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A b s t r a c t  

The AI-Mn system has been investigated by Knudsen cell-mass spectrometry in the 
temperature range 1100-1275 K and composition range 42-62 at.% manganese. Ther- 
modynamic activities were obtained by direct comparison with the elements. The variation 
of manganese activity with composition at 1175 K was found to be in accordance with 
the published phase diagram. The free energies of phase formation at 1175 K were 
calculated as: for Alo.57Mn0.43 (T2), --3790 cal (g-atom)-1; for Alo.5oMno.5o (T), --3860 
cal (g-atom)- 1; for Alo.45Mno.55 (e), - 3890 cal (g-atom)- 1. 

1. I n t r o d u c t i o n  

The  r e s e a r c h  desc r ibed  he re  is p a r t  o f  a b r o a d  s tudy  o f  c o m p o u n d s  of  
f i rs t - row t rans i t ion  m e t a l s  wi th  p -b lock  e lements .  A m o n g  the  goa ls  o f  this  
p r o g r a m  a re  the  acquis i t ion  of  re l iable  t h e r m o d y n a m i c  da t a  fo r  t hose  s y s t e m s  
in which  such  da ta  are  lacking,  the  d o c u m e n t a t i o n  of  s tabi l i ty  t r ends  and  
the  d e v e l o p m e n t  of  an u n d e r s t a n d i n g  of  t hese  t r e n d s  in t e r m s  of  a tomic  
p r o p e r t i e s  and  c o n c e p t s  of  chemica l  bonding.  The  cu r r en t  focus  is on an  
i soe lec t ron ic  ser ies  of  1:1 c o m p o u n d s  wi th  10 va l ence  e lec t rons ,  name ly  
TiS, VP, CrSi, and  "MnAI" .  The first  th ree  o f  these  s u b s t a n c e s  are  s to ich iomet r i c  
c o m p o u n d s  with na r row  r a n g e s  of  homogene i t y ,  w h e r e a s  it can  be  seen  f r o m  
the  p h a s e  d i ag ram  o f  the  A1-Mn s y s t e m  [1] shown  in Fig. 1 tha t  "MnAl" 
d o e s  no t  f o r m  a t  a un ique  s t o i ch i om e t ry  bu t  r a t h e r  as  a solid solut ion in 
the  T and  T2 s ing le -phase  regions .  I t  ha s  b e e n  s h o w n  tha t  the  T to  T2 t rans i t ion  
is sufficiently rap id  tha t  the  T-phase  c a n n o t  be  r e t a ined  by  quenching,  even  
by  sp la t -coo l ing  t echn iques ,  and  the  t rans i t ion  was  acco rd ing ly  s tudied  by  
h igh  t e m p e r a t u r e  X-ray dif f ract ion [2]. A r a the r  la rge  n u m b e r  of  Mn-Al  
c o m p o u n d s  no t  s h o w n  on  the  equi l ibr ium d i ag ram have  a lso  been  r epo r t ed  
[1 ]. In the  p r e s e n t  s tudy,  h i g h - t e m p e r a t u r e  vapor i za t ion  e x p e r i m e n t s  wi th  a 
m a s s  s p e c t r o m e t e r  we re  u n d e r t a k e n  to  s tudy  the  Mn-A1 s y s t e m  n e a r  the  1:1 
c o m p o s i t i o n  in o rde r  to  m e a s u r e  the  t h e r m o d y n a m i c  stabi l i t ies  o f  the  phases ,  
to  ob ta in  i n fo rma t ion  a b o u t  the  loca t ion  o f  p h a s e  boundar ie s ,  and  to c o m p a r e  
the  s tabi l i ty  of  A I - M n  al loys hav ing  c o m p o s i t i o n s  n e a r  1:1 wi th  t rue  c o m p o u n d s  
wh ich  have  the  s a m e  n u m b e r  o f  va l ence  e lec t rons .  
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Fig. 1. A1-Mn phase diagram, 30-70 at.% Mn [1]. 

