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Multi-component white cast iron

B a s ic  ch e m ica l c o m p o s it io n  o f  m u lti-c o m p o n e n t w h ite  ca st iron  
p ro p o sed  b y  Y. M a tsu b ara 1} is 5 m ass%  o f  each  a llo y in g  e lem en t, 
ch ro m iu m  (C r), v a n a d iu m  (V ), m o ly b d en u m  (M o ), tu n g sten  ( พ )  and  
co b a lt (C o ), and th e carb on  co n ten t is 2 m ass% . T h is reaso n  is to  d esig n  
th e  carb on  b a la n ce  (C b a i)  a lm o st 0%. T h is  carb on  con ten t is m u ch  h ig h er  
than  that o f  h ig h  sp ee d  to o l s te e ls  w ith  s im ila r  a llo y in g  e le m e n ts  so  that 
e u te c tic  carb id es can  p rec ip ita te  in  th e iron  for  w ea r  resis ta n ce . T he ro ll 
m a d e o f  m u lti-c o m p o n e n t w h ite  cast iron  is c a lled  “h ig h  sp ee d  s te e l (H S S )  
r o ll” in  th e trade in  sp ite  o f  its ca st iron  c o m p o s it io n 2  ̂ T yp ica l 
m icro stru ctu re  o f  m u lti-c o m p o n e n t w h ite  ca st iron  c o n s is ts  o f  tw o  or three  
k in d s o f  p rec ip ita ted  carb id es su ch  as M C , M 2C and  M7C3 in  the m a tr ices  
o f  b a in ite , m a rten site  and a u sten ite . T h e ty p e , m o rp h o lo g y  and v o lu m e  
fra ctio n  o f  carb id e rem ark ab ly  d ep en d  on  th e  co m b in a tio n  o f  ch em ica l  
c o m p o s it io n 4'^. T h e ty p e  and th r ee -d im e n sio n a l m o rp h o lo g y  o f  carb id es  
are c la s s if ie d  as sh o w n  in  T able 2 - l 1),2),4). T h e m o rp h o lo g y  o f  M C  and  
M 2C carb id es are sh o w n  in  F ig . 2-1  and F ig. 2 -2 , resp ectively .

In th e stu d y  o n  carb id es in  m u lti-c o m p o n e n t w h ite  ca st iron , it is  
fo u n d  that carb on  b a la n ce  (C b a i)  1}’2) is  o n e  o f  th e im portan t fa cto rs, and it 
is  sh o w n  b y  the eq u atio n  (2 . 1).

Cbai /oC  in iron Cstoich “ (2.1)
H ere, Cstoich is  th e am ou n t o f  carb on  w h ich  co m b in e s  

s to ic h io m e tr ic ly  w ith  a ll carb id e fo rm in g  e lem en ts . Cstoich can b e  
th eoretica lly  ca lcu la ted  from  the n ex t eq u atio n  (2 .2 ),

Cstoich =  0 .0 6 0 % C r +  0 .0 6 3 % M o  +  0.033%w + 0.235%v -— (2.2)
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In case that eutectic M7C3 precipitates, the equation (2.2) should be
modified to be the equation (2.3).

Csto>ch= 0.099%Cr + 0.063%Mo + 0.033%w + 0.235%v -— (2.3)

Table 2-1 Type and three-dim ensional m orphology  
o f  precipitated carbides

T ype o f  
C arbide

T h ree -d im en sio n a l M o rp h o lo g y  o f  
C arbide

M C
1. flak y  or p eta l-lik e
2 . n odular or granular
3. rod -lik e  or co ra l-lik e

M 2C 1. lam ellar
2 . p la te-lik e

m 7c 3 1. rod -lik e
2 . led eb u ritic

A s  for  th e m a teria ls  o f  h ot w o rk  ro lls , th e M C  and M 2C carb id es are 
d esirab le . F rom  th is  p o in t o f  v ie w , Cstoich sh o u ld  be c a lcu la ted  from  
eq u a tio n  ( 2 . 2 )  to  k eep  th e Cbai o f  th e iron  n ear 0 % .  T h e Cbai c o n n e c tin g  to  
th e  carb on  co n ten t in  th e iron  h as so m e  a llo w a n c e  and it is  ch a n g ea b le  in  a 
certa in  ran ge o f  m in u s or p lu s  from  zero . C o b a lt (C o ) is a lso  add ed  to  
im p ro v e  co rro sio n  and o x id a tio n  r e s is ta n c e  and h ig h  tem perature  
stren g th 1),2). S in ce  C o d o e s  n o t tak e part in  th e fo rm atio n  o f  carb id e, 
h o w ev er , it is  put o f f  in  th ese  eq u ation s.

