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E F F E C T  O F  T E M P E R A T U R E  ON R E C O V E R Y  

AND ON P L A S T I C I T Y  OF  H A R D E N E D  S T E E L  

S. S. S h u r a k o v  

R e c o v e r y  of q u e n c h  - h a r d e n e d  s t e e l  a t  r o o m  t e m p e r a t u r e  c o n s i s t s  in a 
s i m u l t a n e o u s  i n c r e a s e  of i t s  s t r e n g t h  and p l a s t i c i t y  wi th  t i m e  p r i o r  to t e s t i n g  
[1 -7] .  

We have  m a d e  a m o r e  d e t a i l e d  s tudy  of the t e m p e r a t u r e  a t  wh ich  r e c o v e r y  
t a k e s  p l a c e  in h a r d e n e d  l o w - c a r b o n  s t e e l  and a l l o y e d  f e r r i t e .  

P r o c e d u r e  and R e s u l t s .  

An 0 .  H. s t e e l  1ZKhZN4A (0. 12% C, 2% C r ,  4% Ni) and a F e - a l l o y  wi th  0 .04% 
C and 7 .21% C r  m a d e  in a v a c u u m  l a b o r a t o r y  f u r n a c e  w e r e  s tud ied ,  T e n s i o n  
s p e c i m e n s  of 6 m m  ( 0 . 2 4  in) d i a m e t e r  w e r e  p r e p a r e d  f r o m  the  s t e e l  and  b a r s  of  
1 .5  m m  ( 0 . 0 6  in) d ia .  f r o m  the c h r o m i u m - c o n t a i n i n g  a l l oy .  

The  s t e e l  s p e c i m e n s  w e r e  h e a t e d  to 1150~ (~100~ q u e n c h e d  in 15% a q u e o u s  
KOH and then  i m m e r s e d  in l i q u i d  n i t r o g e n  fo r  30 m i n u t e s  to p r e v e n t  the p o s s i b i l i t y  
of  r e t a i n e d  a u s t e n i t e  t r a n s f o r m i n g  into  m a r t e n s i t e  d u r i n g  r e c o v e r y .  The  s p e c i -  
m e n s  of  the c h r o m i u m  a l l o y  w e r e  q u e n c h e d  f r o m  1Z00~ (Z190~ in 10% a q u e o u s  
NaC~ at 3-4"C (37-39~ 

$ 4,8 

42 

'~ ss / i , /  

22 
8 i# 2z~ ~2 48 48 5# 6"4 72 

Time of  Recovery, hrs, 

F i g .  1. D e p e n d e n c e  of  r e d u c t i o n  
of  a r e a  of s t e e l  1ZKhZN4A s p e c i -  
m e n s  on the  t i m e  of  r e c o v e r y  a t  
d i f f e r e n t  t e m p e r a t u r e s  a f t e r  
q u e n c h i n g .  
1 = - 1 9 6 " c  ( - 3 Z l ' F ) ;  Z = -30"C 
( -Z2~ 3 = 0~ (3Z~ 4 = 
z 0 " c  (68"F) ;  5 = 5 o ' c  ( 1 2 0 " F )  ; 
6 = 100~ (ZIZ~ 

The q u e n c h e d  s p e c i m e n s  w e r e  kep t  at  v a r i o u s  t e m p e r a t u r e s  b e t w e e n  -40 and  
100~ ( -40  and 212~ fo r  1 to 72 h o u r s .  The  t i m e  e l a p s i n g  b e t w e e n  q u e n c h i n g  
and the s t a r t  of  ho ld ing  a t  the t e m p e r a t u r e  s p e c i f i e d  was  1 .5  m i n u t e s  fo r  the c h r o -  
m i u m  a l l o y  s p e c i m e n s  and 2 h o u r s  fo r  the s t e e l  s p e c i m e n s ,  r e c k o n e d  f r o m  the 
m o m e n t  of r e m o v a l  f r o m  l i q u i d  n i t r o g e n .  The  s p e c i m e n s  w e r e  h e l d  in D e w a r  
v e s s e l s  in g a s o l i n e ,  c o o l e d  wi th  so l i d  o a r b o n  d iox ide  o r  f i l l e d  wi th  p r e h e a t e d  
w a t e r ;  t e m p e r a t u r e s  w e r e  d e t e r m i n e d  with  m e r c u r y  t h e r m o m e t e r s  and k e p t  c o n -  
s t an t  to w i th in  + I~ One s e r i e s  of  s p e c i m e n s  of the  s t e e l  was  k e p t  in l i q u i d  
n i t r o g e n  a t  -196~ ( - 3 Z I ~  

