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ABSTRACT

The s ilic id e s  of T i, Z r, Ce and Nb were Investigated to  determine the 

phases present a t temperatures around 2000*K* The m o tio n s  o f s i l ic id e s  

of T i, Z r, Ce, Nb, Ta, Ho and V with earbon were studied a t  these tempera

tu res * Also a U nited  amount of work was dons on the reactions of some of 

the s i l ic id e s  with nitrogen* The data have been used to establish  ternary  

phase diagrams for the systems and to  obtain upper and lower lim its  fo r the 

heats o f  formation of the s ilic id es*
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INTRODUCTION

The alllcidea of Ti, fcr, Ce, Kb, Ta, Ho and W were investigated in order 

to obtain thermodynamic data on their stabilities and thus determine their 

importance as re free tor lee. These metals ere expected to form the most stable 

sHicides from a comparison with the carbide stability region in the periodic 

table.

The dlsilicides of the above metals are sell known. In addition to these, 

lower silieldes have been reported for Ti, Zr, Nb, Ta, Ho and W, In this work 

most of the reported sllicide phases are confirmed and lower silieide phases 

are reported for the Ce-Si and Nb~3t systems. The needy found phases are 

given in Table 1. A limited amount of work was also dona on the Nb-C and Ce-C 

systems. New phases that were found are given in Table I.

Combustion calorimetry and solution calorimetry are not easily applicable 

in determining the heats of formation of silieldes due to their inertness 

toward oxidation and solvents. Dissociation pressure measurements would 

probably be the moat applicable In determining the stabilities of the silieldes, 

Searcy and McNees1 have determined the stabilities of the rhenium ailicldaa by 

studies of this type. In order to undertake studies of this type on other 

refractory silieldes, information on the phases present, their approximate 

stabilities and suitable containers are of great importance.



In thlo work \m htvo rooorUd to  hifh tonporoturo o<*iUibriv* 

involvln* tlllcldoo in ordor to obUln oooikl Internal too about U otr oUb l i l t  loo. 

Tho •qullibrit*  ovudiot Involv'd Uw ojrotoao H-Si, M-61-C, and

By comparing tho rUblUtloo of tho tllloldoo with tho corrotpofdtoi earbldoo 

ond nitridoo i t  mm pooolblo to not uopor and l o w  lim its to th» oUblUtloo 

of nony of tko alUcldia. Tho oquillbrla ftvo lnfomotloo obovt tho

roUtlvo oU b llltlo i of tho tllieldoo*
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The MSi and M-4i~C «nd r w a u m  were carried out by alxlnc

together UO vo tM  ***b powder* cf the reactant* and b iU i«  that in Ho or 

graphite c im ifc ln  In  the inductively heated equtpaent described by i rtm r » 

Hrcalej GiUeo and U f^ rm .2 Ho c m lb la i  were found Vo bo oat l i f t  dory 

container* since in M t  u i «  th* Ho a lllcU e*  were lot* stable thin VhoM 

of the other motel* *tudied» In Vhoio ca*e* in much the nnpU  ilHcidse 

w*re Uni tU b li  then tho Ho ilU cldot, crucible attack s t i l l  did not occur 

providing that the ooapieo did net funt • A protective f ilic id e  layer on tho 

surface of tho Ho i v l iw t t f  prevented further attack. Graphite cruciblea 

Mr# mod when tho samples contained graphite in excess. Ueuelly equilibrium 

win rapidly established botvoon tho reactant* which thin sintered and draw 

away from tho contain*?.

Corlua aotal powder could not bo used because of thi oxidation problem, 

therefore tho corlun illlc ldo  sample* were propirod by allowing m il l  plocao 

of cerium aotal rod tc ro ad  with • t i l  con or allicon plua grephite powders.

Heat of tho reaction* **re oarrltd out a t about 2100*K, In tho east of 

tho oaaploo containing ctrlua tho hsatings vasre carrlod out at 1600*K. Throo 

fourths of an atmosphere of argon wai uaod In tho systems to aupprooo vo la tlli- 

ta t  Ion of tho SI.

tho , ay item* wort studied fcf allowing aotal and silicon powder

mixture* to coat into equilibrium with gai at about 3/4 a ta  pressure and 

a t ear lout temperature*. Whin a into ring took place in tho samples I t  wai not 

certain that tho aaaple was homogeneous throughout, for th is reason I t  was 

found to bo necessary to introduce into the oaaploo in the fora of 8 1 ^ .

Mo containers were again uaod for aoot of tho heating*. However Mo containers
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wr* found not to bo aatlafactory in the mo o  of the Tt ond t r  « jnto« beoaua* 

of entclble attack. ZrO„ container* were o lio  utod for thoae «yit«si but there 

1» •<** queatlon obout m o tion  of tho ZrO  ̂ with tho •tUcon of tho eaapl*.

Tho oaaplea wort cuonched by turning off tho Induction hot to r ond allowing 

tho aeaplot to cool in tho pretence of A or I t  required about throo ainute* 

for the aaaplee to cool from 2100 to 1200*1 •

X-ray powder diffraction pattern* war* takon of tho reeultlftg eeaplee. 

Copper Kq radiation m i  uood for idantiflcatlon of aa^lee and chroaiua Kq

radiation mod whan aoaourooant of la ttlco  pa ram# to rt m b  involved*
%

Tbapereturea ware measured with optical pyrometer* ealibrated with a 

•tandardlaad tungaton f 11 ament lamp obtained froa tho National Bureau of 

Standard*. Tho samples wore lighted through an optical giiaa window which 

waa protected by a natal ahleld free any aatorlal tffuaing free tho liirmeo 

when reading! wire not being taken. Tho appropriate window correction* aero
i

applied to tho temperature reading!*
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STARTING MATERIALS

UCKL-2544

The till* on natal m s  obtained fra ths J. T. Baker Chesdeal Company 1a

the form of lumps. It was ground to finsr than HO  math with a steal mortar
I

and pestle. Spsctroenalyeia showed the main Impurities to bat T1 lass than 

1#» Cr 0.1-1# and A1 and fa approximately 0,1#. X-ray analysis showed a ray 

weak unidentified second phase*

The Zr natal was obtained in the font of high parity eposes and of rather 

impure powder* The main inpurities in the powder tsars dissolved oxygen and 

nitrogen. X-ray diffraction showed two Zr phases— on# set of lines corre

sponding to purs Zr and the other to Zr with dissolved 0 or M. The phase 

with the emended lattioe (a • 3.26 A, o • 5.19A) corresponds to 22 atomic 

t oxygen assuming that all of ths dissolved gas le oxygen.̂

Ignition experiments showed that tha Zr contains 214 atomic % (4*54 

wt. t) oxygen. The value fra tha ignition experiments is taken to be correct.

