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Progress  Report 

Phys ica l  Metallurgy of Uncommon Metals 

This  progress  r e p o r t  covers the  work c a r r i e d  out  during the  f i s c a l  

year 1960-61 i n  the Department o f  Metallurgy a t  M.I.T. under the 

superv is ion  o f  Professors  Robert E. Ogi lv ie  and John T. Norton. 

The a reas  of  research  have been s u b d i v i d e d  i n t o  the  fol lowing 

ca tegor ies :  

I. Phys ica l  Metallurgy 

A. 

B. Radia t ion  Damage i n  Nickel C r y s t a l s  

C. Texture S tudies  of  Cold Rolled Tantalum 

D. Thermal Gradient  E f f e c t s  i n  U-Mo Alloys 

Dif fus ion  of  U-Nb Incremental  Couples 

11. Magnetic Research 

A. Magnetic P r o p e r t i e s  of t he  We,-UMn, System 

B. Remanent Magnetization of  Hematite 

111. C r y s t a l  Chemistry 

A. T h e o r e t i c a l  S t u d i e s  i n  C r y s t a l  C h e m i s t r y  

B. Factors  C o n t r o l l i n g  Formation of  C 1 1 ,  C40 and C54 

Type S t r u c t u r e s  

A t  t h i s  time a brief summary o f  these par t icu lar :  p r o j e c t s  is given. 

Some have been completed while t h e  o t h e r s  are w e l l  underway. 
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I .  Phys ica l  Metallurgy 

A .  Diffus ion  of U-h% Incremental  Couples 

Incremental  couples a t  10% i n t e r v a l s  ac ross  the  U-Nb b ina ry  

have been prepared and d i f f u s e d  a t  temperature from 8OO0C, a t  the  

uranium r i c h  end, t o  1700°C a t  the niobium end o f  the b inary .  O f  

the forty-one couples t h a t  have been prepared ,  approximately 

one-quarter have been analyzed wi th  the  e l e c t r o n  microbeam probe. 

I n  every case ,  both elements  a re  measured s imultaneously.  

B. Radia t ion  Damage 

I r r a d i a t i o n  dam'age of n i cke l  s i n g l e  c r y s t a l s  bombarded w i t h  

3 Mev e l e c t r o n s  from a Van de Graaff genera tor  has been s t u d i e d  by 

Kossel l i n e  techniques.  Changes o f  l a t t i c e  parameter and x-ray l i n e  

breadth  were determined f o r  c r y s t a l s  bombarded w i t h  i n t e g r a t e d  dosages 

o f  and lor8 electrons/cm2 a t  l i q u i d  n i t rogen  temperature .  

I t  is concluded from a n a l y s i s  of  the Kossel  p a t t e r n s  t h a t :  (1) most 

d e f e c t s  anneal  out below room temperature ,  ( 2 )  remaining d e f e c t s  e x i s t  

as  Frenkel d e f e c t s  a s s o c i a t e d  wi th  impuri ty  atoms or o t h e r  s i n k s ,  (3 )  

a l l  d e f e c t s  a r e  mobile and anneal  out  below 4WoC. Subsequent anneal ing 

s t u d i e s  support  t h i s  conclusion. The sources  o f  e r r o r s  i n  l a t t i c e  

parameter de te rmina t ion  and their c o r r e c t i o n s  have been q u a n t i t a t i v e l y  

t r e a t e d .  Using an e l e c t r o n  microbeam probe t o  ob ta in  the Kossel 

p a t t e r n s ,  the r e l a t i v e  p r e c i s i o n  o f  the l a t t i c e  parameter ob ta ined  is 

i n  some cases  b e t t e r  than  1 p a r t  pe r  300,000. 
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C. Texture S tud ie s  of  Cold Rolled Tantalum 

The co ld  r o l l e d  t ex tu re  o f  tantalum i s  descr ibed  by the  (200) 

and (110) pole f i g u r e s  presented  i n  Figures  1 and 2. This  t e x t u r e  

may be approximated by the i d e a l  o r i e n t a t i o n s ,  fi12) (0117, [loo] <011), 

and {1111 (112). 

the t h i r d  d i f f u s e .  

appears somewhat s t r o n g e r  than the  s e t  [100]0[112] (011) . 
s l i g h t  i nc rease  i n  (200) pole d e n s i t y  near  the r o l l i n g  and t ransverse  

d i r e c t i o n s  poss ib ly  i n d i c a t e s  a very weak {lOO)<OOl> o r i e n t a t i o n .  

