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mus t  be considered in computing the bond length 
s tandard deviation. The description of the disposition 
of these distances with respect to interatomic angles 
follows. 

The M (f) atoms are located at the vertices of hexagons 
whose plane is parallel to (100) (Fig. l(a)). The longer 
2.460 A bonds are directed parallel to y and the 2.427 A 
bonds are perpendicular to (011) and (011). Angles in 
the hexagon deviate slightly from 120 ° so tha t  the 
four angles formed by the intersection of a long and 
a short M ( f ) - M ( f )  bond are equal to 119 ° 37' and the 
two angles formed by the intersection of two shorter 
M ( f ) - M ( f )  bonds are equal to 120 ° 46'. 

The M(e) atoms are located on hexagons parallel to 
(011) and (011) which include one boron a tom (Fig. l(b)). 
Of the six sides of the hexagon two are the shorter 
M(e)-M(e) 2.389 :~ bonds parallel to x, two are the 
longer M(e)-M(e) 2.456 A bonds, perpendicular to (131) 
and ([31) or (131) and (131) and two are the 2.2 _~ 
M(e)-B bonds. Of the six angles two are formed by 
intersection of a long and a short M(e)-M(e) and equal 
120 ° 40', two are formed by intersection of a short 
M(e) bond and an M(e)-B bond and equal 107 ° 15', 
one is formed by intersection of two longer M(e)-M(e) 
bonds and equals 118 ° 40', and one is formed by inter- 
section of two M(e)-B bonds and equals 145 ° 30'. 

All M(e) to M(f)  distances can be depicted as sides 
of a distorted te t rahedron as originally described by 
Kiessling (1950). All of these distances are long 
(greater than  2.7 .£_), relative to the M(e)-M(e) and 
M ( f ) - M ( f )  distances. The articulation of the longer 
M(f)-M(e) distances with the shorter M(e)-M(e) and 

M ( f ) - M ( f )  distances results in distorted te t rahedra  so 
tha t  the tr iangular faces of these te t rahedra  are isosceles 
rather  than equilateral, with two larger angles of about  
64 ° and one smaller one of about  52 °. 

The boron atoms, as also noted by Kiessling (1950), 
lie in strings perpendicular to (031) or (03[) al ternat ing 
at intervals of ~}a with a boron-boron distance of 2.1 A. 
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Nearly all t ransit ion metals  form disilicides. Of special 
interest  are the disilicides with metals  of the fourth to 
sixth group of the periodic system. They crystallize with 
three different crystal structure types which are 
geometrically related. They can be described as different 
stacking variations of graphite-like, metal-centered Si 
nets. The three types are: 

C54 or TiSi 2 type:  A 4-layer stacking type, which occurs 
with TiSi2. 

040 or Cr~i 2 type: A 3-layer stacking type, which has 
been reported for VSi 2, NbSi 2, TaSi 2, CrSie. 

CI I  or MoSi2 type:  A 2-layer stacking type, which has 
been fotmd with MoSi 2, WSi 2 and ReSi 2. 

These disilicide types and their  mutua l  solubility have 
been studied extensively over the last ten  years by 
Nowotny  and his co-workers (Nowotny, 1963). I t  was 
found tha t  the occurrence of these structure types is 
influenced by a valence electron factor and it is possible 
to change the structure type by replacing part  of the 
meta l  and non-meta l  component  with other elements 
having more or fewer valence electrons. 

No investigations have been made  before with ReSi 2. 
I t  was of interest  to investigate how the rules developed 
for the 4th, 5th and 6th group disilicides would apply 
to ReSio. Therefore, a s tudy of the phases and their  
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Fig. 1. Unit-cell volume (A 8) of the phases in the pseudobinary 
system TiSi2-ReSi ~ at 1300 °C. 
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h o m o g e n e i t y  r a n g e s  in  t h e  p s e u d o -  b i n a r y  s y s t e m  
R e S i z - T i S i  2 w a s  u n d e r t a k e n .  