X-ray analysis of the Ti mstal showed that it also contained dissolved 

oxygen and nitrogen. Assuming that all of ths d iaaolved gas is oxygen ths 

lattice constants (a • 2.95 A, c ■ 4*69 A) indicats 4*5 atonic percent oxygen.̂  

Ths main imparity in ths Ct metal was 5 atomic % carbon.

All of ths other ns tala were of 99*91 or greater purity*

*•

*
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BINART SYSTEMS

t

Brewer, Searcy, Templeton and Dauben have investigated the Ta-Si, Mo-fll 

and V-Si systems for the phases present at the temperatures of interest in 

this investigation. The phases TaSî - TaSi^ TaSiQ and TaSiQ 2 were 

found in the Ta-3i system. In the Mo-Si system the phases KoSî , No^Hg 

(MoSIq |»)9 and Mo^Si were found. The M-Si system showed the phases WSi^

4nd VOi0.7’

In an x-ray investigation of Ta-3i system by Novotny, Schachner, Kieffer 

and Benesovsty,^ structures were assigned to phases T*^ Ŝi, Ta2Si and Tâ Sî . 

The x-ray pattern found for Ta^ Ŝi was different than for the TaSig 2 

reported by Brewer et al. These two phases may be high and low temperature 

forms of the same compound. Ta^Si corresponds to the TaSiQ ̂  of Brewer et al. 

The Ta^Si^ pattern however is different than for the TaSi^  ̂phase reported 

by Brewer et al. The two phases nay again be high and low temperature 

modifications or, as will be discussed later? the Ta^Si^ phase may have 

been stabilised by graphite.

In this work the systems Ti-Si, Zr-Si, Ce-*Si and Nb-Si were investigated 

for the phases present at high temperatures. The results of these heatings 

are presented in Tables II-VI, The symbols s. (strong), m.s. (moderately 

strong), m. (moderate), m.w. (moderately weak), w. (weak) and v.w. (very 

weak) refer to the observed x-ray intensities. The final temperature 

before quenching has been given in the tables. If the annealiig temperature 

exceeded the final temperature before quenching by more than 25* then the 

maximum temperature attained is also given. No containers were used for 

all of the heatings unless otherwise indicated. Any evidence of meltir^ of 

the sample has also been indicated. In all cases that the saaples fused, 

they had a silvery-gray metallic luster.
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Tl-31 Systea. In addition to TISIgt the phase reported by Pietrokowsky

and D a m  was found. At 2105% a sample containing 30.0̂  Si melted9 a sample 

containing 33*5% Si vis sintered and a sample containing 37*5# Si was partially 

Belted. This shows that the sample at 33*5£ Si falls within the homogeneity 

range of Tî Sl̂ . The lattice constants of Tî Sî  were visually observed to 

vary continuously as we went from 20£ to 60£ Si. They were largest at 20jC 

and smallest at 6o£ Si. This effect is partly due to the homogeneity range 

of Tl^Siy partly due to the presence of a small amount of ojqrgen in the T1 

starting material9 and may also be partly due to Mo dissolving in the Tî Sî  

lattice* The lattice constants of Tî Sî  in ths sample containing 37*5# Si 

were measured and found to be a ■ 7*419 1 0.007 A and c • 5*135 ± 0.007 A 

as compared to a - 7*465 ± 0.002 and c * 5*162 1 0.002 reported by Pietro*

7
kovcky and Duwez.

The TiSi phase reported by Hansen, Kessler and McPherson** was not 

definitely observed. Many weak lines appeared In the TiSi region along with 

Tî Sî . These lines appear to be due to several phases* one of which may 

correspond to the TiSi reported by Hansen et al. TiSî  and Tî Sî  were found 

together in one sample indicating that any intermediate phases must have dis- 

proportionated upon quenching.

Attack of the crucible by a sample containing (fit Si showed that Mo is 

capable of reducing TISig to Tî Sî . Also ths presence of Mo in fbsed samples 

of Tî Sî  Indicates that Tî Sî  is “table in the presence of Mo.

Q

Zr-Si System. Lundin, McPherson and Hansen have reported the phases ZrSi, 

Zr̂ Sî , Zr̂ Siy Zr̂ Sî , Zr̂ Sl and Zr̂ Si in addition to the previously known 

ZrSig. The phases were identified by met&llographic analysis. X-ray analysis 

was also applied to a limited extent. X-ray diffraction studies by Schachner9
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H o w o t r y » a n d  K a c h e n s c h a l k  w o n  t h e  Z r - S i  s y s t e m  h a v e  I n d i c a t e d  t h a t  t h e  p h a s e  

Zp ^SI^  w i t h  t h e  M n ^ S i ^  s t r u c t u r e  i s  t h e  o n l y  p h a s e  p r e s e n t  i n  t h e  r e g i o n  

b e t w e e n  Z r ^ i  a n d  Z r f l i .  S a m p l e s  c o n t a i n i n g  t h e  l o w e r  s i i i c i d e a  w e r e  s u p p l i e d  

t o  u s  b y  D r .  M c P h e r s o n  f o r  c o m p a r i s o n  w i t h  o u r  p h a s e s .

X - r a y  a n a l y s i s  o f  D r .  M c P h e r s o n ' s  s a m p l e s  s h e w e d  c h a r a c t e r i s t i c  p a t t e r n s  

f o r  t h e  r e p o r t e d  p h a s e s .  T h e  b e s t  Z r ^ S i  p a t t e r n  w a s  f o u n d  I n  a  p i c t u r e  w h i c h  

a l s o  c o n t a i n e d  Z r .  Z r 2 S i  a P P e a r * i  ^ o n g  w i t h  a  s m a l l  a m o u n t  o f  Z r ^ S i .  Z r ^ S i ^  

a p p e a r e d  i n  s i n g l e  p h a s e .  I t  w a s  f o u n d  t o  h a v e  t h e  M a ^ S i ^  s t r u c t u r e  w i t h  t h e  

l a t t i c e  c o n s t a n t s  a  ■ 7 . 9 5 6  1  . 0 0 5 A ,  c  -  5 » 5 & 4  i  . 0 0 5 A .  Z r ^ S i ^  i s  p r o b a b l y  

a  m o r e  a p p r o p r i a t e  d e s i g n a t i o n  f o r  t h i s  p h a s e  i n  a s s o c i a t i n g  i t  w i t h  i t s  

s t r u c t u r e .  I n  c o m p a r i n g  t h e  l a t t i c e  c o n s t a n t s  f o r  Z r ^ S i ^  h e r e  w i t h  t h o s e  

i n  o u r  w o r k  w e  f o u n d  t h a t  t h e  v a l u e s  d i d  n o t  a g r e e .  T h i s  i s  a n  i n d i c a t i o n  o f  

a  l a r g e  h o m o g e n e i t y  r a n g e  f o r  Z r ^ S i ^ .  T h e  Z r ^ S i ^  a n d  Z r ^ S i ^  p h a s e s  a p p e a r e d  

i n  w h a t  s e e m e d  t o  b e  s i n g l e  p h a s e .  T h e  Z r S i  p h a s e  a g r e e d  w e l l  w i t h  c u r  Z 1 6 I

i

s a m p l e s ,  h o w e v e r  i t  a p p e a r e d  t o  h a v e  a  f e w  e x t r a  l i n e s .  O u r  w o r k  s h o w e d  t h a t  

Z r S i  d o e s  n o t  i n d e x  w e l l  o n  t h e  h e x a g o n a l  l a t t i c e  r e p o r t e d  b y  L u n l i r .  e t  a l .