The f i r s t  predominates w i t h  the  second s t rong  and 

However, the s e t  o f  o r i e n t a t i o n s  11113 ( a r b i t r a r y )  

The 

These r e s u l t s  a r e  g e n e r a l l y  i n  agreement w i t h  those of  Pugh and 

Hibbard''' a l though they  found the [112) (011) o r i e n t a t i o n  t o  be much 

s t ronge r  than  the  o the r s .  However, po le  f i g u r e s  obtained by Muller ( 2) 

i n d i c a t e  t h a t  the f i o o ) < O l l >  o r i e n t a t i o n  is the  s t r o n g e s t .  

The r o l l e d  t e x t u r e  f o r  tantalum i s  s imilar  t o  those o f  o the r  body 

centered  cubic  metals such as i r o n ,  molybdenum and niobium. I t  d i f f e r s  

i n  having a we l l  de f ined  f1123 (011) which i n  a t  l e a s t  two i n v e s t i g a t i o n s  

has been found t o  be the s t r o n g e s t  s i n g l e  o r i e n t a t i o n .  I n  the  more 

common bcc t e x t u r e s  the major o r i e n t a t i o n  is the  [la)} (011) and the 

[1123 < Oll> is d i f f u s e .  

Pugh'l) has a t t r i b u t e d  the s t r e n g t h  o f  t h e  {112](011> t o  a 

preference fo r  the '(1101 over the  (1121 as a g l i d e  plane i n  tantalum. 

B a k i ~ h ' ~ )  has repor ted  p re l imina ry  i n v e s t i g a t i o n s  a t  room temperature 

i n d i c a t i n g  g l i d e  on the (110) and (112) planes  wi th  the former p re fe r r ed .  
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Mechanical P rope r t i e s .  The d i r e c t i o n a l i t y  of  Young's modulus, 

y i e l d  s t r e n g t h  (.01% o f f s e t )  and t e n s i l e  s t r e n g t h  is presented  i n  

Table I. 

Fraa ture  tended t o  occur p a r a l l e l  t o  e i t h e r  the r o l l i n g  o r  

t r ansve r se  d i r e c t i o n s  and was b r i t t l e  i n  appearance. F rac tu res  

p a r a l l e l  t o  the  t ransverse  d i r e c t i o n  were accompanied b y  2% t o  5% 

e longa t ion ;  those p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n  by no measureable 

e longa t ion .  Respons ib i l i t y  f o r  t h i s  type o f  f r a c t u r e  may be 

a t t r i b u t e d  t o  voids  a l igned  by r o l l i n g  p r i n c i p a l l y  i n  the r o l l i n g  

d i r e c t i o n .  

On t h i s  b a s i s ,  ba r r ing  o the r  f a c t o r s ,  one would expect  the  

t e n s i l e  s t r e n g t h  t o  be a minimum a t  in te rmedia te  angies  because the  

maximum shea r  s t r e s s  i s  then  a l igned  i n  these  weak d i r e c t i o n s .  

This  is not the case ,  perhaps i n d i c a t i n g  t h a t  the t e n s i l e  s t r e n g t h  

should be g r e a t e r  a t  these  angles  f o r  c rys t a l log raph ic  reasons.  

Young's modulus e x h i b i t s  maxima i n  the t r ansve r se  and r o l l i n g  

d i r e c t i o n s  and a minimum a t  about 35O from the r o l l i n g  d i r e c t i o n .  

Assuming t h a t  the  r e c i p r o c a l  o f  the measured Young's modulus (1/E) 

is the sume of  t he  weighted 1/E of a l l  c r y s t a l s  i n  the s h e e t  and t h a t  

a l l  c r y s t a l  o r i e n t a t i o n s  p re sen t  may be approximated by a few i d e a l  

o r i e n t a t i o n s  and u t i l i z i n g  compress ib i l i t y  d a t a  obtained by  Bridgeman 

approximate va lues  o f  t he  compliances '(Si 

the s t i f f n e s s  cons tan ts  "c " obta ined  from these  

t o  those determined by Bolef") u s ing  a high frequency reasonance technique.  

The agreement is  good cons ider ing  the  approximations involved i n  these  

c a l c u l a t i o n s .  

