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The kinet ics  of the r eac t ion  A t s  ~ + 2B(s ~ = AB~ts) was studied by d i f fe ren t ia l  t he r ma l  ana ly -  
s i s .  The A component  was Pr ,  Gd, Dy or Er,  the B was Fe, Co, or Ni and the r e su l t i ng  A B  2 
compound was a MgCu~ Laves i n t e r m e t a l l i c  compound. A genera l i zed  s e a r c h  method to de-  
t e r m i n e  the r eac t ion  m e c h a n i s m  was developed and applied to the above r eac t ions .  The r e -  
act ions  were  found to be diffusion cont ro l led  and the k ine t ics  bes t  de sc r ibed  by the Va lens i -  
Car t e r  equation.  

1- 
I N T E R M E T A L L I C  compounds conta in ing the r a r e  
ear th  me ta l s  a re  becoming  the subjec ts  of inves t iga-  
tion due to the i r  i n c r e a s i n g  indus t r i a l  impor tance .  Al-  
though the r a r e  ear ths  a re  prol i f ic  f o r m e r s  of i n t e r -  
me ta l l i c  compounds the l i t e r a t u r e  1 indicates  that the i r  
impor tance  to the s tee l  i ndus t ry  wil l  be as de su l fu r i z -  
ing and deoxidizing agents .  Many of the i n t e rme t a l l i c  
compounds of the r a r e  ea r ths  with cobalt  and nickel  
a re  used as pe rmanen t  magnets .  For  example,  p e r -  
manen t  magnets  based on SmCo 5 a r e  the mos t  power-  
ful magnets  known. Although a grea t  deal  of i n fo rma-  
t ion on the magnet ic  p rope r t i e s  of the r a r e  ear th  in -  
t e r m e t a l l i c s  is avai lable ,  2 v e r y  l i t t le  is known r e g a r d -  
ing their  the rmodynamic  and kinet ic  c h a r a c t e r i s t i c s .  
This in format ion  wil l  be useful  in unde r s t and ing  and 
pred ic t ing  the behavior  of r a r e  ear th  m e t a l s  in al loys 
and p e r m a n e n t  magnets .  

The r eac t ions  of r a r e  ear th  me ta l s  with i ron,  cobalt  
or n ickel  take place en t i r e ly  in the sol id s ta te .  Although 
the k ine t ics  of solid s tate  r eac t ions  is  a widely r e -  
sea rched  a rea ,  mos t  of the work has been done in the 
field of c e r a m i c s .  Different ia l  t h e r m a l  ana lys i s  
(DTA) s-8 has been used by many  to s tudy the k ine t ics  
of sol id s ta te  r eac t ions .  In a typical  d i f fe ren t ia l  t h e r -  
mal  ana lys i s  expe r imen t  a r eac t i ve  mix tu re  and a 
nonreac t ive  r e f e r e n c e  a re  heated at a un i form r a t e  
unt i l  the r eac t ive  mix ture  has comple te ly  reac ted .  
During that t ime  changes in the t e m p e r a t u r e  of the 
r eac t ive  mix ture  r e l a t ive  to the t e m p e r a t u r e  of the 
nonreac t ive  r e f e r e n c e  a re  measu red .  The a r e a  under 
the change in t e m p e r a t u r e  us  t ime  curve  is a m e a s u r e  
of the heat  of r eac t ion .  Different  methods have been 
suggested and used to deduce k ine t ic  data  f rom DTA 
t h e r m o g r a m s .  One of the fundamenta l  d i f f icul t ies ,  
however,  is that the r eac t ion  occur s  under  non i so -  
t he rma l  condit ions.  Kiss inger  3'4 used the va r i a t i on  
in the peak t e m p e r a t u r e  with the heat ing ra te  to de-  
t e r m i n e  the act ivat ion energy.  The o rder  of r eac t ion  
was obtained f rom the shape of the t h e r m o g r a m .  The 
f i r s t  sy s t ema t i c  method involving a t r i a l  and e r r o r  
p rocedure  was developed by Borchard t  and Daniels .  s 
The t r i a l  and e r r o r  p rocedure  involved in the above 
method was e l imina ted  by F r e e m a n  and Car ro l l .  6 
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Simmons and Wendlandt  7 have suggested some meth-  
ods for t r ea t ing  non i so the rma l  k inet ics .  In this work 
one of the methods  suggested by the above was used 
to develop a genera l i zed  method to de t e r mi ne  the r e -  
act ion m e c h a n i s m  mos t  cons i s t en t  with the expe r i -  
menta l  data.  

