f e r e n c e - s t r e s s  increm ent curve 

th e se  b e in g , e l a s t i c  l im i t ,  y ie ld  and creep l im i t  s t r e s s .  

The accuracy  a t ta in e d  would be o f the o rd e r  o f  th e  s t r e s s  

increm ent used , and the te s t in g  tim e would v ary  w ith  th e  

increm ent and the creep  l im i t  s t r e s s .

Taking such a t e s t  on the  0 .25^  carbon s t e e l  and 

re p e a tin g  th e  f iv e  t e s t s  shown w ith  th e  same increm ents and 

commencing each t e s t  a t  zero s t r e s s ,  the  t o t a l  t e s t in g  

tim e re q u ire d  would be about I 30 days. T his would p rov ide 

l im i t  v a lu es  fo r  each o f a comprehensive range o f f iv e  

te m p e ra tu re s . With th e  ab so lu te  t e s t ,  to  make one creep  

l im i t  d e te rm in a tio n  a t  l e a s t  f iv e  te s t - p ie c e s  are  re q u ire d  

and f u l ly  100 days t e s t in g  tim e i s  needed. The d if fe re n c e  

i s  obvious*

By checking th e  p ro g re ss iv e  s t r e s s  method w ith  

a b so lu te  t e s t s  i t  has been shown th a t  the  p ro g re ss iv e  s t r e s s  

method i s  emminently s a t i s f a c to r y .

Another com parison check i s  g iven in  F ig . 56,
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which shows r e s u l t s  from th e  0 *25^  carbon s t e e l ,  along 

w ith  r e s u l t s  from an  0 . 24^  carbon s t e e l  which was te s te d  

a t  th e  N atio n a l P h y s ic a l L aborato ry  (8 ) .  On th e  b a s is  

o f  u lt im a te  s tre n g th  and e l a s t i c  l im i t  v a lu es  the  0 . 25^  

carbon s t e e l  i s  su p e rio r*  This s u p e r io r i ty  i s  shown by 

th e  c reep  l im i t  s t r e s s  a ls o ,  the  improvement in  th i s  case 

i s  no t g re a te r  th a n  in  the  o th e r .  The 0.24% carbon s te e l  

creep  l im i t  curve was determ ined  by the  a b so lu te  method, 

so th a t  aga in  we have th e  p ro g re ss iv e  s t r e s s  method g iv in g  

r e s u l t s  s im ila r  to  those  by the  ab so lu te  method.

PROLONGED TESTS AT NORMAL TEMPERATURE;-.

The g r e a te r  p o r tio n  o f th e  re se a rc h e s  in to  th e  

behav iour o f  m eta ls  under pro longed  s t r e s s  a p p l ic a t io n  

has been concerned w ith  e le v a te d  tem peratu re  c o n d itio n s , 

and has m ostly  d e a l t  w ith  s t e e l s  and the  h ard  m e ta ls .

There a re  se v e ra l s o f t  m e ta ls , such as would be expected  

to  flow  re a d i ly  under th e  a c t io n  o f low s t r e s s e s  a t  normal 

tem p era tu re , which could  be e a s i ly  te s te d  and might 

p ro v id e  f u r th e r  evidence tow ards th e  s o lu t io n  o f th e  creep  

problem*

(a) LEAD2-

When s o f t  m eta ls  a re  thought o f ,  le a d  im m ediately 

su g g ests  i t s e l f  and s in c e  i t  i s  e a s i ly  p ro c u ra b le , t e s t s  

were commenced w ith  t h i s  m e ta l.

A p ie ce  o f le ad  sh e e tin g  was cut in to  s t r i p s  

h a l f  an inch  wide and o f a v a r ie ty  o f le n g th s .  These 

s t r i p s  were h e ld  a t  c a n t i le v e r s  and the  f re e  ends were 

allow ed to  droop under t h e i r  own w e ig h t. They were 

supported  over a  ta b le  and th e  droop o f  each f re e  end was 

tak en  each day w ith  th e  ta b le  as datum. A s e t  o f droop

tim e curves a re  g iven  in  F ig . 57, th e  le n g th  o f each s t r i p  

i s  marked a g a in s t each cu rve . The lo n g e r s t r i p s  drooped



r a p id ly ,  th e  12 inch  s t r i p  f a l l i n g  in  a l i t t l e  under th re e  

h o u rs , th a t  s t r i p  11 in ch es long  f a l l i n g  in  about 30 

h o u rs . The 10 inch  s t r i p  drooped f a i r l y  r a p id ly  to  beg in  

w ith  bu t the  r a te  became slow er, becoming f a i r l y  steady  

a f t e r  a f o r tn ig h t .  The r a te  showed s ig n s  o f  in c re a s in g  

ag a in  in  the  fo u r th  week, but here  th e  t e s t  ceased as th e  

le a d  had drooped in to  co n tac t w ith  th e  su p p o rt. S tr ip s  

9 and 8 show very f l a t  cu rves to  beg in  w ith , develop ing  

l a t e r  in to  s t r a ig h t  l in e s  o f  ap p a re n tly  co n s tan t s lo p e .

