
Chapter 5 
Discussions

5.1 Relationship between Vy and V and c  Content in As-hardened 
State

Relationship between Vy and V and c content for the specimens 
hardened from the austenitizing temperatures of 1273 K and 1373 K are 
shown in Fig. 5-1 and Fig. 5-2, respectively. The Vy decreases as the V 
content increases in a series of specimens with different c content. In the 
case of 1273 K austenitizing, the Vy is less than 2% in 0.5%C-specimens. 
In 1.0%C-specimens, Vy decreases from 14% in 1%V specimen to 1% in 
3%v specimen. The Vy in the 1.5%C-specimens decrease gradually from 
34% to 14% as the V content increases from 1% to 3%. This is because an 
increase in V content promotes carbon consumption for formation of MC 
carbide and then the amount of carbon dissolved in the austenite matrix 
decreases. The specimen quenched from 1373 K takes a similar behavior 
for Vy to the specimen hardened from 1273 K. However, the Vy in every 
specimen increases because more c and V dissolve in the matrix by 
increasing of austenitizing temperature and there 6% Vy remains even in
0.5%C-1%V specimen. This phenomenon can be considered from the 
viewpoint of Ms temperature. In low-alloyed steels, it is well known that 
the Ms temperature changes by the alloying elements and the following 
equation (5.1) has been proposed13).

Ms (°C) = 550-36lx(%C)-39x(%Mn)-35x(%V)-20x(%Cr)
-17x(%Ni)-10x(%Cน)-5x(%Mo+%W)+15x(%Co) 
+30x(%Al) -— (5.1)
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V , mass%

Fig. 5-1 Relationship between volume fraction of retained austenite(Vy)
and V and c  content of as-hardened specimens austenitized at 1273K.
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V , mass%

Fig. 5-2 Relationship between volume fraction of retained austenite(Vy)
and V and c content of as-hardened specimens austenitized at 1373K.
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Though the multi-component cast irons used for this study have eutectic 
carbides which form due to the combination of carbide forming elements 
with carbon, the transformation of matrix will depend on the alloy 
concentration dissolved in the matrix. Therefore, the variation Ms 
temperature is possibly estimated using the equation (5.1) if the 
concentration of elements including carbon in the matrix can be measured 
accurately. It can be said from the above equation that the increase of V 
and c content as well as that of austenitizing temperature promote the Vy.

5.2 Relationship between Hardness and V and c  Content in 
As-hardened State

Hardness is closely related to the retained austenite. It is known that 
the hardness increases with decreasing the Vy and hardness of martensite 
itself becomes harder as the amount of carbon dissolved in the martensite 
increases. Then, relationship between the hardness and V content is 
obtained in every C%-specimen. The cases of 1273 K and 1373 K 
austenitizing are shown in Fig. 5-3 and Fig. 5-4, respectively. The 
relationships do not always have the same tendency in the specimens 
hardened from both austenitizing temperatures. This fact suggests that the 
hardness is greatly influenced by the hardness of martensite itself besides 
the Vy.

As for the 1.0%C-specimens hardened from 1273 K shown by Fig.
5-3, the hardness decreases in spite of decreasing in the Vy. In
0.5%C-specimens, the hardness decreases as the V content increases. The 
following reason can be considered. In 1.0 %C-specimens, the Vy are 
14% in 1%V, 4% in 2%v and 1.0% in 3%v specimens. Therefore, the Vy 
in 2% and 3%v specimens influence little on the hardness, and instead, the 
hardness is mainly affected by the hardness of martensite. In the 1%V 
specimen with 14% Vy, it is estimated that the hardness may be affected by
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V 5 mass%

Fig. 5-3 Relationship between hardness and V and c  content ofas-hardened specimens austenitized at 1273K.
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th e  reta in ed  a u sten ite  and it d ec r e a se s  fo r  th e V y  v a lu e . I f  th e  V y  is sm a ll 
a m ou n t lik e  th e o th er  tw o  sp e c im e n s , h o w ev er , the h ard n ess can  in crea se  
m u ch  h igher. It is  a lso  e stim a ted  that th e reason  w h y  th e h ard n ess  
d ec r e a se s  w ith  in c r ea s in g  th e V  co n ten t in  sp ite  o f  e x tre m e ly  lo w  V y  is  th e  
d ecrea se  in  h a rd n ess o f  m a rten site  due to  th e le s s  d is so lu t io n  o f  carb on  in  
m arten site . In 1 .5 % C -sp ec im e n s  w ith  V y  ran g in g  from  34% to  14%, 
h o w ev e r , it can  b e  sa id  that th e  h ard n ess are in flu en c ed  b y  b o th  V y  and  
h ard n ess o f  m a rten site . T h e  h ard n ess o f  1% and 2%v sp e c im e n s  is  
e x p e c te d  to  g o  d o w n  rem a rk a b ly  b ec a u se  o f  h ig h  V y  lik e  34% and 24%, 
but th e  h a rd n ess se tt le s  d o w n  at a p p ro x im a te ly  sa m e  d eg ree  o f  h a rd n ess o f  
3%v sp e c im e n  w ith  14% V y  b y  th e m a rten site  w ith  m o re  d is s o lv e d  
carbon.