F o r  p r e p a r i n g  o u r  c o m p o u n d s  o f  S i  w i t h  p u r e  Z r P s m a l l  p i e c e s  o f  t h e  

s p o n g e  Z r  w e r e  f i r s t  a l l o w e d  t o  r e a c t  w i t h  S i  m e t a l  p o w d e r  f o r  a n  h o u r  a t  

1 9 5 2 * K .  S o m e  o f  t h e  s a m p l e s  w e r e  t h e n  p o w d e r e d  t o  1 4 0  m e s h  o r  f i n e r  a n d  

r e h e a t e d .

D u r i n g  t h e  f i r s t  h e a t i n g  a  s a m p l e  c o n t a i n i n g  2 2 . 4 *  ( 8 . 1 7  w t  % )  S i  f u s e d  

w i t h  n o  a p p a r e n t  c r u c i b l e  a t t a c k .  T h e  x - r a y  p a t t e r n  w a s  h o t  i d e n t i f i e d  w i t h  

a n y  o f  t h e  k n o w n  p h a s e s .  I t  a p p e a r e d  t o  b e  s i n g l e  p h a s e  a n d  m a y  b e  a  h i g h  

t e m p e r a t u r e  f o n t  o f  Z r ^ S i .  A t  3 5 £  3 1 ,  Z r 2 S i  a p p e a r e d  i n  s i n g l e  p h a s e .

Z r ^ S i  w a s  a l s o  f o u n d  i n  t h e  r e m a i n i n g  s a m p l e s  r a n g i n g  u p  t o  5 0 % S i  u n d e r  n o n 

e q u i l i b r i u m  s i t u a t i o n s .  T h e  l a t t i c e  p a r a m e t e r s  o f  Z r ^ S i  i n  t h e  p r e s e n c e  o f
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Z r^S i^  w r«  found t o  b e  t  •  6*646  t  .OOtfA and c -  5*300 ± .006A acco rd ing  to  

th e  te tra g o n a l s t r u c tu r e  e s ta b lish e d  by Schachner a t  a l .  Upon powdering 

and  reh ea tin g  th e  sam ples co n ta in ing  from 40 to  S i, th e  Z r^ S i d isappeared . 

At 40% S I the phase Z r^S i^  appeared . At 45% S i  Zr^Sl^ appeared  along  w ith 

Z r^ S l^  and Zr^Si^ and a t  50Jl S i ,  Z r^Si^ ap p ea red  a long  w ith Z r^S l^  and Z rfli. 

A lthough eq u ilib riu m  was no t w m p lc te ly  e s ta b l i s h e d ,  th e  Z r^S i^  and Zr^Si^ 

p h ases  were confirm ed .

In  the h e a tin g s  w ith  th e  impure Zr pow der, ZrSi and Z r^S i^  were ob ta ined  

a s  s in g le  phases w h ile  p a t te r n s  fo r  Z r jS l^  **4 Zr^Si^ were in d ic a te d  b u t could 

n o t b e  p o s i t iv e ly  i d e n t i f i e d  due to  th e  p re se n c e  o f  la rg e  amount* o f  Zr^Si^ 

and Z rS i in  t h a t  r e g io n .

These r e s u l t s  I n d ic a te  th a t  th e  absence o f  the  Zr^Si^ and Z r^ S l^  phases 

i n  th e  work o f S ch ich n er e t  a l10 say  be due t o  th e  p resence  o f  an  im purity  

such  a s  0 o r C. The Z r^ S i^  may be a b le  t o  absorb  s u f f ic ie n t  ojgrgen o r carbon 

so  t h a t  the  Z r^ S ij and Z r^S i^  phases d is p r o p o r t io n ^ #  due t o  d ecreased  Zr 

a c t i v i t y  in  the  Z r^S l^  p h ase . Our work on th e  Z r-M -C  diagram  shove th a t  

C does indeed d is s o lv e  i n  Zr^91^»

Zr^Sl and Z rjS l w ere n o t found a t  2000*K when th e  81 c o n te n t was lower 

th a n  req u ire d  fo r  Z r^ S i^ , In stead  Zr^Sl^ appea red  in  e q u ilib r iu m  w ith Zr 

m e ta l having s  la rg e ly  expanded l a t t i c e .  However a t  1700*1 s  s im p le  con

ta in in g  19% 81 showed th e  phase Z r^Sl In  e q u ilib r iu m  w ith  Z r .  The presence 

o f  ojqrgen e v id en tly  a f f e c t s  th e  s t a b i l i t y  o f  th e  Zr^81 and Z r^S i p hases by 

low erin g  th e  Zr a c t i v i t y  s u f f ic ie n t ly  so t h a t  they d is p ro p o r t io n a te .  As the  

s o l u b i l i t y  o f oxygen in  Z r decreases w ith  tem p era tu re  th e  a c t i v i t y  o f Zr 

in c re a s e s .  At 1700*K th e  a c t i v i t y  o f Z r h a s  Increased  s u f f i c i e n t ly  to  

s t a b i l i s e  th e  Zr^Si p h a s e . The p resence o f o^rgen in  t h i s  system  a lso
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raises the eutectic temperature in the Zr-Zr^Si^ region. At 2000*K, the 

samples in this region were well sintered and were probably dose to the 

eutectic temperature.

Samples containing more than 50 atomic % Si were attacked by the 

crucible if allowed to fuse. ZrSi and MoSi^ were the resultant phases in

dicating that Mo is capable of reducing ZrSi^ to ZrSi.

Experiments were done by William Hicka^ to check the stability of the 

silicides in the presence of Zr02. When ZrO^ was heated with Zr and Si in 

the mole ratio of 1:1:2 the phases ZrO^ and ZrSi2 were found. ZrO^ was also 

heated with Si in the ratios of 1:1 and 1:2. Here the phases Zr02 and 

ZrSiO^ appeared; however, Si metal was not found in the pictures. The absence 

of Si may be due to the sample picking up oxygen during the heating, or 

ternary compound formation between ZrO^ and Si. Assuming that the latter is 

not the case, the results show that Si and ZrSi2 as well as ZrSi, Zr̂ Sî , 

Zr^Si^ and Zr^Si^ are stable in the presence of ZrOg. According to this the 

following reaction will proceed as written:

1/2 ZrSi2 ♦ 1/2 Si02 ---

> -25.8 -105.1 -130.9

1/2 Zr02 4 3/2 Si

Assuming that - 0 and ACp - 0 for the reaction and using Brewer's^

values for the heats of formation of the oxides we calculate an upper limit 

of > -25.6 kcal. per equivalent of Si for ZrSi2«

Ce-Si System. The Ce-Si samples were prepared as previously described. 

