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The der iva t ion  of a theory for  the onset  of b r i t t l eness  in meta l s  and al loys exposed to mel t s  would 
be aided by a study of the role  played in this phenomenon by the chemical  composi t ion of the solid mate r ia l .  
Moreover ,  even though compl icated a l loys  r a the r  than pure  me ta l s  a r e  usual ly  used in appl icat ions,  the 
effect  of the chemica l  composi t ion  of a l loys on their  behavior  under s t r e s s  in a l iqu id-meta l  med ium has 
not been studied adequately.  The effect  of al loying on the occur rence  of this effect  is usual ly  t rea ted  as  an 
indi rec t  effect,  opera t ing through a change in the mechanica l  p rope r t i e s  of the mate r ia l .  For  example ,  it 
was concluded in [1] that  the tendency of copper  to suffer  a loss  in s t rength  and plast ic i ty  when exposed to 
m e r c u r y  was independent of the impur i ty  e lements  in the copper  being governed instead p r i m a r i l y  by the 
yield point. We bel ieve that this approach  to the p rob lem is  of l imited value. 

Since polycrys ta l l ine  m a t e r i a l s  exposed to liquid me ta l s  suffer  des t ruc t ion  p r i m a r i l y  along g ra in  
boundar ies ,  the appearance  of this effect  mus t  depend s t rongly  on the s ta te  of the g ra in  boundaries ,  p a r -  
t i cu la r ly  on their  chemica l  composit ion.  In view of the specia l  physical  p rope r t i e s  of gra in  boundaries ,  
pa r t i cu l a r ly  thei r  high adsorpt iv i ty ,  due to the i r  defect ive nature ,  g ra in  boundar ies  may  contain a l a rge  
impur i ty  content, even when the impur i ty  content in the meta l  is low. In this r ega rd  the ro le  of alloying 
is m o r e  impor tan t  in the case  in which the impur i t i e s  a r e  re la t ive ly  insoluble in the solid state;  highly 
soluble impur i t i e s  should not s ignif icantly affect  the p las t ic i ty  or  s t rength  of me ta l s  in l iqu id-meta l  media ,  
pa r t i cu la r ly  if this medium can cause b r i t t l eness  of the pure  metal .  In [2], e.g.,  a study was made of the 
s t rength  of N i - C u ,  P d - A g ,  P d - C u ,  and N i - P d  al loys,  which have unlimited mutual  solubil i ty in the solid 
s ta te ,  during deformat ion  in contact  with mol ten  lithium; it was found that the s t rength  of the a l loys  under 
these  conditions was essen t ia l ly  independent of the composit ion,  gra in  size,  and p r e l im ina ry  cold working. 

We r e p o r t  he re  a study of the ro le  played by the composi t ion of binary al loys of the t i n - l e a d  s y s t e m  
in the onset of the sha rp  d e c r e a s e  in plast ic i ty  which occurs  when the al loys a r e  subjected to a bending 
s t r e s s  while under conditions cor responding  to contact  mel t ing with bismuth,  cadmium,  and indium. Since 
tin and lead have a l imited mutual  solubili ty,  we would expect  a s t rong dependence of the onset of l iquid-  
meta l  embr i t t l em en t  on the composi t ion of the al loys of this sys tem.  

E X P E R I M E N T A L  M E T H O D  

The impur i ty  level  in the me ta l s  studied was less  than 0.017c. The a l loys  were  mel ted in quar tz  t es t  
tubes under dibutyl phthalate. After  the me l t  was carefu l ly  m i x e d ,  the tes t  tubes were  lowered into water ;  
the r e su l t  was rapid c rys ta l l i za t ion  of ingots without any apprec iab le  development  of shr inkage  cavi t ies .  
Then the ingots were  roi led into bands 1.4 m m  thick, f r o m  which samples  8 x 25 m m  in a r e a  were  cut. 

The content of the second component  in the s amples  was var ied  at  10% in te rva ls  up to 100%. In an 
effor t  to de te rmine  m o r e  a c c u r a t e l y  the concentra t ion boundar ies  between the regions  of br i t t le  and plas t ic  
deformat ion  during contact  mel t ing  with var ious  meta l s ,  we p repared  a l loys  having other  concentra t ions ,  
vary ing  by 5%, 1%, and even 0.1%, where  neces sa ry .  