They m ight have con tinued  so in d e f in i te ly  b u t a f t e r  

about a  month the  experim ent had to  be d isc o n tin u e d , as the 

ap p a ra tu s  was in a d v e r te n tly  su b je c te d  to  a shock which 

d isp la c e d  the  s t r i p s .

(b) CANTILEVER TESTS ON POPPER AND STEEL2-

F u rth e r  c a n t i le v e r  t e s t s  were proceeded w ith  

u sin g  heavy gauge copper w ire and s t e e l  k n i t t in g  n eed les  

each le n g th  being  uniform  and loaded  a t  each f re e  end w ith  

v a r io u s  lo ad s  to  produce d e f in i t e  maximum s t r e s s e s .  The 

d e f le c t io n s  o f the  f r e e  ends were measured from a datum 

base w ith  a s tan d  m icrom eter gauge. These t e s t s  were 

p e rsev ered  w ith  fo r  some time bu t the  r e s u l t s  were very 

u n s a t is f a c to ry  and a c c u ra te  measurements were d i f f i c u l t  to  

make w ith o u t d is tu rb in g  th e  t e s t - l e n g th s .  In  th e  case o f 

s t e e l  no tendency to  develop continuous creep  was observed.

(c) DIRECT TENSILE TESTS2-

Tinned Copper.

From th e  experience o f  th ese  bending t e s t s  i t  was 

dec ided  th a t  the  b e s t  r e s u l t s  would be o b ta in ed  from d ir e c t  

t e n s i l e  t e s t s  which could be most co n v en ien tly  made on 

w ires  loaded w ith  w eig h ts .

T ests  were commenced on tin n ed  copper w ire o f 

0.0125  inch  d iam ete r, which on t e s t  in  a s tan d ard  Barr*s
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Wire T e s te r  showed a b reak in g  s tre n g th  o f 17*1 to n s / in ^ .

The t e s t  w ires  o f 100 cm., gauge le n g th  were a tta c h ed  to  

a  w a ll f ix tu r e  and loaded  a t  th e  f r e e  end. A p o in te#  

on th e  low er gauge gave in d ic a t io n s  on a m etre s t i c k  s e t  

in  a clamp which was f ix e d  on th e  f lo o r .  , D aily  ex ten s io n  

read in g s  were made. No account was taken  o f any d e f le c t io n  

o f th e  upper gauge which low ered s l i g h t ly  due to  the  

unwinding o f the  tw is t  where the  w ire was ta k en  round the  

su p p o rt.

The f i r s t  t e s t  was made w ith  a s t r e s s  o f  15 

to n s / in ^ ,  th e  w ire b reak in g  a f t e r  about 144 h o u rs . With 

a s t r e s s  o f  14 to n s / in ^ ,  th e  tim e occupied in  f r a c tu r in g  

was 6288 h o u rs .

The ex ten s io n -tim e  curves a re  shown in  F ig s . 58 

and 59* The f i r s t  s e r ie s  show the  i n i t i a l  p e r io d  over 

th re e  days, to  an extended s c a le ,  th e  second s e r ie s  give 

the  com plete curves to  f r a c tu r e .  These curves show the 

c h a r a c te r i s t i c  creep  p h ases , i n i t i a l  and f i n a l  flow , the  

change from th e  one to  th e  o th e r  form ing a p o in t o f 

in f le x io n  on the cu rve.

The minimum creep  r a t e s ,  measured a t  th ese  

p o in ts  o f  in f le x io n ,  were taken  and p lo t te d  w ith  the  

co rrespond ing  s t r e s s e s  in  F ig . 60. The r e s u l t in g  curve 

shows a ra p id  d ecrease  in  flow  r a te  to  I 5 to n s / in ^ ,  

th e r e a f te r  th e  re d u c tio n  i s  much slow er. The curve shape 

su g g ests  th a t  i t  e i th e r  becomes ta n g e n t ia l  to  the  a x is  o f 

zero creep  r a te  a t  some s t r e s s  below 14 to n s /in ^ .^  o r i t  

becomes asy m p to tic , in  which case th e  w ire would u ltim a te ly  

f a i l  no m a tte r  to  what s t r e s s  i t  was su b je c te d . The flow 

d a ta  a re  g iven  in  Table No. 7*

In  such a ca se , a change to  ano ther method of 

p lo t t in g  may h e lp  tow ards a d e c is io n , and lo g a rith m ic  

p lo t t in g  has been used . The s t r e s s - lo g .  creep  r a te  curve
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i s  g iven  in  F ig . 6 l and appears to  be a s t r a ig h t  l i n e .

This method i s  r e a l l y  u se fu l as  i t  opens ou t the  flow 

sc a le  a t  the  low er end o f th e  s t r e s s  ran g e . So f a r  as 

i t  goes, however, i t  rem ains a s t r a ig h t  l in e  and g ives 

no in d ic a t io n  o f a l i m i t .