They all had the appearance of being fused or partially fused. It was not 

possible to determine visually the extent of the fusion. There was no 

evidence of ary crucible attack in ary of the samples.

WHMSMMM
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T h e  s a m p l e s  w e r e  p r e p a r e d  f o r  x - r a y  a n a l y s i s  b y  g r i n d i n g  t h e m  t o  2 0 0  

m e s h  i n  a  d r y  b o x  u n d e r  a r g o n  a n d  s e a l i n g  t h e  s p e c i m e n s  i n  t h i n  w a l l  g l a s s  

c a p i l l a r y  t u b e s *

D u e  t o  t h e  m e t h o d  o f  p r e p a r a t i o n  t h e  s a m p l e s  w e r e  i n h o m o g e n e o u s  m i x t u r e s *  

H o w e v e r ,  i t  w a s  e s t a b l i s h e d  t h a t  s e v e r a l  l o w e r  s i l i d d e s  e x i s t *  T h e s e  a r e  

p r o v i s i o n a l l y  a s s i g n e d  t h e  f o r m u l a s  C e y J i ,  C e ^ S i  a n d  C e S i *

.  T h e  C e ^ S i  p h a s e  a p p e a r e d  a l o n g  w i t h  C eO ^  i n  a l l  o f  i t s  s a m p l e s *  T h e  

C e O ^  p r o b a b l y  c a m e  a b o u t  f r o m  o x i d a t i o n  o f  C e  m e t a l  d u r i n g  p r e p a r a t i o n  o f  

t h e  s p e c i m e n s  f o r  x - r a y  s t u d y  i n  s p i t e  o f  t h e  p r e c a u t i o n s *  T h e r e f o r e ,  i t  

i s  b e l i e v e d  t h a t  C e ^ S i  i s  t h e  l o w e s t  s i l i c l d e *

T h e  C e g S i  a p p e a r e d  i n  s a m p l e s  c o n t a i n i n g  3 2  t o  3 #  S i  a n d  C e S i  a p p e a r e d  

i n  s a m p l e s  c o n t a i n i n g  3 8  t o  S i .  C e S i  a p p e a r s  t o  h a v e  t h e  D S i  s t r u c t u r e *

C e S i ^  w a s  o b t a i n e d  i n  s i n g l e  p h a s e  a n d  i t s  l a t t i c e  c o n s t a n t s  w e r e

1 *

m e a s u r e d .  C e S i ^  i s  r e p o r t e d  t o  h a v e  t h e  t e t r a g o n a l  T h S i ^  t y p e  s t r u c t u r e  

w i t h  t h e  l a t t i c e  c o n s t a n t s  a  *  4 * 1 6  ±  * 0 3 A ? c  •  1 3 * 9 0  ±  * 0 ? A * ^  W e o b t a i n e d  

t h e  m o r e  a c c u r a t e  v a l u e s ,  a  •  4 . 1 7 5  ±  * 0 0 2 A ,  c  -  1 3 * 8 4 8  ±  *O 0 6A *  I t  s h o u l d  

b e  r e m e m b e r e d  h o w e v e r 9 t h a t  o u r  o r i g i n a l  C e  s t a r t i n g  m a t e r i a l  c o n t a i n e d  5  

a t o m i c  % C *

H b - S i  S y s t e m * T h e  N b - S l  s y s t e m  s h o w e d  t h e  t i o  l o w e r  s i l i d d e s  K b S i Q j j  ^  ^

g a v e  t h e  l a t t i c e  c o n s t a n t s ,  a  -  7 * 5 4 7  ±  * 0 0 5 A ,  c  -  5 * 2 4 0  ±  * 0 0 5 A .  T h e  s a m p l e

a n d  * » b ^ 3 i^ *  N b S iQ  ^  i s  i s o s t r u c t u r a l  w i t h  t h e  T a S i ^  ^  p h a s e  r e p o r t e d  b y  
 

B r e w e r  a t  s i / *  I t  w a s  o b t a i n e d  i n  e q u i l i b r i u m  w i t h  N b  m e t a l  u p  t o  36% S i *  

T h e  N b ^ S i ^  i s  o f  t h e  H n ^ S i ^  t y p e  s t r u c t u r e *  N b ^ S i ^  i n  e q u i l i b r i u m  w i t h  H b S i g
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a l l  icon side Nb^Si^ was found in  equilibrium with NbSi^. Since Nb^Si^ and 

NbSi^ ^ were not obtained in  equilibrium with each other, other e ilic idee  may 

e x is t in  the region between NbSi^ ^  and Nb^Si^.

The samples th a t were held a t 2095*K fo r 13 minutes were not quenched 

rapidly  but required about 12 minutes to  cool to  1200*K. Several of these 

samples showed Nb, NbSi^ ^  and Nb^Si^ in  the presence of each other* How

ever, th is  non-equilibrium condition is  probably due to inhomogeneity of the 

samples ra ther than a temperature effect*

In an x-ray investigation  of the Nb-Si system, Brauer and Scheele^ 

found that tw> forms of Hb^Si (a  and 0) e x is t  which seem to  be separated 

by a  small homogeneity range. These two, phases evidently are  our NbSi^ ^  

and Nb^Sij phases. The presence of a homogeneity range Joining these two 

phases remains to  be confirmed* .

A sample containing 31# Si fused a t  2231*K whereas none of the samples 

containing 31* or le s s  o f S i fused a t 209 5*K. Therefore the Nb-NhSi^ ^  

eu tectic  must l i e  a t  2160 ± 70*K. The sasple containing 50* 31 fused a t 

2132*K while no fusion was observed a t  2095 for the sample containing 

66* S i se tting  the H b ^ - N b S ^  eutectic  a t  2110 ± 30*K.

Since there was no evidence of crucible a ttack , except in  a  sample 

containing silicon  in  excess of NbSig, I t  appears tha t Mo cannot reduce 

any of the Nb s i l ic id e s .
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M-Si-C STSTEKS

If the heats of formation of the carbides in these systems are known, 

then it Is possible to obtain limits on the heats of formation of tbs 

silieldes. In order to make these calculations, use is made of the approxi

mate relation:

" t - *"290 - M 298

We assume that is aero when all reactants and products are solids.

Heats of formation of the carbides will then suffiea to set limits for the 

heats of formation of the eilieidss. As an example of the method used, 

consider the reactions!

