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The Structure of the Intermetal l ic  Phase  ~(Mo-A1)-M%A18 

BY J.  B.  FORSYTH AND G. GRA~* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received II .May 1961) 

The molybdenum-aluminium phase diagram has been investigated in the region 12-40 wt.% 
aluminium. The phase MoaA1 a has been isolated and a complete structure determination carried out. 
The structure is monoclinie with a=9.208, b=3.6378, c=10-065 /~ and fl=100 ° 47'. The phase 
appears to exist over a composition range, the sample analysed having molybdenum replacing 
aluminium atoms to the extent of about 5%. The interatomic distances in MoaAls are compared 
with those in other molybdenum-aluminium phases. 

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

The m o l y b d e n u m - a l u m i n i u m  system has been in- 
vestigated by  a number  of workers. Sperner (1959) 
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Fig. 1. The molybdenum-alurninium phase diagram 
(Sperner, 1959). 

* On leave of absence from the Institute of Inorganic and 
Physical Chemistry, University of Stockholm, Sweden. 

de termined the phase diagram shown in :Fig. 1, which 
contains the phases ~MoA112, flMoA]5, ivMoAl3, 6MoAle 
and  eMo3Al. The structures of three of these phases 
had  a l ready been determined (MoAlze, Adam & Rich 
(1954), MoA15, Adam & Rich (1955), Mo3Al, Wood 
et al. (1958)). Sperner considered tha t  the iV phase 
corresponded to the composition MoA13 (45.75 wt. % A1) 
and had  a te tragonal  cell with a - 6 . 2 9 7  ~ and c/a= 
1.588. 

Recently,  Clare (1961) has  invest igated the alu- 
minium-r ich end of the phase diagram and has found 
tha t  the phases richest in a lumin ium are MoA1p_ and 
MoAlT. The la t ter  phase was shown to be monoclinic 
with 

a=5 .12 ,  b=13-0,  c=13 .5  A; f l = 9 5 ° ;  

no structure determinat ion was undertaken.  
The present work establishes the existence of a 

phase MosAls (43 wt. % A1). The structure of this phase 
has  been determined and it is suggested that ,  a l though 
it is monoclinic, i t  corresponds to tha t  of the iv phase 
described by  Sperner. 

2. Material 

Alloy specimens were prepared by  heat ing pressed 
compacts of the two meta l  powders. The s tar t ing 
materials  were 150-300 mesh powders containing less 
than  0.1% by  weight of metal l ic  impurit ies.  Two-gram 
compacts were prepared at each of the compositions 

T~ble 1. X.ray powder photographic examination 
of (Mo-A1) alloys 

Alloy Composition before Phases indicated by 
numbers heat treatment X-ray powder photographs 

1 12-3 wt.% A1 MoaA1 
2 17 hi%A1 + M%A1 s 
3 22 M%A1 + M%A1 s 
4 30 M%A1 + MoaAl s 
5 35 MoaA1 s + trace MoaA1 
6 40* M%A1 s 
7 43 M%A1 s 

* This ingot was analyzed by Messrs. Johnson Matthey & 
Co. Ltd., and contained 38.2 wt.% A1 after heat treatment. 
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l isted in Table 1 ; the  compacts were melted in a lumina  
boats under  10 -5 mm.  Hg pressure using an induct ion 
heater.  Each ingot was allowed to cool slowly to room 
tempera ture  during a period of about  5 rain. Powder 
specimens were examined  wi th  Co Kc¢ radia t ion and  
the results are summarized  in Table 1. No evidence 
was obtained for the existence of the ~ phase (MoA12) 
in these melts. F ragments  from the  crushed alloys 6 
and  7 gave good single-crystal  X- ray  photographs 
and  a specimen of approx imate ly  cubic shape and side 
0.05 mm.,  selected from ingot 6, was used in the 
structure determinat ion.  

Laue & Weissenberg photographs indicate tha t  the 
structure is C-face centred and tha t  the Laue sym- 
met ry  is 2/m. The possible space groups are therefore 
C2, Cm and C2/m. These can be dist inguished by  the  
presence or absence of a centre of s y m m e t r y  in the 
[010] and  [100] projections. Wilson stat ist ical  tests 
were therefore applied to intensit ies from Weissenberg 
photographs for the  [010] and [100] zones, and the  
results are shown in Fig. 2. Both observed distribu- 
tions are consistent wi th  a centrosymmetr ic  structure 
and the space group C2/m was therefore chosen. 

