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L i n i n g  t h e  i n n e r  s u r f a c e  o f  a  c a s t  i r o n  h y d r a u l i c  cy l i n d e r  w i t h  c o p p e r  a l l o y  w o u l d  

g e n e r a l l y  n o t  b e  p o s s i b l e .  I n  t h i s  s t u d y,  t h e  s u r f ac e  o f  a  c a s t  i r o n  c y l i n d e r  w a s  

d e c a r b u r i z e d  b y  h i g h  t e m p e r a t u r e  o x i d a t i o n .  T h e  c y li n d e r ,  a f t e r  d e c a r b u r i z a t i o n ,  w a s  

f i l l e d  w i t h  b o r a x  a n h y d r i d e  a n d  h e a t e d  a t  a  t e m p e r at u r e  o f  1 2 0 3  K .  M o l t e n  c o p p e r  a l l o y  

w a s  t h e n  i n j e c t e d  i n t o  t h e  c y l i n d e r ,  d i s p l a c i n g  t h e m o l t e n  b o r a x  a n h y d r i d e .  A f t e r  c o o l i n g ,  

t h e  e m b e d d e d  c o p p e r  a l l o y  w a s  d r i l l e d  a l o n g  i t s  c e nt e r  a x i s  s o  t h a t  a  p r e s c r i b e d  t h i c k n e s s  

o f  t h e  c o p p e r  a l l o y  r e m a i n e d .  T h u s ,  t h e  c a s t  i r o n  cy l i n d e r  c o u l d  b e  s u c c e s s f u l l y  l i n e d  

w i t h  c o p p e r  a l l o y.  
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I n t ro d u c t i o n  

     Methods  to  ob ta in  a  j unc t i on  be tween  i ron  and  copper  a l l o y have  

been  dev i sed  b y severa l  research ers .1 - 7 These  methods  a re  u t i l i zed ,  fo r  

ex amp le ,  t o  l i ne  the  s l i d i ng  su r face  o f  a  h yd rau l i c i ron  cy l i nde r  w i th  a  

copper  a l l o y.4 , 7 One  method  fo r  l i n i ng  the  i nne r  su r f ace  o f  an  i ron 

cy l i nde r  w i th  a  co pper  a l l o y i s  t o  i n j ec t  a  mo l ten  copper  a l l o y i n to  a  

p rehea t ed  cy l i nde r  f i l l ed  w i th  mo l ten  bo rax  anh ydr ide .  Th i s  p rocess  

rep laces  the  mo l ten  bo rax  anh ydr ide  w i th  t he  mo l ten copp er  a l l o y.  A f t e r  

coo l i ng ,  t he  embedded  copper  a l l o y i s  d r i l l ed  a long i t s  cen te r  ax i s  so  

tha t  a  p resc r i bed  th i ckness  o f  t he  co pper  a l l o y ma y rema in .  Howeve r,  

when  the  c y l i nder  i s  composed  o f  a  cas t  i ron ,  t he  copper  a l l o y do es  no t  

bond  to  t he  i nner  s u r face  o f  t he  c y l i n der.  

     We had  p rev ious l y  so l ved  th i s  p rob lem b y f i l l ing  a  cas t  i ron  

cy l i nde r  w i th  a  FeO powde r  and  hea t i ng  i t ,7  wh i ch  decarbu r i zed  the  

i nner  su r face  o f  t he  cy l i nde r.8  Us ing  th i s  method ,  we  succeeded  i n  l i n i ng  

a  c y l i nder  w i th  co pper  a l l o y.  Howev e r,  t he  use  o f  FeO p owder  no t  on l y  

i nc reases  the  p rod uc t i on  cos t ,  bu t  a l so  gene ra tes  a l a rge  amoun t  o f  

was te .  

     I t  i s  we l l  kn own  tha t  when  a  cas t  i ron  i s  ox idized  i n  a i r  a t  a  h i gh  

tempera tu re ,  a  decarbu r i zed  l aye r  i s  f o rmed  benea th a  su r face  ox ide .9 - 1 1 

In  t h i s  s tud y,  we  decarbu r i zed  the  i nner  su r face  o f a  f l ak e  graph i te  cas t  

i ron  c y l i nder  b y h ea t i ng  the  c yl i nd er  i n  a i r  a t  a  hi gh  t empera tu re  and  

succeed ed  i n  l i n i n g  th e  i nner  su r f ace  w i th  a  copper a l l o y.  The  de ta i l ed  

p rocedure  and  resu l ts  o f  t he  b reak  tes t  o f  t he  cas t i ron  and  copper  a l l o y 

j unc t i on  a re  repo r ted  be low.  
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E xp e r i me n t a l  p ro c e d u re  