1/2 M3i2 ♦ 3/2 C — 5> 1/2 MC ♦ SiC

1/2 MC ♦ 3/2 Si---> 1/2 KSig ♦ 1/2 SiC

Zf we take the of formation of SiC as -13.0 kcal.1̂  and that of MC

as A, than AHĵ g of formation for KS12 must be greater than (1/2 A - 13*0)

kcal. and lees than (1/2 A ♦ 13*0) kcal. for the reactions to go as written*

The values of the heats and entropies of formation of the carbides used

in these calculations haws been tabulated In Table VH.

The entropy values for SiC, TiC and TaC are the third lav values ob- 

17
tained from Kelley. * Entropies for the other carbides were estimated by 

IS
Latimer*s method. The assignments for the entropy contribution of C in

a solid compound were obtained by subtracting the contribution of the mstal

17
from the known entropies of carbides ' (see TAble VIII). It was found that 

about e.u. may be assigned to C for its contribution in a carbide of 

one to one metal to carbon ratio, about -7.2 e.u. in a carbide of two to one 

or three to one metal to carbon .ratio and about -14 e.u. in a carbide of 

four to one metal to carbon ratio.

MM
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The a b s o l u t e  e n t ro p y  o f  WC f o r  m a p l e ,  i s  e s t i m a t e d  a s  8* •  S* ♦ S* •

1 5 * 0  -  4 * 1  *  1 0 .9  e .u *  U sin g  v a lu e s  o f  3*04 and  1 .3 6  e . u . 1 ^ f o r  t h e  a b s o l u t e  

e n t r o p i e s  o f  W a n d  C r e s p e c t i v e l y ,  ASj^g o f  f o m a t i o n  f o r  W  i s  e s t i m a te d  a s  

1*5 i  1  o . u .

The v a lu e  f o r  t h e  h e a t  o f  fo r m a tio n  o f  S iC  w as o b ta in e d  from  t h e  m ark o f  

H um phrey, T o d d , C o u g h lin  a n d  K in g .1 ^ The h e a t s  o f  f o r m a t io n  f o r  TIC  a n d  TaC 

a r e  fro m  th e  work o f  H u m p h re y ^ ’ 20  an d  th e  v a lu e  f c r  W  i s  f r a a  H u ff ,  S q u l t i e r l  

a n d  S n y d e r# 21

U se m as made o f  t h e  e q u i l i b r i u m

1 * 2C ■ TaC ♦ T a ( l i q .  s o l ' n ,  72<  T a ) ,

w h ich  e x i s t s  a t  3670*K22  t o  c a l c u l a t e  t h e  v a lu e  f o r  t h e  h e a t  o f  f o r m a t i o n  o f

TSgC, The a c t i v i t y  o f  l i q u i d  Ta i n  t h i s  s o l u t i o n  i s  e s t im a te d  t o  b e  0 . 2  1

0 . 1 .  l i d s  e s t i m a t i o n  i s  m ade r e a l i s i n g  t h a t  f o r  TaC r i c h  i n  g r a p h i t e  t h e

a c t i v i t y  o f  l i q u i d  Ta l a  v e r y  s s m ll*  The e n t r o p y  a n d  h e a t  o f  f u s i o n  o f  Ta

23
h a v e  b e e n  g iv e n  b y  B rew er *  a s  2 .3  e . u .  and  7*5 k c a l*  p e r  m ole  r e s p e c t i v e l y *  

U sin g  t h e s e  d a t a  we c a l c u l a t e ,

T»(fc) — >  t » (D  i tr>670 - - i . o

T » ( l ) ------ >  Tk ( a o l 'n )  j 3 J 6 7 0  -  - 1 1 .7  ±  4

T » ( i ) ------ >  T a  ( t o l ' n )  j  SP»6 7 0  -  - 1 2 .7  ±  4

E s t im a t in g  a v e ra g e  SC^j's o f  f o r m a t io n  o v e r  a  te m p e r a tu r e  ra n g e  o f  293 t o  

3670*K t o  b e  2  a n d  3  c a l  .d e g /* 1 m ole*1 r e s p e c t i v e l y  f o r  TaC and T a^C , we 

c a l c u l a t e ,

Tk ♦ C ------ >  TOC ) ■ - 4 5 . 3

2T* ♦ C----- S> V  ! ^ 6 7 0  '  " 22-7
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Coobining the egressions we find that AH*^ of formation for T*2C it -36 

i 0 kcal. par molt.

The values for the heats of formation of Kô C and MoC were calculated 

from the equilibrium constant data of Browning and Ewnett^ for the reactions 

2Mo ♦ CĤ  - MOgC 4 2H2 and Ho2C 4 CĤ  • 2MoC ♦ 2H2. In making these calcu

lations the Sj^g for Mo2C and MoC were estimated by the method described 

above* The heat capacity of MoC was estimated to be 2/5 the heat capacity 

of Cr̂ Cg,2* that for Mo2C was assumed to be 3/10 the heat capacity of 

OtwLi The estimated values were combined with the thermodynamic data 

for the other substances2̂ ^  involved in the reaction to tabulate (AFJ - 

AH*9g)/T functions for the reactions* AH*̂ g was found to be 13*67 ±1.09 

kcal* for the first reaction and 18*11 1 0*20 kcal* for the second reaction*

26
Using the value of -17.89 kcal. per mole for of formation for methane 

we find that AH£̂ g of formation is -4*22 ± 1,09 kcal* for Mo2C and -2*00 ± 

0*65 kcal* for MoC*

limits were set up for the stability of V2C from a consideration of 

the reactions:

VC ♦ W --- > vr2 c

-8*4 < -8*4

W2C «• C ----> 2 WC

> -16.8 -16.8

If we assume that AS is approximately 0 for these reactions then AH*^ of 

formation for Vyj Is less than -8.4 kcal. and greater than -16*8 kcal* Vs 

therefore estimate the AHĵ g of formation to be -13 1 4 kcal*

The ternary diagrams of Figures I to VI have been used to show the 

phases resulting from the M-Si-C heatings* Several of the diagrams were not 

• completed but the joins that were established are indicated. The Mo-Si-C
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system  I t  the moat complete. An a ttem pt has been made to  g iv e  the general

i

form o f  th e  n e l t l i ^  reg ion  along w ith  s e v e ra l ternary  e u te c tic  temperatures*

The m a ltii*  d iag ran  o f th e  molybdenum-silicon eye ten has been given by K ie ffe r

27 2d
and Cerwenka ' and th e  molybdenum-carbon diagram has been summarised by Hansen*

Ho c ru c ib le s  were used in  a l l  o f  th e  heatings except fo r  a  few samples

i n  th e  Mo-Sl-C and W-31-C systems which were r ic h  in  C* G raph ite  c ru c ib les

were used fo r theee* C rucible a ttack  wae observed only in  th e  Ti-31-C

system* S trong a t ta c k  in  one o f th e  s ta p le s  showed th e  phaeee MoSi^f Ti^Si^

and TIO.