3. Unit cell  and space group 

Laue, oscillation and  Weissenberg photographs con- 
f i rmed tha t  the uni t  cell is monoclinic and  provided 
approximate  values of the latt ice parameters.  The 
lattice parameters  a, c and/~ were determined by  the 
0-method described by Weisz, Cochran & Cole (1948), 
but  with a Geiger counter and  l inear ra temeter  re- 
placing the photographic f i lm used by  them. The 
b parameter  was found by  the method of Fa rquha r  & 
Lipson (1946); the values obtained were: 

a = 9.208 + 0-003, b = 3-6378 _+ 0.0003, 
c = 10.065 _+ 0.003 A; fl = 100 ° 47' _ 3'. 

The volume of the uni t  cell is therefore 331.2 /~3. 
The densi ty  of the crystals, determined by  the dis- 
placement  method,  was 5-28_+0.05 g.cm. -8, so tha t  
the mass content of the uni t  cell is 1052 _+ 11 A.M.U. 
Chemical  analysis  gave an a lumin ium content of 
38.2 wt.%. 

The formula MosAls corresponds to 43 wt. % A1 and 
two formula units  per uni t  cell results in a mass 
content of 1008 A.M.U. with a calculated densi ty  of 
5.04 g.cm. -3. The differences between these calcula- 
tions and the observed values are satisfactori ly ac- 
counted for in the ref inement  of the structure (see 
section 6, below). 

0"2 0.4 0"6 0"8 
z 

Fig. 2. Tests  for c e n t r o s y m m e t r y :  

o [010] zone 
× [100] zone. 
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4. Collection of Intensit ies  

Normal-beam,  zero-layer Weissenberg photographs 
were taken  wi th  [010] and  [100] as oscillation axes. 
Mo Ka radia t ion and packs of five fi lms were used. 
The diffraction spots were of similar  shape in the two 
zones and  an in tens i ty  scale was prepared using the 
(105) reflection. Reflections out to sin 0/~.= 1.2 _~-1 in 
the [010] zone and  sin O/A= 1-4 /~-1 in the [100] zone 
were measured by  visual comparison wi th  this scale. 
The intensit ies were corrected for Lorentz and  polariza- 
t ion factors and allowance was made for the resolution 
of the a la2  doublet  by  scaling Fo to Fc in the regions 
of sin 0/2. For the  size of the crystal  used (approx- 
imate ly  0.05 ram. cube) the scaling also corrects for 
changing absorpt ion in the specimen to wi thin  the 
accuracy of the measurements .  

5. The approx imate  structure 

The [010] Pat terson funct ion for } of the uni t  cell is 
shown in Fig. 3. One peak (A) in the asymmetr ic  uni t  
is just  over twice the weight of the other peaks, which 

4O 

Yo 

Fig. 3. [010] P a t t e r s o n  funct ion for  M%A 4 
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are all of approximate ly  the  same weight. The peak 
B is a t  twice the vector distance from the origin of the 
peak A. I t  was concluded t h a t  the three molybdenum 
atoms which lie within the  projected cell of a/2 × c 
might  lie on a centre of s y m m e t r y  a t  the  origin, a t  A 
and  at  its centrosymmetr ical ly  related position• The 
z pa ramete r  of A was approximate ly  1/3, which results 
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Fig. 4. The b-axis projection of the MONA1 s structure. The full 
circles represent molybdenum atoms and the open circles 
alnmlnium atoms• Dashed lines link atoms at height y----0 
and dotted lines link those at y=  ~. 

in the  molybdenum atoms being dis t r ibuted a t  every 
c/3 in a line projection along [001]. This predict ion 
was in agreement  with the observed 001 intensities, 
which were strong for 1=3, 6, 9, l l  and 12 and  weak 
for the  intermediate  values of 1. 