(4 )  

a r e  ca l cu la t ed .  I n  Table I1 

, a r e  compared 
ITS ij" i j  ' 
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Shear an iso t ropy  c o n s t a n t s ,  A = 2c /c f o r  tantalum and 44 ll-c12' 

s e v e r a l  cubic  metals are g iven  i n  Table 111(5). The va lues  o f  "A" 

f o r  the  s i x  bcc t r a n s i t i o n  elements  excluding Fe a re  cons iderably  

d i f f e r e n t  from those of  the o t h e r  metals .  

Re f e re nce s 

1. J. W. Pugh and W. R. Hibbard: Trans.  ASM, 48, 526 (1956) 

2. H. Muller;  Z e i t s h r i f t  f u r  Metal1 kunde, 49, 575 (1958) 

- 
/ .  ,. 

- 
3. R. Bakish; Acta Met, - 6, 120 (1958) 

4. P. W. Bridgeman, Proc.  Amer.  A c .  Acts  and Sc. ,  77 187 (1949) - 
5. D. I. Bolef ;  gourn. Appl. Phys. 32, 100 (1961) - 

Table I 

Average va lues  o f  mechanical p r o p e r t i e s  

A n g l e  from Young's Modulus Ultimate T e n s i l e  0.01% O f f s e t  Yield 
Rol l ing  D i r e c t i o n  ~ 1 0 ' ~  p s i  S t r eng th  x p s i  S t r e n g t h  x loa3 p s i  

0 

15 

+ + + 46.3 - 1.3 26.9 - 0.2 106 - 22 
26.3 - 0.5 127 - -- 43.7 - -- + + + 

+ + 

+ + 9 

3 0  25.9 - 0.3 1 2 0 :  0 52 .0  - 0 . 9  

45 26.1 - 0.1 119 - 0.5 51.1 - 4.4 
60 

75 

90 

-I. + + 
26.6 - 0.0 125 - -- 45.8 - 1.0 

4- + + 

+ e + 
27.7 - 0.7 112 - -- 43.1 - -- 
28.7 - -- 97 - -- 56.5 - -- 
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Table I1  

Unit$ o f  10" dyne/cmz U n i t s  of crnz/dyne 

5 1  Inve s t i g a t  o r  L12 ''44, 11 S 44 
5 

$12 

Ganow 27.6 16.2 7.65 6.39 -2.36 13.06 

Bole  f 26.7 16.1 8.25 

Table I11 

Shear a n i s o t r o p i e s  "A" f o r  cubic  elements 

fcc  A bcc A 

cu  
Ag 
Au 

N i  

Pd 

A1 
Pb 

Th 

3.2 

2.9 

2.7 

2.6 

2.4 

1.2 

3.9 

3.6 

L i  

Na 

K 

v 
N b  

Ta 

C r  

Mo 

W 

Fe 

9.4 

8.1 

6.3 

0.79 

0.51 

1.6 

0.86 

0.76 

1.0 

2.4 



R I D  

FIGURE 1 - (200) POLE FIGURE FOR COLD ROLLED TANTALUM REDUCED 
92.5O/o IN THICKNESS. IDEAL ORIENTATIONS: 
o{ 112) (110) v { I l l }  (112) 
o(oo1) (110) 
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FIGURE 2 - ( I  IO) POLE FIGURE FOR COLD ROLLED TANTALUM REDUCED 
92.5% IN THICKNESS. IDEAL ORIENTATIONS: 
0 (112) (110) v { I I I }  (112) 
0 (001) (110) 
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D. Thermal Gradient E f f e c t s  on Uranium - 10% w/o Molybdenum Alloys 

This  work has as i t s  genera l  ob jec t ive  the  eva lua t ion  of  the 

e f f e c t s  of  a thermal g r a d i e n t  on a Uranium-10% w/o molyWenum a l loy .  

