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H a r d e n a b i l i t y ,  w hich may b© d e f in e d  a« th e  c a p a c i ty  c f  

a  f e r r o u s  m a t e r i a l  t o  h a rd e n  when c o o le d  from  th e  a u s t e n l t i o  

r a n g e ,  I s  g e n e r a l l y  e v a lu a te d  fro m  th e  h a rd n e s s  p ro d u c e #  by 

d i f f e r e n t  c o o l in g  r a t e s  I n  a  g iv e n  p i e c e .  In  a  m ore In ­

c l u s i v e  s e n s e  th e  h a r d e n a b i l i t y  may a l s o  be c o n s id e r e d  a s  

t h e  r e l a t i o n s h i p  b e tw e e n  r a t e s  o f  c o o l in g  from  a b o v e  th e  

a u s t e n l t i o  r a n g e  and t h e  h a rd n e s s  and m i c r o s t r u c t u r e s  d e ­

v e lo p e d  a s  a  r e s u l t .  B ecause  t h i s  p r o p e r ty  o f  h a r d e n a b i l i t y  

h a s  assum ed in c r e a s in g  im p o rta n c e  d u r in g  th e  p a s t  s e v e r a l  

y e a r s ,  a  num ber o f  s o - c a l l e d  h a r d e n a b i l i t y  t e s t s  h a v e  b een  

d e v e lo p e d  to  m easu re  I t .

Inasm uch a s  th e  h a r d e n a b i l i t y  t e s t i n g  o f  s t e e l s  i s  w e ll  

to o w n , t h e  In fo rm a t io n  o b ta in e d  from  su ch  a  t e s t  h a s  been  an  

Im p o r ta n t  g u id e  f o r  t h e  s e l e c t i o n  o f  m a t e r i a l s  f o r  c e r t a i n  

p u r p o s e s .  H ow ever, v e ry  few  i n v e s t i g a t o r s  h av e  don© any 

work on t h i s  s o r t  o f t e s t  f o r  g ra y  c a s t  i r o n ,  w h ic h , b e c a u se  

o f  I t s  h ig h  dam ping c a p a c i t y ,  low m e l t in g  p o i n t ,  c h e a p ­

n e s s ,  and so  f o r t h ,  h a s  b een  made and u sed  f o r  c e n t u r i e s  a s  

an  Im p o r ta n t  e n g in e e r in g  m a t e r i a l ,  d ra y  c a s t  i r o n  i s  an  

a l l o y  o f  i r o n  and c a rb o n  j u s t  a s  a  s t e e l  I s ,  can  be  a l lo y e d



a

w ith  a l l o y i n g  e le m e n ts  t o  im prove c e r t a i n  p r o p e r t i e s ,  and 

c a n  a l s o  be  h e a t - t r e a t e d  t o  o b ta in  c e r t a i n  s t r u c t u r e s ,  t o  

c h an g e  t h e  h a r d n e s s ,  t o  re d u c e  t h e  i n t e r n a l  s t r e s s ,  and th e  

l i k e  a s  a  s t e e l  c a n  b e ;  b u t  th e  r e s u l t s  o b ta in e d  from  some 

o f  t h e  p r o c e s s e s  m en tio n ed  h e r e  may be  d i f f e r e n t  t o  some 

e x te n t  from  th o s e  o b ta in e d  from  a  s t e e l ,  b e c a u se  a  g ra y  

c a s t  i r o n  u s u a l ly  c o n ta in s  h i g h e r  p e rc e n ta g e s  o f  b o th  

s i l i c o n  and c a r b o n ,  w hich c a u s e  g r a p h i t i z a t i o n  much m ore 

e a s i l y  i n  c a s t  I r o n  th a n  In  a  s t e e l*

The m a jo r  p u rp o s e  o f  t h i s  r e s e a r c h  was t o  d e te rm in e  

t h e  h a r d e n a b i l i t y  o f  g ra y  c a s t  I r o n ,  and  t o  o f f e r  some 

in f o r m a t io n  t o  t h e  u s e r  a b o u t th e  h a r d e n a b i l i t y  p r o p e r ty  

o f t h i s  k in d  o f  m a t e r i a l .  As we know, th e  h a r d e n a b i l i t y  

o f  a  f e r r o u s  m a t e r i a l  c a n  be a f f e c t e d  by th e  c o m p o s it io n , 

th e  a u s t e n l t i o  g r a i n  s i z e ,  o r  th e  q u e n c h in g  te m p e r a tu re  o f  

th e  m a t e r i a l ;  and t h e  c h an g e  In  any one o f t h e s e  f a c t o r s  

would h a v e  d i f f e r e n t  r e s u l t s .  F o r  i n s t a n c e ,  such  e le m e n ts  

a s  n i c k e l ,  s i l i c o n ,  m an g an ese , chrom ium , m olybdenum , v a n a ­

d iu m , and b o ro n , when p r e s e n t  In  s t e e l  would I n c r e a s e  th e  

h a r d e n a b i l i t y ;  w h e reas  such  e le m e n ts  a s  a lum inum , and c o b a l t ,  

when p r e s e n t  In  s t e e l  would re d u c e  th e  h a r d e n a b i l i t y . How­

e v e r ,  a l th o u g h  t h i s  h a s  to  d e te rm in e d  by a c t u a l  e x p e r im e n ts .  

As f o r  t h e  e f f e c t s  o f  g r a i n  s i z e ,  u s u a l ly  th e  c o a r s e - g r a in e d  

m a t e r i a l s  h a v e  h i g h e r  h a r d e n a b i l i t y  th a n  f i n e - g r a i n e d  m ate ­

r i a l s ,  b e c a u se  t h e  f i n e - g r a i n e d  m a t e r i a l s  h a v e  m ore g r a i n  

b o u n d a r ie s ,  and a r e  more r e a c t i v e  and  e a s i l y  changed  to
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p e a r l i t e .

The r e se a r c h  wee d iv id e d  lu t e  th e  fo l lo w in g  p a r ts :

( 1 ) .  H ea tin g  And Q uenching: Jn o rd er  t o  stu d y  th e  e f f e c t s  

o f  d i f f e r e n t  so a k in g  t im e  w ith  same quenching tem perature* and 

same so a k in g  t im e  w ith  d i f f e r e n t  quench ing tem p eratu res*  two 

s e t s  o f  stan dard  Jominy hare were used* and tr e a te d  by th e  

Jominy End-Quench P r o c e s s «

( 2 ) ,  H ardness M easurem ents: R ockw ell C h a rd n ess read ­

in g s  were m easured a lo n g  th e  f l a t  s u r fa c e s  o f  a l l  th e s e  bars*  

a f t e r  th ey  were t r e a te d  a s  m entioned ab o v e .

( 3 ) .  Combined Carbon A n a ly ses: A fte r  th e  h a rd n ess read­

in g s  were measured* sam p les were ta k e n  from  some o f  t h e s e  

bars* and a n a ly se d  f o r  g r a p h it ic  carbon c o n te n t  • The com­

b in ed  carbon c o n te n t  f o r  each  specim en  was th e n  o b ta in ed

by th e  d i f f e r e n c e  o f  t o t a l  carbon and g r a p h it ic  carbon con­

t e n t  .

( 4 ) •  E xam ination o f  M lc r o s ir u c tu r e s :  B e s id e s  th e  com­

b in ed  carbon a n a ly se s*  th e  bars were a ls o  p o lish e d *  e tc h e d  

w ith  5 p e r ce n t p lc r a l*  and examined under m icro sco p e  a f t e r  

th e  tr e a tm e n ts  m entioned a b o v e •

From th e s e  exp erim en ts*  i t  i s  i n t e r e s t in g  to  n o te  t h a t  

th e  m artens i t  1c s t r u c tu r e  i s  p r e se n t  a l l  t h e  way through*  

a lo n g  th e  w hole le n g th  on a l l  bars*  when th ey  were ground * 

p o lish e d *  e tch ed *  and examined under m icroscope*  w hereas 

th e  h a r d n ess  m easurem ents* a s  w e l l  a s  th e  combined carbon



*

c o n te n ts  show d i f f e r e n t  r e e u l t e  on d i f f e r e n t  b a r e .



l e g t t n g  Method And Equipment Used

S e v e ra l  m ethods a r e  a v a i l a b l e  f o r  th e  h a r d e n a b i l i t y  t e s t ­

in g  o f  f e r r o u s  m a te r i a l s *  A cco rd in g  to  t h e  f i e l d s  f o r  w hich 

th e y  a r e  u s e d ,  t h e s e  m ethods can  be c l a s s i f i e d  a s :  ( 1 ) •  f o r  

d e e p -h a rd e n in g  m a t e r i a l s ,  (2 )*  f o r  s h a l lo w -h a rd e n in g  m a t e r i a l s ,

( 3 ) .  f o r  m ed iu m -h a rd en in g  m a te r i a l s *  The m ethod a d o p te d  f o r  

th e  p r e s e n t  e x p e r im e n t ,  c a l l e d  11 S ta n d a rd  Jom iny End-Quench 

T e s t” , I s  t h e  one  u s u a l ly  a d o p te d  f o r  m ed iu m -h ard en in g  o r  

common a l l o y  s t e e l s *

 SUE

F o r th e  S ta n d a rd  Jom iny  End-Quench T e s t ,  a  s p e c i a l  b a r  

s h o u ld  be u sed *  The b a r  1® a c y l i n d e r  1 in c h  In  d i a m e te r ,  

and 4 In c h e s  lo n g ,  on  one  end o f  w hich  i s  a  m achined s h o u ld e r ,  

1 /8  in c h  In  t h i c k n e s s  and 1 1 /4  in c h e s  in  d ia m e te r  t o  p e rm it  

th e  b a r  t o  be su sp en d e d  v e r t i c a l l y  In  t h e  q u e n c h in g  f i x t u r e .

( a s  shown in  F ig *  1 ) .

A f t e r  th e  b a r  h a s  b e e n  h e a te d  t o  th e  d e s i r e d  te m p e r a tu re  

a b o v e  th e  c r i t i c a l  r a n g e ,  i t  i s  quenched  i n  a  s p e c i a l l y  d e s ig n ­

ed q u e n c h in g  f i x t u r e .  The f i x t u r e  i s  c o n s t r u c te d  so  t h a t

t h e  b a r  i s  h e ld  1 /2  in c h  ab o v e  th e  w a te r  o p e n in g , in  o r d e r  t h a t  

a  co lum n o f  w a te r  may be d i r e c t e d  a g a i n s t  t h e  b o tto m  o f  th e
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F ig .  1 — '- S ta n d a rd  Jo ra ln j M r .