Ternary compounds were observed i n  th e  ZivSi-C , Nb-Si-C, Ta-Si-C and 

Mo-Si-C systems w hile  th e re  was no in d ic a t io n  o f te rnary  compounds in  the 

T i-3 i-C  and tf-Sl-C  eye teas*  The te rn a ry  ccapounds a l l  appeared to  be lik e  

th e  Mn^Si^ s tru c tu re *

Only a l im ite d  amount o f work was done on th e  Zr-Si-C system* The te rn a ry  

compound th a t  i s  formed i s  be lieved  to  b e  due to  th e  s o lu b i l i ty  o f  C in  Zr^Si^* 

In  the Ce-8i-C  system a sample co n ta in in g  25% Ce, 50% S i  and 25% C was 

h e ld  a t  1605*K fo r  kk  minutes* The r e s u l ta n t  phases were CeSi^ p lus an uniden

t i f i e d  phase* The sample was gray-brown in  co lor and gave o f f  an  acetylene 

odor*

An in v e s t ig a tio n  o f  the  Ce-C system in  the  range between 50% and 6 #  C 

showed th e  phases CeC» C e ^  and CeC^ p lu s  sev era l u n id e n tif ie d  phases* Hons 

o f  th e se  phases co u ld  be Id e n tif ie d  in  th e  Ce-Si-C sample* The C e ^  was

id e n t i f ie d  as  be in g  i s  amorphous w ith Pu^C^ which has a  body cen tered  cubic

29 29
s tru c tu re *  CeC i t  o f  th e  H ad fa c e -c e n te red  cubic s t r u c tu r e ,  (see  Table I)*

The Ce-C s a b l e s  were a  golden brown i n  color*

The te rn a ry  compound in  th e  Nb-di-C system* Nb^Si^C^ i s  o f th e  same

s tru c tu re  a s  Hb^Si^* however the  l a t t i c e  co n stan ts  a re  co n siderab ly  d if fe re n t

f o r  th e  two in d ic a tin g  th a t  a  la rg e  homogeneity range e x is t s  fo r  Nb^Si^ in

th e  presence o f  C*
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30,31

A h e x a g o n a l  p h a s e  i a o m o r p h o u a  w i t h  T a 2 C w a s  o b s e r v e d  i n  t h e  N b - S i - C  

s y s t e m  i n d i c a t i n g  t h e  p r e s e n c e  o f  a n  N b^C  p h a s e .  A n  a t t e n p t  w a s  B a d e  t o  

p r e p a r e  p u r e  K b ^ C . A p o w d e r  m i x t u r e  o f  6 7 % Mb a n d  3 3 f  C  w a s  h e l d  a t  2 L 3 0 * K  

f o r  $8 m i n u t e s  i n  a  M o c r u c i b l e  u n d e r  v a c u u s .  T h e  r e s u l t  m a s  t h e  p h a s e s  H b^C  

a n d  NbC i n  e q u i l i b r i a .  S i m i l a r  t r e a t m e n t  o f  a  m i x t u r e  o f  7 ft  Mb a n d  2 ft  C 

a t  1 9 2 0 * K  s h o w e d  N b^C  a s  t h e  p r i n c i p l e  p h a s e  w i t h  a  v e x y  s m a l l  a m o u n t  o f  MbC 

p r e s e n t .  T h e  l a t t i c e  c o n s t a n t s  o f  N b ^ C  i n  e q u i l i b r i u m  w i t h  N bC  a r e  g i v e n  

i n  T a b l e  I .  A n  M b^C p h a s e  h a s  b e e n  m e n t i o n e d  p r e v i o u s l y  i n  t h e  l i t e r a t u r e . '

I n  t h e  T a - f l i - C  s y s t e m  t h e  t e r n a r y  c o m p o u n d  a p p e a r e d  i n  s i n g l e  p h a s e  i n  

a  s a m p l e  c o r r e s p o n d i n g  t o  t h e  c o m p o s i t i o n  T a ^  g S i ^ C ^  Mo v a r i a t i o n  i n  l a t t i c e  

c o n s t a n t s  w a s  o b s e r v e d  i n  t h e  x - r a y  p a t t e r n s ,  s o  t h a t  t h e r e  i s  n o  e v i d e n c e  f o r  

a n  e x t e n d e d  h o m o g e n e i t y  r a n g e  •

T h e  M n - S i^  s t r u c t u r e  h a s  t w o  m o l e c u l e s  p e r  u n i t  c e l l .  A s s u m i n g  t h a t  

t h e  c a r b o n s  i n  T a ^  g S i ^ C Q  ^  a r e  i n t e r s t i t i a l  a n d  t h e  d e p a r t u r e  o f  t h e  n u m b e r  

o f  T a * s  f r o m  5  i a  d u e  t o  v a c a n c i e s  i n  t h e  l a t t i c e ,  w e  c a l c u l a t e  a n  x - r a y  

d e n s i t y  o f  1 2 . 4 8  g m /c n r*  f o r  T a ^  g S i^ C Q  T h e  d e n s i t y  o f  t h e  p o w d e r  m e a s u r e d  

w i t h  a  p y c n o m e t e r  u s i n g  t h e  v o l u m e  d i s p l a c e m e n t  o f  C & ^  g a v e  1 2 . 4  g p / c n ? .

N o v o t n y ,  S c h a c h n e r ,  K i e f f e r  a n d  B e n e s o v s k y  r e p o r t  a  p h a s e  T a ^ S i ^  o f  t h e  

K n ^ S L j  s t r u c t u r e  i n  t h e  T a - S i  s y s t e m  w i t h  t h e  l a t t i c e  c o n s t a n t s  a  -  7 .4 7 4 A ,  

c  ■ 5 « 2 2 5 A  a n d  a / c  ■ 1 . 4 3 0 .  T h e s e  v a l u e s  a r e  d o s e  t o  t h o s e  w h i c h  w e  o b 

t a i n e d  f o r  T a ^  g S i ^ C g  «.» I n  t h e  w o x k  o n  t h e  T a - S i  s y s t e m  b y  B r e w e r  e t  a l , ^

T a ^  S i ^  w i t h  t h e  M n ^ S i ^  s t r u c t u r e  w a s  n o t  f o u n d  a l t h o u g h  a  p h a s e  o f  c o m p o 

s i t i o n  T a S i g  ^  w a s  f o u n d  w h i c h  d i d  n o t  h a v e  t h e  M n ^ S i^  s t r u c t u r e .

N o v o t n y  e t  a l  a l s o  r e p o r t  t h a t  T b ^ S i ^  t r a n s f o r m s  t o  a  n e w  p h a s e  s o m e 

w h e r e  b e t w e e n  1 6 0 0  a n d  1 £ 0 0 * K .  T h e  n e w  p h a s e  o b s e r v e d  m a y  b e  t $ e  T a S i g  ^  

r e p o r t e d  b y  B r e w e r  e t  a l .  I t  i s  p o s s i b l e  t h a t  c a r b o n  f r o m  t h e i r  c o n t a i n e r s



has stabilised the Mn^Si  ̂ structure to give the T a ^ g S i^  5 phase. This 

would account for the apparent difficulty of fixing the temperature of trans

formation.