To reach  a s a t i s f a c to r y  co n c lu sio n , the t e s t s  

would re q u ire  to  be extended to  low er s t r e s s e s ,  and the  

a c tu a l  te s t in g  tim es would be in c re a se d  to  se v e ra l y e a rs . 

I f  we assume th a t  th e  lo g . curve i s  a s t r a ig h t  l in e  fo r  

a l l  s t r e s s e s ,  then  w ith  a s t r e s s  o f  13 t o n s / in  • th e  w ire 

would f r a c tu r e  in  a l i t t l e  under 200 y e a rs . This i s  on 

th e  b a s is  th a t  the  w ire ex tends about 20)1» b efo re  f r a c tu r e ,  

which was th e  average e lo n g a tio n  shown by th e  v a rio u s  

t e s t - l e n g th s .

Though a d e f in i t e  creep  l im i t  has no t been 

dem onstrated  by th e se  r e s u l t s ,  i t  i s  ev id en t th a t  any 

d e s ire d  e x p e c ta tio n  o f l i f e  may be o b ta in ed  from a 

c o n s id e ra tio n  o f the  lo g . p lo t  which w i l l  g ive th e  c o rre s : 

: ponding s t r e s s  v a lu e .

(d) AmEALED COPPER;-

During th e  t e s t in g  o f the  tin n e d  copper w ire s , 

a  sim ple ap p a ra tu s  was c o n s tru c te d  fo r  making flow t e s t s  

on w ire s . The g en e ra l arrangem ent o f th e  ap p a ra tu s  i s  

g iven  in  F ig . 62. E s s e n t ia l ly  a m etre s t i c k  c a r r i e s  

two clamps one a t  e i th e r  end. Both clamps are  shown in  

d e t a i l  in  F ig . 63• The top  clamp r e s t s  in  a w ire loop 

which i s  suspended from a ro o f beam, t h i s  w ire i s  h e ld  

between the  f ro n t  o f th e  metre s t i c k  and th e  forw ard lim b 

o f th e  clamp. At the  r e a r  th e re  i s  a b ra s s  p la te  between 

th e  m etre s t ic k  and the  r e a r  lim b , and between t h i s  p la te  

and th e  clamp i s  h e ld  the  t e s t  w ire . The clamp se rves the  

dual purpose o f su p p o rtin g  the loaded  w ire and the m etre 

s t i c k .  The t e s t  w ire  i s  taken  over th e  round top  o f the
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clamp and p asses  over the  face  o f  th e  m etre s t i c k .

The low er f ro n t  edge o f th e  clamp i s  a lso  rounded, th e se  

f i l l e t s  p rev en t n ipp ing  o f the  t e s t  w ire  which r e s u l t s  

in  u n d e s ira b le  lo c a l  s t r e s s e s  causing  f r a c tu r e  a t  th e  

su p p o rt. The m etre s t ic k  i s  h e ld  v e r t i c a l  by two w ires  

which are  s t r a in e d  between th e  low er clamp and two eye- 

b o l t s  in  the f lo o r .

The t e s t  w ires  were cu t from pure copper w ire , 

o b ta in ed  from the  B r i t i s h  Drug Houses. The complete 

c o i l  was annealed  a t  300 Deg. C entigrade b e fo re  u se .

The te s t - l e n g th s  were cu t %0 cm. long and c lean ed . Â 

sm all cen tim e tre  v e rn ie r ,  made in  th in  sh ee t b ra s s ,  was 

s o f t  so ld e re d  to  th e  w ire 10 cm. from one end and a 

second a t  ^0 cm. from the  f i r s t .  The f re e  end was looped 

and tw is te d , the  tw is t  be ing  th en  s o f t  so ld e re d . This 

method o f  making an eye was found to  be very  s a t i s f a c to r y  

p rov ided  th e  load  d id  no t exceed 40 l b .  F u rth e r , t h i s  

lo ad  was about th e  l im i t  which could be a p p lie d  to  th e  

m etre s t i c k  a s  i t  ben t under lo ad  and had to  be p u lle d  

s t r a ig h t  w ith  th e  h o ld in g  down w ire s , too ex cess iv e  a 

lo ad  h ere  drawing th e  s t i c k  from th e  top  clamp. The load  

was a p p lie d  through a w ire s t i r r u p  hooked to  the  eye of 

th e  t e a t  w ire ; th e  s t i r r u p  c a r r ie d  a w eight c a r r i e r  a t  

th e  low er end. The ap p a ra tu s  was so s e t  up as to  have 

the  w ire  p a r a l l e l  to  th e  s t i c k  w ith  th e  v e rn ie rs  in  

p ro p er co n ju n c tio n  w ith  th e  cen tim etre  s c a le .

During th e  p re p a ra t io n  o f the  te s t - w i re s  they 

re c e iv e d  co n s id e rab le  h an d lin g  and to  remove any s t r a in  

e f f e c t s  they  were b o ile d  in  w ater f o r  an hour befo re  t e s t :  

2 ing.