Water

F ig .  2 —  Q uench ing  F i x t u r e .



f

t e r .  The w ater  o p e n in g  I s  1 /2  In c h  In  d ia m e te r ,  and a d ju s t*  

memt I s  made so  t h a t  b e f o r e  th e  b a r  i s  p la c e d  o v e r  I t ,  a  

colum n o f  w a te r  2 1 /2  In c h e s  h ig h  com es from  t h e  o p e n in g  

(F ig*  2 ) .  The w a te r  te m p e r a tu r e  I s  k e p t  a t  75 F . ,  p lu s  o r  

m inus' 5 F . ,  and  a  c o n d i t i o n  o f  s t i l l  a i r  i s  m a in ta in e d  a ro u n d  

t h e  t e r  d u r in g  c o o l i n g .  The tim e  © pent i n  t r a n s f e r r i n g  t h e  

b a r  fro m  t h e  h e a t i n g  f u r n a c e  t o  t h e  q u e n c h in g  f i x t u r e  sh o u ld  

n o t  b e  m ore th a n  f i v e  s e c o n d s ;  o th e rw is e *  t h e  te m p e r a tu r e  o f  

the- b a r  would d ro p  below  t h e  te m p e r a tu re  d e s i r e d .

.A fte r  t h e  t e r  ha© b e e n  h e a te d *  and q u e n ch e d , two p a r a l l e l  

f l a t  s u r f a c e s ,  ISO d e g r e e s  a p a r t  and  o .o lb  in c h  d e e p , a r e  

g ro u n d  a lo n g  th e  e n t i r e  l e n g t h  o f  t h e  b a r .  C are  m ust be  

ta k e n  t o  a v o id  te m p e r in g  when th e  p a r a l l e l  f l a t  s u r f a c e s  a r e  

g ro u n d #  A f te r  g r i n d i n g ,  i t  i s  good p r a c t i c e  t o  e tc h  t h e  

g ro u n d  s u r f a c e s  w ith  5 p e r c e n t  p l c r a l  o r  o t h e r  s u i t a b l e  etch** 

a n t ,  t o  d e te r m in e  w h e th e r  g r in d in g  h a s  ca u se d a n y  te m p e r in g .  

The h a rd n e s s  1© th e n  d e te rm in e d  a lo n g  th e  g ro u n d  and p o l i s h e d  

s u r f a c e  a t  i n t e r v a l s  o f  1 /1 6  In ch  fro m  th e  w a te r* c o o le d  end 

f o r  t h e  f i r s t  i n c h ,  1 /8  In c h  f o r  t h e  seoond  in c h ,  and 1 /4  

In c h  f o r  t h e  re m a in d e r  o f  t h e  b a r .  The h a rd n e s s  r e a d in g s  

a r e  a v e ra g e d  a t  t h e  i d e n t i c a l  d is ta n c e ©  from  t h e  quenched  

end on t h e  tw o p a r a l l e l  s u r f a c e s .

 filittt

The h a r d n e s s  m easu rem en ts  from  t h e  f l a t  s u r f a c e  a r e
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u s u a l ly  p lo t t e d  a g a in s t  t h e  d is t a n c e s  from th e  quenched end 

o f  th e  h er  tr e a te d *  The cu rv es  o b ta in ed  a f fo r d  a means f o r  

r e a d i ly  d 1s t ln g u le M n g  betw een  th e  r e l a t i v e  h a r d e n a b i l i ty

o f  s i m i l a r l y  h e a t - t r e a t e d  m a te r i a l s *

The h a r d e n a b il i ty  s p e c i f i c a t i o n  i s  u s u a l ly  ex p r essed  by 

J50 35 T# 255 m 6 # and so  fo r th #  in  which 5 0 a n d  55 r e p r e se n t  

th e  H ockw ell C h a r d n e sse s  measured from  a  d is t a n c e  o f  7 /1 6  

in ch  and 6 /1 6  in ch  from  th e  quenched ends r e s p e c t iv e ly *
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.M g e r lm e n ta l  Work M  B e s u l t s

f h e  m a jo r  o b j e c t  o f  t h e  p r e s e n t  e x p e r im e n t was t o  in *  

w e e t ig a t e  t h e  h a r d e n a b i l i t y  o f  a  g ra y  o a s t  i r o n *  a% t h e  

s t a r t *  t h e  work was c o n c e n tr a te d  t o  t h e  i n v e s t i g a t i o n  o f  

h a r d e n a b i l i t y  d a t a ;  how ever*  b e s id e s  h a i d e n a b i l l t y  d a ta *  

a n o th e r  i n t e r e s t i n g  phenom enon was fo u n d ; t h a t  Is*  t h e  

h a r d n e s s  c h a n g e s  in  sp e c im en s  w ith  t h e  ch an g e s  in  q u e n c h in g  

te m p e r a tu r e s  and i n  h o ld in g  tim e  f o r  h e a t in g *  In  o r d e r  t o  

i n t e r p r e t  t h e s e  r e s u l t s *  a n a ly s e s  o f  com bined c a rb o n  con* 

t e n t  i n  some o f t h e s e  b a r s  w ere  made* a f t e r  t h e  b a r s  had  

b een  t r e a t e d *

JgysiA t S ta tt

S l f i f r f i r x  sam p le  u se d  f o r  th e

p r e s e n t  e x p e r im e n t was o b ta in e d  from  M e eh a n ite  M e ta l 

C o rp o ra tio n *  C le v e la n d *  H e ig h ts*  .O hio* and was In  th e  

c a s t  c o n d i t i o n  and o f  t h e  f o l lo w in g  c o m p o s it io n :

T . C . S i Mm P S Cu Mo Cr

2 * 8 7  1 .4 1  0*85 0*13  0*0?5  1*8& 0*?2 0 .1 2

M e eh a n ite  i s  a  t r a d e  name u sed  f o r  t h e  g ra y  o a s t  i r o n  

i n  w hich  c a lc iu m  s i l l c l d e  h a s  b een  u se d  f o r  t h e  r e f in e m e n t  

and b e t t e r  d i s t r i b u t i o n  o f  g r a p h i t e *
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P r e p a r a tio n  o f  th e  Standard J o h Ip t B aras She Standard  

Jom iny  b a r s  w are  m ach ined  from  t h e  sam p le  m en tio n ed  above#  

F i f t e e n  b a r s  w ere  u sed  f o r  t h e  s u b s e q u e n t  e x p e r im e n ts ,  w hich 

w i l l  b e  d e s c r ib e d  l a t e r *

The b a r s  w ere  h e a te d  i n  a  s m a ll  e l e c t r i c a l l y  h e a te d  

f u r n a c e ,  and q uenched  I n  t h e  s p e c i a l l y  d e s ig n e d  q u e n c h in g  

f i x t u r e  m en tio n ed  b e fo re *  The te m p e r a tu r e  was c o n t r o l l e d  

by a n  a lu a e l - c h r o m e l  th e rm o c o u p le *  By c h a n g in g  th e  r e s i s t *  

a n c e  o n  th e  f u r n a c e ,  t h e  te m p e r a tu r e  was c o n t r o l l e d  t o  w ith *  

i n  p l u s  o r  m inus 5° F * , t h e  te m p e r a tu re  d e s i r e d  * The sp e c im en  

c o v e re d  w ith  c a s t  i r o n  s h a v in g s  o f  t h e  same c o m p o s it io n  a s  

t h e  sp e c im en  I t s e l f  was p la c e d  in  t h e  c e n t e r  o f  t h e  f u r n a c e ,  

a s  so o n  a s  t h e  pow er was tu r n e d  on* The s h a v in g s  c o v e r in g  

t h e  sp e c im en  w ere  u sed  f o r  p r e v e n t in g  d e c a r b u r l z a t l o n  o f  

t h e  specim en*  The sp e c im e n  was h e a te d  v e ry  s lo w ly ,  a b o u t  

e i g h t  d e g re e s  p e r  m in u te*  As so o n  a s  t h e  sp e c im en  re a c h e d  

th e  d e s i r e d  t e m p e r a tu r e ,  t im in g  was s t a r t e d .

A f t e r  t h e  sp ec im en  h ad  b e en  q u e n c h e d , i t  was th e n  g round  

t o  a  d e p th  o f  0*015  In ch  a lo n g  t h e  two s u r f a c e s  180 d e g r e e s  

a p a r t*  n&ien b e in g  g ro u n d , t h e  sp ec im en  was k e p t  s u f f i c i e n t *  

l y  c o o l  w ith  w a te r  t o  a v o id  te m p e r in g  o f  t h e  specim en*  The

d e p th  o f  t h e  g ro u n d  p a r t  was m easu red  by a  m ic ro m e te r ,  and  

c a r#  was ta k e n  t o  g e t  t h e  same d e p th  on a l l  b a r s *  The
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g ro u n d  s u r f a c e  was th e n  p o l i s h e d ,  e tc h e d  w ith  5 p e r c e n t  

p i c r a l ,  and exam ined  u n d e r  m ic ro sc o p e  to  s e e  i f  t h e  sp e c im en  

had e v e r  b een  tem p ered *  F i n a l l y  t h e  R ockw ell 0 h a rd n e s s  

r e a d in g s  w ere  ta k e n  a lo n g  th e  f l a t  s u r f a c e s  in  th e  way 

m en tio n ed  b e f o r e ,  and th e n  a v e ra g e d  a t  th e  i d e n t i c a l  d i s t ­

a n c e s  from  th e  quenched e n d 'o n  th e  tw o p a r a l l e l  f l a t s *

T h ese  a v e ra g e d  f i g u r e s  w ere  th e n  p l o t t e d  a g a i n s t  th e  d i s t ­

a n c e s  from  t h e  quenched end *

Combined C arbon  A n a ly se s

The com bined c a rb o n  c o n te n t  was o b ta in e d  by th e  d i f f e r e n c e  

o f  t o t a l  c a rb o n  and g r a p h i t i c  c a rb o n *  The g r a p h i t i c  c a rb o n  

a n a ly s e s  may be d iv id e d  i n t o  two s t e p s :

( 1 ) .  S e p a ra t io n  o f  g r a p h i t i c  c a rb o n  from  com bined c a rb o n  

i n  t h e  sam p le : T h is  was d o n e  by t h e  u s e  o f  n i t r i c  a c id