N e x t , th e re su lts  sh o w n  in  F ig . 5 -4  for 1 373  K  a u sten itiz in g  are 
d isc u sse d . T h e tren d  o f  0 .5 % C -sp ec im e n s  is  co n sid e r ed  to  b e  sa m e  as the  
trend  in  1 2 7 3  K  a u sten itiz in g . S in c e  V y  is  at m o st 6%  in  1% V  sp ec im e n ,  
th e  h ard n ess  o f  m a rten site  a ffe c ts  m a in ly  o n  th e  to ta l h ard n ess and it fa lls  
d o w n  b e c a u se  le s s  c d is s o lv e s  in  th e m a tr ix  w ith  an in crea se  in  V  con ten t. 
In  c a se  o f  1 .0 % C -sp ec im e n s , th e  V y  d ec r e a se s  from  29%  to  3%  w ith  
in c r ea s in g  V  co n ten t and th en  th e  h ard n ess is  e x p e c ted  to  r ise . H o w ev er , 
th e  d ec r e a se  o f  c in  th e m a tr ix  b rin g s th e  d ecrea se  in  h a rd n ess o f  
m arten site . A s  for  th e  1% V  sp e c im e n  w ith  29%  V y, th e r ise  in  h ard n ess o f  
m a rten site  c o u ld  c o m p e n sa te  th e  d esc e n t o f  m atrix  h ard n ess d u e  to  m o re  
V y. T h e  h a rd n ess o f  2%  and  3%v sp e c im e n s  o u gh t to  b e c o m e  h ig h er  
a cco rd in g  to  a d ec r e a se  in  V y  a sso c ia te d  w ith  V  con ten t. B e c a u s e  th e  
h a rd n ess o f  m a rten site  lo w e r s , h o w ev er , it can  b e  resu m ed  that s im ila r  
h a rd n ess are o b ta in ed  in  th e 1 .0 % C -sp ec im en s  w ith  ran g in g  V  co n ten t  
from  1% to  3% . In 1 .5 % C -sp ec im e n s , V y  g o e s  d o w n  from  73%  to  2 8%  as 
V  co n ten t in c r ea se s  from  1% to  3% . In th is  ca se , th e h ard n ess is p refera b ly  
in f lu e n c e d  b y  V y  and, th ere fo re , th e  h ard n ess in crea se s  w ith  d e c r e a s in g  th e  
V y.
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V , mass%

Fig. 5-4 Relationship between hardness and V and c  content of
as-hardened specimens austenitized at 1373K.



68

5.3 Relationship between Hardness and Volume Fraction of Retained 
Austenite in Tempered State

M a cro -h a rd n ess o f  sp e c im e n  is th e  su m  o f  p rec ip ita ted  carb id es and  
m a trix  h ard n ess. In c a se  o f  th e sp e c im e n s  u sed  for th is  exp er im en t, the  
a m ou n t o f  p rec ip ita ted  carb id es is  sm a ll b e c a u se  o f  lo w  c  co n ten t and the  
h ard n ess is  g rea tly  a ffe c te d  b y  m a tr ix  h ard n ess that is  a lso  larg ely  
in flu e n c e d  b y  th e  V y. T h e  re la tio n s  o f  th e  m a cro -h ard n ess and V y  are 
o b ta in ed  for  a ll tem p ered  sp e c im e n s , and th e y  are sh o w n  in  F ig . 5 -5  for  
1 27 3  K  a u sten itized  and F ig . 5 -6  for 1 373  K  a u sten itized  sp ec im e n s . In 
1 27 3  K  a u sten itiz in g , th e h ard n ess o f  th e  sp e c im e n s  w ith  0%  V y ran ge  
w id e ly  fro m  5 0 0  H V  to  8 4 0  FIV and th o se  o f  0 .5 % C -1 % V  sp ec im e n  are 
m o st ly  sca ttered  in  th e  ran ge o f  6 0 0  H V  to  6 6 0  H V. T h e h ard n ess o f
0 .5 % C -2 % V  sp ec im e n  e x is ts  in  th e  lo w e s t  part le s s  th an  6 0 0  H V. In the  
ran ge o f  th e sa m e fa m ily , th e  sp e c im e n s  w ith  h ig h  h ard n ess are th e  o n es  in  
w h ic h  reta in ed  a u sten ite  h a v e  ju s t  d e c o m p o se d  fu lly  and  th o se  in  th e part 
o f  lo w e r  h ard n ess are th e  o n e s  that h a v e  o v er-tem p ered . T h e  h ard n ess  
d ecrea se  fro m  the m a x im u m  v a lu e s  w h ic h  are o b ta in ed  at 1-2%  V y  ro u g h ly  
in  p ro p o rtion  to  th e  in crea se  in  V y , and th e  d ec r e a s in g  rate is s im ila r  in th e  
fa m ily  o f  sp e c im e n s . T h e  m a x im u m  a b so lu te  v a lu e s  o f  th e h ard n ess d iffer  
d ep e n d in g  o n  th e  ch e m ica l c o m p o s it io n  o f  th e  sp e c im e n s , th e m ore th e c  
co n ten t and  th e lo w e r  th e  V  co n ten t at th e  sa m e  c  le v e l, the m ore th e  
h ard n ess. It sh o u ld  b e  n o ted  th at th e  h a rd n ess  is d ifferen t at th e sa m e lev e l  
o f  V y.

In  c a se  o f  1373  K  a u sten itiz in g , th e  re la tio n s o f  V y  and h ardn ess  
d isp la y  a b o u t th e sa m e  te n d e n c y  as th o se  in  1 273  K  a u sten itiz in g . S in ce  
m o re  a llo y in g  e le m e n ts  d is s o lv e  in  th e m atr ix  at h ig h er  a u sten itiz in g  
tem p eratu re lik e  1373  K , h o w ev e r , th e  V y  in  a s-h ard en ed  sta te  in crea ses  
and th e  tem p ered  h ard n ess r is e s  m o re  th an  th o s e  in  1273  K  a u sten itiz in g . 
T h is fa c t is  p resu m ed  that th e d eco m p o sitio n  o f  retain ed  au sten ite  m ay
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F ig . 5 - R ela tion sh ip  b etw een  hardness and v o lu m e  fraction  o f  retained  
au sten ite  o f  tem pered  sp ec im en s hardened from  137 3K .
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con trib u te rem arkably  to the in crea se  o f  tem p ered  h ardn ess.