EXPERIMENTAL 

The k ine t i cs  for the format ion  of s e ve r a l  Laves in-  
t e r m e t a l l i c  compounds by a d i rec t  r e ac t i on  of the e l e -  
menta l  meta l s  was studied.  All compounds studied 
were of the composi t ion AB~ where the A component  
was a lanthanide e l emen t  (Pr ,  Gd, Dy or  Er) and the 
B component  a t r a n s i t i o n  meta l  (Fe, Co or Hi). The 
c rys ta l  s t r u c t u r e  of al l  the compounds s tudied was 
ident ical ,  i .e .  MgCu 2 type. The compound PrFe2 is 
nonexis tent .  F ine  e lementa l  powders of both compo-  
nents  were  mixed in s to ich iomet r ic  proport ion,  sealed 
under vacuum and subjected to d i f ferent ia l  t he rma l  
ana lys i s  (DTA). 

A d i f fe rent ia l  t h e r m a l  ana lys i s  c a l o r i m e t e r  capable 
of opera t ing  under  a vacuum of 10 -6 T o r r  up to a t e m -  
pe ra tu r e  of 1500 K was cons t ructed .  A descr ip t ion  of 
the c a l o r i m e t e r  has been given e lsewhere ."  The l an -  
thanide and t r a n s i t i o n  meta l  e l ements  were  obtained 
f rom the Ventron  Corp. and were  99.9 pct and 99+ pct 
pure,  r e spec t ive ly .  The pa r t i c l e  s ize  of the lan tha-  
nides  was 2.5 • 10 -4 m e t e r s  ( - 6 0  mesh)  and that of 
the t r ans i t i on  me ta l s  was 4 .4 •  10 -5 m e t e r s  ( - 3 2 5  
mesh) .  All me ta l  powders  were  weighed and mixed 
in a d ry  box which was main ta ined  under  a n i t rogen  
a tmosphere .  Quar tz  v ia l s  (see Ref. 8) were  used as 
con ta ine rs  for the r e a c t a n t  m i x t u r e s .  The via l  con-  
ta in ing  the r e a c t a n t  mix tu re  was sea led  off under  vac -  
uum and placed in the sample  block of the DTA. Seal-  
ing under  vacuum was done to r e s t r i c t  the evapora -  
tion, if any, to the quar tz  vial ,  and to p reven t  any oxi-  
dation dur ing  the c a l o r i m e t r i c  exper iment .  Tungsten  
powder sea led  in an ident ical  quar tz  v ia l  was used as 
the DTA r e f e r e n c e .  Once loaded with sample  and r e f -  
e rence  the c a l o r i m e t e r  was sealed,  evacuated and the 
t e m p e r a t u r e  i nc r e a se d  at a un i fo rm r a t e  of 8 K /min .  
In all  cases  the r eac t i ons  were  found to be exothermic .  
In no case  was a r eac t ion  with quar tz  observed .  

The DTA c a l o r i m e t e r  was ca l ib ra ted  u t i l iz ing  m a -  
t e r i a l s  with known heats  of fusion (see Ref. 8). The 
following equat ion was used to evaluate  the heat 
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evolved up to any given t ime  (t). 

t t t 

d A T  + f bd(AT)  + f h ( A T ) d T  [1] g =  f ad --dT- 
o o o 

H is  the hea t  evolved  up to t ime  t, AT is  the d i f f e r -  
en t ia l  t e m p e r a t u r e ,  h, the hea t  t r a n s f e r  coef f ic ien t  
as  d e t e r m i n e d  f rom the c a l i b r a t i o n  curve ,  a and b 
a r e  funct ions of the hea t  c a p a c i t i e s  and weights  of 
the  s a m p l e  and r e f e r e n c e .  The t e r m s  a ,  b and h a r e  
funct ions  of t e m p e r a t u r e .  In tegra t ion  of the above 
equat ion was done n u m e r i c a l l y  on an IBM 370 compu te r .  