( s p .  g r*  1 * 2 ) ,  i n  w hich t h e  g r a p h i t i c  c a rb o n  i n  I n s o lu b le  

and c an  t h e r e f o r e  b e  s e p a r a te d  by f i l t e r i n g *

1 2 ) .  I g n i t i o n  o f  t h e  c a r to n :  The r e s id u e  fro m  th e  

f i l t e r  was th e n  d r i e d ,  and p la c e d  i n  a  p o r c e l a i n  b o a t  in  

w hich a  s m a ll  am ount o f  a lu m in a  was m ixed* The b o a t  was 

p la c e d  in  th e  h o t  zone  o f  a  tu b e  f u r n a c e  i n  w hich a  tem p* 

e r a t u r e  o f  950° 0* was m a in ta in e d *  D u rin g  i g n i t i n g ,  a  r a p id  

c u r r e n t  o f  oxygen  was p a s s e d  in to  t h e  tufce f a r  fw e lv e  a l n -  

n te s *  At th e  end o f tw e lv e  m in u te s ,  t h e  b u lb  c o n ta in in g  

so d a  a s b e s to s  w a s* rem oved and  w eighed * The g a in  i n  w e ig h t 

o f  t h i s  b u lb  was due  t o  t h e  c a rb o n  d io x id e  a b so rb e d *  t h e



1 2

amount o f  which can  b© c a lc u la te d  a s . t h e  p e r c e n ta g e  o f  

carb oa  In  th e  sam ple#

E xp erim en ta l ffork Done

gtart*-_fig. Inluonce of cuenohlng temperatures: In o r t t r
t o  d eterm in e  th o  I n f lu e n c e  o f  qu en ch ing  tem p era tu res on 

h a r d e n a b il i ty  o f  t h e  m a te r ia l  u s e d , n in e  stan d ard  Jominy 

Oara o f  th e  c o m p o sit io n  m entioned above wore h e a te d  t o  

1400°, X450; i500°# 1550’* l6 0 0 ct 1700;  X7SC>; XSQtf and 1950° F .  

r e s p e c t iv e ly  f o r  one hour* n e x t quenched in  t h e  quench in s  

f  i x t u r e  # The h a rd n e s s  read  ins© were th en  ta k en  a lo n g  t h e  

f l a t  a u r fa ce s*  averaged* and p lo t t e d  a g a in s t  t h e  d is t a n c e s  

fro m  t h e  quenched end# The r esu lt©  o b ta in e d  a r e  summarized 

i n  T a b le  1#

Starts, o f  In f lu e n c e  o f  Soaking Tlmo: Three tem p era tu res ,

140Cf, 170O0 and 1950° F . w ere ch osen  f o r  t h i s  e x p e r im en t»

S ix  stan d ead  Jom iny h a m  o f  t h e  c o m p o s it io n  m en tio n ed  sh o v e  

w ere  u sed ; t h r e e  o f  them  w ere  h e a te d  t o  t h e s e  t e m p e r a tu r e s  

f o r  tw o h o u rs*  and  a n o th e r  t h r e e  w ere  h ea ted  t o  t h e  sam e 

te m p e r a tu r e  h u t  f o r  t h r e e ,  h o u rs*  and a l l  w ere  quenched i n  

th e  sam e way m entioned a b o v e .  The h a rd n e s s  r e a d in g s  w ere  

t a k e n  a lo n g  t h e  f l a t  s u r f a c e s *  averaged* and th e n  p lo t t e d  

a g a i n s t  th e  d i s t a n c e s  fro m  t h e  q uenched  end# The r e s u l t s  

o b ta in e d  a r e  sum m arised  in  T a b le  2 «

Changes l a  Combined Carbon C ontent: G ra p h itto  e a r  bon 

c o n te n t  d e te r m in a t io n s  w ars run on sp o o la e n e  which wore
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h e a te d  t o  1400°, 1700# and  1950° F . f o r  o n e , tw o , and t h r e e  

h o u rs#  and t h e  t o t a l  c a rb o n  c o n te n t  was a l s o  ch eck ed  by 

t h e  c o m b u s tio n  m ethod* The com bined c a rb o n  c o n te n t  was
V

o b ta in e d  by t h e  d i f f e r e n c e  o f  t o t a l  c a rb o n  and th e  g r a p h i t i c  

c a rb o n  c o n te n t .  The r e s u l t s  o b ta in e d  a r e  sum m arised  i n  

T a b le  3*

E x a m in a tio n  o f  M to r o s t r u p tu r e s : Att e r  t h e  d i f f e r e n t

t r e a tm e n t s  m en tio n ed  a b o v e , th e  b a r s  w ere g round#  p o l is h e d #  

e tc h e d  w ith  5 p e r c e n t  p l e r a l ,  and t h e n  exam ined u n d e r  m ic ro ­

sco p e*  The r e s u l t s  o b ta in e d  may be d e s c r ib e d  a s  f o l lo w s :

1 .  F o r  low h e a t in g  te m p e r a tu r e s  w ith  one h o u r  s o a k in g  

t im e :  The m ic r o s t r u c tu r e *  shown i n  F ig*  9 r e p r e s e n t s  th e

m ic ro s  t r u e  t u r e s  o f  t h e  b a r s ,  w hich w ere  h e a te d  t o  1400°,

1450° F* and so  o n , f o r  on® h o u r*  The c o n s t i t u e n t s  p r e s e n t  

a r e  m a r te n s i t® , c e m e n tit® , g r a p h i t e ,  and some s t e a d i t e »

2 .  F o r h ig h  h e a t in g  te m p e r a tu r e  w ith  one h o u r  s o a k in g  

t im e :  The m ic r o s t r u c t u r e  shown i n  F ig *  10 r e p re s e n t®  t h e

m ic ro s  t r u e  t u r e s  o f  t h e  b a rs #  w hich w ere  h e a te d  t o  19b0#

1800° F . and so  o n , f o r  one  h o u r .  The c o n s t i tu e n t®  p r e s e n t  

a r e  m a r t e n s i t e ,  c e m e n t I te ,  g r a p h i t e ,  and some s t e a d i t e .

3 .  F o r low h e a t in g  te m p e r a tu r e  w ith  two o r  t h r e e  h o u r s  

s o a k in g  tim e : The m ic r o s t r u c t u r e  shown In  F i g .  11 r e ­

p r e s e n t s  th e  m ic ro  s t r u c tu r e ®  o f  t h e  bar® , w hich  w ere h e a te d  

t o  l4 0 ( f , 1450° F* and eo on# f o r  tw o o r  t h r e e  h o u r s .  The 

c o n s t i tu e n t®  p r e s e n t  a r e  m a r t e n s i t e ,  c e m e n t i te ,  g r a p h i t e ,
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ami some s t e a t i t e *

4#  For h ig h  h e a t in g  tem p eratu re  w ith  two o r  th r e e  hour® 

so a k in g  tim es The m lo r o  s t r u c tu r e  shown in  F ig*  12 r e p r e s e n ts  

th e  m ic r o s tr u o tu r e s  o f  th e  bars* which were h e a te d  t o  1950* 

180$° F* a r t  s o  on* f o r  tw o  o r  th r e e  hou rs*  m e  c o n s t i t u e n t s  

p r e s e n t  a r e  m a r tn e s ite *  cem entit© * g r a p h ite *  and some s t e a t i t e *
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M ii m is i o a s  o f .  th e  R e s u lt s

The h a rd n e s s  m e a su re m e n ts , from  w hich t h e  h a r d e n a b i l i t y  

c u rv e s  w ere p l o t t e d ,  and t h e  c a rb o n  a n a ly s e s  o f  t h e  sp e c im en s  

g iv e  some I n t e r e s t i n g  r e s u l t s :  n o t  o n ly  t h e  h ig h  h a rd e n -

a b i l i t y ,  b u t a l s o  t h e  c h a n g e s  i n  h a rd n e s s  d u e  t o  d i f f e r e n t  

q u e n c h in g  te m p e r a tu r e s  and so a k in g  t im e .

F or s t e e l ,  h a r d e n a b i l i t y  i s  a f f e c t e d  by s e v e r a l  f a c t o r s :  

i f  e i t h e r  th e  c o m p o sit io n  o r  th e  a u s t e n l t io  g r a in  s i z e  I s  

ch an ged , th e  h a r d e n a b il i ty  o f  th e  m a te r ia l  w i l l  be changed  

t o  some e x te n t  • However, th e  a u s t e n l t io  g r a in  s i z e  I s  d e ­

term in ed  by th e  quenching tem p era tu re , and so a k in g  t im e ,  

b eca u se  h ig h e r  quench ing tem p eratu re  anft lo n g e r  soak in g  

tim e  would c a u se  th e  g r a in  growth o f  th e  m a t e r ia l .

From th e  a n a ly s e s  o f  t h e  sp ec im en  g iv e n  on page  9 ,  i t  

c a n  be s e e n  t h a t  su ch  e le m e n ts  a s  S I ( 1 .4 1 $ ) ,  Mn (0 ,8 5 $ )  # 

and Or ( 0 .1 2 $ ) ,  w hich  commonly d i s s o l v e  In  a u s t e n l t e  p r i o r  

t o  q u e n c h in g , and in c r e a s e  t h e  h a r d e n a b i l i t y  t o  a  g r e a t e r  

e x te n t  a r e  v e ry  h ig h  i n  p e r c e n ta g e .  In  s t e e l ,  th e y  in c r e a s e  

t h e  h a r d e n a b i l i t y  by s h i f t i n g  t h e  8 c u rv e  t o  t h e  r i g h t  so  

t h a t  t h e  d e c o m p o s it io n  o f  a u s t e n l t e  i s  d e la y e d .  H ow ever, 

i n  g ra y  c a s t  i r o n  th e s e  e le m e n ts  m ig h t h av e  t h e  same e f f e c t s
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on the $ cu rv e*  a l t h o u ^ i  t h e  a c t u a l  d a t a  h a v e  t o  be  w orked 

o u t by e x p e r im e n ts*  C opper when p r e s e n t  in  s t e e l  f a v o r s  

d e e p  h a rd e n in g }  i t s  r e l a t i v e  e f f e c t  i s  much g r e a t e r  I n  t h e  

h ig h - c a r b o n  th a n  i n  lo w -c a rb o n  s t e e l s *  T h e re fo re *  when 

c o p p e r  i s  p r e s e n t  i n  o a s t  iro n *  th e  d e e p -h a rd e n in g  e f f e c t  

m ust b e  much m ore p ronounced*  b e c a u se  o a s t  i r o n  c o n ta in s  

much m ore c a rb o n  th a n  s t e e l *  and c a rb o n  in c r e a s e s  th e  d e e p -  

h a r d e n in g  e f f e c t  o f  c o p p e r*

From th e  ab o v e  d i s c u s s io n s *  i t  may be c o n c lu d e d  t h a t  

t h e  h a r d e n a b i l i t y  o f  t h i s  m a te r i a l  sh o u ld  be h ig h *  A c tu a lly *  

fro m  t h e  h a rd n e s s  m easured*  c u rv e s  p lo t t e d *  and th e  m ic ro ­

s t r u c t u r e s  o b ta in e d  (F ig s *  9* 10* 11* 1 2 ) ,  i t  c a n  be s e e n  

t h a t  t h e  h a r d e n a b i l i t y  o f  t h i s  m a t e r i a l  i s  h ig h *  A ll 

t h e  sp e c im en s  w ere  ground* p o lis h e d *  e tc h e d  w ith  5 p e r c e n t  

p i c r a l *  and th e n  exam ined u n d e r  m ic ro sc o p e ; t h e  s t r u c t u r e s  

show m a r t e n s i t e  a l l  t h e  way th ro u g h  a lo n g  t h e  w hole l e n g th  

on  a l l  b a rs *  a f t e r  t h e  b a r s  w ere h e a te d  and quenched  *

