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The s in t e r ing  of powder  compac t s  to a r e l a t i v e  dens i ty  of 85-90% n e c e s s i t a t e s  the use of high t e m -  
p e r a t u r e s  (0.7-0.8 Tm).  At  such t e m p e r a t u r e s ,  me ta l  a toms a re  highly mobi le ,  and d i f fus ion-v i scous  flow 
of m a t e r i a l  is the main mechan i sm of dens i f ica t ion  of powder  compac ts .  However,  s i n t e r ing  is v e r y  often 
p e r f o r m e d  at t e m p e r a t u r e s  below 0.7 Tm, while ac t iva ted  s in t e r ing  is poss ib le  even below 0.5 Tm. A t s u c h  
t e m p e r a t u r e s ,  the va lues  of the coeff ic ients  of ser f -d i f fus ion  and mutual  diffusion a r e  tow, and the r a t e s  of 
m a t e r i a l  t r a n s p o r t  by the d i f fus ion-v i scous  mechan i sm const i tute  a f rac t ion  of the obse rved  r a t e s  of d e n s i -  
fic at ion.  

In the p r e sen t  Inves t iga t ion  an a t t empt  was made to compare  the degree  to which diffusion takes  place  
dur ing  the s in te r ing  of spec imens  and the deg ree  of dens i f ica t ion  of s pe c i m e ns .  A mix ture  of tungsten and 
molybdenum powders  was se l ec t ed  fo r  s tudyl  up to 0.5 wt. % nickel  was added to the mix ture  of ac t ivate  
s in t e r ing ,  s ince  it is known that  such an addi t ion of n ickel  leads ~o ac t ive  s in te r ing  of both tungsten and 
molybdenum [1]. 

The sy s t ems  W-Ni  and Mo-Ni have s i m i l a r  p r o p e r t i e s ,  and the following is known about them:  Both 
W and Mo d i sso lve  in n icke l  with the fo rma t ion  of sol id  solut ions (up to 40% W and 37% Mo). Nickel  f o r m s  
eu tec t ics  with both tungsten (at 1495 ~ C)andmolybdenum (at 1350~ [2]. A t t h e s e  t e m p e r a t u r e s  the eu tec t ics  
contain up to 0.8% Ni. As t e m p e r a t u r e  is lowered,  the so lubi l i ty  of n ickel  d e c r e a s e s .  The coeff ic ients  of 
volume diffusion into n ickel  a r e  D = 1.13 exp (73,000/RT) fo r  tungsten [3] and D = 1.6 �9 10 -3 (50,900/RT) 
f o r  molybdenum [4]. The coeff ic ients  of diffusion of n ickel  into these me ta l s  a r e  not known, but qual i ta t ive  
evaluat ions  have indicated that  the pe rmea t ion  of n ickel  into W and Mo is negl ig ib le  [1, 5]. Thus,  t h eW -Ni  
and Mo-Ni  p a i r s  exhibi t  pronounced unipola r  diffusion.  

The s y s t e m  W-Mo f o r m s  a continuous s e r i e s  of sol id  solut ions in both the liquid and sol id  s t a t e s .  

The following expe r imen t s  were  p e r f o r m e d .  Specimens  compacted  f r o m  a mix ture  of W and Mo pow- 
d e r s  (50 vol.  %) were  impregna ted  with an aqueous n ickel  n i t r a t e  solution in amounts  ca lcu la ted  to i n t r o -  
duce up to 0.5 wt. % Ni into the s p e c i m e n s .  They were  then annealed for  1 h at 600 ~ C t.o r educe  the n ickel .  
Spec imens  f r o m  the pure  mix ture  we re  s i n t e r e d  fo r  2 h at  1200 ~ C and for  1 h at  1800 ~ C. Specimens  f r o m  
the n icke l -con ta in ing  mix ture  were  s in t e r ed  at  1200 ~ C. F o r  compar i son ,  pure tungsten and molybdenum 
spec imens  were  s in t e red  at 1200 ~ C. 

Both before  and a f t e r  s in t e r ing ,  the r e l a t i ve  dens i ty  of spec imens  was de t e rmined  and prof i le  d i a g r a m s  
of the l ines (321) were  r e c o r d e d .  Photography was p e r f o r m e d  in a URS-50I appa ra tus ,  using monochro -  
ma t i zed  copper  rad ia t ion .  The r e s u l t s  obtained a r e  p r e sen t ed  in the table and f i g u r e s .  

Change in Relative Density of Specimens after Sintering 

Sintering Sintering Initial rel. Rel. density 
Specimen composition 

temp., ~ time, h density, % aftersintering, % 

Pure  tungsten . . . . . . . .  
Pure  molybdenum . . . . . .  
Tungsten + molybdenum . . 
Tungsten + molybdenum 
+ n ickel  . . . . . . . . . . . . .  
Tungsten + molybdenum . . 

