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Study of energy  re la t ions  in compact ion is based on measu r ing  the work  of compaction,  the heat being 
evolved, and the energy being absorbed by the m a t e r i a l  [1]o The las t  of these  quanti t ies may  be obtained as 
the d i f ference  between the work  of deformat ion  and the heat evolved~ 

In the compact ion of powder mix tures ,  mutual  diffusion of the components  undergoing deformat ion  
takes  place in the contact  reg ions .  As a resul t ,  surface  solid solutions a re  fo rmed.  The diffusion leads to 
a nonmechanical  densif icat ion of the ma te r i a l ,  which lowers  the work  of deformat ion  and i n c r e a s e s  the 
amount of heat  evolved in the f o r m  of heat  of diffusion. Fo r  this reason ,  the energy  absorbed  in the c o m -  
paction of mix tu re s  is lower  than that absorbed  in the compact ion of pure  meta l s .  

In the f i r s t  approximat ion,  it may  be a s sumed  that the d e c r e a s e  in the ene rgy  absorbed  is equal to 
the heat  of diffusion. With this assumpt ion,  it is poss ib le  to p e r f o r m  cer ta in  calculat ions,  the r e su l t s  of 

wh ich  a re  p re sen ted  below. It may be noted that, owing to the diffusion phenomena in sur face  layers ,  en-  
e rgy  absorpt ion is not an additive function of concentrat ion.  

EXPERIMENTAL METHOD A N D  RESULTS 

Powder mixtures were pressed, as in the earlier studies [i, 2], using a UM-5 tensile testing machine, 
in a die of 14-ram diameter at a punch-travel rate of 4 ram/rain. The final compact height was approxi- 
mately equal to the compact diameter. The test temperature was 20~ 

During compaction, two diagrams were recorded simultaneously. One of these, pressure vs punch 
travel, was recorded by means of the diagram-plotting apparatus of the testing machine and the other, tem- 
perature vs compaction time, with an electronic potentiorneter. The characteristics of these diagrams 
could readily be compared for any instant of compaction, because the rate of compaction was constant. By 
processing compaction indicator diagrams, values of density at various specific pressures were obtained, 
and in addition specific work of compaction was computed. The work of elastic deformation of each powder 
and of the press components was subtracted from the total work. 

Using a differential thermocouple, the compact and die temperatures were measured at various points. 
Once the temperatures to which different zones in the die were heated up were determined, it was possible 
to calculate the amount of heat evolved. The heat lost to the surrounding atmosphere during compaction 
was calculated from a cooling curve recorded after the cessation of compaction. 

Thus, using experimental data on work of compaction, energy of elastic deformation, temperature 
rise in the material, and heat received by the die as a result of the cooling of the compact, and knowing the 
mass of the material and its specific heat, it was possible to determine the energy absorbed by the mate- 

rial being densified. 

To prepare mixtures, use was made of industrially-manufactured aluminum, iron, and copper pow- 
ders, as well as a zinc powder obtained by the mechanical comminution of solid metal. The specific sur- 
face area, measured with a Tovarov instrument, was 800 cm2/g for the aluminum powder, 590 cm2/g for the 
iron powder, 1374 cm2/g for the copper powder, and 727 cm2/g for the zinc powder. 

* Deceased. 
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Fig. I. Compaction curves for A1 + Zn mixtures. 

Fig. 2. Influence of porosity on specific work of compaction 

for Al + Zn mixtures. 
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Fig. 3. Influence of porosity on energy absorbed for A1 + 

Zn mixtures. 

Fig. 4. Influence of porosity on energy absorbed for A1 + 

Cu mixtures. 

Compacting was performed on AI + Fe, AI + Cu, and AI + Zn mixtures. Figure 1 presents compaction 

curves for the pure AI and Zn powders and their mixtures. As the Zn content of A1 is increased, the curves 

rise higher. The same is observed also in the case of Cu and Fe added to A1. 

The effect of porosity on specific work for pure Al and Zn powders and their mixtures is illustrated 

in Fig. 2. As the amount of Zn in Al is increased, the curves drop lower and lower, while the curve for 

pure Zn occupies the lowest position. However, the curve for pure AI does not fit into this general pattern. 

In Figs. 3 and 4 is shown the effect of porosity on the amount of energy absorbed for Al + Zn and Al + Cu 

mixtures. An analogous relationship is observed also for A1 + Fe mixtures. 
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In tegra l  r e la t ive  energy  absorpt ion for  A1 + Cu mix tu res .  

Different ia l  re la t ive  energy  absorpt ion for  A1 + Cu m i x -  
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Fig.  7. Dependence of m a x i m u m  en-  
e rgy  absorpt ion  on concentrat ion for  
A1 + Fe, A1 + Zn, and A1 + Cu mix tu res .  

