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At p resen t ,  s in te red  cons t ruc t ional  m a t e r i a l s  a r e  extensively  used in industry.  Invest igat ions into me th -  
ods of producing such m a t e r i a l s  involve studying the t r ans fo rma t ions  occurr ing  in them during s inter ing,  the 
c h a r a c t e r  of the resu l tan t  s t ruc tu re ,  and its effect  on the i r  mechanica l  p rope r t i e s .  One such investigation is 
desc r ibed  below. 

Sintered m a t e r i a l s  produced f rom iron powder  p o s s e s s  compara t ive ly  poor  mechanica l  p rope r t i e s ,  
which, however ,  can be substant ia l ly  improved  by adding to the powder  an in t e r s t i t i a l -phase  type compound. A 
poss ib le  addition is boron carbide,  which d i ssoc ia tes  in contact  with i ron at high t e m p e r a t u r e s  [1, 2]. The 
addition of B4C to an iron powder  would be expected to r e su l t  during s inter ing in the formation~of iron carb ides  
and bor ides ,  whose amount  and morphology would de te rmine  the p r o p e r t i e s  of the resu l tan t  s in tered  ma te r i a l .  
NowB4C is acompound  of compara t ive ly  low carbon  content, and consequently one could expect  the ca rb ides  to 
become  fa i r ly  evenly dis t r ibuted throughout the ma t e r i a l  [3], but the b o r o n - i r o n  compounds might  f o r m  con- 
cent ra t ions  nea r  the diffusion sources  or ,  because  of the pos i t ive  adsorpt ion activi ty of boron,  nuclei  on s t r u c -  
tura l  defects .  This points to a poss ib le  way of controll ing the s t ruc tu re  of such m a t e r i a l s .  

In our  work  a mix tu re  of PZh4M (a fine reduced iron powder  of 96.0% min imum purity) and a B4C powder 
of 40- to 60-]~ pa r t i c l e  s ize  was p r e s s e d  to a given poros i ty  into compac t s ,  which were  then s in te red  fo r  2 h in 
a hydrogen s t r e a m  at  t e m p e r a t u r e s  of 1050-1200~ The amount  of boron carb ide  in the mix ture  was var ied  
f r o m  0.5 to 2.0 wt. %. Measu remen t s  we re  made of the shrinkage;  ha rdness ,  t r a n s v e r s e  rup ture  s t rength,  and 
pycnomet r i c  density of compac ts .  The data yielded by the density m e a s u r e m e n t s  together  with informat ion on 
phase  composi t ion  enabled the poros i ty  of the spec imens  to be calculated.  St ructure  and phase  composi t ion 
w e r e  invest igated by optical  and e lec t ron  mic roscopy ,  x - r a y  s t ruc tu ra l  ana lys is ,  and e lec t ron  probe  m i c r o -  
ana lys i s .  

S t r u c t u r e  a n d  T r a n s f o r m a t i o n s  d u r i n g  S i n t e r i n g  

Metal lographic  examinat ions  revea led  that the s in te red  m a t e r i a l s  had a he terogeneous  f e r r i t i c - - p e a r l i t i c  
s t ruc tu re ,  depending on the amount  of boron carb ide  in the mixture .  After  s inter ing at  1050~ a l ight -colored,  
ha rd  (1400 k g f / m m  2) phase  concent ra ted  in the vicinity of incompletely decomposed  boron  carb ide  pa r t i c l e s  
was found in the s t ruc tu re  (Fig. la ) .  The s a m e  phase  was obse rved  also a f t e r  s in ter ing at 1!00-1200~ but in 
this case  its morphology was different:  I t  was  dis t r ibuted along boundar ies ,  forming a m o r e  o r  l ess  developed 
skeleton (depending on theamoun t  of B4C and s inter ing tempera ture )  (Fig. lb) .  This skele ton mus t  have fo rmed  
in the p r e s e n c e  of a liquid phase ,  which appeared  at  t e m p e r a t u r e s  above l l00~ as a r e su l t  of euteetie contact  
melt ing.  Di rec t  evidence fo r  the fo rmat ion  of a liquid phase  during s in te r iag  was provided by c rys ta l l i za t ion  
s t ruc tu re s .  These s t r u c t u r e s  contained eutectic a r e a s  (Fig. lb) ,  whose morphology is shown in Fig.  2b, and 
l amel las  (Fig. 2a) forining a cha r ac t e r i s t i c  ce l lu la r  s t ruc tu re  appear ing  during c rys ta l l i za t ion  under  conditions 
of s l ight  concentra t ion  supercooling [4], and hence in this case  at  the s inter ing t e m p e r a t u r e .  Such l amel las  
we re  f requent ly  detected in a white phase  located at  g ra in  boundar ies  (although on the whole its s t ruc tu re  was 
fa i r ly  var ied) ,  and it can the re fo re  be concluded that, like the pea r l i t e  (Fig. lb) ,  this phase  had fo rmed  by a 
mechan i sm of r ec rys t a l l i za t ion  of ma te r i a l  through a liquid phase .  