This  f u e l  a l l o y  w i l l  be used i n  the Enrico Fermi Fas t  Breeder Reactor 

a n d  is being considered f o r  o the r  r e a c t o r s .  

conta ins  enough Mo t o  s t a b i l i z e  the i s o t r o p i c  gamma phase atroom 

A U-~WO w/o Mo a l l o y  

temperatures .  However, previous work on i ts  t ransformat ion  k i n e t i c s  

i nd ica t e  t h a t  when a t  e l eva ted  temperatures  f o r  s u f f i c i e n t  t ime, the 

gamma phase t ransforms t o  the undes i r ab le ,  a n i s o t r o p i c  a lpha  p lus  

d e l t a  phases .  These a r e  undes i rab le  f o r  use i n  a r e a c t o r  because 

o f  dime ns iona 1 i n s  t ab  i 1 i t  y . 
The experiments conducted imposed on t h i s  a l l o y  temperature 

g r a d i e n t s  comparative t o  those i n  an opera t ing  r e a c t o r .  The purpose 

was t o  f i n d  what the e f f e c t s  of such g r a d i e n t s  would be on the 

t ransformat ion  k i n e t i c s  of the  a l l o y ,  and on the movements o f  molybdenum 

and carbon w i t h i n  the a l l o y .  

These e f f e c t s  were measured by means o f  x-ray d i f f r a c t i o n ,  

m i  cro-har dne ss , me t a l l o g r  ap h i c  inspe c t i o n ,  e l e  c t r on mic robe am p r  obe 

ana . lys i s ,  and chemical a n a l y s i s .  I t  was found by these  methods t h a t  

the t ransformat ion  zone (from gamma t o  alpha p lus  d e l t a )  b e g i n s i n  the 

a l l o y  a t  a time sooner than  two hours and cont inues t o  grow i n  s i z e  

f o r  the longer  time runs.  There was no s i g n i f i c a n t  carbon o r  molybdenum 

d i f f u s i o n  de tec t ed .  

488 09 
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On t h i s  b a s i s  t he  Fermi Reactor f u e l  p i n s  w i l l  t ransform a f t e r  

a r e l a t i v e l y  s h o r t  pe r iod  of opera t ion .  However the e f f e c t s  of  

r a d i a t i o n  on t h i s  t rans ' formation a r e  not  y e t  thoroughly understood.  

Earl ier  work i n d i c a t e s  r a d i a t i o n  may a c t  t o  r e t a r d  or  i n h i b i t  t r a n s -  

format ion .  I t  i s  recommended t h a t  f u r t h e r  exper imenta l  work be 

conducted a t  longer  t imes ,  and i f  poss ib l e  a t  s t e e p e r  g r a d i e n t s ,  t o  

determine whether or n o t  carbon and molybdenum d i f f u s i o n  can be 

de t ec t ed .  The next  l o g i c a l  s t e p  would be t o  r epea t  t h i s  work i n  a 

r a d i a t i o n  f i e l d  t o  determine i t s  e f f e c t .  
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11. Magnetic Research 

A. Magnetic P r o p e r t i e s  of  the  UFe2-UMn, System 

Considerable  d i f f i c u l t y  has been encountered i n  making high p u r i t y  

U-Fe-Mn a l l o y s  and a new s e r i e s  is being prepared.  

was found t o  be paramagnetic from 480'K t o  10'K. 

B. 

The a l l o y  U(Fe,Mn) 

Remanent Magnet i z a t  ion  of  Hematite 

I n  the l a s t  p rogres s  r epor t  we presented  some new magnetic 

phenomena o f  hematite s i n g l e  c r y s t a l ,  which l e d  t o  a much b e t t e r  

u n d e r s e n d i n g  o f  the  c o n t r o v e r s i a l  problems o f  t h i s  ma te r i a l .  This  

p a s t  year we have devoted considerable  work t o  the magnetic behavior 

i n  the t r a n s i t i o n  region.  

Experimental  Resu l t s  and Discussion 

1. The remanent magnet izat ion along p a r t i c u l a r  d i r e c t i o n s  i n  the 

(111) plane and along the [111] d i r e c t i o n  o f  a r ec t angu la r  pr ism of  

hematite s i n g l e  c r y s t a l  has been measured dur ing  a complete cycle  o f  

temperature change between 488'K and 77'K. These r e s u l t s  a r e  

i l l u s t r a t e d  i n  Figure 1. Curve 2 s h o w s  the existence o f  the ferromagnetism 

below the  t r a n s i t i o n  and curves 1 and 2 show the complimentary c h a r a c t e r  

which i n d i c a t e s  t h a t  the ferromagnetism i n  the (111) plane above the  

t r a n s i t i o n  and along the  cl113 d i r e c t i o n  below t r a n s i t i o n  a r e  o f  t he  

