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The effects  of poros i ty  on the p r o p e r t i e s  of s ing le -phase  s in tered  m a t e r i a l s  have a l ready  been inves -  
t igated by a number  of authors .  Ryshkewitch,  working with po lycrys ta l l ine  a lumina and z i rconia  spec imens ,  
obtained the following, nowadays wel l - l~own fo rmula  for  the re la t ionship  between poros i ty  and c o m p r e s s i v e  
s t rength  [1, 2]: 

S = S0e -~p, (1) 

where  S is the s t rength  of a porous  m a t e r i a l ,  S O the s t rength  of the same  m a t e r i a l  in the nonporous condi-  
tion, b a constant ,  and P the po ros i ty  e x p r e s s e d  as a f rac t ion  of unity, i .e . ,  the rat io  of the pore  volume to 
the whole volume of the ma te r i a l .  

In [3, 4], it is shown that Ryshkewi tch ' s  equation also desc r ibe s  sa t i s fac to r i ly  the poros i ty  dependence 
of the tensi le  s t rength,  ha rdness ,  elongation, and impact  s t rength  of var ious  s in te red  m a t e r i a l s  (both c e -  
r a m i c  and metal l ic) .  The var ia t ion  of the t he rma l  and e l ec t r i ca l  conductivi t tes  of s in te red  m a t e r i a l s  with 
poros i ty  was invest igated by Kingery  [5], who found that i nc reases  in poros i ty  produced a lmos t  propor t iona l  
d e c r e a s e s  in the conductivi t ies .  These findings apply to s ing le -phase  m a t e r i a l s  of apprec iab le  poros i ty  (up 
to 50-70 vol. %), produced by sol id-phase sintering.  

W C - C o  hard  al loys a re  dis t inguished f rom such m a t e r i a l s  by their  high density,  which is a resu l t  of 
s in ter ing  in the p r e s e n c e  of a liquid phase.  The i r  res idual  poros i ty  is v e r y  low, as  a rule  l e s s  than 0.5 
vol. %. Yet exper ience  shows that the volume and size of the por3s  in hard  a l loys  have a marked  effect  on 
their  propert ies~ Anderson [6] notes that res idual  poros i ty  in W C - C o  al loys  substant ia l ly  d e c r e a s e s  the i r  
t r a n s v e r s e  rupture  s t rength  (from 340 to 290 k g / m m  2 for a W C - C o  al loy with 10% of cobalt).  At the same  
t ime,  poros i ty  has a pronounced de le te r ious  effect  on the homogenei ty of al loys.  S imi la r  data, actual ly  r e -  
vealing an even s~conger effect  of poros i ty  (a 20-25% d e c r e a s e  in t r a n s v e r s e  rupture  strength),  a re  cited 
by Japanese  inves t iga to r s  [7, 8]. Loshak  [9] found that, for  s tandard  W C - C o  al loys ,  t r a n s v e r s e  rap tu re  
s t rength  was reduced by 15%, and fatigue life by a fac tor  of about nine compared  with nonporous alloys.  

The p re sen t  work  was under taken with the a im of  conducting a sys temat ic  invest igat ion into the.effects  
of poros i ty  upon the p r o p e r t i e s  of hard a l loys  and es tab l i sh ing  re levan t  quantitative re la t ionships ,  since 
published invest igat ions along these l ines a re  lacking. A WC - C o  al loy with a cobal t  content  of 8 wt. % 
(VK8 alloy) was chosen for  investigation.  Specimens  were  produced having dif ferent  poros i t i e s  and pore 
s izes  - fine (less than 50 g) and l a rge  (more than 50 g). This was effected by adding a p o r e - f o r m i n g  agent  - 
po t a s s ium chloride - to the WC - C o  mixture .  This compound has a boiling point (1406~ lying within the 
s in te r ing  t e m p e r a t u r e  range of VK8 al loy and can the re fo re  be expected to be comple te ly  removed  in the 
l a s t  s tage of densif icat ion dur ing s inter ing,  leaving its t r a c e s  in the f o r m  of pores .  This proved  in fact  to be 
the case :  Metal lographic  examinat ions  and spec t ra l  and x - r a y  s t ruc tu ra l  ana lyses  revea led  that the s in te red  
a l loys  invest igated were  en t i r e ly  f ree  f rom potass ium.  Alloys of d i f ferent  pore  s i zes  were  obtained by 
varying the method of addition of po ta s s ium chloride to the ha rd -a l loy  mixture .  