To d i scover  the nature  of the white phase ,  s in te red  spec imens  were  d issolved e lec t ro ly t ica l ly ,  and the 
insoluble res idue  was examined by x - r a y  diffract ion.  Values of in te rp lanar  spacings  calculated with the aid of 
diffract ion photographs and data on the re f lec t ion  intensi t ies  and s y m m e t r y  of ant icipated phases  enabled the 
phase  composi t ion of the res idue  to be de te rmined .  F r o m  Table 1 it fol lows that  the s in te red  m a t e r i a l s  con- 
tained eement i te  and the bor ides  Fe2B and FeB,  apparent ly  with d issolved ca rbon  (carboborides) .  Elec t ron  
p robe  mic roana ly s e s  demons t ra ted  that the white phase  a t  g ra in  boundar ies  co r responded  in composi t ion  to the 
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Fig. 1. Structures of mater ia ls  s intered at 1050 (a) and 1150~ {b), 
x 3 0 0 .  

Fig. 2. Structure of crys ta l l iza t ion products,  x20,000: a) lamellas;  
b) eutectic. 
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Fig.  3. P rope r t i e s  of mater ia l s  produced by sintering i r o n - b o -  
r o n -  carbide powder mixtures  at t empera tures  of 1050 (1), 1100 
(2), 1150 (3), and 1200~ (4). 

compounds Fe2B and FeB, and this was conf i rmed also by the way it was etched by sodium picrate .  In special 
experiments ,  conducted with a powder mixture containing fe r roboron  instead of B4C , an identical phase was ob- 
se rved  at grain  boundaries af ter  sintering (in this case,  of course ,  there was no cementite}. 

Preferent ia l  format ion of borides at boundaries and, at low tempera tures ,  around boron Carbide par t ic les  
was due to the compound B4C being much r i che r  in boron than in carbon. Apart  f rom this, it is known that 
Fe(B, C) alloys vary in composition; thus, in [5-7] carbon was found to be "forced out" by boron in the course  
of boronizing. In Fig. 2b are  shown eutectics of two - rod and l a m e l l a r -  types. Such morphological  differ- 
ences a re  due to a difference in relat ive orientat ion between a , , leading,  and a "trail ing" phase during eutectic 
t ransformat ion,  which in turn depends on the symmet ry  and composit ion of the phases and the thermal  condi- 
tions of crysta l l izat ion.  It is reasonable  to assume that the s t ruc ture  shown in Fig. 2b ref lects  a s trat i f icat ion 
of boron and carbon in the liquid. 

As the s t ruc tu re  of such a s intered mater ia l  fo rms  so that the carbides  pass  mainly into the pear l i te  and 
the borides concentrate  at gra in  boundaries,  the possibil i ty a r i ses  of independently strengthening these two 
s t ruc tu ra l  constituents with boron and carbon. This means that, by varying the composit ion of the powder mix- 
ture and the sintering tempera ture ,  it is possible to obtain mater ia l s  with different phase composit ions and 
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T A B L E  1. I n t e r p l a n a r  Spac ings  (d,/~) and R e f l e c t i o n  I n t e n s i t i e s  
(I) f o r  Fe3C , F e B ,  and Fe2B R e s i d u e  

I 
[ D a t a  f r o m  t a b l e s  I 

Expe~mental 
values Fe, C FeB FeiB 

s. 2,4 s. 2,38 s. 2,26 - -  - -  
m. 2,25 m. 2.26 s. 2,33 - -  - -  
m. 2,13 . . . .  m. 2,12 
v.s. 2,04 v.s. 2,001 v.S. 2,003 v.s. 2,008 

m. 1,99 m. 1,97 . . . .  