5.4 Correlation among Maximum Tempered Hardness, V and c  
Content and Carbon Balance

In g en era l, M s tem p eratu res o f  m u lti-c o m p o n e n t w h ite  ca st iron s  
are lo w e r  and large a m ou n t o f  reta in ed  a u sten ite  e x is t  in  a s-h a rd en ed  state , 
and it re su lts  in lo w  h ard n ess. W h en  th ey  are u se d  as an ab rasio n  w ear  
resis ta n t co m p o n en t, th erefore , it is  n ec e ssa r y  to  m a k e  th e m atrix  hard for  
w ea r  re s is ta n c e  b y  h ea t treatm ent. H ere, the m a x im u m  tem p ered  h ard n ess  
(H im a x )  w a s re la ted  to  the a u sten itiz in g  tem p eratu re, V  and c co n ten t, and  
carb on  b a la n ce  (C b a i).

5.4.1 Relationship between Maximum Tempered Hardness and V and 
c  Content

T h e e f fe c t  o f  V  co n ten t on  HTmax is  sh o w n  in  F ig . 5 -7  for 1 273  K  
a u sten itiz in g  and in  F ig . 5 -8  for 1373 K a u sten itiz in g . T h o u g h  th e  a b so lu te  
v a lu e s  o f  h ard n ess are d ifferen t, th ese  re la tio n s r e sem b le  th e sa m e  re la tio n s  
in  a s-h ard en ed  state. HTmax o f  sp e c im e n s  tem p ered  after h a rd en in g  from  
a u sten itiz in g  tem p eratu re o f  1273  K  d ecrea se  p ro p o rtio n a lly  w ith  an  
in crea se  in  V  co n ten t, and th e m o re  the C co n ten t, th e  m ore th e  H Trnax at th e  
sa m e  V  con ten t. In 1 37 3  K  a u sten itiz in g , on  th e o th er h an d , Himax g o  d o w n  
in  0 .5%  and 1 .0 /o C -sp e c im e n s  as V con ten t r ises , but Himax o f  
1 .5 % C -sp ec im en s g o  up con versely .

In crea se  in  h ard n ess o f  sp ec ia l s te e ls  c o n ta in in g  stro n g  carb id e  
form ers lik e  V and M o  b y  tem p er in g  can  b e carried  out b y  th e se c o n d a r y  
p rec ip ita tio n  o f  th e ir  sp ec ia l carb id es from  m a rten site , th e d e c o m p o s it io n  
o f  reta in ed  a u sten ite  and the tran sform a tion  o f  d esta b iliz ed  reta in ed  
au sten ite  in to  m arten site . From  the relation  o f  Himax and V and c con ten t
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F ig. 5 -7  R ela tion sh ip  b etw een  m a xim u m  tem p ered  hardness(HTmax) 
and V  and c  con tent. (H arden ed  from  1 2 7 3 K )
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(F ig . 5 -7 ) , th e H-hnax o f  0 .5%  and 1 .0 % C -sp ec im e n s  a u sten itized  at 1 273  K  
d ecrea se s  as V  co n ten t in crea se s . T h e  reta in ed  a u sten ite  e x is ts  little  in  
as-h ard en ed  0 .5 % C -sp ec im e n s  (F ig . 5 -1 )  and so  the m atrix  is m o stly  
m arten site . T h e h ard n ess o f  m a rten site  i t s e l f  lo w e rs  as V  co n ten t in crea ses  
b ec a u se  th e a m ou n t o f  carb on  d is s o lv e d  in  th e m atrix  d ecrea se s . For th is  
reaso n , o n ly  th e p rec ip ita tio n  o f  carb id es fro m  m a rten site  con tr ib u tes to  the  
r ise  in  h ard n ess o f  0 .5 % C -sp ec im e n s . T h erefo re , th e re la tion  o f  Himax and  
V  co n ten t in  the tem p ered  sta te  s h o w s  sa m e  ten d en cy  as th e s im ila r  o n e  in  
a s-h ard en ed  state. A s  V y  in  a s-h ard en ed  sta te  o f  1 .0% C -1% V  sp e c im e n  is  
14% , p rec ip ita tio n  h ard en in g  due to  th e d e c o m p o s it io n  o f  a u sten ite  and the  
fo l lo w in g  tra n sform a tion  o f  th e d e s ta b iliz e d  a u sten ite  in to  m a rten site  can  
h elp  to  ra ise  th e h ard n ess and, th erefo re , th e  Hxmax is  h ig h er  than  th o se  o f  
2%v and 3%v sp e c im e n s . O ver 2%v, HTmax d ecrea se s  on  a cco u n t o f  the  
sam e reason  as 0 .5 % C -sp ec im en s.

In 1 .5 % C -sp ec im en s , d e sp ite  th e  fa c t that V y  in  a s-h ard en ed  sta te  
ch a n g es  fro m  34%  to  14%  as V  co n ten t in c r ea se s  from  1% to  3%, V y  at th e  
H Tmax is  le s s  than  5%  in  e v e r y  sp ec im e n . S o , b oth  o f  d e c o m p o s it io n  o f  
a u sten ite  and  th e  fo l lo w in g  tra n sfo rm a tio n  in to  m a rten site  and the  
p rec ip ita tio n  o f  sp e c ia l carb id es from  m a rten site  co u ld  con tr ib u te  to  the  
Hxmax- In th is  c a se , b o th  e ffe c ts  appear rem ark ab ly  in  1% V sp e c im e n  w ith  
m o re  V y  in  a s-h a rd en ed  state. H o w e v e r , 5%  V y  st ill  e x is ts  in  th e 1% V  
sp e c im e n  after tem p er in g , th o u g h  V y  in  tem p ered  state  o f  2% and 3%v 
sp e c im e n s  are a little . T h e e x is te n c e  o f  th e 5%  V y  red u ces th e h ard n ess o f  
1% V sp ec im en . In 2% and 3%v sp e c im e n s , on  the o th er s id e , th e  
tem p er in g  o f  m a rten site  w ith  le s s  c co n ten t lea d s to  d ecrea se  in  the 
h ard n ess. T h en , Hxmax o f  1% V sp e c im e n  to ta lly  b e c o m e s  a b o u t sa m e  
h ard n ess as th e other tw o  sp ec im en s.