F ig *  9 shows t h e  m lc r o s t r u c t u r e  o f  t h e  sp ec im en  w hich was 

h e a te d  t o  1400° F . f o r  one  h o u r  and was ta k e n  from  a p l a c e  

a b o u t o n e - h a l f  in c h  from  t h e  a i r - c o o l e d  end* F i g .  10 

show s t h e  m l c r o s t r u c t u r e  o f  th e  sp e c im en  w hich was h e a te d  

t o  1950* F .  f o r  one h o u r  and was ta k e n  from  a  p la c e  a b o u t  

o n e - h a l f  In ch  fro m  t h e  a i r - c o o le d  e n d . F ig*  11 shows th e  

m lc r o s t r u c t u r e  o f  t h e  sp e c im en  w hich was h e a te d  t o  1400Q F . 

f o r  t h r e e  h o u r s  and was ta k e n  from  a  p la c e  a b o u t  o n e - h a l f  in ­

ch  fro m  th e  a i r - c o o l e d  end* F ig .  IF shows t h e  m lc r o s t r u c t u r e  

o f  t h e  sp ec im en  w hich was h e a te d  t o  1950° F . f o r  t h r e e  h o u r s



IT

*»d was ta k e n  fro m  a  p l a c e  a b o u t o n e - h a l f  In ch  from  t h e  

a i r - c o o l e d  o u t*

B e fo re  d i s c u s s i n g  t h e  c h a n g e s  i n  h a r d n e s s ,  th e  f o l lo w ­

in g  a s s u m p tio n s  sh o u ld  h e  made?

1 .  F in e  g r a p h i t e  p a r t i c l e s  a r e  m ore e a s i l y  d i s s o l v e d  in

a u s t e n l t e  th a n  l a r g e  g r a i n s  o f  c e m e n t i t e . From F ig*  1 4 , we 

oan  s e e  t h e  g r a p h i t e  f l a k e s  a r e  r a t h e r  f i n e  and w id e ly  d ie *  

t r l b u t e d *  M o reo v er, fro m  th e  h e a t in g  p r o c e s s  m en tio n ed  ab o v e , 

t h e  h e a t i n g  r a t e  o f  t h e  sp e c im en s  was v e ry  s lo w , a b o u t e i g h t  

d e g r e e s  p e r  m in u te ;  t h e r e f o r e ,  th e  o e m e n t l te  h a s  s p h e r e I d i s e d  

to  a  g r e a t  e x t e n t  * T h is  s p h e re  id  l a s t I o n  made t h e  o e m e n t l te  

i n  t h e  sp ec im en  t o  g l o b u l a r l s e  and n o t  t o  b e  changed w ith  

s a s s  *

2 .  H igh t e m p e r a tu r e s  sh o u ld  c a u s e  th e  d e c o m p o s itio n  o f  

o e m e n t l t e ,  b u t  t h e  c h an g e  In  so a k in g  t im e  from  one t o  two o r  

t h r e e  h o u r s  d id  n o t  c a u s e  f u r t h e r  d e c o n p o s l t io n  o f  c e m e n t i t e .  

f o r  e x am p le , when th e  sp e c im e n  was h e a te d  fro m  1 40 (f.F . t o  

1950° F . ,  t h e  d e c o m p o s i t io n  o f  o e m e n t l te  had  o c c u rre d  t o  some 

e x t e n t ,  w h ile  n o t  any a p p r e c i a b le  am ount o f  d e c o m p o s i t io n

o f  o e m e n tl te  h a d  o c c u r re d  when t h e  s o a k in g  t im e  was in c r e a s e d  

fro m  one t o  t h r e e  h o u r s .

C hanges Due t o  Q uench ing  T e m p e ra tu re s : From  F ig*  3 and

T a b le  3 ,  i t  c a n  be s e e n  t h a t  w ith  s o a k in g  t im e  o f  one h o u r ,  

t h e  h ig h e r  t h e  q u e n c h in g  te m p e r a tu r e ,  th e  lo w e r  th e  h a r d n e s s ,
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a s  w a l l  a s  t h e  lo w e r  t h e  com bined c a rb o n  c o n t e n t .  A cco rd in g  

t o  t h e  a c c e p te d  i r o n - c a r b o n  d ia g ra m , when a  sp ec im en  i s  h e a te d  

t o  J u s t  ab o v e  t h e  aq1» a b o u t  0 .8 $  c a rb o n  w i l l  b e  d i s s o lv e d  

i n  th e  a u s t n e l t e ,  and when t h e  te m p e ra tu re  i s  I n c r e a s e d ,  

m ore c a rb o n  w i l l  be d i s s o l v e d .  M o reo v er, a c c o rd in g  to  some 

I n v e s t ig a to r s *  e x p e r im e n ts ,  when b o th  o e m e n t l te  and g r a p h i t e  

a r e  p r e s e n t  I n  t h e  same sp e c im e n , o e m e n tl te  w i l l  be  d i s s o lv e d  

p r i o r  t o  g r a p h i t e .  When th e s e  sp e c im en s  a r e  q u e n ch e d , th e  

one  w hich i s  h e a te d  to  a  h i g h e r  te m p e r a tu r e  w ith  more c a rb o n  

d i s s o l v e d  In  t h e  a u s t e n l t e  sh o u ld  h a v e  h i g h e r  c a rb o n  r e t a in e d  

i n  t h e  r e s u l t i n g  m a r t e n s i t e  th a n  t h e  one w hich i s  h e a te d  to  

a  lo w e r  te m p e r a tu r e  w ith  l e s s  c a rb o n  d i s s o lv e d  i n  t h e  a u s t e n l t e .  

T h e r e f o r e ,  t h e  fo rm e r  h a s  h ig h e r  h a rd n e s s  r e a d in g s  th a n  th e  

l a t t e r .  H ow ever, f o r  t h e  p r e s e n t  e x p e r im e n t ,  b e c a u se  o f  

t h e  p re s e n c e  o f  f i n e  g r a p h i t e  p a r t i c l e s  in  t h e  sp ec im en  and 

t h e  fo rm a t io n  o f  s p h e r o ld iz e d  o e m e n tl te  d u r in g  th e  slow  

h e a t i n g  p ro ce ss*  u s e d , m ost o f  t h e  c a rb o n  d i s s o l v e d  m ig h t be 

from  g r a p h i te *  when th e  sp ec im en  was h e a te d  t o  a  lo w e r  tem p­

e r a t u r e ,  s a y , 1400°F . ,  t h u s  l a r g e  am ount o f  s p h e r o id is e d  

o e m e n tl te  was l e f t  in  t h e  sp ec im en  and made t h e  h a rd n e s s  r e a d ­

in g s  h i g h e r .  W hile in  t h e  sp e c im e n , w hich was h e a te d  t o  a  

h i g h e r  t e m p e r a tu r e ,  s a y ,  1950*F . f o r  one h o u r ,  some o f  t h i s  

s p h e r o ld lz e d  o e m e n tl te  fo rm ed a t  th e  e a r l i e r  s t a g e  would d e ­

com pose t o  some e x t e n t ,  t h u s  m aking th e  h a r d n e s s  r e a d in g s  

lo w e r  ( F i g .  1 0 ) .

C hanges Due to  S o ak in g  Tim es From F ig s  ♦ 5 and 6 and 

T a b le  3 ,  i t  can  b e  s e e n  t h a t  w ith  h ig h  c o n s t a n t  te m p e r a tu r e .



19

t h e  lo n g e r  t h e  s o a k in g  tim e *  t h e  h i g h e r  th e  h a rd n e s s *  a s  w e l l  

a s  t h e  h i g h e r  t h e  com bined c a rb o n  c o n t e n t .  However* when 

t h e  s o a k in g  t im e  was lo n g  enough* say*  tw o h o u r s  o r  lo n g e r*  

th e  h a rd n e s s *  a s  w e l l  a s  t h e  com bined c a rb o n  c o n te n t  re a c h e d  

t o  c o n s ta n t  ( F i g .  3}* b u t  t h i s  i s  n o t  t r u e  f o r  th e  sp e c im e n  

w hich  was h e a te d  t o  a lo w e r  te m p e ra tu re *  say* 1400® F . F o r  

t h i s  sp ec im en  d i f f e r e n t  s o a k in g  t im e  gave  t h e  same r e s u l t s  

(Fig*  4 )*  b e c a u s e  t h e  te m p e r a tu r e  was n o t  h ig h *  aixl t h e  

s o a k in g  t im e  was n o t  lo n g  enough t o  c a u se  t h e  d e c o m p o s it io n  

o f  o e m e n tl te  in  t h e  o r i g i n a l  specim en*

When th e  t e m p e r a tu re  was I n c r e a s e d  to *  say* 1800° o r  

1930° F . f o r  two o r  t h r e e  h o u rs*  t h e  t im e  s t i l l  was n o t  long*  

b u t  t h e  t e m p e r a tu re  was h ig h  enough t o  c a u s e  t h e  d e c o m p o s it io n  

o f  c e m e n ti te *  and th e  am ount decom posed may be  n e a r ly  t h e  

same a s  t h a t  decom posed In  th e  sp e c im en  w hich was h e a te d  t o  

t h e  sam e tm e p e r a tu re  b u t  h e ld  f o r  o n ly  one h o u r .  However* 

when t h e  s o a k in g  tim e  was lo n g e r*  m ore c a rb o n  sh o u ld  h a v e  

b e e n  d i s s o lv e d  In  t h e  a u s t e n l t e *  and r e t a in e d  in  t h e  m a r te n s ­

i t e ,  when quenched* th u s  m aking t h e  r e s u l t i n g  h a r d n e s s  h ig h ­

e r*  th o u g h  t h i s  i s  n o t  t r u e  f o r  t h e  spec im en  w hich  was h e a te d  

t o  3.400° F , f o r  one* two and  th r e e  h o u r s ;  b e c a u se  t h e  tem ­

p e r a t u r e  was to o  c lo s e  t o  A0 x* e v e n  lo n g e r  so a k in g  tim e*  

say* tw o o r  t h r e e  h o u rs*  c o u ld  n o t  c a u s e  m ore c a rb o n  t o  

d i s s o l v e  In  t h e  a u s t e n l t e .
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T able 1 -•<•* I n f lu e n c e  o f  Quench in g  Tem perature on

R a r in e a b i l i t y

Specim en Q uenching Temp* Soaking Time H ardnesa Curvea
-  191________ _i!JEU__ _________ (.Ifffit).,,   .gftMlafit-,....