A 'variation of la tt ic e  constants was observed far TaSi^ as we went from 

the TaSig-SiC-Si region to  the TaSlg-SiC-TaC region indicating solubility of 

C in  TaSi2.

In the Mo-Si-C system a ternary compound was observed at about the 

composition Mo^CSi .̂ Considerable variation of la ttic e  parameters with 

composition was observed fo r the ternary compound. Evidently C replaces Ho 

in  a Mô SLj la ttice  u n til the composition Ho^CSi  ̂ is  obtained on the high C 

side, la ttic e  constants for the composition Mo^CSl  ̂ are a -  7*285 ± *007 and 

c -  5*242 ± .007.

Using these la ttice  constants we calculate an x-ray density of 6.62 

gajcn? for Hô CSî  and 7.94 gs/caP for Ho^Si^. The measured density for a 

single phase sample of Mo^CSi  ̂ was found to be 6.9 gn/cv? which gives fa ir 

agreement with i ts  composition. The homogeneity range for the compound is

believed to  extend to lower C contents but w ill not reach the binary Mo-Si

region. This phase is  the only molybdenum sillc ide  that we have found that 

is  stable in the presence of graphite.

Details on the calculations of the s ta b ili tie s  of the silicides from 

data of the H-Si-C systems follow. The pertinent results are stmsnarized 

in  Table IX. The umbers below each species are the values for of

formation expressed in  kilocalories*
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Ti-81-C System*

1/2 TIC ♦ 3 /2  S i  ------ -> 1 /2  T iS ijj 4 1 /2  SIC

-21.92 <  - 1 5 4  *6.5

1/2 T if ltj  + 3 / 2  0 ------>  1 /2  TiC 4  SiC

> -3^ .9 -21 .92  -1 3 .0

1/2 W Sijj + 7 /6  T i —- >  1 /3  T i j S y

< - 1 5 4 <  - 1 5 4

1/3 TijSLj 4 8 /3  C - - >  5/3 TiC 4 SiC

> -  86.1 -7 3 .1  -1 3 .0

♦R ealizing t h a t  when lower s i l i e id e e  a re  s tab le  w ith  re s p e c t to  d ispro

p o r tio n a tio n , th ey  must be more s ta b le  p e r eq u ivalen t o f  S i  than  the  nex t 

h igher s i l i c i d e ;  we w il l  n o t r e p e a t  th i s  type o f c a lc u la t io n  f o r  th e  fo r th 

coming s H ic id e s .

Zr-Sl-C System:

1 /2  ZrC ♦ 3 /2  S i

- 22.2

1/2  ZrSi2 4 3 /2  C

>  -  35*2

1 /2  SiC 4 1 /2  W i g  

-6 .5  <  -1 5 .7

1 /2  ZrC ♦ SiC

-22.2 . -13.0

1 /2  Z iSig from prev ious c a lc u la tio n  

> -  25.S

Therefore, o f  form ation f o r  1 /2  ZiGi^ •  -21 1  5 h e a l .
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R e f e r r i n g  t o  t h e  Z r - S i  p h a s e  d i a g r a m  e s t a b l i s h e d  b y  L u n d  i n  e t  a l ,  w e  s e e  t h a t  

a l l  o f  t h e  z i r c o n i u m  s i l i c i d e s  w i t h  t h e  e x c e p t i o n  o f  Z r ^ S i ^  h a v e  i n c o n g r u e n t  

m e l t i n g  p o i n t s *  T h i s  m e a n s  t h a t  a t  t h e  Z r S i 2  p s r i t e e t i c  w e  f i n d  Z r f i i ^ ,  Z z 6 1  

a n d  a  S i  r i e h  m e l t  i n  e q u i l i b r i u m ;  a t  t h e  Z r S i  e u t e c t i c  w e  f i n d  Z r S i ,  Z r ^ S i ^  

a n d  a  S i  r i c h  m e l t  i n  e q u i l i b r i u m ;  a n d  s o  o n  u n t i l  w e  f i n d  Z r ^ S i ,  Z r ^ S i  a n d  

a  Z r  r i c h  m e l t  i n  e q u i l i b r i u m *

I f  w e  c a n  e s t i m a t e  t h e  a c t i v i t y  o f  S i  o r  o f  Z r  i n  t h e  m e l t  a t  t h e  p e r l -  

t e c t i c  p o i n t s ,  t h e n  w e  c a n  c a l c u l a t e  t h e  h e a t s  o f  f o r m a t i o n  o f  a l l  o f  t h e  

o t h e r  z i r c o n i m  s i l i c i d e s  f r o m  t h e  h e a t  o f  f o r m a t i o n  o f  Z r S i g *

W e  e s t i m a t e  t h a t  t h e  a c t i v i t y  o f  3 1  i n  t h e  m e l t  i s  r o u g h l y  e q u a l  t o  

t h e  m o l e  f r a c t i o n  o f  S i  b e t w e e n  t h e  s t a b l e  s o l i d  c o m p o u n d  a n d  p u r e  S i ,  w h e n  

w e  a r e  w o r k i n g  o n  t h e  S i  r i c h  s i d e  o f  t h e  d i a g r a m *  T h e  f r e e  e n e r g y  o f  

s o l u t i o n  o f  S i  f r o m  i t s  s t a n d a r d  s t a t e  c a n  t h e n  b e  c a l c u l a t e d *

S i  U ) - - - - - - - - >  S i  ( 1 ) ;  A P *  •  A H J  -  T A S J

S i  ( 1 ) - - - - - - - >  S i  ( s o l f n ) ;  A P  ^  ■  H T  I n  N g i

S i  ( » )  — >  S i  ( s o l ' n ) ;  A F  -  A H J ,  -  T A S J  ♦ R T  I n  ^

O n  t h e  Z r  r i c h  s i d e  o f  t h e  d i a g r a m  a  s i m i l a r  c a l c u l a t i o n  i e  m a d e  r e 

f e r r i n g  t o  t h e  a c t i v i t y  o f  Z r  r a t h e r  t h a n  S i *  I n  t h e s e  c a l c u l a t i o n s  A S J

i s  t a k e n  a s  2 * 3  e . u .  f o r  S i 2 ^  a n d  6 * 6  e . u *  f o r  Z r , 2 *^ A H J  I s  t a k e n  a s  1 1 * 1  

21
k c a l .  f o r  S i  J  a n d  c a l c u l a t e d  a s  4 . , 9  k c a l *  f o r  Z r  f r o m  t h e  m e l t i n g  p o i n t  o f