s. 1 ,83  . . . .  s .  1 ,83  
m. 1,78 m. 1,76 $. 1,78 -- -- 

m .  1 ,70  m .  1 ,682  . . . .  
m. 1,60  m .  1 ,58  s .  1 ,58 m .  1,61 

w. 1,52 w. 1,51 . . . .  

w. 1,45 --  - -  m. 1,458 --  - -  
w .  1,41 - -  - -  m .  1 ,418 - -  - -  
m .  1,34 m. 1,33 - -  - -  w. 1,37 
m. 1,26 - -  - -  m. 1,28 m. 1,27 
s. 1,22 m. 1,22 v.s. 1,22 -- -- 

m .  1,20 m .  1,21 - -  - -  v,sz 1,20 

m. i,18 --  - -  m. 1,18 m. 1,18 
m. 1,16 m.s. 1 , 1 6  . . . .  
s. 1,15 m .  1 ,15 v .S .  1,15 - -  - -  
s .  1 ,13  m . s .  1 , 1 2 6  . . . .  
v.S. 1,108 m.s. 1,105 - -  - -  

s t r u c t u r e s ,  i . e . ,  wi th  d i f f e r e n t  l e v e l s  of  " v o l u m e "  (due to c a r b i d e s )  and  " s k e l e t a l "  (due to b o r i d e s )  s t r e n g t h e n -  
ing. This  would  enab l e  p o w d e r  m e t a l l u r g y  m a t e r i a l s  of th is  type  to be  " t a i l o r e d "  to f i t  t h e i r  a p p l i c a t i o n s  [3]. 

S ince  the  p r o p e r t i e s  of such  s i n t e r e d  m a t e r i a l s  depend  a l s o  on the s t r u c t u r a l  s t a t e  of t h e i r  f e r r i t e  c o m -  
ponent ,  the  l a t t e r ' s  f ine  s t r u c t u r e  was  i n v e s t i g a t e d  by x - r a y  d i f f r a c t i o n .  I t  was  found tha t  a t  low s i n t e r i n g  
t e m p e r a t u r e s  the s i z e  of c o h e r e n t  s c a t t e r i n g  b l o c k s  d e c r e a s e d  with  i n c r e a s i n g  v o l u m e  f r a c t i o n  of  b o r i d e s  and 
c e m e n t i t e .  At  1150~ i n t ense  r e c r y s t a l l i z a t i o n  l ed  to a s u b s t a n t i a l  i n c r e a s e  in the  s i z e s  of the  b l o c k s  ( f rom 
1000-1400 /~  a t  l l 0 0 ~  to 8000-10 ,000 /~  a t  1150~ and g r a i n s .  

P r o p e r t i e s  o f  S i n t e r e d  M a t e r i a l s  

S in t e r ing  a t  1050~ w a s  a c c o m p a n i e d  by s l i g h t  s h r i n k a g e ,  and  the s i n t e r e d  m a t e r i a l s  had  an  a p p r e c i a b l e  
p o r o s i t y ,  which  was  v i r t u a l l y  i ndependen t  of  the  amoun t  of  B4C a d d e d  to the  p o w d e r  (Fig .  3). The a p p e a r a n c e  
of  h a r d  c o m p o u n d s  in the  s t r u c t u r e  p r o d u c e d  a mono ton ic  i n c r e a s e  in  the  h a r d n e s s  of the  m a t e r i a l  (Fig .  3c ,  
c u r v e  1), wh i l e  i t s  s t r e n g t h  a t  f i r s t  r o s e  to a m a x i m u m  and then f e l l  (Fig .  3d, c u r v e  1). The f a l l  in s t r e n g t h  a t  
h igh  B4C c o n c e n t r a t i o n s  w a s  a p p a r e n t l y  l i nked  wi th  the  p r e s e n c e  of u n d e c o m p o s e d  b o r o n  c a r b i d e  p a r t i c l e s .  