A s  for th e sp e c im e n s  h ard en ed  from  1373  K (F ig . 5 -8 ) , V y  o f
0 .5 % C -sp ec im e n s  ran ge from  1% to  6% , and th o se  at Himax in  th e  
tem p ered  sp ec im e n s  are a lm o st 0% . T h is lea d s to  the con tin u ou s d ecrease
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F ig. 5 -8  R ela tion sh ip  b etw een  m axim u m  tem pered  hardness(HTmax) 
and V  and c  con tent. (H ardened  from  1 37 3 K )
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in  th e  h ard n ess w ith  V  co n ten t due to  m o s t ly  tem p er in g  o f  m arten site . T his  
rea so n  can  b e  e x p la in e d  b y  the sa m e w a y  d escr ib ed  in c a se  o f  1273  K  
a u sten itiz in g . In 1% and 2 % v  sp e c im e n s  w ith  1.0%c w h ic h  co n ta in  29%  
and 12%  V y, HTmax is  o b ta in ed  o w in g  to  b oth  h a rd en in g  o f  th e p rec ip ita tio n  
o f  sp e c ia l ca rb id es from  m arten site  and th e  d e c o m p o s it io n  o f  a u sten ite  
a cc o m p a n ie d  w ith  fo l lo w in g  m a rten site  tra n sform a tion . P articu larly , the  
latter a ffe c ts  th e in crea se  o f  h ard n ess m o re  in  su ch  a 1% V sp e c im e n  w ith  
h ig h er  V y. T h erefo re , Himax lo w e rs  as V  c o n ten t o f  th e  sp e c im e n  in crea ses. 
V y  o f  1 .5 % C -sp ec im en s  in a s-h ard en ed  sta te  ran g es in  h ig h  le v e ls  from  
73%  in  1% V to  28%  in  3%v sp ec im e n s . W h en  it is  c o n s id e r ed  that the  
a m ou n t o f  m a rten site  in crea se s  co rresp o n d in g  to  th e d ecrea se  in  V y , it is 
r ea so n a b le  that th e  h ard n ess in crea se s  as V  c o n te n t in crea se s . In tem p ered  
sta te , h o w ev er , c o n sid era b ly  h ig h  a m ou n t o f  V y  still e x is t s  in  1% V  and  
2%v sp e c im e n s , 28%  and 11% , r e sp e c tiv e ly . T h is  su g g e s ts  that the  
d e c o m p o s it io n  o f  reta in ed  a u sten ite  w a s  n o t e n o u g h  to  in crea se  the  
h ard n ess greatly . O n  th e o th er s id e , le s s  a m ou n t o f  m a rten site  fo rm ed  in  
as-h ard en ed  sp e c im e n s  w ith  1% and  2 % v  m a y  n o t so  m u ch  con tr ib u te  to  
arise  in  th e  h ard n ess. In stead , the a u sten ite  rem a in ed  a fter tem p er in g  w ill  
rather acts to  d e sc e n d  th e  tem p ered  h ard n ess m u ch  m ore. T h en , HTmax r ises  
as V  con ten t in crea ses.

It is  e v id en t from  a b o v e  resu lts  that V y  in  a s-h ard en ed  state  is  
c lo s e ly  re la ted  to  Himax u nd er th e  sa m e c o n d it io n  o f  tem p er in g . T h e  HTmax 
is c o n n e c te d  to  th e  V y  in  a s-h ard en ed  sta te  and  th e re la tio n  is  sh o w n  in F ig. 
5 -9 . R eg a rd le ss  o f  th e  a u sten itiz in g  tem p eratu re , Himax r ise s  as V y  
in crea se s  and g e ts  to  th e  m a x im u m  v a lu e  at a p p ro x im a te ly  30%  V y  and  
th en  d ecrea se s . In  th e  sp e c im e n s  w ith  V y  up  to  30% , the V y  v a lu e s  at 
w h ic h  Himax are o b ta in ed  are a lm o st 0% . O v er  30%  V y, h o w ev er , V y  m ore  
than  5%  still  rem a in  in  th e sp e c im e n s  and s o  HTinax d ecrea se s . It is  c lear  
that th e a llo y s  d e s ig n in g  so  as to  e x is t  30%  V y in  a s-h ard en ed  sta te  can  
p ro v id e  the m a x im u m  h ard n ess after tem p erin g  regard less o f  the
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a u sten it iz in g  tem p erature. O n e o f  the fu lf il l in g  p ro p erties  for the c o ld  w ork  
ro ll is  th e h ard n ess m o re  than  8 0 0  HV. In ca se  that th e se  m u lti-c o m p o n e n t  
w h ite  ca st iron s w il l  b e  a p p lied  to  th e c o ld  w o rk  r o lls , the w id e  ran ge o f  V y  
l ik e  10% -50%  is a d m itted  to  fu lf il l  th e req u ired  h ard n ess i f  th e sa m e  
tem p er in g  c o n d it io n  is u sed . E v e n  i f  th e V y  in  a s-h ard en ed  state  is  m ore  
than  50% , d o u b le  or tr ip le  tem p er in g  w il l  b e  a b le  to  red u ce  th e  V y  d o w n  to  
n early  zero.