1 1400 1 T ab le  4 Fig* 3

z 1450 1  11 5 t» 3

3 1500 1 ^ 6 it 3
4 1550 1 7 it 3

' 5 1600 1 M a m 3

$ 1700 1  rt 9
it 3

7 1750 1 «l i o it 3

8 J-SOO 1 f* i i M 3

9 1950 n tf 12 ri 3



fafcXe 2 — * in f lu e n c e  o f  Soafcing Time on

H a r d n e a b illty

Speolaen Soaking TIm  
(Hra .)

Haraneee
Headin^fl

Curvaa

10 1400 a Tamo 13 r ig . 4

11 1400 3 tt 14 " 4

12 17P0 2 « IS - 5

13 1700 3 IS " 5
14 1950 a it 17 • 6

IS 1950 3 « 18 " 6



T ab le  3 Carbon A n a ly ses

Specim en Q uenching Temp* Soaking Time T* C* C* C* 0 .  C*o \ \ f cf\ t af\ t cf\. - . . a y , .... .... .

1

■■.■■■„* u , ,— ..

1400

..... -.?/..................... m

1 2 .8 8

„■ ...L A ...

0 .9 1 1 .9 6

10 1400 2 2 .8 7 0 .9 2 1 .9 5

11 1400 3 2 .8 7 0 .9 3 1 .9 4

5 1 7 0 0 .
'f 1 2 .8 8 ©.80 2 *08

12 1700 2 2 .8 7 0 .9 2 1 .9 7

13 1700 3 2 .8 7 0 .9 2 1 .9 5

9 1950 1 2 .8 7 0 .7 3 2*14

14 1950 2 2 .8 8 0 .9 0 1*98

15 1950 3 2 .8 7 0 .9 2 1 .9 5

Sam ple a s  c a s t
/

2 .8 7 0 ,6 2 2 .2 5



Table 4 —  spaoimen heated to 1400°F, fop one hour.

D letanoee from00 from  Hartnooo roadlano, fiookwall C
end, In . On one aide On the othg.r ..

1 /16
2 /1 6
3 /16
4 /16
5/16
6 /16
7/16
8/16
9 /16

10/16
11A 6
12/16m
18/16
20A &
22 /16
24 /16
26A 6  
28/16  
30/16  
32 A 68$
44/16  
48A 6  
52 A 6  
56/16
60 A 6

4 6 .4  
5 6 .0  
56.0
5 6 .5  
56.0
5 7 .0
5 5 .5
5 6 .0
5 6 .5
5 6 .0
5 6 .0

5§

^  ,0
5 5 .0
5 4 .0
5 5 .0
5 4 .0
5 2 .0  
5 2 .0  
5 2 .0
5 3 .0
5 4 .0
5 2 .0
5 1 .6  
5 0 ,0  
5 0 .0  
5 0 .3  
4 9 .0  
50 .0

4 5 .6
5 7 .0
56.0
5 7 .5
5 7 .0
56.0
5 6 .5  56.0
5 5 .5
5 6 .0
5 5 .0
5 5 .0
56.0

8:8
5 5 .0
5 5 .0
5 3 .0IW
5 4 .6
5 4 .0
5 3 .0
5 2 .0
53 .2
51 .6  
5 2 .0
5 1 .0
5 0 .3
5 1 .0
5 0 .0

4 6 .0
5 6 .5
56.0
5 7 .0
5 7 .5
5 6 .5
56*0

56 '.0
5 5 .5
5 5 .0
5 5 .0
5 5 .0
5 5 .0
5 5 .0
5 4 .5
5 4 .0
5 3 .5
53 .2
5 3 .3
5 3 .0
5 3 .0
5 3 .0  
52 i6
51 .6
5 1 .0  
5 0 .5
5 0 .3
5 0 .0  
5 0 ,0

speelaen  ao o a a it Rookwell C 35 .



Table 5 **— Specimen heated to 1450° F. fo r  one hour.

Distances from _______ Hardneaa readlnga, Rockwell 0 T...
quenched end. In , On one aide On the other aide A*+.

1 /1 6  4 0 ,0  4 0 .0  4 0 .0
2 /1 6  4 8 .0  4 8 .0  4 8 .0
3 /1 6  5 2 .0  4 8 .0  5 0 .0
4 /1 6  5 4 .0  5 0 .0  5 2 .0
5 /1 6  5 6 .0  5 0 .0  53  ;0
6 /1 6  5 6 .0  5 2 .0  54  iO
7 /1 6  5 5 .0  5 4 .0  54  ;5
8 /1 6  5 5 .0  5 5 .0  5 5 .0
9 /1 6  5 4 .6  5 4 .6  54  ;6

1 0 /1 6  5 6 .0  5 5 .4  5 4 .8
1 1 A 6  5 4 .0  5 5 .2  5 4 .6
1 2 /1 6  5 5 .4  5 4 .2  5 4 .8
1 3 /1 6  5 5 .2  5 4 .2  5 4 .7
1 4 /1 6  5 5 .0  5 4 .0  5 4 .5
1 5 A 6  5 4 ,4  5 4 .0  5 4 .2
1 6 /1 6  5 5 .0  5 3 .0  5 4 .0
18 A 6  5 3 .0  5 5 .0  5 4 .0
2 0 /1 6  5 4 .0  5 3 .0  53  ;5
2 2 /1 6  5 2 .0  5 4 .0  5 3 .0
2 4 /1 6  5 4 .0  5 2 .0  5 3 .0
2 6 /1 6  5 2 .8  5 2 .8  5 2 .8
2 8 /1 6  5 3 .0  5 2 .0  5 2 .5
3 0 /1 6  5 4 .0  5 0 .0  5 2 .0
3 2 /1 6  5 2 .0  5 1 .6  5 1 .8
3 6 /1 6  5 4 .0  4 8 .0  5 1 .0
4 0 /1 6  5 0 .9  5 0 .7  5 0 .8
4 4 /1 6  5 0 .0  5 0 .0  5 0 .0
4 8 /1 6  4 9 .5  4 9 .5  4 9 .5
52 A 6  4 9 .2  4 9 .2  4 9 .2
5 6 /1 6  4 9 .0  4 9 .0  4 9 .0
6 0 /1 6  4 9 .0  4 9 .0  4 9 .0



Table 6 Speolaen heated to 1300° F. for  one hour.

D is ta n c e s  from ____. Hardness r e a d in g s , R ockw ell 0
guenched en d ,...i n . On tfBe e id e On th e  o th e r  s id e Awe.

1 /1 6 4 5 .0 4 5 .0 4 5 .0
2 /1 6 5 0 ,0 4 9 .0 4 9 .5

$ t
5 2 .0 5 1 .0 5 1 .5
5 2 .8 5 2 .8 5 2 .8

5 /1 6 5 4 .0 5 2 .0 5 3 .0
6 /1 6 5 3 .0 5 3 .0 5 3 .0
7 /1 6 5 4 .0 5 2 .0 5 3 .0
8 /1 6 5 3 .0 5 2 .6 5 2 ,8
9 /1 6 5 2 .6 5 3 .0 5 2 .8

1 0 /1 6 5 3 .0 5 3 .0 5 3 .0
1 1 /1 6 5 4 ,0 5 2 .0 5 3 .0
1 2 /1 6 5 5 .0 5 1 .0 5 3 .0
1 3 /1 6 5 2 .0 5 4 .0 5 3 .0
1 4 /1 6 5 3 .0 5 3 .0 5 3 .0
1 5 A 6 5 3 .0 5 3 .0 5 3 .0
1 6 /1 6 5 2 .8 5 2 .8 5 2 .8
1 8 A 6 5 3 .0 5 3 .0 5 3 .0
2 0 A 6 5 4 .0 5 2 .0 5 3 .0
2 2 /1 6 5 5 .0 5 1 .0 5 3 .0
2 4 /1 6 5 4 .0 5 2 .0 5 3 .0
2 6 /1 6 5 4 .0 5 0 .0 5 2 .0
2 8 /1 6 5 1 .0 5 1 .6 5 1 .3
3 0 /1 6 5 0 .8 5 0 .8 5 0 .8
3 2 /1 6 5 0 .0 5 0 .0 5 0 .0
3 6 /1 6 4 9 .0 51 .o 5 0 ,0
4 0 /1 6 4 9 .0 4 9 .0 4 9 .0
4 4 /1 6 4 8 .0 4 9 .6 4 8 .8
4 8 /1 6 4 8 .6 4 8 .6 4 8 .6
5 2 /1 6 5 8 .0 3 9 .0

4 8 .2
4 8 .5

5 6 /1 6 4 8 .2 4 8 .2
6 0 /1 6 4 8 .2 4 8 .4 4 8 .3
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Table 7 —  Specimen heated  to  1550“ F . fo r  one hour.