1200 
1200 
1200 

1200 
1800 

Mean va lues  of th ree  r e s u l t s  a r e  quoted.  

2 
2 
2 

60 
65 
52 

52 
54 

60 
70 
65 

90 
85 
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F i g .  1. P r o f i l e  d i a g r a m  of l i ne s  021)  
of s p e c i m e n  a f t e r  s i n t e r i n g  of 1200 ~ C. 
R e l a t i v e  d e n s i t y  of s p e c i m e n  65%. 

Fig. 2. 
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The  s a m e  a s  f o r  F i g .  1, a f t e r  
sintering at 1800 ~ C. Relative density 
of specimen 85%. 
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Fig. 3. Profile diagram of lines (321) of 
specimen with nickel addition after sin- 
tering at 1200 ~ C. Relative density of 
specimen 90%. 

As can  be  s e e n  f r o m  the t a b l e ,  a r e l a t i v e  d e n s i t y  of 
90% m a y  be  a t t a i n e d  a t  1200 ~ C by  add ing  n i c k e l  to  the  s p e c i -  

m e n .  At  th i s  t e m p e r a t u r e  n e i t h e r  the  p u r e  p o w d e r s  n o r  
t h e i r  m i x t u r e  e x h i b i t e d  such  a d e g r e e  of d e n s i f i c a t i o n .  I t  
was  only  a t  1800 ~ C tha t  the  r e l a t i v e  d e n s i t y  of the  p o w d e r  
m i x t u r e  r e a c h e d  85%. The  c o e f f i c i e n t  of s e l f - d i f f u s i o n  of 
t u n g s t e n  and m o l y b d e n u m  a t o m s  a t  1200 ~ C d o e s  n o t e x c e e d  
10-2~ -22 c m 2 / s e c .  T h e s e  v a l u e s  a r e  too  low to e n a b l e  
d i f f u s i o n - v i s c o u s  f low to s e c u r e  a s i g n i f i c a n t  d e n s i f i c a t i o n  
of the  s p e c i m e n .  At  1800 ~ C, the  c o e f f i c i e n t s  of m u t u a l  d i f -  
f u s i o n  of W and Mo a r e  2.30 . 10 -8 and 3.80 " 10 -9 c m 2 / s e c ,  
r e s p e c t i v e l y  [7]. A t  such  v a l u e s  of the  c o e f f i c i e n t s  of d i f -  
fu s ion ,  a s o l i d  s o l u t i o n  is  f o r m e d  b e t w e e n  W and Mo.  Th i s  
c l a i m  is  fu l ly  s u p p o r t e d  b y  p r o f i l e  d i a g r a m s  of the  l i ne s  
(321) (Figs. 1 and 2). 

Figure 1 presents line profile diagrams obtained for 
compacts from the powder mixture before and after sin- 
tering at 1200 ~ C; the lines virtually coincided. The maxima 
of the tungsten and molybdenum lines were distinctly sep- 
arated, the distance between them being equal to the value 
obtained from tables, namely, an angle of 37' [8]. Figure 2 
shows a line profile diagram for a specimen sintered at 
1800 ~ C. As can be seen from the shape of this curve, a 
W-Mo solid solution forms at this temperature; the maxima 
are no longer clearly divided, and the distance between them 
has decreased. Figure 3 illustrates a line profile diagram 
for a sintered specimen with a nickel addition. Although the 
relative density of the specimen was 90%, the shape of the 
curve indicates that no solid solution has formed, and the 
distance between the distinct maxima has remained un- 
changed (37'). The results obtained demonstrate that ma- 
terial transport during densification at high temperature 
t a k e s  p l a c e  by  the  d i f fu s ion  m e c h a n i s m .  

I t  is  a p p a r e n t  t ha t  m u t u a l  d i f fu s ion  p r o c e s s e s  enab l e  
c o m p a c t s  to a t t a in  a r e l a t i v e  d e n s i t y  of 85% at  1800 ~ C. In 
f a c t ,  c a l c u l a t i o n s  showed  tha t  the  t i m e  r e q u i r e d  f o r  the c o n -  
s o l i d a t i o n  of a s p e c i m e n  f r o m  65 to 85% r e l a t i v e  d e n s i t y  a t  
1800 ~ C b y  the m e c h a n i s m  of d i f f u s i o n - v i s c o u s  f low wi thout  
a l lowing  f o r  m u t u a l  d i f fu s ion  is  200 h.  The  m e t h o d  of c a l -  
c u l a t i o n  was  the  s a m e  as  in [9], whi le  the  c o e f f i c i e n t  of v i s -  
c o s i t y  f o r  the  m i x t u r e  was  c a l c u l a t e d  by  the m e t h o d  p r o -  
p o s e d  in [10]. C a l c u l a t i o n  was  p e r f o r m e d  on the  a s s u m p t i o n  
tha t  t u n g s t e n  and m o l y b d e n u m  do n o t  r e a c t  wi th  e a c h  o t h e r  