5.4.2 Relationship between Maximum Tempered Hardness and Carbon 
Balance

B a s is  o f  a llo y  d e s ig n in g  o f  m u lti-c o m p o n e n t w h ite  ca st iron  is  to  
tak e  a p aram eter  o f  th e  carb on  b a la n ce  (C b a i)  in to  co n sid era tio n . T h e  Cbai 
d eterm in es  n o t o n ly  th e  re s id u a l c con ten t in  th e  m atrix  but a lso  p h a se  
tra n sform a tion  b eh a v io r  and, a fter a ll, h eat treatm en t ch a ra cter istics  w ith  
a llo y in g  e le m e n ts . In order to  m a k e a f ix e d  a m ou n t o f  reta in ed  a u sten ite  
rem a in  in  th e  sp e c im e n  in  a s-h a rd en ed  state , th ere fo re , Cbai o f  th e ca st iron  
m u st b e  co n tro lled . In ca se  o f  h ig h  sp ee d  to o l s te e l, Cbai is g en e ra lly  se t up  
in  th e  ran ge  fro m  - 0 .4 %  to  + 0 .4 % . H ere , th e  re la tio n sh ip  b e tw e e n  H im ax  
and Cbai is  sh o w n  in  F ig . 5 -1 0 , to g eth er  w ith  V y  o f  a s-h ard en ed  sp ec im e n s .  
T h e re la tio n  o f  H im ax  and  C bai can b e  e x p r e sse d  b y  a  fa m ily  in  ea ch  
a u sten it iz in g  tem p era tu re  reg a rd less  o f  V  and c co n ten t o f  th e  sp e c im e n s .  
T h is  fa c t su g g e s ts  that th e tra n sform a tion  b eh a v io r  o f  th e m a tr ix  is  
d eterm in ed  b y  C bai w h e n  th e  d is s o lv e d  c o n ten t o f  c and oth er a llo y in g  
e le m e n ts  in  m a tr ix  are f ix e d  b y  th e a u sten itiz in g  tem p erature. H im a x  r ises  
as th e Cbai in c r ea se s  and it ta k es a m a x im u m  v a lu e  at a certa in  Cbai and th en  
d ecrea se s . T h e  C bai at th e  m a x im u m  o f  H im ax  is  0 .4 8 %  in  1 273  K  and
0 .1 6 %  in  1 37 3  K  a u sten itiz in g . T h e  V y  co rresp o n d in g  to  ea c h  Cbai is ab ou t  
30% . T h e rea so n  w h y  H im a x  c h a n g e s  d ep en d in g  o n  Cbai reg a rd less  o f  V  and  
c co n ten t is  that b o th  e le m e n ts  are tak en  in to  a cco u n t in  th e  eq u a tio n s (2 .1 )
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; Hardness Vy Hardening condition
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Fig. 5-10 Relationship am ong the m axim um  tem pered hardness(HTmax), 
volum e fraction o f retained austenite(VY) in as-hardened state 
and carbon balance(Cbai).
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and (2 .2 )  o f  ch ap ter 2. T h e rea so n  w h y  the C bai at th e p ea k  o f  H Tmax sh ifts  
to  th e  sm a ller  s id e  a cco rd in g  to  an in crea se  in  a u ste n it iz in g  tem p eratu re  is 
to  in crea se  th e so lu b ility  o f  c and the o th er a llo y in g  e le m e n ts  to  th e m atrix  
and lo w  Cbai is en o u g h  to  h a v e  th e V y n e c e ssa r y  fo r  H Tmax at 1 373  K  
au sten itiz in g .

5.5 Correlation among Tempering Temperature to obtain Maximum 
Tempered hardness, V and c Content and Carbon Balance

5.5.1 Relationship between Tempering Temperature to obtain 
Maximum Tempered Hardness and V and c Content

T h e re la tio n sh ip  b e tw e e n  tem p er in g  tem p eratu re  ( T HTmax) to  ob ta in  
th e  m a x im u m  tem p ered  h ard n ess (H im a x ) and  V  and C co n ten t is  sh o w  in  
F ig . 5-11  in  1273  K  and F ig . 5 -1 2  in  1373  K  a u sten itiz in g . In 0 .5 % - and  
1 .0 % C -sp ec im en s  a u sten itized  at 1 273  K , T HTmax are in  th e  ran ge o f  7 7 0  to  
7 8 0  K ev e n  i f  V  co n ten t ch a n g es . W h en  c co n ten t in  th e  sp e c im e n  is  ra ised  
to  1.5% , THTmax r ises  to  8 23  K  in  1% V  sp ec im e n . T h en , it d rops to  7 9 8  K  at 
2%v, and to  7 7 3  K  at 3%v w h ich  is sa m e as T HTmax o f  lo w  C -sp ec im en s . 
In c a se  o f  h ig h er  a u sten itiz in g  at 1373  K , THTmax o f  0 .5 % C -sp e c im e n s  are 
co n sta n t at 7 9 8  K. H o w e v e r , th e T HTmax o f  1 .0% C - and 1 .5 % C -sp ec im en s  
lo w e r  w ith  an in crea se  in  V  con ten t. W h en  co m p a red  at th e  sa m e  Y  con ten t, 
th e  m ore the c co n ten t in  th e  sp ec im e n , th e h ig h er  th e T HTmax- T HTmax are 
h ig h er  in the sp e c im e n s  a u sten itized  at 1373  K  than  th o se  at 1 273  K. It can  
b e u n d ersto o d  from  th e a b o v e  resu lts  that th e large a m ou n t o f  a u sten ite  
fo rm ed  in a s-h ard en ed  sta te  d ue to  e ith er  red u c in g  th e V  c o n ten t or 
in c r ea s in g  th e a u sten itiz in g  tem p eratu re w il l  b e  fu lly  d e c o m p o se d  b y  
m ea n s o f  h ig h er  tem p eratu re and lo n g e r  tim e  in  tem p er in g . S in c e  the  
tem p er in g  tim e  is co n sta n t (1 2  k s) in  th is  ex p er im en t, it c a n ’t b u t r e ly  on  
the in crea se  in tem perature or the repeat o f  tem p er in g  to  im p rove  the
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tem p ered  h ard n ess b y  d eco m p o sin g  the retain ed  austen ite .

5.5.2 Relationship between Tempering Temperature to obtain 
Maximum Tempered Hardness and Carbon Balance

It se e m s  that th e T HTmax can  b e  a lso  re la ted  to  Cbai at ev ery  
a u sten it iz in g  tem p eratu re as sh o w n  in F ig . 5 -1 3 . T h ere appear critica l  
v a lu e s  o f  C bai, 0 .1 3 %  at 1273  K  and - 0 .1 0 %  at 1373  K  a u sten itiz in g  
tem p erature. A t  Cbai o v er  the cr itica l v a lu e , T HTmax m u st b e  in crea sed  w ith  
in crea sin g  the Cbai o f  sp ec im en  to  con trol the V y.