The samples  were  annealed to r e m o v e  cold working. The samples  were  subjected to bending de-  
fo rmat ion  at  the specif ied t e m p e r a t u r e  while held under con tac t -mel t ing  conditions with the selected meta l  
in a pro tec t ive  medium (glycerine or  dtbutyl phthalate). Each sample  was loaded at approx ima te ly  the 
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Fig. 1. Regions of the br i t t le  des t ruct ion of 
t i n - l e a d  al loys during contact  melt ing with 
bismuth.  

gions of br i t t le  and 
als.  

s ame  ra te  by means  of m i c r o m e t e r  sc rews .  The de -  
fo rmat ion  was begun when contact  melt ing became  visua l ly  
apparen t  on the sample  under a smal l  piece of the pure 
metal .  Depending on the exper imenta l  t empe ra tu r e ,  the 
al loy composit ion,  and the nature  of the meta l  in contact,  
the ma te r i a l  displayed e i ther  plas t ic  bending or br i t t le  
destruct ion.  To show that the impur i ty  by i tself  does 
not cause  embr i t t l ement ,  we subjected all  the al loys to 
tes t s  in controlled exper imen t s  under the s a m e  condi-  
t ions,  but without contact with a melt .  F r o m  the data we 
constructed d iag rams ,  plotted as  the al loy composi t ion 
v e r s u s  the exper imenta l  t e m p e r a t u r e ,  showing the r e -  

plast ic  behav io r  of the m a t e r i a l s  deformed during contact  melt ing with pure  m e t -  

RESULTS AND DISCUSSION 

The expe r imen ta l  r e su l t s  a r e  shown in Figs.  1-3. The "br"  regions  cor respond  to the t e m p e r a t u r e  
regions  i n  which the a l loys  of a given composi t ion undergo br i t t le  des t ruc t ion  under  the influence of the 
me l t  fo rmed  at  the contact  with the tes t  ma te r ia l .  The "pl" regions  cor respond  to plast ic  deformation.  
The l ow- t empe ra t u r e  reg ion  in which an observab le  amount  of liquid phase does not f o r m  at  the me ta l - - a l loy  
contact  is denoted "s"  for  solid phase. 

F igure  1 shows that the t i n - l e a d  al loys a r e  embri t t ied  by bismuth  at  all  t e m p e r a t u r e s  and at e s -  
sent ia l ly  all  composi t ions ;  the only exceptions are  composi t ions  in two na r row regions  adjacent  to the pure 
meta l s .  The addition of 0.5 wt. % lead to tin thus causes  a rapid change in the sens i t iv i ty  of tin to l iquid-  
meta l  embr i t t l emen t  during contact  mel t ing  with bismuth.  In a melt ,  b ismuth  does not nucleate c r acks  
in pure tin during bending [3], but it does lead to the ca tas t rophic  des t ruc t ion  of tin containing lead. On the 
other  hand, although pure  lead is not embr i t t l ed  by bismuth  [3], al loys of lead with m o r e  than 2 wt. % tin 
suffer  a reduct ion of p las t ic i ty  when exposed to a mel t  containing bismuth.  

S imi lar  behavior  is observed when t i n - l e a d  a l loys  a r e  deformed during contact  melt ing with cadmium 
(Fig. 2). With 0.2 wt. % lead or m o r e  in the tin, l iquid-meta l  embr i t t l emen t  of the a l loys  occurs  in this 
case ,  although cadmium is iner t  with r e s p e c t  to both tin and lead [3]. 

Deformat ion  of t i n - l e a d  al loys under  contac t -mel t ing  conditions with indium, or  when mol ten  indium 
is p resen t  on the sample  sur face ,  is cha rac te r i zed  by two regions  of br i t t le  des t ruc t ion  (Fig. 3). In con-  
t r a s t  with the embr i t t l emen t  d i ag rams  descr ibed  above for  the cases  of b ismuth  and cadmium, in this case  
a na r row concentra t ion range  appea r s  in the b r i t t l e -des t ruc t ion  region in which the embr i t t l emen t  d i s -  
appea r s .  This  range  co r r e sponds  approx imate ly  to the eutectic composi t ion of the t i n - l e a d  sys tem.  Alloys 
of other composi t ions ,  except  for  the composi t ions  near  the pure  meta ls ,  were  subjected to mol ten indium 
or indium in a contact  melt .  Indium is v e r y  soluble in tin and lead and thus cannot cause  l iqu id-meta l  e m -  
b r i t t l emen t  of these  meta ls .  
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Fig. 2. Regions of br i t t le  des t ruc t ion  of t i n - l e a d  a l loys  during 
contact  melt ing with cadmium. 

Fig. 3. Regions of br i t t le  des t ruc t ion  of t i n - l e a d  a l loys  during 
contact  mel t ing with indium. 
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Accordingly,  in al l  these  ca se s  of the deformat ion  of t i n - l e a d  al loys in contact  with iner t  meta l s ,  we 
find a rapid d e c r e a s e  in plas t ic i ty  at  ce r t a in  composi t ions.  

These  r e su l t s  can be explained on the bas i s  of the m e c h a n i s m  descr ibed  in [3] for  the embr i t t l emen t  
of solid me ta l s  by liquid meta l s .  According to this mechan i sm,  a c r a c k  grows in the p resence  of s 
liquid meta l  because  a toms  diffuse f r o m  the liquid into g ra in  boundaries ,  fo rming  a mel t  there .  The 
penet ra t ion  of this me l t  into the in te r io r  of the me ta l  is equivalent to the growth of a c r ack  filled with a 
liquid metal .  The s t r e s s  s e r v e s  to a c c e l e r a t e  g ra in -boundary  diffusion [4]. 