S t ruc ture  factors were calculated out to sin 0/2= 
0.6/~-1 for the hO1 reflections and a s t ructure  contain- 
ing only three molybdenum a toms:  the  signs of 40 
large s t ructure  factors were considered to be uniquely 
determined.  All bu t  two of these s t ructure  factors had  
positive signs and a synthesis of the corresponding Fo's, 
resembled the Pa t t e r son  fmlction in the  position of all 
its peaks. I t  was then  realized t h a t  the  s t ructure  
i l lustrated in Fig. 4 gave reasonable in teratomic dis- 
tances,  twelve-fold coordination and  a good agree- 
ment  with the  Pa t te r son  function. This trial  s t ructure  
gave an R factor  of 0.30 for hO1 reflections out to 
sin 0 / 2 = 0 . 6  /~-1 and  this was reduced appreciably by  
successive F o - F c  s ~ t h e s e s .  

6. R e f i n e m e n t  of  the  s t r u c t u r e  

The ref inement  of the  [010] projection was continued 
using 2 ' o - F c  syntheses. The atomic scattering factors 
were generated from the analyt ical  constants  for Me 
and A10 t abu la ted  by  For sy th  & Wells (1959). The 
molybdenum curve was corrected for the  contr ibut ion 
- d f ' - = l . 7 ,  as calculated by  Dauben  & Templeton 
(1955). The imaginary  component,  LJf"=0.9, makes  
no significant difference to the ampl i tude  or phase of 
any  of the calculated s t ructure  factors and  it  was not  
included in the final calculations. 

When  the  R factor  had  been reduced to 0.14 for 
all the  400 h01 reflections out to sin 0/2= 1.2 /~-1, the  
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Fig. 5. Final •o and (Fo--Fc) [010] Fourier projections. (a) Fo. The contours are at equal arbitrary intervals. (b) (Fo--Fc). 
The contour intervals are one-eighth those of the F o; negative contours are shown as broken lines. Squares mark the atomic sites. 
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on ly  s igni f icant  fea tu res  r e m a i n i n g  in  the  Fo-Fc  
syn thes i s  were pos i t ive  regions cen t red  on all  t he  
a l u m i n i u m  posi t ions.  These  pos i t ive  regions were 
p roduced  en t i r e ly  b y  low-angle  differences (i.e. those  
assoc ia ted  w i t h  ref lect ions h a v i n g  sin 0 / ) [<0 .5  /~-1) 
a n d  therefore  d id  no t  resu l t  f rom an  incorrec t  choice 
of t e m p e r a t u r e  fac tors  for t he  a toms.  The  observed  
compos i t ion  a n d  mass  con ten t  of the  un i t  cell (see 
sect ion 3 above) show a n  excess of m o l y b d e n u m  over  
t h a t  cor responding  to  t he  fo rmula  MosAls. The  R 
fac tor  for the  [010] p ro jec t ion  was lowered to  0.09 b y  
in t roduc ing  5 %  m o l y b d e n u m  in to  the  a l u m i n i u m  
posi t ions.  The  r e su l t ing  Fo-Fc  syn thes i s  showed no 
s igni f icant  fea tures  a n d  is i l lus t ra ted ,  t oge the r  wi th  
the  cor responding  Fo synthes i s ,  in  Fig.  5. Much be t t e r  
a g r e e m e n t  is o b t a i n e d  be tween  the  observed  a n d  
ca lcu la ted  mass  conten ts ,  dens i t ies  a n d  composi t ions  
cor responding  to  t he  s t ruc tu re  w i th  Me replac ing  5 %  
of t he  A1 a toms  t h a n  w i t h  those  re la t ing  to the  ' ideal '  
fo rmula  Mo3Als. The  values  are s u m m a r i z e d  in  Table  2 : 
the  observed  compos i t ion  corresponds  to  a replace- 
m e n t  of A1 to the  e x t e n t  of 5 .75%. 