same na ture .  This important observa t ion  is not  i n  agreement w i t h  

Ne*els arkument t h a t  the weak ferromagnetism i s  due t o  Fe,O, impur i t i e s  

and it: is  not  c o n s i s t a n t  w i t h  L i ' s ,  and Jacobs and Bean's theory  of  

unbalanced an t i fe r romagnet ic  domain walls.  
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2, A small s p h e r i c a l  sample o f  n a t u r a l  hematite has been used t o  

me asure the r e  mane nt- tempe ra  t u r e  r e  l a  t ions  h ip  and the the rma 1 hys t e r e  s i s  

e f f e c t  f o r  e a c h  of t h ree  mutual ly  perpendicular  d i r e c t i o n s  of  the c r y s t a l  

i n  the  temperature range under cons idera t ion .  I n  Figure 2 ,  curves  1 and 2 

show the remanence along two mutual ly  perpendicular  d i r e c t i o n s  i n  the 

(111) plane and curve 3 along the  [ill] d i r e c t i o n .  Since the  sample 

used has never been d i s t u r b e d  by any magnetic f i e l d  higher t han  a few 

o e r s t e d s ,  the  x-  T curves should r ep resen t  the  t r u e  remanence-temperature 

r e l a t i o n s h i p  of  the th ree  mutually perpendicular  d i r e c t i o n s  o f  the sample. 

These curves a r e  very similar t o  the  spontaneous magnetization-temperature 

and Vo - T curves repor ted  i n  the last progress  r epor t  and s imilar  t o  

the  curves i n  Figure 1 o f  t h i s  r e p o r t ,  except  that the  magnitude is  

smal le r .  

spontaneous magnet izat ion and the s u s c e p t i b i l i t y  curves  have been done 

i n  a proper  manner and hence the conclusions drawn from them a r e  

I 

Th i s  s i m i l a r i t y  i n d i c a t e s  t h a t  the  method f o r  ob ta in ing  the 

c o r r e c t .  These three  loops toge the r  give t h e  r e p r e s e n t a t i o n  o f  the 

weak ferromagnet ic  s t a t e  i n  the ascending and descending temperature 

between 488O and 77°K. A two-dimensional g raph ica l  r e p r e s e n t a t i o n  

of the ferromagnet ic  s t a t e  has been made. 

The r e s u l t a n t  curve f o r  the basal plane was obta ined  by combining the  

corresponding 'branch o f  curves  1 and 2. 

Th i s  was done as fol lows:  

From t h i s  r e s u l t a n t  curve,  

and curve 3 ,  the  d i r e c t i o n  and magnitude o f  t he  remanent magnet izat ion 

vec tor  a t  each  temperature was c a l c u l a t e d  and the  r e s u l t s  were p l o t t e d  

i n  Figure 3 .  

4813 12 
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i 
The most i n t e r e s t i n g  f ea tu re  i s  that whep the temperature decreases  

through the t r a n s i t i o n  reg ion  the remanent magnet izat ion vec to r  t u r n s  

from the  basal plane toward the [ill] d i r e c t i o n ,  and,  a t  the same 

time i t  diminishes  i n  magnitude. While the temperature inc reases  

through t r a n s i t i o n  reg ion  the vec tor  t u r n s  back from the [ill] 
d i r e c t i o n  toward the b a s a l  p lane ,  and, a t  the same time, i t s  magnitude 

inc reases .  Thus turn ing  seems t o  be continuous through a temperature 

range o f  about 140°K. This  l eads  t o  the  conclusion t h a t  the mean 

d i r e c t i o n  of t h e  an t i fe r romagnet ic  s p i n  of each  s u b l a t t i c e  would t u r n  

cont inuously between the [ill] d i r e c t i o n  and the basal plane as the 

temperature changes through the  t r a n s i t i o n  region.  