     Severa l  squa re  ch ips  o f  f l ake  graph i te  cas t  i ron  w i th  an  ed ge  

l ength  o f  10  mm and  a  th i ckness  o f  5  mm were  hea ted i n  a i r  a t  1153 ,  

1203  o r  1253  K  f o r  va r i ous  t ime  d u ra t i ons .  St ruc tu re  o f  t he  su r face  

ox ide  and  decarbu r ized  l a ye rs  we re  i nves t i ga ted  w i th  a  H i tach i  3500H 

scann ing  e lec t ron  m ic roscope  (SE M) ,  fu rn i shed  w i th  an  energ y  

d i spers i ve  X- ra y ana l yz er  (EDX) .  

     Fo r  t he  bond i ng  i nv es t i ga t i on  b e tween  the  f l ake  graph i te  cas t  i ron  

and  a  copp er  a l l o y,  45 -mm-deep  f l ake  graph i te  cas t  i ron  cy l i nde rs  w i th  

an  i nner  d iamete r  o f  16  mm and  an  ou te r  d iamete r  o f 50  mm were  

u t i l i zed ,  as  i l l us t ra ted  i n  F ig .  1 (a ) .  These  c y l i nders  were  hea ted  a t  a  

t empera tu re  o f  115 3  o r  1203 K .  A f te r  coo l i ng  a t  room tempera tu re ,  t he  

cy l i nde rs  we re  f i l l ed  w i th  bo rax  anh yd r ide  as  a  f l ux .  They we re  th en  

hea ted  a t  a  t empe ra tu re  o f  1203  K ,  wh ich  i s  h igh er  t h an  the  me l t i ng  

po in t  (1151  K)  o f  t he  bo rax  anh ydr ide .  A mo l ten  copper  a l l o y h av ing  a  

compos i t i on  o f  Cu0 . 8 7Sn0 . 0 8Pb0 . 0 3Ni 0 . 0 2 was  hea ted  a t  15 23  K  and  was  

i n jec ted  i n to  t he  h ea ted  c yl i nd ers  (F i g .  1 (b ) ) .  Th is  caus ed  d i sp lacemen t  

o f  t he  mo l ten  f l ux  f rom the  c yl i nde rs ,  t he reb y f i l li ng  the  c yl i nd ers  w i th  

mo l ten  copp er  a l l oy.  A f te r  coo l i n g ,  2 -mm- th i ck  d i sks  were  cu t  ou t  o f  t he  

copper  a l l o y-embedded  cy l i nders ,  as  seen  i n  F ig .  1 (c ) .  A s t r i p  spec imen ,  

45  mm long and  6  mm w ide ,  was  then  cu t  f rom th e  d i sks ,  as  seen  i n  F ig .  

1 (d ) .  A f te r  po l i sh ing  the  s t r i p  spec imens  w i th  ab ras i ve  paper  and  

bu f f i ng  th em,  SEM and  EDX were  u t i l i zed  to  observe  the  cas t  

i ron /copper  a l l o y  i n te r f ace  s t ruc tu re .  Tens i l e  s t ren g th  o f  t he  s t r i p  

spec imens  was  a l so  ex amined  b y us ing  a  tens i l e  s t ress  tes te r.   
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R e s u l t s  a nd  d i s cu s s i on  

     The SEM image  as  we l l  as  ca rb on ,  ox ygen  and  i ro n  d is t r i bu t i ons  

ob ta ined  fo r  t he  s quare  ch ip  spec imen  hea ted  a t  1203  K  fo r  7 .2  ks  i s  

rep res en ted  i n  F i g  2 .  No te  tha t  t he  sp ec imen  was  embed ded  i n  po l yes te r  

res in .  A 180 -µm-th i ck  ox ide  l a yer  was  observed  on  the  su r face .  In t he  

ear l y  s tage  o f  t he  ox ida t i on ,  g raph i t e  f l akes  were  combus ted  th rough  

reac t i on  w i th  a i r.  Therea f te r,  g raph i t e  f l akes  i n  a deep er  r eg ion  we re  

consumed  th rou gh  t he  d i f fus ion  o f  ca rbon  a toms  towards  the  ox ide  l a ye r.  