2. Exper imenta l  detai ls  

Mn-A1 samples of composit ion between 40 and 60 at.% Mn were prepared 
by arc-melting appropriately weighed mixtures of elemental manganese and 
aluminium on a water-cooled copper  hearth under  flowing high-purity argon. 
The samples were found to shatter on cooling from the melt, making estimates 
of weight loss during the arc-melting procedure  difficult. The as-cast samples 
were crushed in a tool steel mortar  and routinely examined by X-ray powder  
diffraction to identify the crystalline phases present.  Portions of the samples 
were then loaded into a Knudsen cell mass spect rometer  for  high-temperature 
vaporization experiments.  

The mass spect rometer  system used in the experiments  has been described 
in more  detail in a previous paper  [3]. In the current  Mn-Al work only a 
few experimental  variations were adopted. The Mn-A1 samples were placed 
into a suitably lined graphite Knudsen cell. The sample was heated to a 
temperature  at which vapor  effusing from the cell could just  be detected 
with the mass spectrometer ,  the temperature  was then reduced by c a .  100 
K, and the sample was allowed to  anneal for at least one hour  before again 
raising the temperature  to make measurements.  Thermodynamic activities 
of manganese and aluminium in a Mn-Al alloy were determined by monitoring 
the variation with temperature  of  manganese and aluminium ion intensity 
resulting from the respective partial pressures of the elemental gases over 
the alloy. The temperature program used was a 5 - 1 0  ° "s ta i rs tep" with a 3 
rain delay between measurements.  The instrument was calibrated by means 
of  effusion runs on the respective pure elements with identical experimental  
parameters.  The Mn-A1 samples and manganese standards were contained 
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in a fused  sil ica cup  inside a t an ta lum- l ined  g raph i te  cell. E l emen ta l  a lumin ium 
was  c o n t a i n e d  in a b o r o n  ni tr ide liner. Other  l iner  ma te r i a l s  (e.g. t ungs ten  
and  t an t a lum)  were  found  not  to  give r ep roduc ib l e  resul ts .  Rel iable a lumin ium 
m e a s u r e m e n t s  were  par t icular ly  difficult to m a k e  owing to  a c o m b i n a t i o n  of  
low ion cu r r en t  s ignals  and  difficulty in conta in ing  liquid a luminium.  Mea- 
s u r e m e n t s  of  a lumin ium act ivi ty we re  thus  res t r i c t ed  to  th ree  s a m p l e s  having  
high a t o m  f rac t ions  of  a luminium.  

The  r e s idues  of  the  effusion e x p e r i m e n t s  were  aga in  e x a m i n e d  by  X- 
ray  p o w d e r  diffract ion and  sub jec ted  to  a we t  chemica l  analysis .  The  analysis  
was  p e r f o r m e d  by  dissolving the Mn-Al  s a mp le  in n i t r ic /su l fur ic  acid and  
oxidiz ing to p e r m a n g a n a t e  us ing  KIO3. The  p e r m a n g a n a t e  con ten t  was  then  
d e t e r m i n e d  color imetr ica l ly .  A v a c u u m  fus ion analysis  was  also p e r f o r m e d  
on  one  of  the  res idues  to de t e rmine  the  ex ten t  o f  oxygen  con tamina t ion ,  
which  w a s  found  to be  less  t han  0 .1% by  weight .  

A s t anda rd  e lec t ron  i m p a c t  ionizat ion sou rce  was  used  in the  m a s s  
s p e c t r o m e t e r  expe r imen t s .  The  e lec t ron  ene rgy  w a s  se t  at  12.5 eV fo r  these  
m e a s u r e m e n t s  as  this  va lue  was  found  to e l iminate  in te r fe rence  f r o m  organic  
c o n t a m i n a n t s  in the  v a c u u m  s y s t e m  wi thout  significantly a l ter ing the in tens i ty  
of  the  spec i e s  of  interest .  A few runs  w e r e  p e r f o r m e d  with  differing effusion 
cell orifice areas ,  bu t  no sys t emat i c  d e p e n d e n c e  on orifice a r ea  w a s  obse rved .  