The r a t e  of heat  evolut ion and the r a t e  of r e a c t i o n  
a r e  r e l a t e d  as  fol lows:  

dH dx 
dt - AHT ~ [2] 

w h e r e  x is  the  f r a c t i ona l  conve r s ion  and A H  T i s  the 
hea t  of r e a c t i o n  at  t e m p e r a t u r e  T. 

When unknown, the hea t  c a p a c i t i e s  of the i n t e r m e -  
t a l l i c  compounds we re  ca l cu l a t ed  u t i l i z ing  the Kopp-  
Newmann ru l e .  9 When th is  p r o c e d u r e  is  used  the hea t  
of r e a c t i o n  wi l l  be independent  of t e m p e r a t u r e .  F o r  
m e t a l l i c  s y s t e m s  a t  t e m p e r a t u r e s  where  the Law of 
Dulong and Pe t i t  holds ,  the hea t  of r e a c t i o n  is  n e a r l y  
independent  of t e m p e r a t u r e  ove r  a s m a l l  t e m p e r a t u r e  
i n c r e m e n t .  F o r  th is  work ,  the i n c r e m e n t  is  the t e m -  
p e r a t u r e  r a n g e  ove r  which the r e a c t i o n  t akes  p lace  
and was found to be 25~ on the a v e r a g e .  

Eq. [2] can  be i n t e g r a t e d  and combined  with Eq. [1]. 
The to ta l  hea t  evolved  dur ing  r e a c t i o n  was m e a s u r e d  
and used  to ca l cu l a t e  the f r a c t i ona l  conve r s ion  as  a 
function of t ime .  

Only those  e x p e r i m e n t s  in which the r e a c t i o n  went  
to comple t ion  we re  c o n s i d e r e d  va l id  for  a n a l y s i s .  A 
r e a c t i o n  was c o n s i d e r e d  c o m p l e t e  if  no t r a c e  of the 
r e a c t a n t  e l e m e n t s  could be  de t ec t ed  by X - r a y  d i f f r a c -  
t ion.  

METHOD OF CALCULATION 

It was found that  a l l  the  r e a c t i o n s  inves t iga t ed  took 
p l ace  whi le  the r e a c t a n t s  and p roduc t s  we re  so l id .  
Many r e a c t i o n  m e c h a n i s m s  and r a t e  equat ions  to d e -  
s c r i b e  so l id  s t a t e  r e a c t i o n s  in powdered  compac t s  
have been  p roposed .  I~ The r a t e  equat ions  can be c l a s -  
s i f i ed  under  t h r e e  c a t e g o r i e s  b a s e d  on the r a t e  d e t e r -  
min ing  s t ep  in the r e a c t i o n  m e c h a n i s m .  In the f i r s t ,  
p roduc t  growth is  con t ro l l ed  by  di f fus ion of r e a c t a n t s  
through a cont inuous p roduc t  l a y e r .  In the second  p r o d -  
uct  growth i s  con t ro l l ed  by  nuc le i  growth and in the 
t h i rd  by  phase  bo tmdary  r e a c t i o n s .  

The p r o c e d u r e  employed  for  k ine t i c  ca lcu la t ions  is  
a s  fo l lows.  The g e n e r a l  fo rm of a r a t e  equat ion was 
wr i t t en  a s :  

dx _ k f (x)  [3] 
dt  

The in tegrand  of the above equat ion was then w r i t t e n  
a s :  

g (x) = kt [4] 

w h e r e  g (x) and f ( x )  are  c e r t a i n  funct ions of x ;  the fo rm 
of which i s  d e t e r m i n e d  by  the r e a c t i o n  m e c h a n i s m .  
Knowing g (x), f ( x )  can be d e r i v e d  f rom it  and vice 
versa .  It was a s s u m e d  that  the v a r i a t i o n  of the r a t e  

cons tan t  with t e m p e r a t u r e  fol lowed the A r r h e n i u s  law. 