T e n s i o n  t e s t s  w e r e  m a d e  a t  r o o m  t e m p e r a t u r e .  The  s t e e l  s p e c i m e n s  w e r e  
t e s t e d  on an I M - 4 A  m a c h i n e ,  and t h o s e  of the  c h r o m i u m  a l l o y  on a C h e v e n a r d  
m i c r o t e s t e r .  The  r e d u c t i o n  of a r e a  was  d e t e r m i n e d  s i n c e ,  a c c o r d i n g  to a 
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s t u d y  by M o r o z  [Z] i t  i s  e x t r e m e l y  s e n s i t i v e  to  t he  s t r u c t u r a l  s t a t e  of  t h e  l a t t i c e .  
T h e  t e c h n i q u e  a d o p t e d  m a d e  i t  p o s s i b l e  to  e s t a b l i s h  t he  t e m p e r a t u r e - t i m e  

d e p e n d e n c e  f o r  r e c o v e r y .  
F i g s .  1 a n d  Z s h o w  the  t e m p e r a t u r e  a n d  t i m e  d e p e n d e n c e s  o f  r e d u c t i o n  of  a r e a .  

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

T h e s e  d a t a  s h o w  t h a t  t h e  r a t e  of  r e c o v e r y  j u d g e d  f r o m  t h e  r e d u c t i o n  of  a r e a  
f i g u r e s  i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t .  I t  i n c r e a s e s  w i t h  t e m p e r a t u r e  a n d  
v i r t u a l l y  e n d s  a t  - 196~ ( -32  I ~  

E n e r g i e s  of  a c t i v a t i o n  w e r e  c a l c u l a t e d  in  t h e  u s u a l  w a y  [2] ,  i t  b e i n g  a s s u m e d  
t h a t  t he  r a t e  o f  c h a n g e  of  t h e  r e d u c t i o n  o f  a r e a ,  ~ ,  i s  e x p o n e n t i a l  

v = d•/dt = Aexp(-~/RT) 

If ~n t is plotted against I/T for various fixed values of ~,a family of straight lines 
is obtained, each for a definite ~ ; from the slope of these lines, the energy of acti- 
vation can be determined. These plots are in Figs. 3 and 4, and show that the 

energy of activation does not remain constant during recovery but gradually in- 

creases; the extent of recovery can be represented by (~i -~s)/(~rec - ~s ) = X, 
where the subscripts i, s and rec refer respectively to the instantaneous, initial 
and maximum reductions of area (Figs. 1 and Z). 

- ~ ~ - /2 5J"~ ,~ 

.~_ 5e " L- / ~ "  ' , , ~ ~ :  ~ 7 .  7 

Jl $g' 8 ~'F 2'~ 32 ~O 48 FF 86 72 7 / 
2,G2.$ 3.o $2 3,~ 3.~ ~,~ : . lo  s 

Time of Recovery, hrs. 

F i g .  2. D e p e n d e n c e  of  r e d u c t i o n  o f  
a r e a  of  s p e c i m e n s  of  c h r o m i u m  a l l o y  
o n t i m e  of  r e c o v e r y  a t  d i f f e r e n t  t e m -  
p e r a t u r e s  a f t e r  q u e n c h i n g .  
1 = - 4 0 ~  ( - 4 0 " F ) ;  Z = -Z0"C ( - 4 * F ) ;  
3 = o ' c  ( 3 Z ' F ) ;  4 = Z0"C ( 6 8 " F ) .  

Fig. 3. Dependence of the 

time necessary for attaining 
a specified reduction of area 
(steel IZKhZN4A) on the tem- 

perature. 1 = 26%; 2 = 
33%; 3 = 36%; 4 = 41%; 5 = 
46%. 
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F i g .  4.  D e p e n d e n c e  of  t he  t i m e  
n e e d e d  to a t t a i n  a s p e c i f i e d  r e d u c -  
t i o n  o f  a r e a  ( c h r o m i u m  a l l o y )  on 
t h e  t e m p e r a t u r e .  1 = 52%; Z = 
54%; 3 = 58%; 4 = 62%; 5 = 6 6 % .  
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F i g .  5. D e p e n d e n c e  of  a c t i v a t i o n  
e n e r g y  on  the  d e g r e e  o f  r e c o v e r y ;  
1 = s t e e l ;  Z = c h r o m i u m  a l l o y .  
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F i g .  5 shows the v a r i a t i o n  of e n e r g y  of a c t i v a t i o n  wi th  X (in %) fo r  the s t e e l  
and the a l loy ;  i t  wi l l  be s e e n  tha t  a f t e r  ful l  r e c o v e r y  the  a c t i v a t i o n  e n e r g i e s  of 

both a l l o y s  a r e  i d e n t i c a l  at  9 k g - c a l / g - a t o m ,  d e s p i t e  the g r e a t  d i f f e r e n c e  in c o m -  
p o s i t i o n .  