5.6 Relationship between Tempering Temperature to get 2% Vy and 
Carbon Balance

In  th e  p ra ctica l a p p lica tio n s  o f  th e se  m u lti-c o m p o n e n t w h ite  cast  
iron s for  ro lls , th e reta in ed  a u sten ite  is d is lik e d  b ec a u se  o f  its d im e n s io n a l  
ch a n g e  due to  th e d e c o m p o s it io n  and th e fo l lo w in g  m a rten site  
tra n sform a tio n  o f  au sten ite . T h erefo re , th e su ff ic ie n t  tem p er in g  is  
req u ested  to  red u ce  th e V y  to  a sa fe ty  am ou n t, for ex a m p le , le s s  than  2% . 
T h e tem p er in g  tem p eratu res at w h ic h  th e  V y  is  2%  (T 2%Y) are o b ta in ed  
from  th e  d ia gra m s o f  F ig . 4-4 to  F ig . 4-11 in  ch ap ter  4 and th ey  w ere  
c o n n e c te d  to  th e  Cbai- T h e re la tio n s are sh o w n  in  F ig . 5-14. A t any  
a u sten it iz in g  tem p eratu res, the T 2 %Y in crea se s  in  p ro p ortion  to  Cbai, and the  
rela tion s are g iv e n  b y  the n ex t eq u ation s,

A t 1273  K  a u sten itiz in g ,
T 2%y (K ) =  7 7 6  +  121 X  %Cbai (R = 0 .9 8 )  -— (5 .2 )

A t 1373  K  a u sten itiz in g ,
T2o/oY (K) = 822 + 198 X  %Cbai (R=0.98) (5 .3 )
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F ig . 5 -1 3  R ela tion sh ip  b etw een  tem p erin g  temperature(THTmax) to  obtain  
m a xim u m  tem pered  hardness and carbon balance(Cbai).
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Cbai 5 mass%

F ig. 5 -1 4  R ela tion sh ip  b etw een  tem p erin g  tem perature(T 2%Y) 
to  g et 2% V y and carbon balance(Cbai).



85

It is  c lea r  in  b o th  c a se s  o f  a u sten itiz in g  that th e m o re  the Cbai, the  
h ig h er  th e T 2«/07, to  d ecrea se  V y  le s s  than  2% . T h is  is  b e c a u se  h ig h er  
tem p er in g  tem p eratu re is n ec e ssa r y  to  d e c o m p o se  the a u sten ite  in w h ic h  
m ore carb on  d is s o lv e s  at h ig h  Cbai- F rom  th e v ie w p o in t  o f  a u sten itiz in g  
tem p erature, T 2»/07 r ise s  in  the sp ec im e n  a u sten itized  at h ig h er  tem p eratu re, 
e v e n  i f  the Cbai is  th e sam e. T h is is  ex p la in e d  that h ig h er  tem p er in g  
tem p erature is  n ee d ed  to  d e c o m p o se  th e in crea sed  a u sten ite  w h ic h  is  
s ta b iliz e d  b y  c  and a llo y in g  e le m e n ts  d is s o lv e d  m u ch  m o re  d ue to  the  
in crease  in  the a u sten itiz in g  tem perature.

5.7 Transformation Behavior of Matrix

T ran sfo rm atio n  b eh a v io r  o f  m atr ix  in  th e m u lti-c o m p o n e n t w h ite  
cast iron  is c lo s e ly  re la ted  to  th e ch a n g e  in  h ard n ess. T h en , th e  
m icrostru ctu res o f  ty p ica l sp ec im en s  w ere  in v estig a ted  u s in g  S E M .

A s for th e 1 .5 % C -1% V  a llo y  (N o .6 ), S E M  m icro p h o to g ra p h s o f  
sp e c im e n s  h ard en ed  fro m  1 37 3  K a u sten itiz in g  are sh o w n  in  F ig . 5 -1 5 , and  
th o se  o f  sp e c im e n s  tem p ered  at 873  K ta k in g  th e m a x im u m  h ard n ess  
(Himax), and at 9 2 3  K and 8 2 3  K w h ic h  are p lu se s  and m in u se s  o f  5 0  K 
apart from  th e tem p eratu re at Himax are sh o w n  in  F ig . 5 -1 6  fo r  103 
m a g n if ic a tio n s  and F ig . 5 -1 7  fo r  104 m a g n if ic a tio n s . W h en  o b se r v e d  u nd er  
the 103 m a g n if ic a tio n s , it can  b e  se e n  that th e  a m ou n t o f  a u sten ite  in  
as-h ard en ed  m a tr ix  d ec r e a se s  c o p in g  up  w ith  an in crea se  in  m a rten site  
tran sform ed  from  th e  d e c o m p o se d  a u sten ite , as th e  tem p er in g  tem p eratu re  
r ises . T h e tra n sform ed  areas are g rea tly  ex p a n d ed  in  th e s p e c im e n  
tem p ered  at 9 2 3  K o v e r  th e  tem p eratu re at w h ic h  Himax is  o b ta in ed . In  th is  
m a g n ific a tio n , th e  d e ta iled  b eh a v io r  d urin g  tem p er in g  o f  m a rten site  and  
d e c o m p o s in g  o f  re ta in ed  a u sten ite  can n o t b e  co n fir m ed  b y  th ese  
p h otograp h s. F rom  th e  m icro p h o to g ra p h  ta k en  at 104 m a g n if ic a tio n s  
sh o w n  in F ig. 5 - 1 5 (b ), it can  b e  seen  that n eed le s  o f  m arten site  in



Fig. 5-15 SEM microphotographs of 1.5%C-1%V alloy(No.6 ) hardened from 1373K.
Magnifications ะ (a) X 1000, (b) X  10000