At  1100 and 1150~ a s l i g h t  d e c r e a s e  in p o r o s i t y  and an i n c r e a s e  in s h r i n k a g e  o c c u r r e d  (Fig .  3a and b) 
a s  a r e s u l t  of t r a n s i t i o n  to l i q u i d - p h a s e  s i n t e r i n g .  In th i s  c a s e  the s h r i n k a g e  s u b s t a n t i a l l y  g r e w  with  r i s e  in 
the a m o u n t  of  B4C in the m i x t u r e ,  w h e r e a s  the p o r o s i t y  showed  v e r y  l i t t l e  change ,  which  m u s t  have  been  due  
to l o s s  of m a t e r i a l  l i nked  wi th  the  f o r m a t i o n  of  g a s e o u s  o x i d e s  and e s c a p e  of  l iqu id  f r o m  c o m p a c t s .  T h e s e  
p h e n o m e n a  w e r e  p a r t i c u l a r l y  p r o n o u n c e d  d u r i n g  s i n t e r i n g  a t  1200~ Wi th  r i s e  in b o r o n  c a r b i d e  c o n c e n t r a t i o n  
in the  m i x t u r e  the  h a r d n e s s  of the m a t e r i a l  g r e w  owing to the a p p e a r a n c e  of b o r i d e s  and p e a r l i t e  in i t s  s t r u c -  
t u r e .  A s l i g h t  f a l l  in h a r d n e s s  r e c o r d e d  when  the s i n t e r i n g  t e m p e r a t u r e  w a s  changed  f r o m  1100 to 1150~ 
(Fig.  3c,  c u r v e s  2 and 3) w a s  a c c o m p a n i e d  by an  i n c r e a s e  in the  s i z e  of c o h e r e n t  s c a t t e r i n g  b l o c k s  a t  1150~ 
as  d e t e r m i n e d  by x - r a y  d i f f r a c t i o n .  

The s t r e n g t h  vs  c o m p o s i t i o n  c u r v e s  o b t a i n e d  (Fig .  3d) r e f l e c t  a s t r e n g t h e n i n g  of the  s i n t e r e d  m a t e r i a l s  
t h rough  the f o r m a t i o n  of h a r d  p h a s e s  and a s i m u l t a n e o u s  change  in t h e i r  r e l a x a t i o n  p r o p e r t i e s .  A t  h igh  B4C 
c o n c e n t r a t i o n s  the s t r e n g t h  a p p r e c i a b l y  d e c r e a s e d ,  a l though the p o r o s i t y  r e m a i n e d  p r a c t i c a l l y  unchanged .  
F r o m  the r e s u l t s  of the  s t r u c t u r a l  i n v e s t i g a t i o n  i t  fo l lows  tha t  th i s  p h e n o m e n o n  could  have  b e e n  due only  to a 
d e c r e a s e  in the  r e l a x a t i o n  a b i l i t y  of the  m a t e r i a l ,  b r o u g h t  abou t  by  the d e v e l o p m e n t  of a b o r i d e  s k e l e t o n  a long 
g r a i n  b o u n d a r i e s .  At  any g i v e n  c o m p o s i t i o n  the  f o r m a t i o n  of the  s k e l e t o n  w a s  in f luenced ,  a s  w a s  e s t a b l i s h e d  
by d i r e c t  o b s e r v a t i o n s ,  by the  s i n t e r i n g  t e m p e r a t u r e .  

B e c a u s e  of th i s ,  m a t e r i a l s  s i n t e r e d  a t  h igh  t e m p e r a t u r e s  e x h i b i t e d  a f a l l  in s t r e n g t h  a t  l o w e r  bo ron  c a r -  
b ide  con ten t s  (Fig .  3d, c u r v e s  2 -4 ) .  The l e v e l  of s t r e n g t h ,  l i ke  tha t  of h a r d n e s s ,  d e p e n d e d  a l so  on the  s t r u c t u r a l  
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Fig.  4. St ructure  of m a t e r i a l  
s in te red  f r o m  iron--0.5% B4C 
mix ture  at  12 00~ x 300. 

s ta te  of the f e r r i t e .  A sha rp  d e c r e a s e  in the physica l  broadening of the diffract ion l ines in the c~ phase  ob- 
s e rved  a f t e r  s inter ing at  1150~ was in good acco rd  with the shape  of curves  2 and 3 in Fig,  3d; the maxi -  
m u m  at ta inable  s t rength  was  always l e s s  a f t e r  s in ter ing at  1150~ than a f t e r  s in ter ing at  l l00~ although the 
po ros i t i e s  of the m a t e r i a l s  at  these  two s in ter ing t e m p e r a t u r e s  w e r e  approx imate ly  equal. 