The com plete t e s t  p la n t comprised tw elve such

u n i t s .
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The copper w ire used was 20 8.W.G., 0 .035 

inch  d ia m e te r. On t e s t in g  in  th e  B a r r 's  Wire T e s te r , i t  

gave an u ltim a te  s tre n g th  o f 16 to n s / in ^ .  The t e s t s  

were perform ed over a lo ad  range o f 32 to  25 I h . ,  c o r re s :

: ponding to  s t r e s s e s  14*82 to  11.56  to n s / in ^ .

The com plete ex ten s io n  reco rd s  a re  g iven  in  

F ig s . 64 , 65 and 66; th ey -a re  oontainod  in  a pc ofeet  a t  

t h e end e f  -t h ie  "thes i s . F ig . 64 re co rd s  th e  lower 

v e rn ie r  read in g s  and F ig . 65 th o se  fo r  the  top  v e r n ie r .

From th e se  cu rves, re ad in g s  were tak en  a t  d e f in i t e  

in t e r v a l s ,  numerous o r sp arse  as  th e  curve demanded, and 

th e  co rrespond ing  d if fe re n c e s ,  o r the  e x te n s io n s  on 50 

cm. le n g th , taken  ou t and p lo t t e d  as the f i n a l  e x te n s io n -  

tim e cu rves F ig . 66.

These a re  ty p ic a l  flow  cu rv es . I t  i s  n o tic e a b le  

th a t  a t  th e  low er lo ad s  th e  w ires a re  s t i l l  in  the  i n i t i a l  

flow  s ta g e , and may p o ss ib ly  rem ain so fo r  some co n s id e rab le  

tim e . In  th e se  ca ses  i t  i s  im possib le  to  d e te rm in e  th e  

minimum creep  r a t e ,  so th a t  only  the f i n a l  r a te  shown has 

been m easured, ta b u la te d  in  Table No. 8 and p lo t te d  in  

F4g. 67* In  t h i s  f ig u re  only  th e  low er creep  r a te s  are  

shown. This curve i s  s im ila r  to  F ig . 60, showing the 

same tendency to  become tan g en t o r asym pto tic  to  the  a x is  

o f  zero  creep  r a t e .  Due to  th e  incom pleteness o f  th e  

ex ten s io n  curves the  lo g a rith m s o f th e  minimum creep  r a te s  

p lo t  very  e r r a t i c a l l y  and do not l i e  in  any o rd e r , so t h i s  

curve i s  no t g iv en .

An e s tim a tio n  o f l i f e  expectancy may be made from 

th e  ex ten s io n  cu rv es . That curve fo r  27 l b .  lo ad , 12.49 

to n s / in ^ , s t r e s s  shows a p re se n t creep  r a te  o f 0.000117 cm./ 

h o u r. Assuming th a t  i t  w i l l  ex tend  12 cm. b efo re  f ra c tu r in g , 

th a t  i s ,  a f t e r  about 6 cm. a t  th e  s a id  creep r a t e ,  th én  i t
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w il l  b reak  about seven y ea rs  hen ce . This e s tim a tio n  i s  

o f  course  on th e  h ig h  s id e  as no account has been taken  

o f  th e  sh o rten in g  o f  l i f e  due to  th e  in c re a s in g  creep  

r a te  in  th e  second flow  p e r io d . On the  same b a s is ,  

reducing  th e  s t r e s s  by 1 to n / in ^ .  the  l i f e  would be 

in c re a se d  somewhere about fo u r te e n  tim e s . Thus.even w ith  

imcomplete t e s t  d a ta ,  which p ro v id es  no evidence o f a 

creep  l im i t ,  a d e s ire d  l i f e  may be decided  upon and th e  

co rrespond ing  s t r e s s  r e a d i ly  determ ined .

(e) IRON AW STEEL; -

Pure iro n  w ire was annealed  a t  900 Deg. ce n tig rad e  

and a f te r - c le a n in g  was made up in to  t e s t - le n g th s  complete 

w ith  v e rn ie rs  and each w ire was b o ile d  to  remove o v e r s tr a in  

e f f e c t s .  The w ire was O.024  inch  d ia m e te r. On making a 

normal t e s t  th e  u ltim a te  s tre n g th  was 36J  to n s / in ^ .  Two 

pro longed  t e s t s  were made a t  34& 35& to n s / in ^ .  Both

gave i n i t i a l  flow l a s t in g  fo r  about 50 days and th e r e a f te r  

flow  a p p a re n tly  ceased , s in ce  no f u r th e r  e x te n s io n  could 

be d e te c te d  a f t e r  ano ther 100 d ays. The amounts o f i n i t i a l  

flow were O.IO5 and 0.175 cm. r e s p e c t iv e ly ,  th e se  

ex ten s io n s  a re  0 .21^  and 0 .35^  o f th e  o r ig in a l  le n g th s .