A m o n g  th e carb id es p rec ip ita ted  in  th e  s o lid if ic a t io n  structure, M C  
carb id e has the h ig h e s t  h ard n ess o f  2 3 0 0 -2 7 0 0  H V 7). T h erefo re , M C  
carb id e p la y s  a v ery  im portan t ro le  as a w ea r  resista n t co m p o n en t in the  
h o t w ork  ro lls . S im u lta n eo u sly , the m o r p h o lo g y  and d istr ib u tio n  o f  M C  
carb id e is c o n sid ered  to  a ffe c t  the m ech a n ica l p ro p erties lik e  stren gth  and  
to u g h n ess.
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(c) Coral-like

Fig. 2-1 M o rp h o lo g y  o f  M C  carbide. 
(S E M  m icro p h otograp h )

F ig . 2 -2  M o rp h o lo g y  o f  M 2C carbide. 
(S E M  m icro p h otog rap h )
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H .Q . พ น  and e t a l.4) reported  the in f lu e n c e  o f  a llo y in g  e le m e n ts  and  
s o lid if ic a t io n  rate o n  th e ty p e  and th r e e -d im e n s io n a l m o r p h o lo g y  o f  
ca rb id es  w h ic h  p rec ip ita ted  d urin g  the so lid if ic a t io n . T h e in f lu e n c e  o f  V 
and c co n ten ts  o n  ca rb id e  structure is sh o w n  in  F ig . 2 -3 . M C  carb id e  
p re c ip ita te s  in  th e sp e c im e n s  th rou gh ou t th e w h o le  c h e m ica l c o m p o s it io n  
but e x h ib its  d ifferen t m o rp h o lo g y  as sh o w n  in  T able 2 -1 . A t h ig h  V  
co n ten t, th e c o r a l- lik e  MC carb id e p re c ip ita te s  and m ore carb on  is 
n ec e ssa r y  to  o b ta in  M7C3 carbide.

V 1 mass%

F ig . 2 -3  R e la tio n sh ip  b e tw e e n  V, c con ten ts and
typ e and m o rp h o lo g y  o f  p recip ita ted  carbide. 
(F e-5% C r-2% M o-2% พ - 5 % C o-V -C  a lloy)

T h e  in f lu e n c e  o f  tu n g sten  e q u iv a le n t (W e q )  and c con ten t on  
carb id e  stru ctu re is  sh o w n  in  F ig . 2 -4 . W eq  is  e x p r e sse d  b y  (% พ + 2 x % M o ). 
N o d u la r  M C  ca rb id e  p rec ip ita te s  e x a c tly  in  a r e g io n  o f  W eq  v a lu e  le s s  than  
11 % and  c c o n ten t m o re  than  2 %. O ut o f  th is  r e g io n , p e ta l-lik e  or fla k y  
M C  carb id e  e x is ts . T h e  p rec ip ita tio n  o f  ch u n k y  M C  carb id e is  restricted  to  
th e area  o f  W eq  v a lu e  and c co n ten t b e y o n d  12 % and 2 %, resp ective ly .
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L a m ellar  M 2C carb id e appears w ith  wcq v a lu e  lo w e r  than 15 % and lo w  
carb on  con ten t, w h ile  p la te -lik e  M 2C carb id e  appears w ith  พ eq v a lu e  
h igh er  than 15 % in sp ite  o f  the d ifferen ce  in c content.

F ig. 2 -4  R ela tion sh ip  b etw een  tu n g sten  eq u iv a len t (W eq), c con ten t and typ e and m o rp h o lo g y  o f  
p recip ita ted  carb ide. (F e-5% C r-5% V -5% C o-  
M o-W -C  a lloy )

T h e in flu e n c e  o f  C o and c co n ten ts  o n  carb id e  structure is sh o w n  in  
F ig . 2 -5 . B o th  o f  th e  ty p e  and m o rp h o lo g y  are n o t ch a n g ed  b y  C o con ten t 
i f  the carbon  con ten t is con stan t.