k = A exp ( -  E /RT)  [5] 

The va lue s  of the f r equency  fac to r ,  A, and ac t iva t ion  
ene rgy ,  E, a r e  independent  of t e m p e r a t u r e .  In c a s e  of 
di f fus ion in so l ids ,  the ac t iva t ion  e n e r g y  depends  upon 
the concen t ra t ion  of d i f fus ing  s p e c i e s .  11'x2 Thus the 
ac t iva t ion  ene rgy  m a y  be a function of r e a c t a n t  concen-  
t r a t ion .  

A n o n i s o t h e r m a l  r e a c t i o n  was a p p r o x i m a t e d  as  an 
i s o t h e r m a l  r e a c t i o n  in many  i n t e r v a l s  of t e m p e r a t u r e .  7 
A hypo the t i ca l  e x p e r i m e n t  m a y  be conducted in the fo l -  
lowing manne r .  F i r s t ,  the t e m p e r a t u r e  is  ma in t a ined  
at  T O f rom t ime  0 to At, a t  t ime  At i t  is  i n s t an t aneous ly  
changed to T v The s a m p l e  is  then held  at  t e m p e r a t u r e  
T~ unt i l  t i m e  2At, a t  which t i m e  the t e m p e r a t u r e  is  in -  
s t an t aneous ly  changed to T 2. The p r o c e s s  i s  cont inued 
unt i l  the  r e a c t i o n  is  comple t e .  F o r  any i s o t h e r m a l  t i m e  
i n t e rva l ,  Eq. [4] can be  wr i t t en  as :  

g (xi + 1) - g (xi) = A exp ( -  E / R T i )  At [6] 

The le f t  hand s ide  of the above  equat ion can be e v a l u -  
a ted  f rom e x p e r i m e n t a l  r e s u l t s .  The ac t iva t ion  e n e r g y  
was a s s u m e d  to be cons tan t  ove r  the  s h o r t  t i m e  i n t e r -  
va l ,  At, and a function of x.  The ac t iva t ion  e n e r g y  for  
each  t ime  i n t e r v a l  can then be ca l cu l a t ed  f rom Eq. [6]. 

The f r ac t i ona l  convers ion ,  x as  a function of t ime  
was eva lua ted  f rom Eq. [2]. The va lue s  of g(x)  w e r e  
eva lua ted ,  a s s u m i n g  a c e r t a i n  r e a c t i o n  m e c h a n i s m  and 
k ine t i c  equat ion.  Table  I g ives  a l i s t i ng  of  the equat ions  
used .  Va lues  of the ca l cu l a t ed  r a t e  cons tan t s  w e r e  used  
in a plot  of I n k  vs 1 /T .  This  plot  is  not a s ingle  s t r a i g h t  
l ine ,  but  r a t h e r  a s e r i e s  of connected  s t r a i g h t  l ine  s e g -  
men t s ,  each  with a s lope  of - E / R .  The ac t iva t ion  en -  
e r g y  i s  a function of concen t ra t ion ,  and th is  i s  the r e a -  
son  for  the  a bse nc e  of a s ing le  s t r a i g h t  l ine .  Act iva t ion  
e n e r g i e s  a t  d i f f e ren t  po in ts  w e r e  ca lcu la ted .  Knowing 
the r e l a t i o n  between t e m p e r a t u r e  and conver s ion ,  a 
plot  of ac t iva t ion  e n e r g y  vs  c onve r s ion  was made .  
(F igs .  1 to 4). 