3. Aqother experiment has been c a r r i e d  out  as fol lows:  The 

spherical  sample was r o t a t e d  i n  the f i e l d  g r a d i e n t ,  and the remanent 

magnet izat ion was measured along d i f f e r e n t  d i r e c t i o n s  i n  the plane 

conta in ing  the  11111 d i r e c t i o n  and the d i r e c t i o n  of  the remanent 

magnet izat ion i n  the (111) plane.  Figure 4 shows tha t  t he  po la r  

p l o t  o f  the  measured magnet izat ion vs  angle o f  observa t ion  gave a 

c i r c l e  pass ing  through the o r i g i n .  The d i r e c t i o n  o f  the cen te r  po in t  

o f  t h i s  c i r c l e  was the d i r e c t i o n  of  magnet izat ion,  and the diameter of  

the c i r c l e  was the magnitude of  magnet izat ion.  The th ree  magnet izat ion 

vec to r s ,  a t  t h ree  d i f f e r e n t  temperatures  determined t h i s  way, f i t t e d  

i n  Figure 2 very wel l .  For the  sake of  completeness the  t h r e e  vec to r s  

a re  shown i n  Figure 2. This  experiment confirms the remanent 

magnetization-temperature r e l a t i o n s h i p  i n  the  t r a n s i t i o n  reg ion  by 

a d i r e c t  magnetic measurement. 

1 
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111. C r y s t a l  Chemistry 

A. Theore t i ca l  Stuidies i n  Crystal .  Chemistry 

The concept o f  space f i l l i ng -p ro \ - e s  t o  be an e x c e l l e n t  method 

f o r  p re sen t ing  geometr ica l  r e l a t i o n s h i p s  of d i f f e r e n t  c r y s t a l  

s t r u c t u r e s .  Space f i l l i n g  $3 i s  def ined  as the q u o t i e n t  volume o f  

the atoms i n  a innit c e l l  over volume o f  the  u n i t  c e l l .  By making 

c e r t a i n  assumptions concerning which o f  t h e  supposedly r i g i d  and 

s p h e r i c a l  atoms are  touching each  o the r  one may express  the  volume 

o f  t he  u n i t  c e l l  i n  terms o f  t he  r a d i i  o f  the involved atoms. 'The 

c a l c u l a t i o n  is most e a s i l y  demonstrated on the  case of  C s C l  ,with 

C s  a s  A and el. as B p a r t n e r s  

3) 
I B -  a 

where a denotes  the  u n i t  c e i f  cons tan t  

B-B contac t :  Only the  CP i ons  a re  touching each  o t h e r  

- 

With a = 2rC1 and E =  2 
CY 

follows 
F D 

A-B con tac t :  C s  i o n s  and CY i o n s  are i n  con tac t  only 

Here a fi - = r  + r  
2 cs C l  hence 

A-A contact :  Cs i ons  are i n  con tac t  o n l y  w i t h  o t h e r  Cs ions 

Here a = 2r and thus  cs 
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'The space f i l l i n g  of the  CsCl s t r u c t u r e  depends the re fo re  on 

the rad ius  r a t i o  E . The three  branches can be s tud ied  i n  Fig. l a  

i n  a log  (d - log  diagram. The fol lowing c o r r e l a t i o n s  between the 

kind o f  s t r u c t u r e  and the shape o f  the space f i l l i n g  curve e x i s t :  

1. Space f i l l i n g  values  of d i f f e r e n t  s t r u c t u r e  types wi th  the 

same composition d i f f e r  only by a f a c t o r  independent o f  E .  

Fig. l a  and 2. 

See 

2 .  S t r u c t u r e s  wi th  commutative p a r t i a l  s t r u c t u r e s  have a 

symmetrical space f i l l i n g  curve wi th  a symmetry Pine a t  2 = 1. 

For eX'ample C s C l ,  NaC1, ZnS, NaTl i n  Fig.  l a .  

3. Hsmeotect s t r u c t u r e s  have i d e n t i c a l  space f i l l i n g  curves.  

For example wur t z i t e  and s p h a l e r i t e  i n  Fig. 1 and the th ree  Laves 

phases i n  Pig.  2. 

4. Two s t r u c t u r e s  s tanding  in the  r e l a t i o n s h i p  o f  type and 

ant i - type t o  each o t k ~  h&ve space f i l l i n g  curves which a r e  r e l a t e d  

t o  each o ther  Pike image and minor image. Fop example CaH, and Mg',Si 

i n  Fig.  2 

5 .  Two s t r u c t u r e s  which have i d e n t i c a l  p a r t i a l  s t r u c t u r e s  can 

be recognized i n  the  space f i l l i n g  diagram, a s  they assume the same 

space f i l l i n g  value a t  E =  0 and E =  . HOP example MgCu, and SiO, 

i n  Fig.  2. 