T e n s i o n  t e s t s  w e r e  m a d e  a f t e r  25 m i n u t e s  and a f t e r  4 days  of  r e c o v e r y ,  one 
s e r i e s  of s p e c i m e n s  be ing  t e s t e d  a t  r o o m  t e m p e r a t u r e ,  and the o t h e r  a t  the t e m -  
p e r a t u r e  of  l i q u i d  n i t r o g e n  ( T a b l e  1). The  l i q u i d  n i t r o g e n  t e s t s  w e r e  m a d e  on 
O a g a r i n  s p e c i m e n s  of the  s t e e l  (0. 14% C) q u e n c h e d  in w a t e r  f r o m  1150"C (2100~ 

T a b l e  1. R e s u l t s  of  T e s t s  a t  Room and L i q u i d  N i t r o g e n  T e m p e r a t u r e s  

D u r a t i o n  of  R e c o v e r y  
a t  r o o m  t e m p e r a t u r e  

T e s t s  a t  + Z0~ 

Tensile Strength: 
kg/mm ~ 
psi 

Elongation, % 
Reduction of Area, % 

T e s t s  a t  -196"C 

T e n s i l e  S t r eng th :  
k g / m m  z 

p s i  
E l o n g a t i o n ,  % 
R e d u c t i o n  of  A r e a ,  % 

25 m i n u t e s  

133.8 
190,300 

7.1 
Z4.7 

4 days  

131.2 
186,600  
11.6 
55.1 

166.0  164.9  
Z36, i00 234,500 

8.5 7.4 
Z3.0 18.5  

e a c h  figure is the  m e a n  of four m e a s u r e m e n t s .  Note :  

All specimens tested at room temperature failed with cup formation, the cup 
bottom having a fibrous structure. Failure in liquid nitrogen occurred across a 

section normal to the axis and its appearance was crystalline. 

Table I shows that in room temperature tests, four days t recovery increases 
the elongation and specially the reduction of area (more than twofold). In liquid 
nitrogen the difference between freshly quenched and recovered steel vanishes. 

The recovery of hardened steel cannot be explained by transformation of re- 
tained austenite into martensite and decomposition of the rnartensite [7]. This is 
confirmed by the present results; the energy of activation for martensite forma- 
tion is  only  1 k g - c a l / g ~  a t o m  [8, 9] and 33 k g - c a l / g - a t o m  fo r  i ts  d e c o m p o s i t i o n  
[10]; the e n e r g y  of  a c t i v a t i o n  f o r  the d i f f u s i o n  of c a r b o n  in a i r o n  is  19.2  k g - c a l /  
g - a t o m  [11]. None of t h e s e  f i g u r e s  c o m e s  a n y w h e r e  n e a r  the e n e r g y  of  a c t i v a -  
t i o n  fo r  r e c o v e r y ,  9 k g - c a l / g - a t o m ,  and so t h e s e  p r o c e s s e s  canno t  be r e s p o n s i b l e  
f o r  the e f f e c t  s t u d i e d  h e r e .  

H o w e v e r ,  the  v a l u e  fo r  the a c t i v a t i o n  e n e r g y  os r e c o v e r y  does  a g r e e  wi th  that  
f o r  the  d i f f u s i o n  of  h y d r o g e n  in s t e e l ,  wh ich  is  9 . 4 - 1 1  k g - c a l / g - a t o m  [ i Z - 1 4 ] .  It 
is  known tha t  when  h y d r o g e n - c h a r g e d  s p e c i m e n s  a r e  a g e d  a t  r o o m  t e m p e r a t u r e ,  
h y d r o g e n  e s c a p e s  f r o m  t h e m  by d i f fu s ion ,  and the r e d u c t i o n  of  a r e a  g r a d u a l l y  i n -  
c r e a s e s  [15]. S ince  a c e r t a i n  quan t i t y  of h y d r o g e n  is  a l w a y s  p r e s e n t  when  s t e e l  
is m e l t e d  in  the u sua l  way ,  e x p e r i m e n t s  w e r e  c a r r i e d  out to f ind what  p a r t  i t p l a y s  
in r e c o v e r y  of h a r d e n e d  s t e e l .  We c o m p a r e d  the r e c o v e r y  in s t e e l  wi th  the u sua l  
h y d r o g e n  con t en t  and in one s p e c i a l l y  d e g a s s e d ,  and a l s o  i n v e s t i g a t e d  w h e t h e r  the 
h y d r o g e n  c o n t e n t  is c h a n g e d  by h e a t  t r e a t m e n t  and s u b s e q u e n t  r e c o v e r y .  