Kine t ic  ca l cu la t ions  we re  done for  t h r e e  types  of  
m e c h a n i s m s ,  i .e.  diffusion,  phase  b o u n d a r y  and nuc le i  

Table I. Rate Equations for Solid State Reactions General Form: k t  = g(x) 

A. Diffusion Mechanism 
Jander :  
k / t=  11 - (1 - X)l:3] 2 

Ginst l ing-Brounshtein:  
kgbtt = ~-X - (1 - X) 2/3 

Valensi-Carter: 
kvct { Z -  [1 + ( Z -  1 ) X ] 2 ' 3 -  (Z - 1 X 1 - x ) 2 / 3 ) + ( z -  1) 

Dunwa ld -Wagne r :  
kdwt  = 6 + ln~(1  -- X )  

Zurvalev-Lesokhin-Tempelman: 
kzlt t= [(1 - X )  " l / a -  1] 2 

Kroger-Ziegler: 
kkz(lnt)  = [1 - (1 - X)1/3] 2 

B. Nuclei Growth  Mechanism 
ln(l - x) = - ~ :  

C. Phase Boundry  Mechanism 
Sphere: k t =  1 - ( 1  - X )  1/~ 
Cylinder:  k t  = 1 -,- (1 - X') l:z 
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growth. Results calculated from the equations based 
on phase boundary or nuclei growth controlled mecha- 
nisms,  were unrealistic. Further,  Arrhenius plots for 
these mechanisms showed a great  deal of scatter  indi- 
cating that the rate determining step was not phase 
boundary motion or nuclei growth. 
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As an example, the results  for the formation of Fe2Dy 
are given below. For phase boundary controlled reac-  
tion and the spherical  part icle reacting from the sur -  
face inward, the activation energy is 255 kcal/mole.  
For a cylinder reacting from the surface inward, the 
activation energy is 273 kcal/g.mole.  For the reaction 
controlled by nuclei growth, different values of m are 
assumed. The activation energies,  assuming m as 0.5, 
0.67, 1.0, 1.5, 2, are  - 1 0 ,  105, 220, 300 and 330 kcal /  
g.mole, respectively.  The curve fit was found to be 
worse when low values of m were used. 

Thus, it was concluded that the reactions studied 
were diffusion controlled. Kinetic data for the initial 
part  of the reactions (up to about 10 pct conversion) 
often ~3 do not fit a model very  well. This, however, is 
reasonable since at low conversion, product does not 
completely separate the reactants  from each other and 
both diffusion and phase boundary reactions are occur-  
ring. 

A total of six equations for diffusion controlled r e -  
actions are given in Table I. The equations of Kroger-  
Ziegler assume that the diffusion coefficient or the 
rate constant varies  inversely with time but otherwise 
is identical to the Jander equation. This assumption 
is more empirical  then theoretical. The rate  constant 
should be a function of only two variables namely, 
temperature and concentration. The dependence of 
temperature and concentration on time is empirical  
and will vary  according to experimental conditions. 
The equations given by Dunwald-Wagner, and that of 
Zhurvalev, Lesokhin and Tempelman apply well for 
the early part  of the reaction, i .e .  up 50 pct conver-  
sion. Beyond 50 pct conversion the fit is poor. The 
Valensi-Carter  equation has been derived by cor rec t -  
ing the volume change deficiencies in the equations of 
Jander and Ginstling-Brounshtein. This last equation 
proved to be the most  suitable for this study. 

Kinetic calculations for all the reactions studied 
were made using the Valensi-Carter  equation. This 
equation requires  some additional data, i .e .  the factor 
Z. The factor Z is a ratio of the volume of the product 
to the volumes of the reactants.  To calculate Z, the 
densities of the intermetall ic compounds were used. 
The densities of CosDy, Co2Gd, Ni2Gd, and Co2Pr are  
given by Savitaskii, 14 those of the other r a re  earth in- 
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t e r m e t a l l i c s  w e r e  ca l cu l a t ed  f rom c r y s t a l l o g r a p h i c  
da ta .  

Al l  the  r a r e  e a r t h  i n t e r m e t a l l i c s  s tud ied  in th is  work  
a r e  of the MgCu2 type.  They have a cubic l a t t i c e  with 
24 a toms  or  8 m o l e c u l e s  pe r  unit  ce l l .  The vo lume of 
the ce l l  is  ca l cu la t ed  f rom the l a t t i ce  p a r a m e t e r .  The 
l a t t i c e  p a r a m e t e r s ,  d e n s i t i e s  and va lue s  for  the fac tor  
Z a r e  given for  a l l  the i n t e r m e t a l l i c s  in Table  II. 