A s  d escr ib ed  a b o v e , it is c lear  that th e  carb id e structure can  b e  
c h a n g e d  rem ark ab ly  b y  th e v a r ia tio n  o f  a llo y in g  e le m e n ts . F ig . 2 -6  te lls  
that so lid if ic a t io n  rate h ard ly  in flu e n c e s  th e  ty p e  o f  p rec ip ita ted  carb id e  
but th e  carb id e ten d s to  b e c o m e  fin e  w ith  an  in c r ea se  in  so lid if ic a t io n  rate. 
In lo w e r  c co n ten t le s s  than  2 .5  %c, M C  and  M 2C carb id es are fo u n d . In 
th e  r e g io n  o f  h ig h er  c co n ten t, M 7C 3 ca rb id e  e x is t s  in  ad d ition  to  th em , 
and  M 3C carb id e m ay  a lso  appear at v ery  lo w  so lid if ic a tio n  rate.
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F ig. 2-5 R ela tio n sh ip  b e tw e e n  C o, c  con ten ts and
typ e and m o rp h o lo g y  o f  p recip ita ted  carbide. 
(F e-5 % C r-2% M o -2% W -5% V -C o-C  a llo y )

F ig . 2 -6  S ch em a tic  illu stra tion  o f  carb id e type
co rresp o n d in g  to  so lid if ic a tio n  rate and carbon  
con ten t. (F e-5% C r-5% M o-5% W -5% V -5% C o  
-C  a llo y )
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Y. M atsubara and et a l .1} h a v e  reported  th e in flu en c e  o f  
s o lid if ic a t io n  rate o n  th e  n um ber and s iz e  o f  M C  carb id e. F ig . 2 -7  sh o w s  
that th e a v era g e  n u m b er o f  M C  carb id e (N mc) in crea se s  and the d ia m eter  
o f  M C  carb id e (D mc) d ecrea se s  w h en  s o lid if ic a t io n  rate (R) is in crea sed . 
A t a large so lid if ic a t io n  rate, N mc and D mc in crea se  as c con ten t r ises . T h e  
v o lu m e  fraction  o f  M C  carb id e (V mc) in crea se s  w ith  an in crea se  in c 
co n ten t as sh o w n  in F ig. 2 -8 .

X 1 o 3

(a ) (b )
F ig. 2 -7  In flu en ce  o f  so lid if ic a tio n  rate (R ) on  the 

num ber (N mc) (a) and d iam eter (D mc) (b) 
o f M C  carb ide p article . (F e-5% C r-5% M o  
-5% W -5% V -5% C o-C  a lloy )

W ear r e s is ta n ce  and m ech a n ica l p ro p erties  are c lo s e ly  re la ted  to  th e  
a m ou n t and m o rp h o lo g y  o f  carb ide. T h e re la tio n sh ip  b etw een  v o lu m e  
fra ctio n  o f  carb id es (Vc) and c co n ten t is  sh o w n  in  F ig . 2-92). T h e am ou n t  
o f  b oth  M C  and M2C carb id es in crea se s  w ith  an in crea se  in c co n ten t  
e x c e p t  for th e  great d ec r e a se  o f  M 2C carb id e at h ig h  carb on  con ten t d ue to  
th e  p rec ip ita tio n  o f  e u te c tic  M7C3 carb id e. T h is  ca n  b e  u n d erstoo d  from  th e  
w o rk  b y  N . S a sa g u r i and e t a l.5) on  so lid if ic a t io n  se q u e n c e  o f  
m u lti-co m p o n en t w h ite  cast iron  w ith  ch em ica l co m p o s it io n  o f
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F ig . 2-8 In flu en ce  o f  c  con ten t o n  v o lu m e  fraction
o f  M C  carb id e (V mc). (F e-5% C r-5% M o-5% W  
-5% V -5% C o -C  a llo y )

c  1 m a ss%

F ig. 2-9 In flu en ce  o f  c  con ten t o n  v o lu m e
fraction  (V c) o f  carb id es. (F e-5% C r-5% M o  
-5% พ - 5% V -5% C o-C  a llo y )
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Fe -5 % c r - 5% M 0 -5 % พ - 5% V -5% c 0 -2 .8 9 % c . T h e fo l lo w in g  s o lid if ic a t io n  
p r o c e s s e s  are p ro p o sed ,

L —> y or M C  (prim ary) +  L]
Li —> y +  M C  (e u te c t ic )  +  L2  (2 -4 )
L2 —» y +  M7C3 (e u te c t ic )  +  L 3
L 3 —> y +  M 2C (e u te c t ic )