T h e  t h i r t e e n  s p e c i m e n s  w e r e  p r e p a r e d  b y  ba l l  m i l l i ng  
s t o i c h i o m e t r i c  m i x t u r e s  of  t h e  p o w d e r e d  e l e m e n t s  a n d  
h o t  p r e s s i n g  t h e m  a t  1300 °C. A f t e r  t h a t  t h e  a l l o y s  
w e r e  a n n e a l e d  u n d e r  h y d r o g e n  a t  1300 °C fo r  72 h o u r s .  

As  s h o w n  in  F ig .  1, in  t h e  p s e u d o - b i n a r y  s y s t e m  
T i S i e - R e S i  2, a t e r n a r y  p h a s e  o c c u r s  w i t h  a p p r o x i m a t e  
c o m p o s i t i o n  Ti0.gRe0.~Si e. T h e  p o w d e r  p a t t e r n  c a n  b e  
i n d e x e d  w i t h  a h e x a g o n a l  u n i t  cel l  w i t h  

a = 4 " 7 0 5 ,  c = 6 . 5 0  s a n d  c/a=1.38.  

W i t h  t h e  r e f l e c t i o n s  00l :  1 = 3n o n l y ,  f ive  e n a n t i o m o r p h o u s  
s p a c e  g r o u p  pa i r s  a r e  pos s ib l e .  F r o m  t h e s e  t h e  s p a c e  
g r o u p  P 6 4 2 2  (D~) w a s  s e l e c t e d  w i t h  s ix  s i l icon a t o m s  in  
e q u i p o i n t  6(i) w i t h  x = 1/6, a n d  t i t a n i u m  a n d  r h e n i u i n  
a t o m s  r a n d o m l y  d i s t r i b u t e d  o v e r  e q u i p o i n t  3(c). T a b l e  1 

T a b l e  1. Intensity calculation for (Ti0.gRe0.1)Si z 
with CrSi  e structure 

Cr Ka radia t ion  

hkil d (A) 1000 sin s Oc 1000 sin s 0o Ie 

1010 4"076 79"0 81"4 5 
1011 3"454 110"0 111"1 30 
1012 2"543 202.9 204.2 12 
1120 2"353 237"1 238"9 15 
I121 2"213 268"0 269"3 100 
0003 2"170 278"7 277"8 35 
2020 2"038 316"1 320"1 6 
1013 1"915 357"8 ~ 1 
1122 1"907 360"9 ~ 361"4 62 
1123 1"595 515"8 514"6 10 
2130 1.540 553.2 - -  < 1 
1014 1.511 574.5 571.9 2 
2131 1.499 584.2 586.5 5 
2023 1.485 594.9 594-3 6 
2132 1.392 677.1 678.0 5 
3030 1.359 711-3 714.0 5 
1124 1.338 732.6 728.9 38 
3031 1.330 742.3 743.5 39 
2133 1.256 832.0 - -  2 
3032 1.254 835.2 835.4 47 
I015 1.240 853.2 - -  3 

2240 1.177 a l  ~ 946.8 947.1 
~e [ 949.9 950.9 ~ 96 
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s h o w s  t h e  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  a n d  o b s e r v e d  
i n t ens i t i e s .  T h e  s t r u c t u r e  of  Ti0.gRe0.1Si~. is of  t h e  
C 4 0 - C r S i  2 t y p e .  

T h e  l a t t i c e  p a r a m e t e r s  of  al l  p h a s e s  f o u n d  a r e  g i v e n  
in T a b l e  2. R e S i  2 d i s s o l v e s  a b o u t  15 r n o l . %  TiS i  2 w i t h o u t  
m u c h  c h a n g e  in  t h e  l a t t i c e  p a r a m e t e r s  of  t h e  C11 s t r u c -  
t u r e .  T h e  t e r n a r y  p h a s e  e x i s t s  f r o m  a b o u t  Ti0.gsRe0.07Si 2 
t o  a p p r o x i m a t e l y  Ti0.82Re0.1sSi2, w h i l e  t h e  TiSi  2 p h a s e  
h a s  a h o m o g e n e i t y  l i m i t  b e l o w  5 t o o l . %  R e S i  e. 