S tud ies  w e r e  m a d e  on s t e e l  I Z I ~ Z N 4 A  of the s a m e  h e a t ,  as  was  u s e d  in the 
experiments in Table I. Cylinders of 6 mm (0. Z4 in) dia. and 15 mm (0.6 in) 
long were used for hydrogen content determinations, and 6 mm dia. specimens 
fo r  t e n s i o n  t e s t s .  13 



The h y d r o g e n  con t en t  was  d e t e r m i n e d  by v a c u u m  f u s i o n  in  u n q u e n c h e d  s t e e l  
( i n i t i a l  s t a t e ) ,  in the  s a m e  s t e e l  a f t e r  a n n e a l i n g  fo r  10 h o u r s  a t  1 0 - 4 r a m  Hg at  
650~ (1200~ and a f t e r  v a c u u m  a n n e a l i n g  and  then  quench ing  f r o m  l l 5 0 ~  
(2 100~ in water. 

To eliminate the possibility of error due to the hydrogen content of scale, 
0.2-0.3 mm (0.08-0. IZ in) was machined away from all the surface of the speci- 
men, which was copiously cooled during this operation, so that its temperature 
did not rise above 10~ Forty minutes after quenching, the specimens were held 
for four days at room temperature in a container with hydrogen-saturated alcohol. 
Then hydrogen contents were determined. 

The tension specimens made from degassed steel, were machined all over 
like the specimens for hydrogen determination. Table Z shows the effect of dura- 
tion of recovery onthe reduction of area of degassed and undegassed steel, and 
Table 3 shows hydrogen contents. 

T a b l e  Z. R e s u l t s  of T e n s i o n  T e s t s  on D e g a s s e d  and  U n d e g a s s e d  
S p e c i m e n s  of S t ee l  12Kh2N4A 

H e a t  T r e a t m e n t  D u r a t i o n  of R e c o v e r y  R e d u c t i o n  of A r e a ,  %. 

Quenching from 1150~ 
j (ZI00~ in water 

i Vacuum Annealing at 
650~ (IZ00~ and  

i. quench ing  f r o m  1150~ 
(ZI00~ in water 

Z 5 m i n u t e  s 
4 days 

40 minutes 
4 days 

Z4.7 
55.1 

Z8.5 
55.4 

It will be seen that initially the steel contained I. 67 to 5.8 me of hydrogen per 
i00 g. Vacuum annealing reduced the content to below 0.9 rn~/100 g and quench- 
ing did not increase it. No hydrogen was liberated from the quenched cylinders 
kept in the containers for four days and the rates of recovery of the degassed and 
undegassed specimens of steel were practically the same (Table X). 

Table 3. Hydrogen Contents of Steel IZKhZN4A 

State ). m~ /i00 g of Hydrogen i] 

P 
Initial I. 67 

2.16 

3.60 

Vacuum annealed 
at 650"C (lZ00~ 

Di t to ,  p lus  w a t e r  
q u e n c h e d  f r o m  
I150"c (ZI00~ 

3.20 
5.80 

0. 546 
0. 379 
0. 689 
0. 896 
0. 563 

0.900 
0. 153 
0. 145 
0. 500 
0. 153 

It can therefore be concluded that recovery is not 
of hydrogen in the specimen. It has been established 
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s t e e l  t h e r e  is  a c l o s e  c o n n e c t i o n  b e t w e e n  r e c o v e r y  a n d  d e l a y e d  f a i l u r e ,  t h e  l a t t e r  
c o n s i s t i n g  in  a fa l l  of  s t r e n g t h  d u r i n g  the  a p p l i c a t i o n  of a s t a t i c  f o r c e ,  a n d  t h i s  
p o i n t s  to  a c o m m o n  p h y s i c a l  b a s i s  of the  two p h e n o m e n a .  It  h a s  a l s o  b e e n  p r o v e d  
t h a t  d e l a y e d  f r a c t u r e  i s  n o t  c o n n e c t e d  w i th  t h e  p r e s e n c e  of t h e  ' o r d i n a r y '  a m o u n t  
of h y d r o g e n  in  t he  s t e e l .  