Two t e s t s  were made on hard  drawn s te e l  w ire , th e  

w ire being  te s te d  as re c e iv e d . These showed i n i t i a l  flow 

o f  about 200 days d u ra tio n  the  e x ten s io n  th en  ceas in g . The 

t e s t in g  lo ad s were 23 and 24 l b .  r e s p e c t iv e ly ,  th e  u ltim a te  

b reak in g  load  was 24^  lb .

These t e s t s  on iro n  and s t e e l  show th a t  a t  normal 

tem pera tu re  th e  c reep  l im i t  fo r  fe r ro u s  m eta ls i s  ju s t  a 

few p e r  c e n t, below th e  o rd in a ry  u ltim a te  s tr e n g th . A lso, 

ju s t  a t  t h i s  l im i t  s t r e s s  the  i n i t i a l  flow i s  very  sm all 

and i s  on ly  com pletely  produced a f t e r  a very  co n s id erab le  1 

p e r io d .
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results: -

Prolonged t e s t s  on w ire s  a t  normal tem peratu re  

a re  very  e a s i ly  made and f o r  the  s o f t  n o n -fe rro u s  m eta ls  

th e  ap p a ra tu s  d e sc rib ed  i s  s u f f i c ie n t ly  a c c u ra te . For 

h a rd e r  m eta ls  such as i ro n  and s te e l  a more accu ra te  

e x te n s io n  m easuring method i s  r e q u ire d .

The ex ten ô io n -tim e curves show c le a r ly  th a t  th e re  

a re  two s ta g e s  o f creep  e x te n s io n , an i n i t i a l  and then  a 

f i n a l  which r e s u l t s  in  f r a c tu r e .  The r a te  o f  p ro d u c tio n  

o f  i n i t i a l  flow  i s  reduced as th e  s t r e s s  in te n s i ty  i s  

low ered and w ith  t h i s  speed re d u c tio n , the tim e to  com plete 

th e  i n i t i a l  flow  i s  len g th en ed . This n ecessary  p ro lo n g a tio n  

o f th e  te s t - t im e  i s  very  awkward fo r  s t r e s s  d e te rm in a tio n , 

b u t i t  may be d ispensed  w ith  i f  a l im i t  based  on a d e f in i t e  

l i f e  i s  co n sid ered  s u f f i c i e n t .

F in a lly ,  th e  e x is te n c e  o r n o n -ex is ten ce  o f a l im i t  

has no t been s e t t l e d ,  b u t s u f f i c ie n t  ev idence has been 

produced to  show th a t  th e  problem would re q u ire  y ea rs  to  

so lv e , t h i s  tim e n e c e s s a r i ly  being  o f the same o rd e r  as the  

l i f e  re q u ire d  from any s tru c tu re  to  be d es ig n ed .

FAILURE

This i s  an a ttem pt to  e x p la in  th e  form o f the  

creep  l im i t  curves by means o f a few experim en ta l o b se rv â t: 

: io n s  and co n c lu sio n s which have been drawn from them.

On s t r e s s in g  a m etal i t  developes s l i p  p la n e s , 

g l id in g  on th e se  p la n es  produces e x ten s io n  and w ith  a 

s u f f i c ie n t  s t r e s s  in te n s i ty  f r a c tu r e  u lt im a te ly  o cc u rs .

I t  i s  g e n e ra lly  accep ted  th a t  t h i s  s l ip p in g  i s  accompanied 

by a s tren g th en in g  a c t io n  which can even stop  s lip p in g  on a 

s e r ie s  o f  p lan es  so s t i f f e n in g  them as to  cause s l ip  to  

t r a n s f e r  to  a le s s  favo u rab ly  d r ie n te d  s e t  o f  p la n e s . What 

t h i s  " S tra in  Hardening" i s  due to  has been ex p la in ed  by a
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v a r ie ty  o f  th e o r ie s  which s t i l l  leav e  i t  somewhat o f a 

m ystery , ,

Turning to  therm al e f f e c t s ,  a f t e r  c e r t a in  p l a s t i c  

defo rm ation  a m etal w i l l  respond to  s p e c ia l  therm al 

tre a tm e n t by r e c r y s ta l l i z in g  which under c e r tà tn  co n d itio n s  

le a d s  to  c r y s ta l  grow th. This h as  been th e  su b je c t o f 

co n s id e rab le  in v e s t ig a t io n ,  bu t p a r t i c u la r ly  work by 

Chappell (18) and C arpenter and Elam (19) has shown th a t  

t h i s  therm al a c t io n  has a d e f in i t e  minimum tem p era tu re .

There i s ,  a ls o ,  a low er temp, range which ap p a ren tly  a f f e c t s  

the  in te r n a l  s t r u c tu re  o f th e  c r y s ta l ,  b u t has no annealing  

'e f fe c t .  For i ro n  and s te e l  t h i s  s t r u c tu re  change occu rs 

about 650 to  JOO Deg. Fah., and th e  re  c r y s t a l l i z a t io n  o r 

an n ea lin g  about 1 ,000 Deg. Fah.