D is ta n c e s  from  
quenched en d . I n .

readlnaa. ftoQjcwell 0
one a id e  On t h e  o t h e r  a id

1 /1 6
2 /1 6
3/16

5/16
6/16
7/16
8/16
9 /1 6

1 0 /1 6
1 1 /1 6
1 2 /1 6
13/16
1 4 /1 6
1 5 /1 6
16/16
18/16
2 0 /l6
22 /16
2 4 /1 6
26/16
2 8 /1 6
30/16
52/16
36/16
4 0 /1 6
4 4 /1 4
4 8 /1 6
52/16
56/16
60/16

4 0 .0
4 6 .5
5 0 .0
5 4 .0
5 4 .0  
52.8
5 3 .0
5 4 .0
5 1 .0p!o
51.8
5 1 .5
5 1 .3
5 1 .3  
5 1 .2
5 0 .5
50 .6
5 0 .0  
51.0
4 9 .6
4 9 .6
4 9 .0
4 9 .0
4 8 .0
4 8 .0
4 7 .0
4 8 .0  
4 7 .5
4 8 .0

4 1 .0
4 6 .5
50.0
5 3 .0
52.0  
52 .8  
52.0  
50 .0
5 3 .0
52.0  
50.0  
52.0  
5 1 .8
5 1 .5
5 1 .3
5 1 .3  
5 1 .2
5 1 .0
50 .0
5 0 .4
4 9 .0
4 9 .6
4 9 .0
4 9 .0
4 8 .0
4 8 .0
4 9 .0
4 8 .0
4 7 .0
4 7 .5
4 7 .0

4 0 .5  
46 .5 . 
50 .0 .
5 3 .5
5 3 .0  
52.8  
5 2 .5 -
5 2 .0  
5 2 .0
5 2 .0  
5 2 .0 . 
52 .0 . 
5 1 .8 .
5 1 .5
5 1 .3
5 1 .3
5 1 .2  
5 0 .8
5 0 .3  
5 0 .2 .
50.0
4 9 .6  
4 9 .3 -
4 9 .0 .
4 8 .5
4 8 .0 .
4 8 .5
4 7 .5
4 7 .5
4 7 .5
4 7 .5



Table 8 —  Specimen heated to  1600° F. for one hour.

D is ta n c e s  from  
quenched end . In,

  H ardness r e a d in g s . R ockw ell C
On one a id e  On th e  o th e r  a id e

1 /1 6
2 /1 6

4 /1 6
5/16
6/16
7 /1 6
8/16
9 /1 6

10/16
11/16
1 2 /1 6
1 3 /1 6
1 4 /1 6
1 5 /1 6

18/16
2 0 /1 6
22 /16

28/16
30/16
3 2 /1 6
3 6 /1 6
4 0 /1 6
4 4 /1 6
4 8 /1 6
52/16
5 6 /1 6
60/16

4 8 .0
5 6 .0
5 4 .4
5 4 .6
5 4 .0
5 8 .0
5 3 .8
5 4 .0
5 6 .0
5 2 .8
5 2 .5  
5 2 .2
5 2 .0
5 2 .0  
5 0 .8
50 .6  
5 0 .0  
5 0 .0
4 9 .4
4 9 .0  
4 8 .8
4 8 .5  
4 8 .4
4 8 .7
4 7 .0
4 8 .0
4 7 .0
4 8 .0
4 5 .0
4 8 .0
4 5 .0

4 8 .0
52.0
5 4 .0
5 4 .0
5 4 .0
50.0
5 3 .8
5 3 .0
50.0
52.8
5 2 .5  
52.0
5 1 .0
50.0
5 0 .8  
50.0 
50.0
4 9 .0
4 9 .0
4 9 .0
4 8 .8
4 8 .5
4 8 .0  
4 8 .7
4 7 .0
46.0
4 7 .0
4 6 .0
4 9 .0
4 6 .0
4 9 .0

4 8 .0
5 4 .0
5 4 .2
5 4 .3
5 4 .0
5 4 .0
5 3 .8
5 3 .5
5 3 .0
5 2 .8
5 2 .5
5 2 .1
5 1 .5
5 1 .0
5 0 .8
5 0 .3
50.0
4 9 .5
4 9 .2
4 9 .0
4 8 .8
4 8 .5
4 8 .2  
4 8 .7
4 7 .0
4 7 .0
4 7 .0
4 7 .0
4 7 .0
4 7 .0
4 7 .0



Table 9 —  Specimen heated to 17000 F* for  one hour.

D is ta n c e s  from ______ -Harda a s s  r e a d in s s .  a o sk w e ll C........
auenphed and. In . On one s i ds On th e  o th e r  a id e A M .

1 /1 6
2 /1 6

3 9 .5 3 9 .5 3 9 .5
4 4 .5 4 6 .0 4 5 .0

3 /1 6 4 9 .0 4 7 .0 4 8 .0
4 / l 6 5 1 .0 4 9 .0 5 0 .0
5 /1 6 5 0 .0 5 2 .0 5 1 .0
6 /1 6 5 1 .0 5 1 .0 5 1 .0
7 /1 6 5 0 .0 5 0 .0 5 0 .0
8 /1 6 5 1 .0 5 1 .0 5 1 .0
9 /1 6 5 1 .0 5 0 .0 5 0 .5

1 0 /1 6 5 1 .0 5 0 .0 5 0 .5
1 1 /1 6 5 2 .0 5 0 .0 5 1 .0
1 2 /1 6 5 1 .0 5 0 .0 5 0 .5

5 1 .0 5 1 .0 5 1 .0
1 4 /1 6 5 1 .0 5 0 .0 5 0 .5
1 5 /1 6 4 9 .0 5 1 .0 5 0 .0
1 6 /1 6 4 9 .0 4 9 .0 4 9 .0
1 8 /1 6 50 iO 4 8 .0 4 9 .0
2 0 /1 6 4 9 .0 4 7 .0 4 8 .0
2 2 /1 6 4 9 .0 4 8 .0 4 8 .5
2 4 /1 6 4 8 .0 4 9 .0 4 8 .5
2 6 /1 6 4 8 .0 4 8 .0 4 8 .0
2 8 /1 6 4 9 .0 4 9 .0 4 9 .0
3 0 /1 6 4 6 .0 4 8 .0 4 7 .0
3 2 /1 6 4 7 .0 4 7 .0 4 7 .0
3 6 /1 6 4 7 .0 4 7 .0 4 7 .0
4 0 /1 6 4 5 .0 4 7 .0 4 6 .0
4 4 /1 6 4 7 .0 4 5 .0 4 6 .0
4 8 /1 6 4 6 .0 4 8 .0 4 7 .0
5 2 /1 6 4 6 .5 4 6 .5 4 6 .5
5 6 /1 6 4 7 .0 4 6 .0 4 6 .5
6 0 /1 6 4 5 .0 4 9 .0 4 7 .0
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T a b le  10 — -  specim en h e a ted  t o  1750° f .  f o r  one h o u r .

D is ta n c e s  from _  ____H ardness r e a d in g s . Rook'« e l l  C ..... r r
Quenohed en d . I n . On on e e ld e On th e  o th e r  s;W «... « « .

1 /1 6 4 0 ,0 4 0 ,0 4 0 .0
2 /1 6 4 6 .0 4 0 ,0 4 3 .0
3 /1 6 4 6 .0 4 5 .0 4 5 .5
4 /1 6 4 8 .0 4 6 ,0 4 7 .0
5 /1 6 4 9 .0 4 7 .0 4 8 .0
6 /1 6 4 8 .6 4 8 .0 4 8 .3
7 /1 6 4 8 .6 4 8 .6 4 8 .6
8 /1 6 4 8 .8 4 8 .8 4 8 .8
9 /1 6 4 8 .0 4 9 .0 4 8 ,5

1 0 /1 6 4 9 .0 4 9 .0 4 9 .0
1 1 /1 6 5 0 .0 4 8 ,0 4 9 .0
1 2 /1 6 4 8 .8 4 8 ,8 4 8 .8
1 3 /1 6 4 9 .0 4 8 .0 4 8 ,5
1 4 /1 6 4 8 .6 4 8 .0 4 8 .3
1 5 /1 6 4 8 .6 4 8 ,0 4 8 .3
1 6 /1 6 4 9 .0 4 7 .0 4 8 .0
1 8 /1 6 4 8 .0 4 8 .0 4 8 .0
2 0 A 6 4 8 .0 4 7 .0 4 7 .5
2 2 /1 6 4 8 .0 4 6 .0 4 7 .0
24A & 4 9 .0 4b ,0 4 7 ,0
2 6 /1 6 4 8 .0 4 6 ,0 4 7 .0
2 8 /1 6 4 6 .8 4 6 .8 4 6 ,8
3 0 /1 6 4 7 .0 4 6 .0 4 6 .5
3 2 /1 6 4 7 .0 4 6 .0 4 6 .5
3 6 /1 6 4 8 .0 4 4 ,0 4 6 .0
4 0 /1 6 4 7 .0 4 3 .0 4 5 .0
4 4 /1 6 4 4 .8 4 4 .8 4 4 .8
4 8 /1 6 4 4 .5 4 4 .5 4 4 .5
5 2 /1 6 4 6 .5 4 2 .5 4 4 .5
5 6 /1 6 4 5 .0 4 4 .5 4 4 .5
6 0 /1 6 4 5 .2 4 5 .2 4 5 .2



T&fcle 11 «*— Speclearn heated to 1800° F. for  one hour*

D is ta n c e s  from H ardnees r e a d in g s . R ockw ell C
auenohed end , i n . On one s id e Qn th e  o th e r  s id e Ave.