d u r i n g  s i n t e r i n g .  The b l o c k  s i z e  was  d e t e r m i n e d  e x p e r i m e n t a l l y  and found to be  4.0 ' 10 -s  c m ;  the  
s u r f a c e  t e n s i o n  was  c o m p u t e d  by  P i n e s '  m e t h o d  [11]. 

The  v a l u e s  of the c o e f f i c i e n t s  of d i f fu s ion  a t  1800 ~ C, e m p l o y e d  in the  c a l c u l a t i o n ,  w e r e :  D = 1.0 �9 
10 -12 c m 2 / s e c  f o r  t u n g s t e n  and D = 6.8 �9 10 -12 c m 2 / s e c  f o r  m o l y b d e n u m .  T h e s e  v a l u e s  a r e  s o m e  f o u r  o r d e r s  
of m a g n i t u d e  s m a l l e r  than  the c o e f f i c i e n t s  of m u t u a l  d i f fus ion .  B e c a u s e  of th i s  d i f f e r e n c e  b e t w e e n  the  c o -  
e f f i c i e n t s  of d i f fus ion  and a l s o  as  a r e s u l t  of b o u n d a r y  d i f fus ion ,  the r a t e  of d e n s i f i e a t i o n  of W - M o  s p e c i -  
m e n s  is  s u b s t a n t i a l  a t  1800 ~ C. The s i n t e r i n g  of a m i x t u r e  of t u n g s t e n  and m o l y b d e n u m  u n d e r  t h e s e  c o n d i -  
t ions  is  d i f f u s i o n a l  in c h a r a c t e r ,  as  i n d i c a t e d  by  the f o r m a t i o n  of a s o l i d  s o l u t i o n .  

During sintering with a nickel addition, the process exhibited no diffusional characteristics. In spite 
of the high degree of densification (to 90% relative density), the shape of the profile of the lines (321)pointed 
to an absence of a solid solution in the sintered specimen. 
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On the bas i s  of data  avai lable  for  the s y s t e m s  W-Ni and Mo-Ni it may  be expected that a v i r tua l ly  
unipolar  diffusion of tungsten and molybdenum into nickel  mus t  be a source  of a la rge  quantity of excess  
vacanc ie s .  The i r  concentra t ion  will g rea t ly  exceed,  as a r e su l t  of diffusion, the i r  equi l ibr ium level .  Excess  
vacanc ies  may  be annihilated through coa lescence  into mic rovo ids  (caverns) .  Both excess  vacanc ies  and 
cave rns  promote  vacancy  c l imb at r e l a t ive ly  low t e m p e r a t u r e s  [6], the  p roce s s  taking place at s t r e s s e s  
below the yield s t r e s s  of the m a t e r i a l .  Such a growth and c l imb of dis locat ion loops as a r e su l t  of vacancy  
absorp t ion  was obse rved  in zinc, in which excess  vacanc ies  were  fo rmed  in consequence of the diffusion of 
zinc into an oxide l aye r  undergoing nucleation [13]. In addition, excess  vacanc ies  may  be annihilated on 
dis locat ions ,  and, at a sufficient  degree  of supe r sa tu ra t ion  with vacanc ies ,  this p rocess  mus t  lead to a con-  
tinuous evolution of dis locat ions  capable  of l imited s l ip [12]. It is ,  in fact ,  these  p r o c e s s e s  that will cause  
the m a t e r i a l  to yield.  During the s in ter ing  of W-Mo spec imens  with an addition of nickel ,  this appears  to be 
the pr inc ipa l  m e c h a n i s m  of densif icat ion.  

CONCLUSIONS 

I. The sintering of specimens from a mixture of tungsten and molybdenum powders takes place by 
the diffusion mechanism at temperatures at which the values of the coefficients of mutual diffusion attain 
10-9 _I0-8 c m 2 / s e c .  

2. An addition of up to 0.5% nickel  ac t ivates  the s in ter ing  of W-IVIo spec imens  at  1200 ~ C and enables  
a re la t ive  densi ty  of 90% to be attained a f te r  holding fo r  1 h. 

3. During the act ivated s in ter ing  of W-Mo spec imens ,  no solid solution fo rmat ion  was observed.  It is 
probable  that the dis locat ion m e c h a n i s m  is chiefly respons ib le  fo r  densif icat ion during act ivated s in ter ing.  
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