From normal to  t h i s  f i r s t  c r i t i c a l  tem perature 

th e re  i s  no therm al a c tio n  so th a t  f a i lu r e  depends on th e  

r e l a t io n  between th e  ap p lied  s t r e s s  and s t r a i n  h ard en in g .

As th e  e x ten s io n  proceeds the s t r e s s  i s  in c re a se d  and 

the  amount o f s t r a i n  harden ing  in c re a s e s . I n i t i a l l y  th e  

ex ten s io n  r a te  i s  h igh  so th a t  th e  amount o f  s t r a i n  

harden ing  i s  a lso  h ig h , t h i s  r e s u l t s  in  the  m etal 

s t i f f e n in g  and the ex ten s io n  r a te  g rad u a lly  slow s. This 

com plicated  in te rw o rk in g  o f e f f e c t s  produces the  ty p ic a l  

i n i t i a l  flow  p o r tio n  o f th e  creep  e x te n s io n  cu rv e . When 

th e  a p p lie d  s t r e s s  i s  th e  l im i t  s t r e s s  the s t r a i n  harden ing  

produced i s  u l t im a te ly  ju s t  s u f f i c ie n t  to  r e s i s t  the  s t r e s s  

and th e  ex ten s io n  c e a se s . When the  a p p lie d  s t r e s s  exceeds 

th e  l i m i t ,  th e  in te r a c t io n  o f  s t r e s s ,  ex ten s io n  and s t r a i n  

harden ing  proceeds t i l l  s t r a i n  harden ing  i s  no lo n g er 

produced (a t  the  l im i t  o f  cold  w ork), e x ten s io n  s t i l l  

co n tin u es  and w ith  th e  r e s u l t in g  s t r e s s  in c re a se  the  m etal 

u l t im a te ly  f a i l s .
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The value o f th e  l im i t  s t r e s s  ap p a ren tly  

v a r ie s  w ith  th e  atom ic s t r u c tu re  o f the  m e ta l. From 

th e  normal tem pera tu re  t e s t s ,  fo r  i ro n , body cen tred  

cub ic s t r u c tu r e ,  th e  l im i t  s t r e s s  was about below 

th e  u ltim a te  s t r e s s ;  w hile fo r  copper, face  cen tred  

cub ic  s t r u c tu r e ,  the  l im i t  s t r e s s  was below the 

u ltim a te  s t r e s s .

Above th e  an n ea lin g  tem p era tu re , when th e  m etal 

i s  s t r e s s e d  above th e  e l a s t i c  l im i t  i t  undergoes 

immediate d efo rm ation , t h i s  causing  r e c r y s t a l l i z a t i o n  so 

th a t  th e  m etal u lt im a te ly  f a i l s .  In  the t e s t s  on s te e l s  

th e  e l a s t i c  l im i t  was seen to  co in c id e  w ith  th e  creep  

l im i t  a t  about 1 ,000 Deg. Fah. the  approxim ate r e c r y a t a l l :  

: i z a t io n  tem pera tu re  f o r  s t e e l .

Over the  in te rm ed ia te  range from 650 to  1,000 

Deg. F ah ., th e re  i s  a very ra p id  d im inu^ tion  in  s tr e n g th , 

t h i s  in d ic a t in g  a r a p id ly  in c re a s in g  tem pera tu re  e f f e c t .

At the  low er tem peratu re  we have no therm al e f f e c t  and a t  

th e  upper tem peratu re  we have what might be term ed maximum 

therm al e f f e c t ,  "this be ing  the low est tem peratu re  a t  which 

r e c r y s t a l l i z a t i o n  o c c u rs . From t h i s  tem pera tu re  upwards 

r e c r y s t a l l i z a t i o n  may be p r a c t i c a l ly  in s tan ta n eo u s  but 

removal o f th e  e f f e c t s  o f s t r a i n  harden ing  cannot be so, 

a s  th e n , f a i lu r e  would occur s h o r tly  a f t e r  th e  creep 

l im i t  s t r e s s  was exceeded by a sm all amount, whereas 

a c tu a l ly ,  a s t r e s s  s l i g h t ly  in  excess o f the  l im i t  may 

take y ea rs  to  cause f r a c tu r e .