The r a t e  cons tan t  levc i s  a function of p a r t i c l e  s i ze .  
The r e l a t i o n  be tween  tevc and the s t a n d a r d  fo rm of the 
r a t e  cons tant  k is  given by  

k = r~tevc [7] 
where  r is  the r a d i u s  of a r e a c t i n g  p a r t i c l e .  F o r  the 
f inal  k ine t ic  ca lcu la t ions  Eqs.  [5], [6], and [7] we re  
combined.  The ac tua l  c a l cu l a t i ons  w e r e  c a r r i e d  out 
by  compu te r .  The hea t s  of r e a c t i o n ,  r e a c t i o n  t e m p e r -  
a t u r e s ,  f r equency  f a c t o r s ,  ac t iva t ion  e n e r g i e s  and r a t e  
cons tan t s  a t  the r e s p e c t i v e  r e a c t i o n  t e m p e r a t u r e  a r e  
given in Table  III. The r e a c t i o n  t e m p e r a t u r e  is  def ined  
as  a t e m p e r a t u r e  at  which the r e a c t i o n  begins .  

DISCUSSION 

The reactions of the rare earth elements with iron, 
cobalt and nickel took place at temperatures which 
were well below the melting points of both the com- 
ponents. The reactions are, therefore, entirely solid 
state. An intermetallic compound is stable with re- 
spect to competing neighboring phases if its free en- 
ergy is lower (more negative) than that of a mixture 
of these phases. In a reaction involving solids only, 

Table I I. Lattice Parameters, Densities and the Factors Z 

Compound Lattice Parameter (A) Densities (g/cc) Z 

Co2Pr 7.312 8.792 1.33 
Ni2Pr 7.285 8.875 1.32 
Fe2Gd 7.390 8.852 1~52 
Co2Gd 7.255 8,569 1.47 
Ni2Gd 7.202 9.766 1.46 
Fe2Dy 7.325 9.267 1.54 
Co2Dy 7.187 10.031 1.48 
Ni~Dy 7.155 10,150 1,46 
Fe2Er 7,273 9,631 1.54 
Co2Er 7.144 10.387 1.48 
Ni2Er 7.110 10.520 1.47 

the en t ropy  change i s  s m a l l  and for  p r a c t i c a l  p u r -  
p o s e s ,  can be  neg lec ted .  The nega t ive  change in 
en tha lpy  wil l  then indica te  the d i r e c t i o n  in a so l id  
s t a t e  r e a c t i o n .  Heats  of r e a c t i o n  for  the  r a r e  e a r t h  
i n t e r m e t a l l i c s  f o r m e d  f rom the e l e m e n t s  a r e  exo-  
t h e r m i c ,  which is  in a g r e e m e n t  with the above s t a t e -  
ment .  

When a r e a c t i v e  m i x t u r e  of so l ids  is  hea ted ,  and 
an e x o t h e r m i c  r e a c t i o n  o c c u r s ,  a point  is  r e a c h e d  at  
which the hea t  of r e a c t i o n  can no longer  be d i s s i p a t e d  
to the su r round ings  under  a p p r o x i m a t e l y  i s o t h e r m a l  
condi t ions ,  and the t e m p e r a t u r e  within the m a s s  of the 
m i x t u r e  r i s e s  a p p r e c i a b l y .  The consequent  i n c r e a s e  
of r a t e  fu r the r  a c c e l e r a t e s  the hea t  evolut ion,  and the 
r e a c t i o n  p r o c e e d s  uncon t ro l l ab ly  unt i l  i t  i s  even tua l ly  
s lowed down by the accumula t ion  of so l id  p roduc t s .  
The r a t e  of r e a c t i o n  i s  fu r the r  a c c e l e r a t e d  by  the fine 
p a r t i c l e  s i z e  of the r e a c t a n t s .  A s m a l l  p a r t i c l e  s i z e  
a s s u r e s  m o r e  s u r f a c e  a r e a  p e r  unit  m a s s  and b e t t e r  
mixing. 