3. T r e a t m e n t  o f  d a t a  

T h e r m o d y n a m i c  act ivi t ies  re lat ive to the  pu re  solid e l emen t s  were  ob ta ined  
as  fol lows.  The  par t ia l  p r e s su re  of  a spec i e s  in a Knudsen  cell m a s s  s p e c t r o m e t r y  
e x p e r i m e n t  is p ropor t i ona l  to  IT, w h e r e  I is the  ion cu r ren t  due  to  tha t  
spec ies ,  and  T is the  t e m p e r a t u r e  of  the  effusing vapor .  H e n c e  the  ther-  
m o d y n a m i c  act ivi ty  of  a spec i e s  in the s amp le  is g iven by a = I / I  °, where  
I is m e a s u r e d  for  the  e lementa l  v a p o r  a b o v e  the  s a m p l e  and  I ° is m e a s u r e d  
above  the  p u r e  e l em en t  u n d e r  the  s a m e  e x p e r i m e n t a l  condi t ions  of  t e m p e r a t u r e ,  
orifice area ,  and  e lec t ron  e n e r g y  [3]. Al though I and  I ° a re  m e a s u r e d  in 
di f ferent  expe r imen t s ,  the  m a s s  s p e c t r o m e t e r  is sufficiently s table  tha t  re- 
p roduc ib l e  resu l t s  a re  obta ined .  In prac t ice ,  act ivi t ies  at  a g iven t e m p e r a t u r e  
w e r e  ca lcu la t ed  f r o m  the  s lopes  and  in t e rcep t s  o f  log I T  and  log I ° T  vs.  
1 / T  plots :  

Log ai = (A~-A~ ° ) /T  + ( B ~ - B i  °) 

where  Ai  and Ai  ° are the  s lopes  and  Bi  and B,  ° are  the  in t e rcep t s  o f  the  log 
I T  vs.  1 / T  plo ts  for  the  s a m p l e  and  pu re  e lement ,  respec t ive ly .  Free  energ ies  
of  fo rmat ion :  

xMn(s )  + (1 -x )A l (1 )  = Mrk~ll  _~ 

were  ca lcu la ted  by  the  re la t ion  

AG~ T= 2 . 3 0 3 R T [ x  log  aMn + (1 --X) log a ~ ) ]  
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where x is the atom fraction of Mn in the solid. Enthalpies of phase formation 
at 298 .15  K were obtained from 

~fO 2 9 8  =AG°, T -F TA(ID' 

where 
~)t 0 0 0 = - (G r - H 2 o s ) / T =  S t -  (H °-H°9s)/T 

4. R e s u l t s  

A typical set of log IT vs. 1/T curves is presented in Fig. 2 and the 
experimentally determined activity parameters are listed in Table 1. The 
variation of  activities with composit ion at 1175 K is given in Fig. 3. A certain 
amount of caution should be exercised in equating the slope (A) parameters 
to a "second-law" type enthalpy change since the temperature ranges over 
which data were collected overlap with possible phase transitions in the 
solid. These parameters were used only to calculate component  activities in 
the temperature range of  the measurements.  These activities were then used 
to calculate the free energies of phase formation of the T2, 7 and e phases 
at 1175 K. The results are given in Table 2. As there are no heat capacity 
or entropy data for these solid alloys, these were estimated to be additive 
of  the solid elements (extrapolated data for solid aluminium). The resulting 
enthalpies of formation at 298 .15  K are given in Table 2. 

5. D i s c u s s i o n  

A comparison of  the log activity plot at 1175 K in Fig. 3 with the 
sequence of  phases at 900  °C in the phase diagram shown in Fig. 1 shows 
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Fig. 2. Typical data from effusion mass spectrometry experiments: []  A1 sample; • AI standard; 
A Mn sample; • Mn standard. 