I f  ju s t  above th e  low er c r i t i c a l  tem peratu re th e  

therm al tre a tm e n t could t o t a l l y  remove s t r a i n  harden ing , 

th en  th e  creep  l im i t  would be denoted by a v e r t i c a l  l in e  

between the  creep  l im i t  a t  the  low er tem perature down to  

th e  e l a s t i c  l im i t  value a t  th e  s l i g h t ly  h ig h e r tem p era tu re , 

and th e  creep  l im i t  through th e  succeeding tem p era tu res
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would be the  e l a s t i c  l i m i t .  I t  i s  much more l ik e ly  

th a t  th e  creep  l im i t  curve between th e  two l im i t s  

i s  a  smooth curve as shown by th e  t e s t  r e s u l t s .  This 

curve i s  a measure o f  th e  a c tu a l  bond s tre n g th  o f the 

in te r n a l  s t r u c tu r e .  This s tre n g th  i s  th e  d if fe re n c e  

between th e  s tre n g th  a t  th e  low er l im i t  and a s t r e s s  

which i s  a measure o f  the  weakening e f f e c t  o f  tem p era tu re , 

t h i s  e f f e c t  vary in g  from zero a t  the  low er l im i t  to  a 

maximum a t  th e  an n ea lin g  tem p era tu re . O therw ise t h i s  

p r im it iv e  o r  l im i t  s tre n g th  i s  the  sum o f th e  e l a s t i c  l im i t  

and a s t r e s s  value due to  s t r a i n  h ard en in g , t h i s  second 

s t r e s s  being  zero a t  the  upper tem p era tu re .

F in a lly  th e  complete range o f creep  l im i t  s t r e s s  

v a lu es  may be co n sid ered  based on the  e l a s t i c  l im i t ,  

s t r a i n  harden ing  and therm al e f f e c t s  being  superim posed.

Up to  about 650 Deg. F ah ., th e  a d d i t io n a l  s t r e s s  i s  

e n t i r e ly  due to  s t r a i n  harden ing  e f f e c t s .  Over th e  

in te rm e d ia te  range the  a d d i t io n  i s  due to  s t r a i n  harden ing  

p ro g re s s iv e ly  d im in ished  to  zero by the  in c re a s in g  

in f lu e n c e  o f tem p era tu re . Above the  an n ea lin g  tem peratu re  

s t r a i n  harden ing  cease s  to  be perm anently  e f f e c t iv e  

and th e  creep  and e l a s t i c  l im i t s  become one.

CONCLUSION; -

The prim ary o b je c t o f t h i s  re se a rch  was to  

develop th e  P ro g re ss iv e  S tre s s  T e s t; to  make i t  a sim ple 

and a c cu ra te  method o f o b ta in in g  creep  l im i t  s t r e s s e s  in  

the  s h o r te s t  p o s s ib le  tim e . This has been su c c e s s fu lly  

accom plished. Comparing the method adopted w ith  the  

A bsolute Method, they give s im ila r  r e s u l t s ,  but w ith  

th e  p ro g re ss iv e  s t r e s s  method a complete tem perature range 

can be covered fo r  th e  same time and m a te r ia l expend itu re  

a s  w i l l  give one l im i t  value by the  ab so lu te  method.
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The ap p a ra tu s  used was no t a l l  th a t  could 

be d e s ire d  and m ight be improved in  many r e s p e c ts .

To in c re a se  th e  accuracy  th e  e x te n s io n  o f  th e  te s t - p ie c e  

should  be measured d i r e c t ly  on th e  t e s t  le n g th  w ith  a 

s e n s i t iv e  ex tensom eter say o f th e  m irro r  ty p e . Such an 

ex tensom eter would re q u ire  s tead y  tem peratu re  co n d itio n s  

and so to  s im p lify  th e  e x te n s io n  m easurem ents, th e  

h e a tin g  c u rre n t should  be a u to m a tic a lly  c o n tro lle d  to  give 

a s  s tead y  a tem pera tu re  as  p o s s ib le .  A lo n g e r  te s t - p ie c e  

would reduce ex ten s io n  e r r o r s  though, i f  i t  were kept to  

th e  p re s e n t s tan d ard  d iam ete rs , i t  would be d i f f i c u l t  to  

m achine.

This new method i s  s u i te d  to  t e s t in g  a l l  c la s s e s  

o f  m e ta ls , b u t i f  any p a r t i c u la r  m etal i s  b r i t t l e  a t  th e  

t e s t  tem peratu re  th en  the  t e s t in g  tim e may be m a te r ia l ly  

sh o rten ed  by a  r e tu r n  to  the  o r ig in a l  method when a 

re d u c tio n  o f th e  slow b reak  s t r e s s  by one o r two s t r e s s  

increm ents w i l l  g ive the  creep  l im i t  s t r e s s .

A p la in ,  evenly  wound h e a tin g  fu rn ace  le a d s  to  

c o r re c t  s tre n g th  v a lu es  p rov ided  the  h o t te s t  tem peratu re  

o f the  te s t - l e n g th  i s  m easured. To ensure th a t  the  a c tu a l  

m etal tem peratu re  i s  measured th e  h o t- ju n c t io n  o f the 

therm o-couple should  be f irm ly  bound to  th e  te s t - p ie c e  and 

sh ie ld e d  from fu rn ace  w all r a d ia t io n  and from the 

su rrounding  ho t atm osphere.