A decarbu r i zed  reg ion  was  thus  fo rmed  as  observed  in  F ig .  2 .  Wh i l e  

ca rbon  p rec ip i t a tes ,  appear in g  b lack ,  were  obs erved i n  t he  reg ion  tha t  

was  no t  deca rbu r i zed ,  t hey were  no t  observed  i n  t he deca rbu r i zed  reg ion ,  

wh ich  had  a  th i ckn ess  o f  260  µm.   

     S ince  a  deca rbu r i zed  l aye r  i s  fo rmed  benea th  an  ox ide  l aye r,  a  

copper  a l l o y shou l d  bond  to  t he  i nner  su r face  o f  a  cas t  i ron  c y l i nder  i f  

on l y t he  su r f ace  ox ide  fo rmed  on  the  i nner  su r face  i s  d i sso l ved  i n to  t he  

mo l ten  bo rax  anh ydr ide .  F i gu re  3  i l l us t ra tes  ex amp les  o f  t he  SEM and  

EDX images  observed  fo r  t he  cas t  i ro n /copper  a l l o y i n te r face  o f  a  s t r i p  

spec imen  cu t  ou t  o f  t he  copper  a l l o y-embedd ed  c y l i nder  t ha t  was  

decarbu r i zed  fo r  3 .6  ks  a t  1203  K .  The  copper  a l l o y was  un i fo rm l y  

bonded  to  t he  cas t  i ron .  No te  tha t  t h e  coppe r  a l l o y p en e t ra ted  the  cas t  

i ron  i n  spo ts  t o  a  dep th  o f  abou t  50µm,  wh ich  i nd i ca ted  tha t  t he  vo ids  

fo rmed  nea r  t he  su r face  o f  t he  cas t  i ron  b y d eca rb ur iza t i on  were  

embedded  w i th  t he  copper  a l l o y.  

A b reak  tes t  fo r  t he  s t r i p  spec imens  cu t  ou t  o f  t he c y l i nders  

embedded  w i th  t he  copper  a l l o y was  then  per fo rmed .  The  spec imens ,  

a f t e r  t he  b reak  tes t ,  a re  shown  in  F i g .  3 .  In  t he  samp le  tha t  was  ox id i zed  
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fo r  1 .8  ks  a t  1153  K ,  i n  wh ich  the  th i ckness  o f  t he decarbu r ized  reg ion  

t d c was  40  µm,  we  f a i l ed  to  fo rm a  j unc t i on  be tween  the  co pper  a l l o y and  

cas t  i ron ;  t he  j unc t i on  was  b roken  i n  t he  p rocess  of  cu t t i ng  a  s t r i p  ou t  o f  

a  d i sk .  On  the  o ther  hand ,  i n  t he  samp le  ox id i zed  fo r  3 .6  ks  a t  1153  K  

( t d c=70  µm),  t he  s t r i p  spec imen  was  eas i l y  d i v i ded  a t  t he  cas t  

i ron /copper  a l l o y i n te r face  b y a  tens ion  as  l ow  as  abou t  4  MPa w i th  a  

s t ra in  o f  0 .13%.  In  t he  samp le  ox id i zed  fo r  7 .2  ks  a t  1153  K  (t d c=120  

µm) and  tha t  ox id ized  fo r  3 .6  ks  a t  1203  K  (t d c=120  µm),  t he  s t r i p  

spec imens  were  b roken  i n  t he  reg ion  o f  t he  copper  al l oy.  Th e  s t resses  

and  s t ra in  upon  rup tu re  fo r  t he  fo rmer  samp le  were  164  and  4 .2%,  wh i l e  

t hey were  139  MPa and  4 .7% fo r  t he  l a t t e r  samp le .  These  va lues  were  

comparab le  t o  156  MPa and  4 .0% fo r  t he  spec imen  fo rmed  fo r  a  pu re  

i ron  c y l i nder  w i thou t  deca rbu r i za t i on  p rocess .  There fo re ,  i t  was  

conc luded  tha t  cas t  i ron  cou ld  b e  l i ned  w i th  a  copper  a l l o y i f  ox ida t i on  

cond i t i ons  p roduced  a  decarbu r i zed  l aye r  w i th  a  m inimum th i ckness  o f  

120  µm.  