Tab le  2. Cell contents 
'Ideal' 5% Me in A1 
MoaA1 s positions Observed 

Mass content A.M.U. 1008 1062 1052 _+ 11 
Composition wt.% A1 43 38.6 38.2 
Density g.cm. -s 5-04 5.34 5-28 ± 0.05 

The  [100] p ro jec t ion  was ref ined so t h a t  a n y  
d e p a r t u r e  f rom c e n t r o s y m m e t r y  in  t he  s t ruc tu re  m i g h t  
be de tec ted .  I f  the  space group is C2/m, t h e  shor t  
y axis  cons t ra ins  all  a toms  to lie on the  mi r ro r  p lanes  
at y=O a n d  ½-, b u t  the  space group C2 would  allow" 
the  y p a r a m e t e r s  to  v a r y  a b o u t  these  values .  No 
ind ica t ion  of n o n - c e n t r o s y m m e t r y  was o b t a i n e d  a n d  
the  f inal  R fac tor  was 0.09 for al l  0/el ref lec t ions  ou t  
to  sin 0/)[=1.4 j~-l. M o l y b d e n u m  was  aga in  sub- 
s t i t u t e d  for 5 %  of the  a l u m i n i u m  a toms  a n d  no 
s ign i f ican t  differences r e m a i n e d  in  t he  f ina l  Fo-Fc  
synthes is .  

Tab le  3 l is ts  the  f ina l  a tomic  coord ina tes  wi th  the i r  
s t a n d a r d  devia t ions ,  which  have  been ca lcu la t ed  f rom 
the  f ina l  Fo a n d  Fo-Fc  syn theses  b y  the  m e t h o d  

Atom 

Table  3. Final atomic parameters together with their standard deviations 

Position (0, 0, 0; ½, ½, 0)+ x (~(x) z ~(z) 

Me 1 2(a) 0, 0, 0 
Me 2 4(i) x, 0, z; ~, 0, 5 0.0938 0.0002 0-6597 0-0002 
Alz 4(i) x, 0, z; ~, 0, ~ 0.2720 0.0010 0.9060 0.0010 
A12 4(i) x, 0, z; ~, 0, ~ 0.4600 0.0010 0.1780 0.0010 
Al a 4(i) x, 0, z; ~, 0, ~ 0.1872 0.0010 0.2785 0.0010 
A14 4(i) x, 0, z; ~, 0, ~ 0.3670 0.0010 0.5420 0-0010 

Table  4. Interatomic distance in Mo3Al8, together with their standard deviations 

Standard 
Atom :Neighbour Distance deviation Other neighbours 

Me 1 4A11 2.805 A 0.007 A 
2 A11 2.838 0.010 
4 A12 2.627 0-007 
2 A13 3.003 0.010 

Me 2 1 Me 2 3.353 0.004 
1 Alj 2.705 0.010 
2 Alu 2.554 0.007 
2 A1 s 2.700 0.007 
1 A1 a 2-772 0.010 
1 A14 2.974 0"010 
2 A14 2.799 0.007 
2 A14 2.854 0.007 

AI~ 2 A11 2.709 0.010 
2 A12 2.813 0.010 
1 A12 2.754 0.014 
1 A12 2.953 0.014 
2A13 2.675 0010 1Me 2, 2Me 1, 1Me 1 

A12 2 A13 2-813 0.010 
1 A13 2.878 0.014 
1A14 2.966 0.014 2Me 1, 2Mo~, 2A11, 1AI 1, 1Al 1 

A1 s 2 A1 a 2.675 0.010 1 Me, 2 Me 2, 1 Mo.~, 2 All, 
1 A14 2.852 0.014 2 A12, 1 A12 

A1 a 2A14 2.825 0-010 2Me 2, 2Mo~, 1Mo~, 1A12, l A13 
1 A14 2.736 0.014 2 A1 a 
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suggested by Lipson & Cochran (1953). Tabulated 
values of Fo and Fc are available. The interatomic 
distances are given in Table 4. 

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

The structure is related to body-centred cubic and is 
formed by the superposition of distorted-square, 
planar nets. These planes of atoms are perpendicular 
to the y axis and the plane at y = 0 is related to that  
at y--½ by the C-face centring. 