In  co n c lu sio n , I  d e s ire  to  acknowledge my 

in d eb ted n ess  to  P ro fe s so r  A. L. M ellanby, D .S c ., f o r  h i s  

encouragement th roughout the re se a rc h  and f o r  the  many 

f a c i l i t i e s  p ro v id ed . I  have a lso  to  thank Mr. J .S .  Brown, 

M .B .E., A .R .T.O ., f o r  h e lp fu l adv ice and fo r  h is  keen 

in t e r e s t  in  the  work.



-  63 *

BIBLIOGRAPHY; -

1 . M uir, J .  "Recovery o f Iro n  from O v erstra in "#  P h i l .
T rans. Roy. S oc ., Vol. 193, A .p . l . ,  1899*

2 . Hopkinson, B. "On the  E la s t ic  P ro p e r t ie s  o f S te e l a t
High T em peratures". "E n g in eerin g ."
S ep t. 1905*

3* B a rr . West o f  Sco tland  I ro n  and S te e l I n s t .  1910.

4* Rosenhain and Humfrey. "T en ac ity , D eform ation and
f r a c tu r e  o f S oft S te e l a t  High T em peratures." 
Iro n  and S te e l I n s t .  Vol. LXXXVII,, N o .l,
1913 .

5* Ohevenard, P . Oompt. r e n d .,  1919, 169, 712 and 1922,
175 , 486.

6 . Lea, F .C . "The E ffe c t o f Low and High Tem peratures on 
M a te r ia ls ."  P ro c . I n s t .  Mech. E ng ., Deo.
1924. Vol. I I .

7* D ickenson, J .H .S . "Some Experim ents on the  Flow o f 
S te e ls  a t  a Low Read H eat, w ith  a note on 
the  S ca lin g  o f H eated S te e l ."  Jo u rn . Iro n  
and S te e l I n s t .  1922, 106, p. 103*

8* (a) T ap se ll and B radley , (b) Tapse11 and Olenshaw.
" P ro p e r t ie s  o f M a te r ia ls  a t  High Tem peratures." 
Department o f S c ie n t i f ic  and I n d u s t r ia l  
R esearch . E ngineering  R esearch . S p ecia l 
R eports Nos. 1 and 2 .

9* French and Tucker. "Flow in  a Low Carbon S te e l a t  
V arious T em peratures." U .S. Bur. S ta n d .,
Tech. Paper No. 296, 1925*

10. I n g a l l ,  D.H. Jo u rn . I n s t ,  o f  M eta ls . S ep t. 1924
and S ep t. 1925*

11. Brown, J .S .  "The In flu en ce  o f the  Time F ac to r on
T en sile  T ests  Conducted a t  E leva ted
T em peratures. Jo u rn . I n s t ,  o f  M etals . V ol. 
XXXIV, No. 2 . 1925.

12 . B a iley , R.W. D iscu ss io n . W. K err. Eng. & Ship, in
S co tlan d . 1925-26, and T ap se ll & B rad ley , ,
Jo u rn . I n s t ,  o f Met. No. 1 . 1926.

if-

13 .  Basquin, O.H. "The E xponen tia l Law o f Endurance T e s ts" .
P ro c . Amer. Soc. T es t. M at., Vol. X. 1910.

14 . Moore, H .F. and Kommers, J .B . "An In v e s t ig a t io n  o f
The F atigue  o f M eta ls ."  B u l le t in ,  N0 . 124 .
Eng. Exp. S t a t . , Univ. I l l i n o i s . ,  U.S.A.

15 . X err, Wm. " F a ilu re  o f M etals by Creep." I n s t ,  o f
Eng. & Ship, in  S co tland , 1925-1926.

16 . Spring and K auter. "Power", 1 ^ 3 *  Sept* 1 .



— 64 ■“

17* Longbottom, J .G . " In flu en ce  o f V arious Temperaturei
on th e  P ro p e r t ie s  o f A dm iralty  Gun- 
M eta l."  Eng. & Ship, in  S cotland
1913- 1914 .

18 . C happell. Jounr» Iro n  and S te e l I n s t .  1914, B b .l
pp . 480- 496 .

19 . C arpenter and Elam. " R e c ry s ta l l iz a t io n  in  M e ta ls" .
Jo u n r. I n s t ,  o f M eta ls . V ol. XXIV. 
No. 2 . 1920 .



'̂ ZoU<̂  .

K"'



It ,
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exw^4. Ô  d<jC oJy'tfyX̂  C<yvc<uxU^A+-auéixrKx3  ̂ 'W <̂-xî

UyCd Le u L rc e ^  ^  -Lë'^îex; j u-v LgJ,

(LéOûd. ''ù-ijuojey^

CuyyX*



7
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c L c i L  4 A x ?   ̂ y i u  C é r v ^ y d iJ -a L ^  ^  y R 'f

' ^  / L e  ; L - r o t * ^ 6 -  L e  t , tb tf j /z

"Ta - TT / ^  . daJoLu^  ̂L e  7-ttXu> Le ^̂ UtyCjJut.

^  ^ -ix J b r^  6 &  V^&% ^yy,-tyUjUA-<
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