T h e  o b t a i n e d  r e s u l t s  c a n  b e  i n t e r p r e t e d  b y  a v a l e n c e  
e l e c t r o n  f a c t o r .  T iS i  2 c r y s t a l l i z e s  w i t h  t h e  4 - l a y e r  s t a c k i n g  
t y p e .  B y  r e p l a c i n g  s o m e  of t h e  Ti  a t o m s  w i t h  t h e  e l e c t r o n -  
r i c h e r  R e  a t o m s  t h e  i n t e r m e d i a t e  3 - l a y e r  s t a c k i n g  t y p e  
is o b t a i n e d ,  w h i l e  p u r e  R e S i  e c h o o s e s  t h e  2 - l a y e r  s t a c k i n g  
t y p e .  T h e  s e q u e n c e  of  t h e  o c c u r r i n g  p h a s e s  in t h e  p s e u d o -  
b i n a r y  s y s t e m  T i S i z - R e S i  2 a g r e e s  we l l  w i t h  t h e  s i m i l a r  
r e s u l t s  o b t a i n e d  for  t h e  p s e u d o - b i n a r y  s e c t i o n s  
T i S i e - M o S i  e a n d  T i S i z - W S i  e ( N o w o t n y ,  K u d i e l k a  & 
P a r t h d ,  1956).  I n  b o t h  ca se s  a t e r n a r y  p h a s e  e x i s t s  
- -  (Ti, Mo)Si~ a n d  (Ti ,W)Si~ - -  c r y s t a l l i z i n g  w i t h  t h e  
3 - l a y e r  s t a c k i n g  t y p e .  

T h e  a u t h o r s  w i s h  to  t h a n k  M r  W a r r e n  H o l b r o o k  fo r  
his  c o n t r i b u t i o n  t o  t h e  p r e p a r a t i o n  of  t h e  s p e c i m e n s .  
T h e  e x p e r i m e n t a l  w o r k  w a s  p e r f o r m e d  in t h e  M e t a l l u r g y  
D e p a r t m e n t ,  M a s s a c h u s e t t s  I n s t i t u t e  of  T e c h n o l o g y  
u n d e r  s p o n s o r s h i p  of  t h e  A t o m i c  E n e r g y  C o m m i s s i o n ,  
c o n t r a c t  N o .  A T ( 3 0 - 1 ) 9 8 1 .  

Th i s  s t u d y  is in p a r t  a c o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  
for  R e s e a r c h  on  t h e  S t r u c t u r e  of  M a t t e r ,  U n i v e r s i t y  of  
P e n n s y l v a n i a ,  s u p p o r t e d  b y  t h e  A d v a n c e d  R e s e a r c h  
P r o j e c t s  A g e n c y ,  Of f ice  of  t h e  S e c r e t a r y  of  D e f e n s e .  
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T a b l e  2. Lattice parameters of (Ti, R e ) S i  2 alloys 

C54 type  C40 t y p e  
Or thorhombic  Hexagona l  

Composi t ion  ~- ~ 
of al loy a b c a 

TiSi 2 8.279 A 4.819 A 8.56 s A 
(Ti0"95Re0.05)Si2 8.265 4.791 8.548 
(Tio.9Reo.1)Si ~ -- _ _ 
(Tio.ssReo.~5)Si 2 -- _ _ 
(Tio.sReo.2)Si 2 -- _ _ 
(Tio.TReo.3)Si 2 -- _ _ 
(Tio.6Reo.~)Si 2 -- _ _ 
(Ti0.sRe0.5)Si 2 -- _ _ 
(Ti0.aRe0.6)Si z -- _ _ 
(Tio.aReo.7)Si 2 -- _ _ 
(Ti0.~Re0.s)Si~ -- _ _ 
(Ti0.1Re0.9)Si 2 -- _ _ 
ReSi  2 -- _ _ 

C11 t y p e  
Te t ragona l  

c a c 

4.712 A 6.535 A - - 
4"705 6.505 - _ 
4.69 a 6.51 a - _ 
4"687 6"483 + W 
4"68 o 6.49 3"127 A 7.68 s A 
4"679 6-46 3.127 7.698 
4"681 6.47 3.128 7.695 
4"682 6.49 3.134 7.68 o 
4"681 6"46 3.132 7.689 
4"677 6.49 3"138 7"669 

_ _ 3.137 7.670 
_ _ 3.13 s 7.666 