The mean interatomic distances in the four known 
molybdenum-aluminium phases are given in Table 5; 
they suggest that  the interatomic interactions are 
comparable in all four compounds and they are not 
inconsistent with Goldschmidt's atomic diameter of 
2.8 /~ for both elements. In MosAls, the transition- 
metal atoms avoid contact with each other, the 
shortest Me-Me distance being 3.35 /k. The mean 
Me-A1 and A1-A1 distances are nearly equal (2.76 and 
2-79 A respectively) though the shortest interatomic 
distances of 2.63 and 2-55/k are between molybdenum 
and aluminium atoms. This suggests that  the strongest 
interaction is between aluminium and the transition- 
metal atoms, but the shortening of the bonds is less 
marked than that  arising in alloys between aluminium 
and the first group of transition metals, Ti-Ni (see, 
for example, Taylor, 1954). 

Table 5. Mean interatomic distances in A 
for the (Me-A1) phases 

Mean interatomie 
distance MoAlr2 MeAl 5 MoaA1 s MesA1 
Me-A1 2.72* 2-79* 2.76 2.77 
A1-A1 2.84* 2.79* 2.79 --  
Mo-lVio ~ ~ 3.35 2.92 

* These distances are obtained by assuming that MeAl 5 
is exactly isostructural with WAI~ and MeAl12 with WAll2. 

I t  appears certain that  the phase can extend in 
composition to the Me-rich side of MosAls and reach 
the approximate formula Mo3.cAl~.6 (38.2 wt.% A1). 
Woolf (1961) has analyzed two melts which, from 
X-ray powder photographs, appear to contain only 
Mo3Als. He found the compositions to be 45.8 and 
45.3 wt.% A1, indicating that  the phase can also 
extend to the A_l-rich side of the ideal composition at 
4.2 wt. % A1. 

There is a close similarity in the behaviour of 
molybdenum and tungsten in respect of their alloys. 
The phases CoTMo6, FeTMo6, MeAl12, MeAl5, etc., are 
isostructural with the phases containing tungsten in 
place of molybdenum. The (W-A1) phase diagram 
proposed by Clark (1940) shows, in the range 25-31 
at.% W, two phases (WAls and W3A]7) which are 
stable only at temperatures above 1300 °C. Clark 
regarded the exact compositions of these phases as 
uncertain and further work is being undertaken to 
determine whether either phase is isostructural with 
MosAl8. 

Further investigation of the Me-A1 phases will 
include single-crystal studies of the alloys MeAl12 and 
MeAl7. The research forms part of a project supported 
by the Air Force Office of Scientific Research of the 
Air Research and Development Command, United 
States Air Force, through its European Office, under 
Contract No. AF 61 (052)-50. Some of the equipment 
used was purchased with the help of a generous award 
from the Government Grants Committee of the Royal 
Society. 
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W. H. Taylor for provision of facilities and for theh" 
interest and encouragement. We are grateful to Mr 
Roger Morley for his assistance in the specimen pre- 
paration and we are indebted to Dr M. V. Wilkes and 
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computer. 

References  

ADAM, J. & RICH, J. B. (1954). Acta Cryst. 7, 813. 
ADAM, J. & RICH, J. B. (1955). Acta Cryst. 8, 349. 
CLARE, J. W. It. (1961). J. Inst. Metals, 89, 232. 
CLARK, W. D. (1940). J. Inst. Metals, 66, 271. 
DAUBEN, C. H. & TEM:PLETON, D. H. (1955). Acta Crys!. 

8, 841. 
FARQUEAR, M. C. ~ .  & LIPsOW, H. (1946). Prec. Phy.~.. 

Soc. 58, 200. 
FORSYTH, J. B. & WELLS, M. (1959). Acta Cryst. 12,412. 
LIPSON, /-I. & COCn-RA~, W. (1953). The Determinatiop, 

of Crystal Structures, p. 308. London: Bell. 
SPER~-ER, F. (1959). Z. Metallk. 50, 588. 
TAYLOR, W. H. (1954). Acta Met. 2, 684. 
WEIsz, O., COCHRAN, W. & COLE, W. F. (1948). Act, 

Cryst. 1, 83. 
WOOD, E. A., COMPTON, V. B., ]V~ATTHIAS, B. T. & 

CORE~ZWIT, E. (1958). Acta Cryst, 11, 604. 
WOOLy, A. A. (1961). Private communication. 