F igure  5 shows in tegra l  re la t ive  energy  absorpt ion at in -  
dividual s tages  of compact ion of A1 + Cu mix tu res .  Dif ferent ia l  
re la t ive  absorpt ion in the compact ion of A1 + Cu mix tu re s  is  i l -  
lus t ra ted  in Fig. 6. Here ,  as for  homogeneous powders  [1], r e l -  
at ive absorpt ion p a s s e s  through a m a x i m u m  at a ce r t a in  density,  
which is evidently linked with a s t rength  loss  of the m a t e r i a l  at 
high degrees  of densif icat ion.  

The energy  d i scharge  accompanying the s t rength  loss  of 
the m a t e r i a l  shows up pa r t i cu l a r ly  c l ea r ly  on curves  of d i f fe r -  
ential  re la t ive  absorpt ion.  At high degrees  of densification,  d i f -  
fe rent ia l  absorpt ion in individual s tages  of compact ion becomes  
negat ive.  This  indicates  that, at  such deg rees  of densif icat ion,  
the amount of heat  l ibera ted  is g r e a t e r  than the work  of d e f o r m -  
ation. Such a phenomenon can only take p lace  when the ene rgy  
s tored  up by the lattice in the p reced ing  compact ion s tages  is 
r e l eased .  

The p r e s e n c e  of a m ax i m um  of absolute absorpt ion and the exis tence  of regions  of negative d i f f e ren-  
t ial  absorpt ion  have a l ready  been obse rved  by the authors  for  homogeneous meta l  powders  [1]. It has now 
been es tab l i shed  that  the same  phenomena occur  also in the compact ion of powder mix tu re s .  

I n f l u e n c e  of  M i x t u r e  C o n c e n t r a t i o n  on  E n e r g y  A b s o r p t i o n  

The concentrat ion of a mix ture  ve ry  s t rongly  affects  ene rgy  absorpt ion.  F igure  7 shows the depend-  
ence of m a x i m u m  energy  absorbed  on concentrat ion,  in a tomic  pe r  cent, for  A1 + Fe, A1 + Zn, and A1 + Cu 
mix tu res .  It will be seen f r o m  this f igure that, in the compact ion of pure  A1, subs tant ia l  energy absorpt ion,  
at taining a m a x i m u m  of 1.3 cal/g,  is  observed .  

Cu, Fe, and Zn additions lead to a drop of specif ic  absorpt ion .  The mos t  effect ive in this  r e sp ec t  a r e  
Cu additions.  Energy  absorpt ion in this case  d e c r e a s e s  to 0.62 cal/g (at 30 at.% Cu), i .e. ,  to about 50% of 
the absorp t ion  of pure  A1. Let us note that m a x i m u m  absorpt ion in the compact ion of pure  Cu is 0.58 cal/g.  
Fe  additions a re  slightly less  effect ive in lowering the absorpt ion,  which d e c r e a s e s  to 0.78 cal/g at 50 at.%. 
Energy  absorpt ion  in pure  Fe is 0.80 cal/g.  Zn additions in amounts  of up to 20 at.% have a s m a l l e r  effect  
on the absorpt ion  than the o ther  two e lements .  At higher  concentrat ions,  Zn additions a r e  more  effect ive 
than Fe in lowering the absorpt ion.  This  is  evidently linked with the fact that the absorpt ion  in pure  Fe 
(0.80 cat/g) is g r e a t e r  than in pure  Zn (0.59 cal/g). Hence, in o rde r  of dec reas ing  capaci ty  for  reducing 
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Fig. 8. Dependence of energy 
absorption on poros i ty  for A1 
and Cu taken in rat io of 50 : 50 
at.% in compaction of separate  
layers  (I) and mixtures  (It). 

energy absorption, the elements  investigated, present  in small  amounts 
(up to 10-15 at.%), form the following se r i e s :  Ca, Fe, and Zn. 

It is in teres t ing to compare  these resul ts  with data on the influence 
exerted by the addition of these elements  on the e lec t r ica l  conductivity of 
alloys [3]. Here, the o rde r  is reversed .  Zn is the most  effective and is 
followed by Fe and, finally, by Cu. It may be assumed that an addition 
which has less effect on the e lec t r ica l  conductivity of A1, i.e., produces 
less distort ion of the A1 lattice, diffuses bet ter  into A1 during compaction 
mud fo rms  more  saturated surface solutions. A decrease  in energy ab-  
sorption is linked with lowered absorptive capacity of these solutions. 