Sintering at 1200~ produced a coarsen ing  of s t ruc tu re  and a s t rong development  of the boride skeleton, 
resul t ing  in a sha rp  fal l  in s t rength.  At low B4C addition contents,  however ,  m a t e r i a l s  s in te red  at  1200~ ex-  
hibited high s t rength,  which, judging f r o m  the r e su l t s  of s t ruc tu ra l  invest igat ions,  was  due to comple teness  of 
phase  t r ans fo rma t ions  and a favorab le  phase  morphology.  In this case  a r i s e  in B4C content  led t o a  marked  
inc rea se  in both poros i ty  and shr inkage (Fig. 3a and b, cu rves  4); these  changes  were  indicative of loss  of m a -  
t e r ia l  through vapor iza t ion  and escape  of liquid. Di rec t  obse rva t ions  provided evidence fo r  the occu r rence  of 
this phenomenon, which was accompanied  by the development  of a c o a r s e  m a c r o s c o p i c a l  poros i ty ,  and un- 
doubtedly it was this effect  that was  r e spons ib le  f o r  the fal l  in s t rength .  Never the less ,  the ha rdness ,  being de- 
pendent  mainly  on the amount  of carb ide  pa r t i c l e s  and of the bor ide  phase ,  s teadi ly  grew (Fig. 3c, cu rve  4). 

O p t i m u m  P r o c e s s i n g  C o n d i t i o n s  

F r o m  the r e su l t s  ci ted above, it follows that  the bes t  combinat ions  of s e rv i ce  p r o p e r t i e s  we re  exhibited 
by m a t e r i a l s  f r o m  iron + 1.0% B4C and iron + 0.5% B4C powder  mix tu re s  s in te red  at  1100 and 1200~ r e s p e c -  
t ively.  They had a s t rength  of 70 k g f / m m  2, and w e r e  c h a r a c t e r i z e d  by compara t ive ly  sma l l  shr inkage and a 
fa i r ly  f ine -g ra ined  hypoeutectoid ma t r i x  s t ruc tu re  with bor ide  inclusions forming  no skele tons .  

Ma te r i a l s  of the f i r s t  type had a s t r u c t u r e  which was s i m i l a r  to that shown in Fig. l a  except  that it con- 
tained a ve ry  smal l  quantity of eutect ic  f ie lds .  Ma te r i a l s  of the second type had a f e r r i t i c - p e a r l i t i c  s t ruc tu re  
(Fig. 4). In this s t ruc tu re  the eutect ic  and the boride skeleton were  a lmos t  comple te ly  absent ,  because  in a 
powder  mix tu re  of low B4C content the amount  of liquid forming during heating is smal l  and all  of it is ex- 
pended dur ing  r ec rys t a l l i z a t i on  at  the s in ter ing t e m p e r a t u r e .  Use of a 1% B4C addition is appropr ia t e  in those 
ca se s  where  pa r t s  a r e  to ope ra te  under  w e a r  conditions,  without having to mee t  s eve re  bulk s t rength  r equ i re -  
ments .  A mix tu re  containing 0.5% B4C can be r e c o m m e n d e d  fo r  the manufac ture  of pa r t s  ca r ry ing  substant ia l  
s ta t ic  loads,  because  of the s t rength  of m a t e r i a l  made f r o m  it is l e ss  sens i t ive  to composi t ion  and s inter ing 
t e m p e r a t u r e  deviat ions.  M e a s u r e m e n t s  of p e r m a n e n t  bending deflect ions and pe rcen tage  elongations to rupture  
have shown that such m a t e r i a l  is m o r e  ductile than m a t e r i a l  s in te red  f r o m  a mix tu re  with 1% B4C , although the 
l a t t e r  is h a r d e r  and be t t e r  able to r e s i s t  wear .  

A va r i e ty  of s m a l l - s i z e d  components  widely used in engineer ing (supports ,  ca tches ,  s tops,  Mal tese  
c r o s s e s ,  segments ,  keys ,  gibs ,  pawls ,  hooks,  etc.) have been produced under  these conditions. They have all 
p a s s e d  industr ia l  t e s t s  in accordance  with exist ing technical  specif ica t ions .  The method p roposed  is now being 
used fo r  the product ion of such machine  components  at an ins t rument  fac tory ,  giving apprec iab le  savings.  
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