In  t h e  p rev ious  s tu d y7 ,  we  poured  mo l ten  copper  a l l o y i n t o  a  cas t  

i ron  cy l i nder  w i thou t  deca rbu r i za t i on  f i l l ed  w i th  mo l ten  bo rax  

anh yd r ide .  Because  the  copp er  a l l o y was  no t  bonded  to  t h e  cas t  i ron ,  we  

de tached  the  coppe r  a l l o y f rom the  cas t  i ron  cy l i nde r.  We observed  the  

su r face  o f  t he  cop per  a l l o y t ha t  had  been  i n  con tact  w i th  the  i nner  

su r face  o f  t he  c y l i nder  and  found  man y semisphe r i cal  ho les  w i th  a  

d iamete r  f rom a  few hundred  mic rom ete rs  t o  a  few m il l ime te rs7 .  These  

ho les  sugges t  t ha t  gas  bubb les  were  i nco rpo ra ted  a t t he  cas t  i ron /copper  

a l l o y i n te r face .  S ince  mo l ten  copp er  a t  a  h i gh  tempera tu re  o f  1523  K  can  

d i sso l ves  ox ygen  a toms  as  much as  10  a t .%1 2,  ca rbon  a toms  d isso l ved  i n  
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t he  cas t  i ron  nea r  t he  i n te r face  as  we l l  as  g raph i te  f l ak es  a t  t he  i n te r face  

reac t  w i th  ox ygen  a toms  i n  t he  mol ten  copper  a l l o y. Th i s  resu l t s  i n  t he  

fo rmat ion  o f  CO2  gas  bubb les  a t  t he  i n te r f ace ,  i nh ib i t i ng  the  copp er  

a l l o y b e in g  bonded  to  t he  cas t  i ron .  Thus ,  i t  i s  r easonab le  tha t  

decarbu r i za t i on  i s  essen t i a l  t o  bond  a  copper  a l l o y t o  cas t  i ron .  

 

C o n c l us i o n  

   A method  to  ob ta in  a  cas t  i ron /cop per  a l l o y j unct i on  was  deve loped .  

In  t h i s  method ,  a  cas t  i ron  c y l i nder  i s  ox id ized  b y h ea t i ng  i n  a i r  a t  a  

h igh  tempera tu re .  Th i s  c yl i nde r  i s  f i l l ed  w i th  mo l ten  b o rax  anh yd r ide  

and  i s  hea ted  a t  a  h igh  tempera tu re ,  and  then  mo l ten  copper  a l l o y i s  

i n j ec ted  i n to  t he  cy l i nder.  A f te r  coo l i n g ,  a  re l i able  j unc t i on  i s  ob ta ined .  

Wh i l e  t he  p rev ious l y  r epo r ted  method  requ i res  FeO powd er  upon  hea t i ng  

o f  a  cas t  i ron  cy l i n der  fo r  t he  decarbu r iza t i on  o f  i t s  i nner  su r face ,  t h i s  

method  requ i res  on l y  bo rax  anh yd r ide .  Th i s  method  is  t he re fo re  

economica l  and  genera t es  l ess  amoun t  o f  was te  mate ri a l ,  mak ing  i t  

des i rab le  i n  p rac t i ca l  app l i ca t i ons  su ch  as  the  p roduc t i on  o f  h yd rau l i c  

cy l i nde rs  l i ned  w i th  a  copper  a l l o y.  
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Fi g u re  c a p t i o n s  

 

Fig .  1 .  P repara t i on  o f  t he  spec im en  fo r  t he  b reak  tes t  and  the  

observa t i on  o f  t he  cas t  i ron /coppe r  a l l o y i n te r face.  (a )  Cas t  i ron  

cy l i nde r  ox id ized  a t  t he  su r face .  (b )  In jec t i on  o f  mo l ten  copper  a l l o y  

i n to  t he  c yl i nd er  f i l l ed  w i th  mo l ten  bo rax  anh ydr ide .  ( c )  D i sc  samp le  cu t  

ou t  o f  t he  copper  a l l o y-emb edded  c y l i nder.  (d )  St r ip  spec imen  cu t  ou t  o f  

t he  d i sk  samp le .   

 

F ig .  2 .  C ross  s ec t i on  SEM image  (a )  and  EDX images  s how ing  ca rbon  

(b ) ,  ox ygen  ( c )  and  i ron  (d )  d i s t r i bu t i ons .    

 

F ig .  3 .  SEM image  (a )  and  E DX images  fo r  a  cas t  i r on /copper  a l l o y  

i n te r face  show ing  ca rbon  (b ) ,  i ron  (c )  and  copper  (d )  d i s t r i bu t i ons .   

 

F ig .  4 .  St r i p  spec imens  a f te r  t he  b reak  tes t .    