6. The pos i t i ons  o f  the  d i s c o n t i n u i t y  p o i n t  on the space f i l l i n g  

curve can be r e l a t e d  t o  Laves cons t ruc t ion  formula. 

488 
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Space f i l l i n g  diagrams can be used i n  three  d i f f e r e n t  ways. 

Due t o  d i f f e r e n t  s e t t i n g s  of  axes and s h i f t  o r  o r i g i n  v i r t u a l l y  

i d e n t i c a l  s t r u c t u r e s  have i n  the  p a s t  not  always been recognized as 

i d e n t i c a l .  The space f i l l i n g  is  independent o f  s e t t i n g  o f  axes and 

s h i f t  o f  o r i g i n .  The curves of i d e n t i c a l  s t r u c t u r e s  have t o  co inc ide .  

T h i s  i s  demonstrated f o r  the p a i r s  SnS-GeS and CrB-CaSi i n  Fig. 3 .  

S l i g h t  dev ia t ions  a re  due t o  s l i g h t l y  d i f f e r e n t  f r e e  parameters .  

Space f i l l i n g  va lues  can be f u r t h e r  used t o  p r e d i c t  poss ib l e  p re s su re  

s t r u c t u r e s .  The t h i r d  a p p l i c a t i o n  of the space f i l l i n g  diagram makes 

use o f  the  p o s i t i o n  of  the d i s c o n t i n u i t y  p o i n t s .  Based on the 

assumption that i n  i o n i c  s t r u c t u r e s  ions  of  the same charge should 

never touch each  o t h e r ,  Goldschmidt developed semi-empirical s t a b i l i t y  

laws f o r  valence compounds. The space f i l l i n g  curve provides  a 

g raph ica l  r e p r e s e n t a t i o n  of t hese  geometr ical  s t r u c t u r e  arguments. 

The d i s c o n t i n u i t y  p o i n t s  of  the space f i l l i n g  curve prove t o  be 

s t a b i l i t y  boundaries .  A s t r u c t u r e  energy c a l c u l a t i o n  shows t h a t  these  

boundaries  determined by space f i l l i n g  curves have a c t u a l  meaning. 

This  can be seen  by comparing Fig.  l a  w i t h  l b .  The space f i l l i n g  

diagram can be usp fu l  a l s o  i n  the case of semi-ionic compounds. 

Fig.  3 shows the  space f i l l i n g  curves of  monosil icde and boride 

s t r u c t u r e s .  The p red ic t ed  s t a b i l i t y  ranges check w e l l  w i t h  the 

observed ranges. 

This  s tudy  w i l l  be published i n  2. K r i s t .  and i t  is advised t o  

refer t o  t h i s  paper f o r  d e t a i l e d  information.  

488 18 
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Experimental  S tudies  

The S t ruc tu re  of  (Re, Ti )S i ,  

I n  the course o f  a genera l  s tudy  o f  t he  condi t ions  f o r  the formation 

of  d i s i l i c d e s  the  pseudo-binary systems ReTi,-TiSi, was inves t iga t ed .  

The s t r u c t u r e s  of ReSi, and TiSi, a r e  r e l a t e d .  Both o f  them show 

hexagonal s i l i c o n  n e t s  which a r e  centered  w i t h  metal  atoms but  w i t h  

f 

d i f f e r e n t  s t ack ing  of these  n e t s .  The s t ack ing  sequence of the n e t s  

i n  the ReSi, s t r u c t u r e  is o f  the  AB type,  t h a t  o f  TiSi ,  o f  the  ABCD 

type. I t  was o f  i n t e r e s t  t o  e s t a b l i s h  whether an in te rmedia te  phase 

e x i s t e d  and whether i t s  s t r u c t u r e  would be of  the s t ack ing  type ABC. 

I t  was found t h a t  a compound (Re,Ti)Si ,  occurs  and t h a t  i t  c r y s t a l l i z e s  

wi th  a hexagonal u n i t  c e l l  w i t h  t he  approximate l a t t i c e  cons t an t s  
0 0 

a = 4.6 A and c = 6-5  A 

The i n t e n s i t i e s  of the  d i f f r a c t i o n  l i n e s  seem t o  correspond t o  

those of  the  expected C40 c r y s t a l  s t r u c t u r e  type.  An i n t e n s i t y  

c a l c u l a t i o n  w i l l  now be undertaken t o  prove the  s t r u c t u r e  proposa l .  
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