In  [1 -7 ]  r e c o v e r y  is  c o n n e c t e d  w i t h  v i s c o u s  o r  ' q u a s i - v i s c o u s  I b e h a v i o r  of the  
g r a i n  b o u n d a r i e s  of q u e n c h e d  s t e e l  a t  r o o m  t e m p e r a t u r e ,  due to t h e  p r e s e n c e  of  

h e a v y  l o c a l i z e d  d i s t o r t i o n s  in the  g r a i n  b o u n d a r i e s .  R e c o v e r y  in an  u n l o a d e d  
s p e c i m e n  c o n s i s t s  in  r e l i e f  of d i s t o r t i o n s  o r  a n  i n c r e a s e  in  the  d e g r e e  of o r d e r  of 
b o u n d a r { e s ,  t h a n k s  to  w h i c h  s h e a r  r e s i s t a n c e  is  i n c r e a s e d  a n d  t h e  i n i t i a t i o n  of 
c r a c k s  i s  r e t a r d e d .  

T h e  d a t a  on r e c o v e r y  f o u n d ' i n  [-2, 7] c a n  be we l l  e x p l a i n e d  f r o m  t h i s  v i e w p o i n t .  A 
s l o w d o w n  of r e c o v e r y  w i t h  a d r o p  in t e m p e r a t u r e  c a n  be  a c c o u n t e d  fo r  by  a r e t a r d a t : i o n  
of r e c o v e r y  p r o c e s s e s  in the  g r a i n  b o u n d a r i e s .  If w i th  s h o r t  d u r a t i o n s  of r e c o v e r y  
and  in r o o m - t e m p e r a t u r e  t e s t s ,  t he  f l o w  of m a t e r i a l  s t a r t s  a t  g r a i n  b o u n d a r i e s  and  
is r e s p o n s i b l e  fo r  p r e m a t u r e  f a i l u r e  a t  low r e d u c t i o n s  of a r e a ,  r e c o v e r y  wi l l  
s t r e n g t h e n  the  b o u n d a r i e s  a n d  i n c r e a s e  the  r e d u c t i o n  of a r e a .  In t e s t i n g  in  l i q u i d  
n i t r o g e n  ( T a b l e  1) t h e  v i s c o u s  b e h a v i o r  of  t h e  b o u n d a r i e s  is  s u p p r e s s e d ,  an d  t h i s  
i s  r e s p o n s i b l e  f o r  t h e  s i m i l a r i t y  b e t w e e n  t he  r e d u c t i o n s  of  a r e a  of s p e c i m e n s  
t e s t e d  i m m e d i a t e l y  a f t e r  q u e n c h i n g ,  a n d  a f t e r  p r o l o n g e d  r e c o v e r y .  

R e l a x a t i o n a l  p r o c e s s e s  in  u n s t r e s s e d  s p e c i m e n s  c a n ,  in  the  f ina l  a n a l y s i s ,  
o c c u r  b e c a u s e  of  i n d i v i d u a l  a t o m  d i s p l a c e m e n t s  o r  s e l f - d i f f u s i o n  of i r o n .  The  
a v e r a g e  a c t i v a t i o n  e n e r g y  fo r  i r o n  s e l f  d i f f u s i o n  is  4 7 . 4 - 7 7 . 2  k g - c a l / g - a t o m  [16] ,  
w h i c h  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  the  e n e r g y  of  a c t i v a t i o n  of r e c o v e r y  in  q u e n c h e d  
s t e e l  (9 k g - c a l / g - a t o m ) .  

I t  i s  p o s s i b l e  t h a t  s u c h  a low v a l u e  f o r  t h e  e n e r g y  of a c t i v a t i o n  of r e c o v e r y  is 
c o n n e c t e d  f i r s t l y  w i t h  t he  f a c t  t h a t  s e l f - d i f f u s i o n  o c c u r s  on ly  in  l o c a l i z e d  z o n e s  a t  
g r a i n  b o u n d a r i e s ,  a n d  s e c o n d l y  w i th  the  e x p e c i a l l y  s e v e r e  d i s t o r t i o n s  a t  the  b o u n -  
d a r i e s ,  due  to s p e c i f i c  f e a t u r e s  of m a r t e n s i t e  f o r m a t i o n .  T h e  a c t i v a t i o n  e n e r g y  
of  b o u n d a r y  d i f f u s i o n  i s  u s u a l l y  l o w e r  t h a n  t h a t  of  bulk  d i f f u s i o n ,  a n d  d i f f u s i o n  
u s u a l l y  o c c u r s  t he  m o r e  e a s i l y ,  t h e  g r e a t e r  t h e  d e g r e e  of d i s t o r t i o n .  
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