1 /1 6 4 0 .0 4 0 .0 4 0 .0
2 /1 6 4 4 .0 4 0 .0 4 2 .0
3 /1 6 4 J .5 4 3 .5 4 3 .5
4 /1 6 4 6 .0 4 4 .0 4 5 .0
5 /1 6 4 5 .8 4 5 .8 4 5 .8
6 /1 6 4 6 .4 4 6 .0 4 6 .2
7 /1 6 4 6 .5 4 6 .5 4 6 .5
8 /1 6 4 8 .0 4 6 .0 4 7 .0

4 7 .5 4 7 .5 4 7 .5
1 0 /1 6 4 8 .0 4 7 .0 4 7 .5
1 1 /1 6 4 7 .0 4 8 .0 4 7 .5
1 2 /1 6 4 7 .4 4 7 .0 4 7 .2
1 3 /1 6 4 9 .0 4 5 .0 4 7 .0
1 4 /1 6 4 8 .0 4 6 .0 4 7 .0
1 5 /1 6 4 5 .0 4 9 .0 4 7 .0
1 6 /1 6 4 6 .0 4 7 .0 4 6 .5
1 8 /1 6 4 8 .0 4 5 .0 4 6 .5
2 0 /1 6 4 5 .0 4 8 .0 4 6 .5
2 2 /1 6 4 6 .0 4 7 .0 4 6 .5
2 4 /1 0 4 3 .0 5 0 .0

4 4 .0
4 6 .5

2 6 /1 6 4 8 .0 4 6 .0
2 8 /1 6 4 7 .0 4 6 .0 4 6 .5
3 0 /1 6 4 5 .8 4 5 .8 4 5 .8
3 2 /1 6 4 6 .0 4 5 .0 4 5 .58$ 4 6 .0  • 

4 4 .5
4 4 .0
4 4 .5

4 5 .0
4 4 .5

4 4 /1 6 4 4 .0 4 4 .0 4 4 .0
4 8 /1 6 4 6 .0 4 0 .0 4 3 .0
5 2 /1 6 4 6 .0 4 0 .0 4 3 .0
5 6 /1 6 4 4 ,0 4 2 .0 4 3 .0
6 0 /1 6 4 3 .5 4 3 .5 4 3 .5



Specimen heated to 1950°F* fo r  one hour

D is ta n c e s  from -  ........HfUEdneee r ea d in g s*  R o s k ie i l  C
auenohed en d . i n . On one a id s On th e  o th e r  bMIs A ve.

1 /1 6 3 9 .0 3 9 .0 3 9 .0
2 /1 6 4 1 .0 39 *0 4 0 ,0
3 /1 6 4 0 ,0 42 *0 4 1 .0
4 /1 6 4 4 .0 4 0 .0 4 2 .0
5 /1 6 4 4 ,0 4 2 .0 4 3 .0
6 /1 6 4 2 .5 4 4 .5 4 3 .5
7 /1 6 4 4 .0 4 6 ,0 4 5 .0
8 /1 6 4 6 ,5 4 7 .5 4 7 .5
9 /1 6 4 6 ,5 4 6 .5 4 6 .5

1 0 /1 6 4 6 ,0 4 4 ,0 4 5 .0
1 1 /1 6 4 3 .0 4 7 .0 4 5 .0
1 2 /1 6 4 5 .0 4 5 .0 4 5 .0
1 3 /1 6 4 5 .0 4 6 .0 4 5 .5
1 4 /1 6 4 4 ,0 4 7 .0 4 5 .5
1 5 /1 6 4 5 .6 4 5 .0 4 5 .3
1 6 /1 6 4 5 .6 4 5 .0 4 5 .3
1 8 /1 6 4 4 .0 4 6 ,0 4 5 .0
2 0 /1 6 4 5 .5 4 5 .5 4 5 .5

4 4 .0
4 4 .0mt 4 6 .0

4 7 .0
4 2 .0
4 1 .0

2 6 /1 6 4 4 .5 4 4 .4 4 4 .5
2 8 /1 6 4 6 ,0 4 0 .0 4 3 ,0
30/ l b 4 4 ,0 4 0 ,0 4 2 .0
3 2 /1 6 4 0 .5 4 1 .5 4 1 .0
3 6 /1 6 4 1 .5 4 1 .5 4 1 .5
4 0 /1 6 4 3 .0 4 1 ,0 4 2 ,0
4 4 /1 6 4 2 ,0 4 0 ,0 4 1 .0
4 8 /1 6 4 0 ,5 4 1 ,5 4 1 ,0  ,
5 2 /1 6 4 1 .0 4 2 .0 4 1 ,5
5 6 /1 6 4 2 .0 4 2 ,0 4 2 .0
6 0 /1 6 4 0 ,5 4 1 .5 4 2 ,0



tab le  13 Specimen heated’to  1400s’ F. for two hours

D is ta n c e s  from   Bafflm W i ,r e f t d ,,g
imenche<L end* i n .  On one s id e  on  t h e  o th e r  s id e

1 /1 6
2 /1 6
3/16
4 /1 6
5 /1 6
6 /1 6
7 /1 6
8 /1 6
9 /1 6

10/16
11/16
1 2 /1 6
1 3 /1 6
1 4 /1 6

16/16
1 8 /1 6
2 0 /1 6

2 4 /1 6
26 /16
2 8 /16
30/16
32/16
36/16
4 0 /1 6
4 4 /1 6
4 8 /1 6
52/16
56/16
60/16

4 6 .0
50.0
54.0
55.0
57.0
57.0
55.555.0
56.0
5 4 .0
55.5
5 5 ^ 0
56.0
5 4 .0
5 2 .0
53.5
55.0
5 4 .0
53.0
51.0 
52.0
53.0
55.0
52.0
51.0 
5 1 .850.0  
5©;o
5 4 .0
50.0

47*0
5 9 .0
5 5 .0
5 6 .0
57.5
5 7 .0
55.5
56.0  
56.0
5 5 .0
5 5 .0
5 4 .0
5 4 .0
5 6 .0
5 4 .0
5 4 .0
5 3 .0
5 3 .0
5 4 .0

f z'Jo
3,0

5 3 .0
52.0  
52.0  
51.8
51.0
51.0
51.5 
51.0



fa b le  14 —  Specimen heated to 1400°r . for three hours.

D is ta n c e s  from-=   RflfflftBgffg .rgM A flagf-JSgK liB ll, -ff
en d . I n . On one 4 M «  On th e  o th e r , s id e  Age

1/16
2/1©  

.6

5 £ f6/16
8/16
9/16

10/16
11/16

1 3 /1 6
1 4 /1 6
1 5 /1 6
16/16
18/16

22 /16
2 4 /1 6
26/16
28/16

32/16
36/16
4 0 /1 6
4 4 /1 6
4 8 /1 6

60/16

.0
5 2 .0
5 3 .0

55’J
5 8 .0
5 3 .5
5 5 .5
5 5 .0
56 .0
5 4 .0
5 2 .0
5 4 .0
5 5 .0
5 5 .5
5 3 .5
5 5 .0
5 2 .0
5 4 .0
5 5 .5
5 2 .0
5 1 .0
50.0

38:8
5 0 .0
5 2 .0
5 0 .0
5 1 .0
5 4 .0

5 6 .0
5 4 .0
5 5 .0
5 5 .0
5 5 .5
5 4 .5
56.0
5 7 .5
5 8 .5
5 5 .0
56.0  
56.0
5 4 .0
5 4 .0
51.0 
cA c
5 6 .5
5 5 .0
5 4 .0
5 4 .0
5 2 .5
52 .0  
51*0 
52 .0

5 0 .0
5 2 .0
5 4 .0
5 1 .0
5 0 .0

5 5 .0
5 3 .0
5 4 .0
5 5 .0  
5 § .0
5 5 .0
5 7 .0
5 5 .0
5 7 .0
5 5 .0
56.0
5 5 .0  

.0  
,0

5 3 .0
5 5 .0
5 5 .0
5 5 .0
5 3 .0
5 4 .0
5 4 .0
52 .0
5 1 .0
5 1 .0  
5 2 .8
5 0 ' o
52.0 
5 2 .0  
51.0 
5 2 .0
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T a b le  35 —  sp ec im en  h e a te d  to  1700° F . f o r  tw o h o u r e .

D is ta n c e s  f ro m - H a r d n e s s  r e a d in K s .R o c k w e l l  C
anon  chad  e n d . i n . On one  a M e On t*h© MMv  iM #  A ve.

1 /1 6 48*0 4 T .0 4 7 .5
2 /1 6 5 5 .0 5 4 .0 5 4 .5
3 /1 6 5 6 .0 5 6 .0 5 6 .0
4 /1 6 5 5 .0 5 5 .0 5 5 .0
5 /1 6 5 4 .0 5 6 .0 5 5 .0
6 /1 6 5 5 .0 5 7 .0 5 6 .0
7 /1 6 5 5 .0 5 3 .0 5 4 .0
8 /1 6 5 2 .5 5 5 .5 5 4 .0
9 /1 6 5 5 .5 5 5 .5 5 5 .5

1 0 /1 6 5 4 .0 5 4 .0 5 4 .0
1 1 /1 6 5 6 .0 5 4 .0 5 3 .0
1 2 /1 6 5 2 .0 5 6 .0 5 4 .0
1 3 /1 6 5 4 .0 5 4 .0 5 4 .0
14716 5 4 .5 5 4 .5 5 4 .5
1 5 /1 6 5 4 .0 5 4 .0 5 4 .0
1 6 /1 6 5 3 .5 5 4 .5 5 4 .0
1 8 /1 6 5 4 .0 5 4 .0 5 4 .0
2 0 /1 6 5 3 .8 5 3 .8 5 3 .8
2 2 /1 6 5 3 .3 5 3 .3 5 3 .3
2 4 /1 6 5 3 .0 5 5 .0 5 4 .0
2 6 /1 6 5 3 .0 5 3 .0 5 3 .0
2 8 /1 6 5 2 .0 5 4 .0 5 3 .0
3 0 /1 6 5 1 .0 5 5 .0 5 3 .0
3 2 /1 6 5 0 .0 5 4 .0 5 2 .0

5 1 .3 5 1 .3 5 1 .3
4 0 /1 6 5 0 .0 5 2 .0 5 1 .0
4 4 /1 6 5 1 .4 5 1 .0 5 1 .2
4 8 /1 6 5 1 .0 5 2 .0 5 1 .5
5 2 /1 6 5 2 .0 5 2 .0 5 2 .0
5 6 /1 6 5 0 .0 5 4 .0 5 2 .0
6 0 /1 6 5 1 .0 5 3 .0 5 2 .0



Table 16 —  Specimen heated to 1700° F, for  three houre

D is ta n c e s  fro m  — H a rd n e s s  r e a d i n g s .  R ockw ell c
a a e n o b e d  e n d . I n .  On o n e  a id e  On t h e  o t h e r  s id e  Ave.