T A B L E  1 

Activity p a r a m e t e r s  

3 4 7  

M a n g a n e s e  

XMn A - A  ° B--B° 

A l u m i n u m  

XMn A - A  ° B_B o 

0 . 4 2 1  - 1 0 9 7  - 0 . 3 9 7  

0 . 4 3 0  - 2 4 2 4  0 . 8 4 0  

0 . 4 3 5  - 8 8 3  - 0 . 3 2 7  

0 . 4 8 8  - 1 0 4 4  - 0 . 0 4 9  

0 . 5 3 9  - - 5 6 1  - 0 . 2 9 6  

0 . 5 5 1  - 1 2 3 1  0 . 2 7 3  

0 . 4 6 1  - - 5 2 3  - 0 . 4 9 5  

0 . 5 4 7  - 3 1 3  - 0 . 4 6 8  

0 . 6 0 9  - 1 7 3 5  0 . 8 2 3  

0 . 4 4 9  - 2 8 3  - 0 . 7 8 9  

0 . 5 1 3  - 2 6 2  - 0 . 5 7 9  

0 . 4 9 5  - 4 8 4  - 0 . 4 6 7  
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Fig .  3 .  L o g  a c t i v i t y  vs .  c o m p o s i t i o n  a t  1 1 7 5  K: [ ]  M n ;  • A1. 

T A B L E  2 

T h e r m o d y n a m i c  s t a b i l i t y  

P h a s e  AG~, 1175 AH~, 29s 
(cal)  (cal)  

Alo.57Mno.43 72 - -  3 7 9 0  - 4 1 5 0  

Alo.~oMno.so 7 - -  3 8 6 0  - 4 1 8 0  

Alo.4sMno.ss • - 3 8 9 0  - 4 1 8 0  
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Fig. 5. Enthalpy of atomization to valence  state metal atoms: comparison of MnX with CrX 
and FeX (X---A1, Si, P, S): (--m--) CrX; ( ~ )  MnX; (--G--) FeX. 

the variation of  activity with composit ion to be consistent with the phase 
diagram. The enthalpy of  phase formation found here for the y-phase is 
comparable with the v a l u e - 5 1 5 0  cal found by Kubaschewski and Heymer 
[4] for the xMn=0.50 solid alloy by direct reaction calorimetry at 600 K. A 
comparison of the stabilities of  MA1 phases with those of  isoelectronic 
stoichiometric compounds  is shown in Fig. 4. The enthalpy of  atomization 
of  the respective MAI phases  to valence state metal atoms [5] is 10--15 kK 
(20--30 kcal) lower than for the isoelectronic sulfides, phosphides,  and silicides. 
This result is evidence for a significant difference in the nature of  chemical 
bonding in the aluminide phases compared with the stoichiometric compounds,  
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a conclus ion  which  is cons is tent  with the differences in physical  proper t ies .  
Enthalpies  of  a tomizat ion  of  m a n g a n e s e  c o m p o u n d s  with p-block e lements  
are shown in Fig. 5; available data  [5, 6] for  co r r e spond ing  c h r o m i u m  and 
iron c o m p o u n d s  are shown for  compar i son .  MnS depar ts  f rom the regular  
t rend  exhibi ted by the CrX and FeX c o m p o u n d s ,  and all o f  the MAI phases  
have lower stabilities than would  be pred ic ted  f rom a simple ex t rapola t ion  
based  on the s toichiometr ic  c o m p o u n d s  of  each  transi t ion metal.  On this 
evidence the bond ing  in the MA1 phases  and MnS mus t  be significantly 
different f rom the o ther  MX c o m p o u n d s  in each series. MnS has  been  shown 
to have significant ionic charac te r  [7] whereas  there  is little net  e lec t ron 
t ransfer  in the o ther  c o m p o u n d s  being c o m p a r e d  (ref. 5 and re ferences  
conta ined  therein).  
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