The reactions of rare earth intermetallics can be 
characterized by their reaction temperatures, i .e .  
the temperatures at which the reactions begin. Con- 
version prior to the reaction temperature was found 
to be negligibly small and for all practical purposes 
can be taken as zero. This was determined by heating 
the reactive mixture to a temperature which was a few 
degrees lower than the reaction temperature. It was 
then cooled and analyzed by X-ray diffraction. Diffrac- 
tion patterns showed no trace of intermetallic com- 
pound. The reasons for a sudden outburst of the re- 
action at the reaction temperature could be numerous. 
A gaseous phase may act as a medium for the reac- 
tion, molten metal may be present at the time of re- 
action or the reasons may be strictly characteristic 
of the solid state. These reasons are discussed with 
respect to the reactions of rare earth intermetallics 
studied herein. 

Vapor pressures of the rare earths as well as iron, 
cobalt, and nickel are very low at their corresponding 
reaction temperatures. For example, the vapor pres- 
sures of iron, cobalt or nickel at 1000K are of the or- 
der of 10 -I~ Tort. The vapor pressures of praseody- 
mium and gadolinium at the same temperature are of 
the order of 10 -a Tort. Vapor pressures of dysprosi- 
um and erbium at i000 K are 10 -5 and 10 -6 Torr re- 
spectively. Even these last vapor pressure values 
are too low to influence or initiate the reaction. The 

Table II I ,  Results of Kinetic Analysis 

Rate Constants at the 
Heat of Reaction Frequency Factor Activation Energy Reaction Temperature 

Compound (kcal/g mole) Reaction Temperature (~ (s -l) (kcal/g mole) (X 10 s s "1) 

Co2Pr -3 .1  -+ 0.25 505 +- 3 1.53 -+ 0.12 27.9 +- 0.2 2.5 
Ni2Pr - 6 . 0  -+ 0.9 547 -+ 4 0.58 -+ 0.08 24.0 -+ 0.1 25.6 
Fe2Gd -2 .5  +- 0.15 805 -+ 5 1.58 +- 0.1 35.1 -+ 0.3 13.4 
Co2Gd - 7 . 7  -+ 1.2 727 -+ 3 1.43 -+ 0.15 33.0 +- 0.3 9.8 
Ni2Gd - 1 8 . 0  • 2.0 658 +- 2 0,90 -+ 0.05 30.4 + 0,4 7.3 
Fe2Dy -21.0-+ 1,9 818 + 3 1.6 -+ 0.1 36,75 -+ 0.7 7.7 
Co2Dy -6 ,5  +- 0,5 691 +- 10 0.9 +- 0.1 32,1 -+ 0.6 5.3 
Ni2Dy - 2 7 . 6  +- 2.1 687 +- 7 0.67 + 0,1 30,0 +- 0.5 1 t .0 
Fe2Er - 3 5 . 0  -+ 3.8 865 -+ 10 1.47 -+ 0.1 38.1 -+ 0,7 7.9 
Co2Er - 8 . 3  -+ 1.1 750 -+ 5 1.53 + 0.2 34.25 -+ 0.3 8.2 
Ni2Er -35 .3  -+ 3.1 754 -+ 4 0.42 -+ 0.05 31.5 -+ 0,05 9.2 
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Table IV. Conversion Factors to Sl Units 

To Convert from to Multiply by 

cal/mole J/mote 4,1840 
arm N/m ~ 1.0132 X l0 s 

qua r t z  v i a l s  used  as  s a m p l e  c o n t a i n e r s  a r e  evacua ted  
p r i o r  to sea l ing .  The vacuum at the t i m e  of sea l ing  is 
at l e a s t  10 -4 T o r r .  Thus, it is concluded that ne i ther  
the m e t a l l i c  v a p o r s  nor  the r e s i d u a l  a i r  inf luence  o r  
initiate the reaction. 