1 /1 6  4 8 .0  4 7 .0  47*5
2 /1 6  5 5 .8  5 5 .0  55*4
. . .  5 4 .5  5 4 .5  5 4 .5
4 /1 6  5 4 .O 5 4 .0  5 4 .0
| / l f  5 3 .8  5 3 .8  5 3 .8
6 /1 6  5 3 ,g  5 3 .3  5 3 .6

5 6 .0  5 2 .0  5 4 .0
8 /1 6  5 4 .4  5 4 .0  5 4 .2
9 /1 6  5 5 .5  5 5 .5  5 5 .5

5 3 .6  5 4 .0  5 3 .8
1 1 /1 6  5 6 .O 5 4 .0  5 5 .0
1 2 /1 6  5 4 .5  5 4 .5  5 4 .5
1 3 /1 6  5 6 .O 5 6 .0  5 6 .0
1 4 /1 6  5 8 .O 5 4 .0  5 6 .0
1 5 /1 6  5 8 .O 5 2 .0  5 5 .0
1 6 /1 6  5 5 .O 5 7 .0  5 6 .0
1 8 /1 6  5 4 .O 5 5 .0  5 4 .5
2 0 /1 6  5 4 .O 5 4 .0  5 4 .0
2 2 /1 6  5 5 .0  5 5 .0  5 5 .0
2 4 /1 6  5 7 .O 5 3 .0  5 5 .0

5 4 .0  5 4 .0  5 4 .0
2 8 /1 6  5 3 .O 5 5 .0  5 4 .0

“ ‘ 5 2 .0  5 2 .0  5 2 .0
3 2 /1 6  5 1 .0  5 3 .0  5 2 .0

"•6 5 2 .O 5 2 .0  5 2 .O
HO/16 5 6 .0  5 0 .0  5 3 .0

4 4 /1 6  5 2 .4  5 2 .0  5 2 .2
4 8 /1 6  5 1 .0  5 3 .0  5 2 .0
5 2 /1 6  5 2 .0  5 2 .0  5 2 .0
5 6 /1 6  5 1 .0  5 2 .0  5 1 .5
6 0 /1 6  5 1 .0  5 1 .0  5 1 .0



fab le 17 Specimen heated to 1950°F# for two hours*

D is ta n c e s  from H ardness r e a d in g s .  R ockw ell C
quenohed  end* In* On oh# a id e  On t h e  o t h e r  a id e  Ay#

1 /1 6 4 2 ,0 4 4 ,0 4 3 .0
2 /1 6 4 9 .0 4 7 .0 4 8 ,0
3 /1 6 5 0 .5 5 1 .5 5 1 .0
4 /1 6 5 4 .0 5 2 .0 5 3 .0
5 /1 6 5 2 .5 5 5 .5 5 4 .0
6 /1 6 5 4 .5 5 4 .5 5 4 .5
7 /1 6 5 3 .5 5 5 .5 5 4 ,5
8 /1 6 5 3 .5 5 5 .5 5 4 .5
9 /1 6 5 6 .0 5 3 .0 5 4 .5

1 0 /1 6 5 5 .0 5 4 .0 5 4 .5
1 1 /1 6 5 2 .6 5 5 .0 5 3 .8
1 2 /1 6 5 3 .6 5 4 .0 5 3 .8
1 3 /1 6 5 5 .4 52 ,2 5 3 .8
1 4 /1 6 5 3 .0 5 6 .0 5 4 .5
1 5 /1 6 5 4 .0 5 4 .0 5 4 .0
1 6 /1 6 5 5 .0 5 3 .0 5 4 .0
1 8 /1 6 5 3 .0 5 3 .0 5 3 .0
2 0 /1 6 5 3 .0 5 2 .0 5 2 .5
2 2 /1 6 5 1 ,5 5 3 .5 5 2 .5
2 4 /1 6 5 2 .0 5 5 .0 5 3 .5
2 6 /1 6 5 3 .0 5 1 .0 5 2 .0
2 8 /1 6 5 2 .5 5 1 .5 5 2 .0
3 0 /1 6 5 2 .0 5 3 .0 5 2 .5
3 2 /1 6 5 1 .5 5 2 .5 5 2 .0
3 6 /1 6 5 0 .0 5 2 .0 5 1 .0
4 0 /1 6 5 1 .0 5 1 .0 5 1 .0
4 4 /1 6 5 1 .0 4 9 .0 5 0 .0
4 0 /1 6 4 8 .0 5 2 .0 5 0 .0

5 0 .85 2 /1 6 5 0 .0 5 1 .6
5 6 /1 6 5 1 .0 5 0 .0 5 0 .5
6 0 /1 6 5 0 .0 5 2 .0 5 1 .0



Table 10 specimen heated to 1950°F# for  three hours*

D is ta n c e s  from H a rd n e s s  r e a d in g s .  R ockw ell c
guenohed  en d , i n . On one s id e On t h e  o t h e r  s id e A v e . .._ .....

1 /1 6 4 4 .0 4 6 .0 4 5 .0
2 /1 6 5 0 .0 5 1 .0
3 /1 6

g . o
5 3 .0 5 3 .5

4 /1 6 5 3 l s 5 4 .5 5 4 .0
5 /1 6 5 2 .0 5 4 .0 5 3 .0
0 /1 6 5 3 .5 5 3 .5 5 3 .5
7 /1 6 5 1 .5 5 4 .5 5 3 .0
8 /1 6 5 1 .5 5 3 .5 5 2 .5
9 /1 6 5 4 .0 5 3 .0 5 3 .5

1 0 /1 6 5 3 .5 5 3 .5 5 3 .5
1 1 /1 6 5 4 .0 5 2 .0 5 3 .0
1 2 /1 6 5 5 .0 5 5 .0 5 5 .0
1 3 /1 6
1 4 /1 6

5 3 .0 5 3 .0 5 3 .0
5 1 .5 5 5 .0 5 3 .0

1 5 /1 6 5 2 .5 5 2 .5 5 2 .5
1 6 /1 6 5 2 .0 5 4 .0 5 3 .0
1 8 /1 6 5 4 .0 5 2 .0 5 3 .0
2 0 /1 6 5 1 .0 5 5 .0 5 3 .0
2 2 /1 6 5 1 .0 5 3 .0 5 2 .0
2 4 /1 6 5 2 .0 5 5 .0 5 3 .5
2 6 /1 6 5 3 .0 5 4 .0 5 3 .5
2 8 /1 6 5 2 .0 5 4 .0 5 3 .0
3 0 /1 6 5 2 .0 5 3 .0 5 2 .5
3 2 /1 6 5 1 .5 5 3 .5 5 2 .5
3 6 /1 6 5 2 .0 5 1 .0 5 1 .5
4 0 /1 6 5 1 .0 5 1 .0 5 1 .0
4 4 /1 6 5 0 .0 5 2 .0 5 1 .0
4 8 /1 6 5 0 .5 5 1 .5 5 1 .0
5 2 /1 6
5 6 /1 6

5 0 .0 5 1 .0 5 0 .5
5 0 ,0 5 3 .0 5 1 .5

6 0 /1 6 5 1 .0 5 3 .0 5 2 .0
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Dlg ta n c a i  fjzoni
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Big* 9 — - M ic ro s t ru c tu re  of specimen hea ted  to  1400° F.

f o r  one hour* 250 X.
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Fig* 10 —  M ie re s t ru c tu re  of specimen h e a te d  to  1950° F

for one hour* 250 X*
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F ig .  1 1  M ic ro s t ru c tu re  of specimen h ea ted  to  1400° F

f o r  th r e e  h o u r s .  250 X.
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F ig .  12 —-  M ic ro s t ru c tu re  of specimen h ea ted  to  1950° F.

f o r  th r e e  h o u r s .  250 X.
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F ig .  13 M ic r o s t r u c tu r e  o f  sp ec im en  in  t h e  c a s t  

c o n d i t i o n ,  e tc h e d  w ith  5 p e r c e n t  p l c r a l .  250 X.
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F ig .  14 —  M ic r o s t r u c tu r e  o f sp ec im en  In  t h e  c a s t  

c o n d i t i o n ,  u n e tc h e d . .  100 X.



The r e s u l t s  o b ta in e d  so  f a r  o a s  b e  sum m arised* a s  

f o l lo w s i

1 ,  The h a r d e n a b i l i i y  o f  t h e  m a t e r i a l  t e s t e d  i s  h ig h  

b e c a u s e  i t  c o n ta in s  many a l l o y  e le m e n ts ,  w hich  in c r e a s e  

t h e  h a r d e n a b i l l t y  by s h i f t i n g  t h e  S c u rv e  ( n o t  d e te rm in e d  

y e t )  t o  th e  r i g h t  and  r e t a r d i n g  t h e  d e c o m p o s it io n  o f  

a u s t e n i t e .

2 ,  W ith s o a k in g  t im e  o f  one h o u r ,  t h e  lo w e r  t h e  

q u e n c h in g  t e m p e r a tu r e ,  t h e  h ig h e r  th e  h a r d n e s s ,  a s  w e l l  

a s  t h e  h i g h e r  t h e  com bined c a rb o n  c o n t e n t ,  b e c a u se  o f  

t h e  fo r m a t io n  o f  s p h e ro id  ia e d  c e m e n t i t s  d u r in g  slow  h e a t ­

in g  p r o c e s s ,  and  t h e s e  s p h e re  id e s  rem a in ed  unchanged  a t  

low  te m p e ra tu re s *

3 ,  w ith  h ig h  c o n s t a n t  t e m p e r a tu r e ,  th e  lo n g e r  t h e  

s o a k in g  t im e ,  t h e  h i g h e r  t h e  h a r d n e s s ,  a s  w e l l  a s  th e  

h i g h e r  th e  com bined  c a rb o n  c o n te n t*  But when t h e  so a k ­

in g  t im e  was lo n g  en o u g h , s a y ,  tw o h o u r s  o r  l o n g e r ,  t h e  

h a r d n e s s  a s  w e l l  a s  t h e  com bined c a rb o n  c o n te n t  re a c h e d  

a  c o n s ta n t*  M o reo v er, when t h e  t e m p e r a tu re  was n o t  h ig h  

e n o u g h , s a y ,  1 4 0 0 °F . ,  l o n g e r  so a k in g  t im e  d id  n o t  a f f e c t  

t h e  h a rd n e s s  and th e  com bined  c a rb o n  c o n te n t .  T h is  i s  

b e c a u s e  t h e  s o a k in g  t im e  o f  t h r e e  h o u r s  o r  l e s s  d id  n o t
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c a u s e  t h e  d e c o m p o s it io n  o f  c e m e n t i t e f t u t  d i d  o au ee  m ore 

g r a p h i t i c  c a rb o n  t o  d i s s o l v e  In  a u s t e n l t e  a t  h ig h  tern*- 

p e r a t u r e s ,  th u s  m alting t h e  r e s u l t i n g  m a r te n s  i t e  h a r d e r  

when q u e n c h e d .

LiFPAilY 
COLORADO i'CnC /..)L OF IfP T F *  

GOL'-
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