Po ros i ty  was de t e rmined  as the ra t io  of the total a r e a  of pores  of -> 10-~ size in a mic rosee t ion  (• 100) 
to the whole a r e a  of the mic rosec t ion .  All the spec imens  invest igated were  subjected to this examination.  
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Fig. 1. Variat ion of m a g -  
netic pe rmeab i l i t y  of VK8 
al loy with volume content 
of fine (1) and large  pores  
(2). 
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Fig. 2. Variat ion of Rockwell 
ha rdness  HRA (1, 2) m~d Vickers  
ha rdnes s  HV (3, 4) of VK8 a l -  
loy with volume content  of fine 
(1, 3) and la rge  pores  (2, 4). 
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In each  s e r i e s  of t e s t s ,  use was made of control  spec imens  of 
zero  o r  nea r ly  zero  poros i ty ,  which were  p r e p a r e d  by a specia l  
teclmique f rom the given batch of charge  mate r ia l .  Tes t s  were  
c a r r i e d  out on two-ptmse spec imens  having a fa i r ly  even d i s t r i -  
bution of ca rb ide  gra ins  and approx~:mately the same  mean c a r -  
bide grain  s ize (1.9-2.1 /~). 

The density,  e l ec t r i ca l  r e s i s t iv i ty ,  and normal  e las t ic  mod-  
ulus values  obtained were  fotmd to be v i r tua l ly  unaffected by the 
pore  content of spec imens  and independent of pore  s ize.  

With inc rease  in poros i ty ,  the maguet ic  pe rmeab i l i t y  of 
the m a t e r i a l  (Fig. 1) grew,  while its Rockwell  and Vickers  hard~ 
hess  (Fig. 2), t r a n s v e r s e  rupture  s t rength  ( three-point  bending 
scheme)  at  room and e levated t e m p e r a t u r e s ,  impac t  s t rength ,  
fatigue life in s y m m e t r i c a l  cyclic  bending (Fig. 3), and a r b i t r a r y  
life coeff ic ient  in the turning of g ray  cas t  iron (Fig. 4) d e c r e a s e d  
exponentially for both por~ size groups (fine and large}. 

With increase in porosity, both the fatigue life, determined 
under cyclic loading conditions, and the transverse ruplur:~ 
strength, determined under static loading conditions, decreased, 
the former more sharply than the latter. At a porosity of 0.1 
vol. % (large pores), air decreased by about 20% and the fatigue 
life by a factor of 10; with fine pores, air diminished on the av- 
erage by 10 % and the fatigue life by aboat half. 

The variation of the yield (0.1% proof) stress told compres- 
sive streng[h (Fig. 5) was essentially similar to the variation of 
the other properties, as described above. However, the fall in 
compressive strength with increase in porosity was much less 
pronounced than the fall in transverse rupture strength, even in 
the range of small por:e volumes. A still greater difference was 
that the absolute values of yield stress and strength were larger 
for the alloys with large pores than for the alloys containing only 
fine pores~ 

DISCUSSION OF RESULTS 

The apparent independence of the density, electrical re- 
sistivity, and modulus of normal elasticity of VK8 alloy from 
porosity over the per9 volume range from zero s 1 vet % is 
evidently attributable to insufficient sensitivity of the standard 
methods of measurement of these magnitudes at the very low 
porosities investigated. 