The bas ic  difficulty involved in this explanation of l iqu id-meta l  embr i t t l emen t  is in explaining the 
high c r ack  growth ra t e  on the bas i s  of a rgumen t s  about diffusion p r o c e s s e s .  An es t ima te  in [5] shows, 
however ,  that  the diffusion m e c h a n i s m  is quite capable  of explaining the exper imenta l  c r ack  growth ra te .  

In this case  we would expect  that if the al loy contained an act ive  component  it would lose i ts  plas t ic i ty  
during contact  mel t ing with an ine r t  me ta l  because  of the mel t ing of the act ive  component.  This explana-  
t ion is not co r r ec t ,  however ,  because  the concentra t ion of the act ive  component  in a me l t  which f o r m s  
during contact  mel t ing  of an al loy containing a slight amount  of this component  is much s m a l l e r  than the 
concentra t ion requi red  for  an apprec iab le  af fec t  on the plast ic i ty  of the pure m e t a l .  For  example ,  it was 
shown in [6] that c a d m i u m - l e a d  a l loys  cause  l iqu id-meta l  embr i t t l emen t  of pure tin during contact melt ing 
only if the lead concentra t ion is a t  l ea s t  40%. Clear ly ,  the concer~tration of the ac t ive  component in the 
mel t  which f o r m s  during the contact  mel t ing  of cadmium with tin containing lead on the order  of tenths of 1% 
is much lower than the concentra t ion capable  of causing l iqu id-meta l  embr i t t l emen t .  

An even s t ronge r  a rgumen t  aga ins t  this explanation of the resu l t s  is that lead a l loys  a r e  affected by 
me l t s  which contain no component  which in te rac t s  with lead, since none of the meta l s  which have been used 
reduce the p l a s t i c i t y  of lead during contact  mel t ing [3]. Binary  al loys of iner t  components  a r e  a lso  iner t  
[6], so the r e a s o n  for  an a l loy ' s  loss  of p las t ic i ty  in the p resence  of an apparen t ly  iner t  mel t  should be 
sought in a change in the p rope r t i e s  of the deformed meta l ,  r a the r  than the composi t ion  of the liquid phase .  

The al loying of a me ta l  to improve  i ts  s t rength  is a poss ible  cause  of the change in its sens i t iv i ty  
to liquid mel t s .  Higher  s t r e s s e s  can be applied to a s t rengthened ma te r i a l ,  so it is e a s i e r  for a toms  to 
pene t ra te  f r o m  the me l t  by diffusion along gra in  boundaries .  

Another r e a s o n  why a l loys  a r e  m o r e  sens i t ive  to embr i t t l emen t  than pure me ta l s  is ,  as  mentioned 
above,  the change in the chemica l  composi t ion of the gra in  boundar ies  during alloying. Even ve ry  soluble 
impur i t i e s  f o r m  so-ca l l ed  equi l ibr ium segrega t ions  along gra in  boundaries  [7]. The t i n - l e a d  s y s t e m  is a 
eutect ic  sys t em,  so, except  for  a l loys  having sl ight amounts  of the second component  and for  the eutect ic  
a l loys ,  all  the a l loys  of the s y s t e m  have a sharp ly  defined s t ruc tu ra l  inhomogeneity:  gra ins  of the p r i m a r y  
sol id-solut ion c r y s t a l s  a r e  surrounded by eutect ic  alloy. With this al loy s t ruc tu re ,  contact mel t ing with a 
third meta l  read i ly  produces  a liquid phase,  a t e r n a r y  eutect ic  sys tem,  along gra in  boundaries  where  
the re  is a b inary  eutect ic  sys tem.  This  c i r cums tance  leads to the se lec t ive  fo rmat ion  of liquid phase 
along gra in  boundar ies  and to the ca tas t roph ic  loss  of p las t ic i ty  under external  loads. 

Although the re  is no t e r n a r y  eutect ic  composi t ion  in the S n - P b - I n  sys t em,  lead along the boundar ies  
of tin g ra ins  should fac i l i ta te  the fo rma t ion  of liquid phase there ,  s ince there  is a min imum on the liquidus 
curve  of the b ina ry  Pb- - In  s y s t e m  [8, 9]. 

The high plas t ic i ty ,  low mechanica l  s t rength,  and quite pronounced s t ruc tu ra l  homogenei ty of the 
eutect ic  al loy (due to i ts  highly d i spe r sed  s t ruc ture)  a r e  apparent ly  respons ib le  for  the inabili ty of liquid 
indium to sharp ly  reduce  the p las t ic i ty  of this alloy. 
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