Fig. 5-16 SEM microphotographs of 1.5%C-1%V alloy(No.ô) tempered at three different temperatures after hardening
from 1373K. Magnifications ะ xiooo
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a s-h ard en ed  sp e c im e n  are c lea r  and  n o  p rec ip ita tio n  o f  carb id e  ta k es p la ce  
in th e a u sten ite  reg io n . H o w ev er , p rec ip ita tio n  o f  so m e  ca rb id es in  th e  
m a rten site  are o b se r v e d  w ith o u t ch a n g in g  th e sh a p e  o f  m a rten site  in  the  
sp e c im e n  tem p ered  at 823  K  (a ) in  F ig . 5 -1 7 . In th e sp e c im e n  (b ) w ith  
H Tmax tem p ered  at 8 7 3  K , lo ts  o f  fin e  carb id es are fo u n d  in  a granular or a 
str in g -lik e  m o r p h o lo g y  and still a co n sid era b le  a m ou n t o f  a u sten ite  
rem ain s. T h e  p rec ip ita tio n  o f  carb id es is  sp read  th rou gh  o u t m atr ix  and a 
large am ou n t o f  a u sten ite  d isa p p ears in  th e sp e c im e n  tem p ered  at 9 2 3  K
(c).

A s for th e sp e c im e n  tem p ered  at 8 73  K , it is  co n sid e r ed  from  a b o v e  
o b serv a tio n  that th e  p rec ip ita tio n  o f  fin e  sp e c ia l carb id es d u e to  b oth  th e  
“ carb id e r ea c tio n ” w h ic h  o ccu rs  in  the p ro c ess  o f  tem p er in g  and  th e  
d e c o m p o s it io n  o f  reta in ed  a u sten ite , and its tra n sform a tion  in to  m a rten site  
w ill  g iv e  th e  m a x im u m  h ard n ess. T h is  can  b e  a lso  e stim a ted  from  th e fa ct  
that 28%  V y  still le f t  in  th e  tem p ered  sp e c im e n  in  sp ite  o f  ta k in g  th e  
m a x im u m  h ard n ess. T h ereu p on , th e  sp e c im e n  w a s tem p ered  a g a in  u nd er  
th e sa m e co n d itio n , and as a resu lt o f  it, th e  V y  red u ces le s s  th an  3%  and  
the h ard n ess r ise s  a b o u t 3 0  H V . B e c a u se  th e d eg ree  o f  in crea se  in  h ard n ess  
b y  th e d o u b le  tem p er in g  se e m s  to  b e  to o  sm a ll co rresp o n d in g  to  the  
d ecrea se  o f  re ta in ed  a u sten ite , th e  o b se r v a tio n  b y  S E M  w a s  carried  o u t for  
th e sp ec im e n , and th e  m icro p h o to g ra p h s are sh o w n  in  F ig . 5 -1 8 . 
C om p arin g  it w ith  m icro stru ctu res o f  s in g le  tem p ered  sp e c im e n  (F ig . 
5 - 1 6 (b ) and F ig . 5 -1 7 (b )) ,  it is  c lea r  ev e n  from  th e p h o to g ra p h  w ith  103 
m a g n if ic a tio n s  o f  th e  sp e c im e n  d o u b le -tem p ered  at 873  K  (F ig . 5 - 1 8 (a ))  
that m ore a u sten ite  are d e c o m p o se d  and  it is  a lso  d is t in c t from  
m icro p h oto g rap h  w ith  104 m a g n if ic a tio n s  th at the carb id es fo rm ed  b y  th e  
carb id e rea ctio n  from  m a rten site  and th o se  p rec ip ita ted  b y  the  
d e c o m p o s it io n  o f  th e re ta in ed  a u sten ite  are co a rsen ed . T h e  d e c r e a se  in  
h ard n ess d ue to  th e  c o a r se n in g  o f  carb id es m a y  su p p ress th e  in crea se  in  
h ardn ess due to  m ore p rec ip ita tion  o f  carb id es b y  tem p ering .



( a ) Tem pered at 823K ( b ) Tem pered at 873K ( c ) Tem pered at 923K

11nm I
Fig. 5-17 SEM microphotographs of 1.5%C-1%V alloy(No.6) tempered at three different temperatures after hardening

from 1373K. Magnifications ะ xioooo



F ig. 5 -1 8  S E M  m icrop h otograp h s o f  d ou b le  tem pered  sp e c im e n (N o .6 ) .  
(A u sten itiz in g  tem p.: 1 3 7 3 K , T em p er in g  tem p. ะ 8 7 3 K )  
M a g n ifica tio n s ะ (a) X 1 0 0 0 , (b ) X 1 0 0 0 0
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N e x t, th e in flu e n c e  o f  a u sten it iz in g  tem p eratu re on  th e  
m icrostru ctu ra l v a r ia tio n  o f  m a tr ix  w a s  in v e stig a te d  u s in g  the tem p ered  
sp e c im e n  w ith  1 .5% C -3% V  (N o .8 ) . S E M  m icro p h o to g ra p h s o f  sp e c im e n  
h ard en ed  from  1 27 3  K  a u sten it iz in g  and the tem p ered  sp e c im e n s  are 
sh o w n  in  F ig . 5 -1 9 . T h e d iffe re n ce  in  th e m icro stru ctu re  o f  m atrix  
a cco rd in g  to  th e tem p er in g  tem p eratu res can n o t b e  c la r if ied  from  th ese  
p h o to gra p h s w ith  1 03 m a g n if ic a tio n s . W h en  lo o k in g  at th e  
m icro p h o to g ra p h s tak en  b y  104 m a g n if ic a tio n s , h o w ev er , th e  d iffe re n ce s  
can  b e  d is t in g u ish e d  as sh o w n  in  F ig . 5 -2 0 . T h e sp h ero id a l carb id es in  th e  
m icrostru ctu re  o f  a s-h ard en ed  sp e c im e n  sh o w n  in  F ig . 5 -2 0 (a )  s t il l  e x is t  in  
th e  tem p ered  sp e c im e n s  in  th e  sa m e  s iz e  as sh o w n  in  F ig . 5 -2 0 (b ) , (c )  and
(d ). T h is  te l ls  that th ey  h ad  a lread y  fo rm ed  at the tim e  w h e n  the  
a u sten itiza tio n  w a s  fin ish ed . T here are m a rten site s  a m o n g  the sp h ero id a l 
carb id es and th e  m in u te  seco n d a ry  carb id es in  th e sp ec im e n  tem p ered  at 
6 7 3  K  (b ), and th ey  m ig h t b e  tran sfo rm ed  d urin g  c o o lin g  a fter tem p er in g . 
T h e p rec ip ita tio n  o f  th e m in u te  carb id es in crea se s  m ore in  th e sp e c im e n  
w ith  H im ax tem p ered  at 7 7 3  K  (c )  and  on  th e contrary  th e reta in ed  a u sten ite  
d ecrea se s . W h en  th e tem p er in g  tem p eratu re is in crea sed  to  8 73  K , it se e m s  
that th e  p rec ip ita ted  ca rb id es are in crea sed  but co a rsen ed . S o , th e  
m a x im u m  h ard n ess w a s  o b ta in ed  in  th e sp e c im e n  tem p ered  at 7 7 3  K  
a m on g  th ese  three le v e ls  o f  tem p erin g .