The magnetic permeability o~ the alby is more sensitive 
in this respect than its other magnetic characteristics (for ex- 
ample, coerc ive  force).  It is lmown that coe rc ive  force can be 
expected to grow with inc rease  in the volume content  of non- 
magnet ic  inclusions and with d e c r e a s e  in the i r  size [10]~ As the 
var ia t ion  of magnet ic  pe rmeab i l i ty  is as a rule opposi te  to that of co-  
e r c ive  force ,  the magnet ic  pe rmeab i l i t y  of the al loy was found to grow 

Fig. 3. Variat ion of t r a n s v e r s e  rupture  s t rength  Crtr at  r oom 
t e m p e r a t u r e  (1, 2) and 800~ (3, 4), impac t  s t rength  a k (5, 6) and 
fatigue life Nf (7, 8) of VK8 alloy with volume content  of fine (1, 
3, 5, 7) and large  pores  (2, 4, 6, 8). 
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Fig. 4. Variation of a r b i t r a r y  
life coeff ic ient  of VK8 alloy in 
turning of ca s t  iron with volume 
content of fine (1) and large  
pores  (2). 

with inc rease  in por~ size.  It is not yet  possible  to explain why 
the magnet ic  pe rmeab i l i ty  gr~w with inc rease  in pore volume 
content (Fig. 1). It is quite probable ,  however ,  that the poc~ 
shape fac tor  played an impor tan t  par t  in this phenomenon. 

The exponential  c h a r a c t e r  of the cu rves  in Figs.  2-5 is un-  
doubtedly linked with s t r e s s  concentrat ion in pores ,  resul t ing in 
the initiation of c r a c k s  following the applicat ion of a c o m p a r a -  
t ively light ex terna l  load [5]. As the number  of pores  per  unit 
volume and hence their  volume fract ion grow, it becomes  in- 
c r eas ing ly  probable  that a pore  having the mos t  dangerous shape 
and occupying the mos t  dangerous  position will appea r  in the 
ma te r i a l .  Such a pore  will lead to max imum s t r e s s  concen t r a -  
tion and initiate a c rack .  It is reasonable  to a s sume  that the 
probabil i ty  of such a dangerous  pore ,  cha r ac t e r i z ed  by max imum 
s t r e s s  concentra t ion,  being found in the ma te r i a l  is an exponen-  
tial function of the amount  of po res  per  unit volume,  i .e. ,  

? = seXY;  (2) 

? = ae ~p, (3) 

where  T is the probabi l i ty ,  o~ and t9 a re  constants ,  N is the pore concentra t ion,  and P is the poros i ty ,  which 
leads to Ryshkewi teh ' s  equation [1]. 

As impac t  s t rength  is a function of both ul t imate  s t rength and plas t ic i ty ,  it is quite understandable  
that, with the very  smal l  change in p las t ic i ty  obse rved  for the ma t e r i a l  invest igated,  the impact  s t rength 
curve  is s i m i l a r  in shape to the ul t imate s t rength curve  (Fig. 3). The ha rdness  of the m a t e r i a l ,  too, falls 
exponential ly with inc rease  in poros i ty  (Fig. 2), since hardness  is,  of cour se ,  propor t ional  to yield s t r e s s .  

That the mechanica l  p roper ty  vs poros i ty  cu rves  for VK8 alloy have an exponential  c h a r a c t e r  is con-  
f i rmed  by the fact that plots of the r o o m -  and e l e v a t e d - t e m p e r a t u r e  t r a n s v e r s e  rupture  s t rengths  of the 
al loy cons t ruc ted  in s emi loga r i thmic  coordina tes  a r e  s t ra igh t  lines (Fig. 6). The useful life of a VK8 alloy 
tool in the turning of cas t  i ron becomes  s ho r t e r  with inc rease  in poros i ty  (Fig. 4). This is main ly  due to 
the reduction in ha rdness ,  but the reduction in s t rength  mus t  also play a par t ,  s ince tool wear  involves the 
breaking  out of fine pa r t i c l e s  (crumbling) f rom the cutt ing edge of a hard al loy tool. Since both the ha rd -  
ness  and the s t rength of the al loy d e c r e a s e  exponential ly,  its machining life curve ,  too, has an exponential  
c h a r a c t e r .  