A thin layer of moIten metal at the interface of the 
reacting elements will accelerate the reaction due to 
greater mobility of the atoms in the liquid phase. The 
melting points of the reacting elements are much 
higher than their corresponding reaction tempera- 
tures. Also the presence of molten metal will change 
the final appearance of the product. Products were 
invariably found in the form of sintered powdered 
compacts and never in the form of solidified metals. 
The presence of a liquid has to be ruled out. Thus 
the factors which affect the reaction should be char- 
acteristic of the solid state. 

Hedvall, who is one of the earliest to study solid 
state reactions, has given a general principle: 8 
'Every interference with the crystal lattice which 
sufficiently decreases its interior stability, increases 
the mobility of the units of the lattice, and therefore 
more or less stimulates the crystal to react with an- 
other crystal'. The factors which are likely to cause 
this interference could be an increase in temperature, 
a change in the crystal structure of one of the compo- 
nents, or the presence of foreign substances. The im- 
portance of these factors, with respect to the reactions 
of rare earth intermetallics is discussed below. 

An increase in temperature causes an expansion of 
the crystal lattice and an increase in kinetic energy 
of the atoms. The probability that the atoms move out- 
side their mutual fields of attraction increases. The 
reaction begins when the increase in kinetic energy of 
the atoms is sufficient to overcome the barrier of their 
mutual fields of attraction. The barrier is analogous 
to the activation energy term used in reaction kinetics. 
If the activation energy for the reaction is high, then 
the initiation temperature should also be high. To test 
this conclusion, reaction temperatures and activation 
energies were plotted. Fig. 5 is a plot of both against 
the atomic numbers of the rare earths and Fig. 6 is a 
plot against the atomic numbers of the transition ele- 
ments. Two graphs  a r e  n e c e s s a r y  for  the c o m p a r i s o n  
s ince  an i n c r e a s e  in k ine t ic  e n e r g y  of e i the r  of the r e -  
ac t ing  e l e m e n t s  can in i t ia te  the r eac t i on .  The f i r s t  ob-  
s e r v a t i o n  is  that  the ac t iva t ion  e n e r g y  g e n e r a l l y  in -  
c r e a s e s  a s  the  r e a c t i o n  t e m p e r a t u r e  i n c r e a s e s .  One 
m a y  conclude  t h e r e f o r e  that  the  k ine t i c  e n e r g y  in -  
c r e a s e  caused  by  an i n c r e a s e  in t e m p e r a t u r e  is  a d e -  
t e r m i n i n g  f ac to r  for  the in i t ia t ion  of the r e a c t i o n s  
s tud ied  he re in .  F u r t h e r  a s i m i l a r i t y  in the  t r e n d s  of 
r e a c t i o n  t e m p e r a t u r e s  and ac t iva t ion  e n e r g i e s  i s  m o r e  
pronounced  in Fig .  5 than in Fig .  6. This  l eads  to the 
conclus ion  that  the i n c r e a s e  in k ine t i c  e n e r g y  in the 
c r y s t a l  l a t t i c e s  of the r a r e  e a r t h  e l e m e n t s  i n i t i a t e  the  
r e a c t i o n .  This  conc lus ion  i s  fu r the r  s u p p o r t e d  if one 

considers the Tamman points of the elements involved 
in the present study. The Tamman point (0.52Tmelting) 
is the temperature of the onset of mobility of lattice 
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atoms or ions and is therefore an extremely important 
quantity in discussing the chemical reaction of solids. 
Since, with the exception of Erbium, the melting points 
of the rare earths is lower than that of the transition 
metals,  one would expect that the chemical reaction 
is initiated by the diffusion of the rare earth member. 

The second factor which can cause interference in 
the crystal lattice is the addition of small  quantities 
of foreign constituents. Differences in the radii of 
atoms or ions, or the differences in the electrical 
charge between the original and the foreign particles 
will change the cohesion of the lattice. This will change 
the reactivity of the original solid. In the case of the 
reactions of rare earth intermetallics,  all the elements 
used are of high purity (99.5 pct). 

The third factor is a phase change for either of the 
reacting components. During a phase change, the par- 
t icles have an abnormally great freedom of movement 
and abnormally great reactivity. The reaction temper- 
atures for the reactions of rare earth intermetallics 
are nowhere near the phase transition temperatures 
of their constituent elements.  
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