In order to  id e n t ify  th e k in d  o f  carb id e, it w il l  b e  n e c e ssa r y  to  
in tro d u ce  an  in v e s tig a tio n  b y  T E M . In th e  p re v io u s  w o r k 14) on  th e T E M  
a n a ly s is  o f  seco n d a ry  carb id e  p rec ip ita ted  in  m u lti-c o m p o n e n t w h ite  ca st  
iron  w ith  พ  (F e-5 % C r-5% M o -5% W -5% V -2% C o-2 % C  a llo y ) , M 6C carb id e  
w a s id e n tif ie d  and, th erefo re , th e carb id es p rec ip ita ted  se c o n d a r ily  b y  
tem p erin g  can  b e p resu m ed  to b e  V C , M o 2C or M 6C and/or their m ixture.

S E M  m icro p h o to g ra p h s o f  an a s-h ard en ed  sp ec im e n  (N o .8 )  
q u en ch ed  fro m  1 37 3  K  a u ste n it iz in g  and tem p ered  sp ec im e n s  at 7 7 3  K ,  
823  K  and 8 7 3  K  are sh o w n  in  F ig . 5 -2 1 . T h e b eh a v io r  o f  m atrix  due to  the



92

v ar ia tio n  o f  h eat treatm en t is s im ila r  to  that o f  sp e c im e n s  h ard en ed  from  
a u sten itiz in g  tem p eratu re o f  1273  K. T h e  a m ou n t o f  a u sten ite  in  the  
a s-h ard en ed  sp e c im e n  (a ) is m ore than that in  1273  K  a u sten itiz in g , and th e  
resid u a l carb id es or the in d is so lu b le  o n es , w h ic h  w er e  fo rm ed  b y  form er  
a n n ea lin g , e x is t  lit tle  in the m atrix  at the tim e  w h e n  th e sp ec im e n  b e g in s  to  
b e q u en ch ed . T h erefo re , m o st o f  the carb id es are co n sid e r ed  to  d is s o lv e  
in to  m atr ix  b ec a u se  o f  the in crea sed  a u sten itiz in g  tem p erature. A  sm a ll  
a m ou n t o f  m in u te  carb id e  and a c o n sid era b le  a m ou n t o f  a u sten ite  e x is t  in  
th e m atrix  o f  sp e c im e n  tem p ered  at 7 7 3  K  (b ) but th e  n u m b er  o f  carb id e  
in crea se s  rem a rk a b ly  in  the sp e c im e n  tem p ered  at 8 23  K  (c ) and in  th e  
sp e c im e n  tem p ered  at 8 73  K  (d ), the carb id es are g rea tly  g ro w n  in  s iz e . O n  
th e  o th er s id e , the a m ou n t o f  m a rten site  d ec r e a se s  as th e tem p er in g  
tem p eratu re r ises . It is u n d ersto o d  from  th e  b eh a v io r  o f  m atr ix  structure  
th at th e carb id es se c o n d a r ily  p rec ip ita ted  b y  tem p er in g  at 8 2 3  K  are m o st  
in  th e a m ou n t and f in e s t  in  ev ery  tem p er in g  tem p erature. T h e se  resu lts  are 
in  g o o d  a cco rd a n ce  w ith  th e fa c t that th e  h a rd n ess o f  th e  sp e c im e n  
tem p ered  at 8 2 3  K  sh o w s the m a x im u m  value.
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F ig. 5 -1 9  S E M  m icroph otograp hs o f  1 .5% C -3% V  a llo y (N o .8 )  hardened  
from  1 2 7 3 K  and tem pered at three d ifferen t tem peratures.
(a ) ะ A s-h ard en ed  state, (b )(c )(d ) ะ T em p ered  state  
M a g n ifica tio n s ะ X 1 000
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F ig. 5 -2 0  S E M  m icrop h otograp h s o f  1 .5% C -3% V  a llo y (N o .8 )  hardened  
from  1 2 7 3 K  and tem pered  at three d ifferen t tem peratures.
(a) ะ A s-h ard en ed  state, (b )(c )(d )  :T em pered state  
M a g n ifica tio n s ะ X 1 0 0 0 0
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11 แทใ I

Fig. 5 -2 1  S E M  m icrop h otograp h s o f  1 .5% C -3% V  a llo y (N o .8 )  hardened  
from  1 3 7 3 K  and tem pered  at three d ifferen t tem peratures.
(a ) ะ A s-h ard en ed  state, (b )(c )(d ) :T em pered state  
M a g n ifica tio n s ะ X 1 0 0 0 0
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