The changes in t r a n s v e r s e  rupture  s t rength  and fatigue life were  pa r t i cu la r ly  marked  for  the m a t e -  
r i a l  with la rge  pores ,  which was linked with the l a t t e r ' s  shape. Metal lographic examinat ions  revealed  that, 

kg,Cnm21 ~ 

4OO 

35o 
i 

3oo! 

k 

~g/: 

8,I 0,2 o,~' 0,4 r 2 J ~ 5.~ 
Porosity, vol. o7~ Porosity, vol.~co 10' 

Fig. 5. Variation of c o m p r e s s i v e  s t rength  a c (1, 2) and 0.1% proof  
s t r e s s  %.1 (3, 4) of VK8 alloy with volume content of fine (1, 3) and 
large  pores  (2, 4). 
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Fig. 6. Variation of t r ansver se  rup-  
ture s t rength of VK8 alloy at room 
tempera ture  (1) and 800~ (2) and its 
impact  s trength (3) with volume f r ac -  
tion of pores ,  plotted in semi logar i th -  
mic coor=[inates. 

unlike the small  pores ,  which were spherical ,  the large pores  
were of i r r egu la r  elongated shapes and acted as "internal 
notches," bringing about an increase  in the value of coefficient 
of s t r e s s  concentration. 

A somewhat  different picture was observed in compress ion ,  
where higher values of yield s t r e s s  and ultimate strength at the 
same poros i ty  were recorded  for the alloy with large pores.  This 
was, of course  due to the fact that the res is tance  of plastic de-  
formation of WC - C o  alloys Js less in compress ion  than in t r ans -  
verse  bending, so that their britt le rupture in the fo rmer  case is 
preceded by appreciable plastic deformation.  It may be assumed 
that here the coefficient of s t r e s s  concentrat ion is much less than 
in macroscopicaHy purely bri t t le mater ia ls  [11], as a resul t  of 
which the deter iorat ion of mechanical  proper t ies  with increase  in 
poros i ty  is less  pronounced. In this case ,  the factor  of pore con-  
centrat ion,  i.e., the number of pores  per unit volume, becomes 

dominant. This factor  is favorable in the case of large pores ,  since, at any given porosi ty,  the number  of 
pores  is then less.  

Now hardness  is as a rule proport ional  to yield s t r e s s ,  and because of this the mater ia l  with large 
pores  might have been expected to exhibit higher hardness,  However, this was not the case,  possibly be-  
cause of the appearance of britt le c racks  in the co rne r s  of diamond indentations at the usual loads employed 
in hardness  determinat ions ,  as a resul t  of which plastic deformation ceased to be the decisive factor.  How- 
ever ,  more work is neces sa ry  to elucidate this point. 

CONCLUSIONS 

i. The transverse rupture strength, fatigue life in cyclic bending, ultimate strength and yield stress 
in compression, hardness, and impact strength of VK8 hard alloy decrease with increase in porosity. The 
decrease is exponential, i.e., manifests itself particularly strongly in the range of low porosities. The re- 
lationship discovered, which is satisfactorily described by Ryshkewitch's formula, is due to the fact that 
the probability of appearance of maximum (dangerous) stress concentration varies exponentially as a func- 
tion of the number of pores per unit volume. 

2. A particularly marked decrease in transverse rupture strength, impact strength, and fatigue life 
is exhibited by VK8 alloy with large pores (> 50 #). Such an alloy is characterized by higher values of yield 
stress and ultimate strength in compression. With both large and fine pores, the decrease in these charac- 
teristics is less pronounced than the decrease in transverse rupture strength, impact strength, and fatigue 
life in cantilever type cyclic bending. 

30 The useful life of a VK8 alloy tool in the turning of cast iron also decreases exponentially with in- 
crease in porosity owing to the fall in hardness and strength. 
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