Additions of A1 to Cu, Zn, and Fe invariably produce increased  ab-  
sorption.  This phenomenon is evidently due to the high absorptive cap-  
acity of Alo 

Let us examine the solubility of additions in A1. Copper is soluble 
at 550~ in amounts up to 5.6%. With lowering tempera ture ,  the solubility 
drops to 0~ at 200~ Solubility at room tempera ture  would be expected 
to be even less .  Iron dissolves  in A1 at 665~ up to 0.052%. With drop in 
tempera ture ,  the solubility decreases ,  and at 500~ is less than 0.01% [4]. 

Zinc is soluble in A1 at 100~C up to 107 at.%. With decreas ing  tempera ture ,  its solubility sharply drops.  
As can be seen, all these additions are  soluble in A1 and are  capable of forming solid solutions. Their  so l -  
ubility, however,  is low [4]. 

Next, let us consider  the solubility of A1 in Zn, Fe, and Cu. The solubility of A1 in Zn is low - about 
0.1 at.% at room tempera ture .  The solubility of A1 in Cu is relat ively high - up to 20 at.% at room t e m p e r -  
ature.  A1 also dissolves  quite extensively in Fe [5]. Thus, formation of surface solid solutions is enfirely 
feasible, since all these mixtures  exhibit some solubility of the i r  components at low tempera tu res .  

Energy absorption during the compaction of mixtures  is different in cha rac t e r  f rom that occur r ing  
during the deformation of alloys.  In the lat ter  case [6], energy absorption is enhanced, which is attributed 
to lattice distort ion by foreign a toms.  In contrast ,  energy absorption in the compaction of mixtures  is less 
than for pure metals .  This is ascr ibed  to the fact that in mixture compaction mater ia l s  are  formed in the 
course  of press ing,  whereas  in alloy deformation p r e - f o r m e d  sys tems  are  involved. 

In the compaction of a mixture,  the energy of formation is l iberated in the fo rm of heat, which is 
added to the energy evolved during deformation.  Thus, the amount of heat l iberated in this case will be 
more,  and the energy absorbed less,  than in the deformation of p r e - fo rmed  alloys.  This phenomenon of 
decreased energy absorption in the compaction of mixtures has been observed in all cases investigated by 

the authors. It occurs in the compaction of A1 + Fe, Al + Cu, and Al + Zn, as well as of Cu + Zn, Cu + Sn, 

and NaCl +KCI mixtures. 

Compaction of Layered Materials and of Mixed Compositions 

To show up more  c lear ly  the effects of nonmechanical  interaction of components,  the following two 
exper iments  were  conducted: in one experiment  the components were introduced into the die in the form 
of separate  layers  located one above the other, and in the other experiment  the components were mixed be -  
fore compaction.  Nonmechanical  interact ion of the d iss imi la r  components was slight in the fo rmer  case 
and substantial  in the latter.  

We will examine the resu l t s  obtained for  Cu + AI mixtures  with component ra t ios  of 70 . 30 and 
50 : 50 at.%. Figure  8 i l lus t ra tes  the effects  of poros i ty  on energy absorbed for the compaction of Cu and 
A1 layers  and of a mixture of these metals .  It can be seen f rom the figure that Wma x is 0.75 ca!/g for the 
compaction of separate  layers  and 0.67 cal/g for the compaction of mixtures .  

Hence, the reduction in energy absorption is 0.06 cal/g. On the basis of the foregoing considerations,  
we will take this to be equal to the energy of penetrat ion of atoms in diffusion. Using calculations analogous 
to those pe r fo rmed  in [2], we find that the mean thickness of the surface layer involved in the diffusion p r o -  
cess  is of the o rder  of 0.4 #.  Such a considerable thickness is apparently due to the low solubility of copper 
in aluminum. At a given quantity of atoms which have taken par t  in diffusion, the lower the solubility the 
g rea te r  is the thickness  of this layer .  
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C O N C L U S I O N S  

1. In the compaction of powder mixtures ,  energy absorpt ion takes place as in the case of pure metals .  
Relative absorpt ion at f i r s t  increases ,  attains a maximum, and then falls  off. At high degrees  of densi f ica-  
tion, d i f ferent ia l  re la t ive  absorption becomes negative because of a marked strength loss exper ienced by 
mater ia l s  being compacted.  

2. Energy absorption is not an additive function of concentrat ion.  This finding is supported by a hy-  
pothesis  postulating the format ion of surface solid solutions in the contact zones of powders being compacted.  

3. Additions of Fe, Cu, and Zn in A1 lower energy absorption.  

4. Additions of A1 in Fe,  Cu, and Zn increase  energy  absorption owing to the high absorptive capacity 
of A1. 

5. The thickness of the surface sol id-solut ion layers ,  as calculated f rom the drop in energy absorp -  
tion, is  of the o rde r  of 0.4 p .  

1. 

2. 
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4. 
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