S .K . Yu and et a l.6) stu d ied  the e f fe c ts  o f  c con ten t on  the am ou n t o f  
reta in ed  a u sten ite  in  a s -c a s t  and h ea t-trea ted  m u lti-c o m p o n e n t w h ite  cast  
iron  c o n ta in in g  carb on  up to  3 %. In terestin g  fa c t is  that f in e  seco n d a ry  
ca rb id es  p rec ip ita te  in  a ll the h ea t-trea ted  iron  and rem ark ab le  
p rec ip ita tio n  h a rd en in g  o cc u rs  b y  th e p o s t  m a rten site  tra n sform a tion  from  
reta in ed  a u sten ite , e v e n  i f  th eir  carb on  b a la n c e  (C b a i)  are n eg a tiv e . T h e se  
resu lts  su g g e s t  that so m e  am ou n t o f  r e s id u a l carb on  d ue to  the  
u n eq u ilib r iu m  s o lid if ic a t io n , co n tr ib u tes to  form  reta in ed  a u sten ite  after  
tem p er in g . In flu e n c e  o f  c co n ten t on  th e  a m ou n t o f  reta in ed  a u sten ite  in  
a s -c a s t  iron  is  sh o w n  in  F ig . 2 -1 0 . T h e a m o u n t o f  reta in ed  a u sten ite  
in c r e a se s  as the c co n ten t in crea se s  up to  2 .5 %  and d ec r e a se s  at 3% c.

F ig . 2 -1 0  R ela tio n sh ip  b e tw e e n  c con ten t and
v o lu m e fraction  o f  reta in ed  a u sten ite  (V y )  
in a s -c a st sta te . (F e-5% C r-5% M o -5% W
-5% V -C  a llo y )
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R ela tio n sh ip  b e tw e e n  c con ten t and V y v a lu e  in the a ir-h ard en ed  
sta te  from  th ree d ifferen t a u sten itiz in g  tem p era tu res is sh o w n  in F ig . 2 -1 1 . 
T h e V y v a lu e  in c r e a se s  c o n tin u o u s ly  w ith  in c r ea s in g  the c co n ten t. W h en  
com p ared  at the sa m e carbon  le v e ls , the h ig h er  a u sten it iz in g  tem p erature, 
the m ore a u sten ite  is  retained .

R e la tio n sh ip  b e tw e e n  c con ten t and V y v a lu e  in the tem p ered  state  
is  sh o w n  in F ig . 2 -1 2 . T he V y v a lu e  is lo w e r  than that o f  a ir-h ard en ed  sta te . 
W h en  com p a red  at the sa m e carbon  le v e ls ,  the am ou n t o f  reta in ed  a u sten ite  
e x is t s  m ore in the tem p ered  state  at lo w e r  tem p erature.

F ig . 2-11 R ela tion sh ip  b e tw e e n  c con ten t and v o lu m e  
fraction  o f  reta in ed  a u sten ite  (V y ) in the  
air-hardened  state . (F e-5 % C r-5% M o -5% W  
-5% V -C  a llo y )

A ls o , S .K . Yu and et a l.8) rep orted  th e  e f fe c ts  o f  reta in ed  a u sten ite  
on ab rasio n  w ea r  re s is ta n c e  and h ard n ess o f  h y p o e u te c t ic  h ig h  ch ro m iu m  
w h ite  ca st iron . T h e  am ou n t o f  reta in ed  a u sten ite  (V y )  is ch a n g ed  
d ep e n d in g  u p on  th e h eat treatm en t c o n d it io n . T h e V y v a lu e  is m a in ly  
re la ted  to  the h a rd n ess and the re la tio n sh ip  b e tw e e n  V y and w ea r  rate (R w) 
is  c la r if ie d  in F ig . 2 -1 3 . T h e  R w d ec r e a se s  w ith  an in crea se  in the Vy v a lu e  
that is  to  say , th e w ea r  r e s is ta n ce  is  im p ro v ed . T h is  su g g e s ts  that 
w ork -h a rd en in g  a r ises  during w ea r  test.



F ig . 2-12 R ela tion sh ip  b e tw e e n  c con ten t and v o lu m e  
fraction  o f  reta in ed  a u sten ite  (V y ) in the  
air-hardened  and tem p ered  state. (F e-5% C r  
-5 % M o -5 % พ - 5% V -C  a llo y )

F ig . 2 -1 3  R ela tio n sh ip  b e tw e e n  w ea r  rate (R w) and  
v o lu m e fraction  o f  reta in ed  a u sten ite  (V y ). 
(F e -2 .3 % C -2 6% C r-1 % N i-0 .5 % M o)
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