9
Z r  g i v e n  b y  L u n d i n  e t  a l *  I n  t h e  c a l c u l a t i o n s  t h a t  f o l l o w  t h e  n u n b e r a  

b e l o w  t h e  S i  a n d  Z r  s o l u t i o n s  r e p r e s e n t  t h e  o f  s o l u t i o n *

9
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sol'n
Zr6i2 - ZrSi ♦ 8i( »S1 - .47) 5 T - 1790 

-42 -38*6 -3.4

sol'n
6Zr6i - Zr6Sl5 4 Si( - .108) ; T - 2370 

-231.6 -216.6 -15.0

sol'n
PXjSLj - 32^15 ♦ 2ZK - .084) f T - 2500

-676.0 -649.8 -26.2

sol'n
ZrjSî  - ZTjJUj 4 2r{ - .147) | T - 2480

-145.4 -135.2 -10.2

sol'n
3Zrg91 • ZrjSlj 4 Zr( ■ .352) | T - 2380 

-150.9 -1454 -5.5

sol'n
ZrjSi - Zr Ŝi 4 2Zr( - .601) | t - 1900 

-53.1 -50.3 -2.8

Nb-Si-C Syatemi

The heat of formation of NbC is estimated as -3045 heal, per mole from 

a comparison, with the known heats of formation of the other carbides in this 4 

region of the periodic table.

1/2 NbC 4 3/2 Si--- > 1/2 KbSig 4 1/2 SiC

-15 < -8.5 -6.5

1/2 NbSig 4 3/2 C 

> -28

1/3 NbjS^ 4 8/3 C 

>-63

1/2 NbC 4 SiC 

-15 -13.0

5/3 NbC ♦ SiC 

-50 -13.0
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20/11 ^  ♦ 31/U  C

>60

Ta-3i-C Systems

1/2 TaC ♦ 3/2 SI ----

-19.3.

1/2 T*S12 ♦ 3/2 C 

> -  32.3

10/6 TaSl0<6 ♦ 8/3 C 

> - 7 7 . 2

20/11 SbC ♦ SIC 

-55 -43 .0

1/2  T»S12 ♦ 1/2 SIC 

<  -  12.8 - 6.5

1/2 TaC ♦ SIC 

-19.3 -13.0

10/6 TaC ♦ SIC 

- 66.2 - 13.0

Ta^Ji 4 3C

> -90.1

jSsS 4 6c
> -205.7

2TaC ♦ SIC 

-77a -13.0

5TaC ♦ SIC 

-192.7 -13.0

1/3 .5 4 73/30 c

> -  74.7

8/5 T*C ♦ SIC 

-61.7 -13.0

Mo-Sl-C Systems

Mo ♦ SIC 

-13.0

7/2 Mo ♦ SIC -

-ia.o

Mo2C ♦ Mo3S1

- 4.2 <  - 8.8

Mo2C 4 1/2 Mo3S12 

-4.2 <  -8.8

1/2 Mo3S12 4 5/I2C 

<  -  8.8

1/3 Mo^OSlj 4 1/12 Ko2C 

< -9 .2  0.4



-25- OCRL-25A4

1/2 KoSij ♦ 3A  0 ------ > 1/8 MOjCSij ♦ 5/8 SIC

A B < >3.5 -8.1

1/8 HOjCSij ♦ 3/4 S I ------> 1/2 MoSig ♦ 1/8 SIC

B A -1.6

Estimate B -  -10.0, th«n A < -8.4 and > -18.1

1/2 JCo3Sl2 ♦ 231 

> -54.3

3/2 MoSr2 

>  -54.3

HOjSl 4 531

> - 106.6

3 MoSlg 

> -106.6

1/3 Mo^CSlj 4 3 1 ------ > 4/3 MoSlg 4 1/3 SIC

> -52.6 -48.3 -4.3

W-Si-C System!

1/2 Wig ♦ 3/2 C ------> SIC ♦ 1/2 *C

> - 17.2 - 13.0 - 4.2

10/7 W q ^  4 17/7 C -  10/7 VC ♦ SIC 

> -25.0 -12.0 -13.0

17/7 W 4 81C -  M3 ♦ 10/7 M U ^

-13.0 -6*4 < 4*6

10/7 ♦ 13/7 SI - 10/7 W Sig

< -4.6 < -4.6
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M-Si-Hg STST3SMS

T he M -S i-H g  s y s te m s  w i l l  g iv e  a a  i n f o r m a t i o n  a b o u t  t h a  a t a b i l i t l a a  o f  

• i l i o l d a a  o f  T i t Z r ,  C o , Kb a n d  T a s i n c e  t h e a e  e le m e n t s  f o r a  s t a b l e  n i t r i d e s  

a t  h i g h  t e m p e r a t u r e s .  T h e  n i t r i d e s  o f  t h o s e  m e t a l s  m ay b e  m ore  s t a b l e  th a n  

t h e  s i l i c i d e s  a t  l o n e r  t e m p e r a t u r e s  b a t  a t  h i g h  t e m p e r a t u r e s  t h e  n i t r i d e s  

beoom e l e s s  s t a b l e  d u e  t o  t h e i r  p o s i t i v e  e n t r o p y  o f  f o r m a t io n *  D e te r m in a t io n  

o f  t h e  t e m p e r a tu r e  a t  i d i i c h  t h i s  r e v e r s a l  o f  s t a b i l i t i e s  o c c u r s  m o u ld  b e  W 17  

v a l u a b l e  i n  f i x i n g  t h e  s t a b i l i t i e s  o f  t h e  s i l i e i d e s *

A H j^g a n d  o f  f o r m a t i o n  d a t a  f o r  t h e  n i t r i d e s  a r e  p r e s e n t e d  i n  

T a b le  X* T h e  e n t r o p y  d a t a  f o r  S l ^ »  TIN  a n d  ZxN a r e  fro m  l e l l e y * 1 ^  The 

o t h e r  e n t r o p i e s  h a v e  b e e n  e s t im a t e d *  T he  v a l u e s  f o r  S i y t ^ ,  Cell* TaN 

a n d  NbN a r e  fro m  B re w er*  B rom ley*  ( M i le s  a n d  L o f g re n * 2^  T ill  foam  H u m p h re y ^  

a n d  ZrN fro m  K e l l e r

C h i o t t i ^  h a s  show n t h a t  t h s  h e x a g o n a l  s t r u c t u r e  p r e v i o u s l y  r e p o r t e d  f o r  

TaN r e a l l y  b e lo n g s  t o  t h e  p h a s e  TSgM* Ta^N* h e  fo u n d *  i s  t h s  s t a b l e  s p e c i e s  

a t  2 2 7 0 * K . Upon h e a t i n g  T a  m e ta l  u n d e r  o n e  a tm  Mg a t  1170*K  f o r  IN  h o u r s*  

C h l o t t l  o b t a in e d  a  c o m p o s i t i o n  TaNQ^  w h ic h  c o n t a i n e d  ThgN p l u s  a  new  p h a se *  

S l a d e  a n d  H i g s o i r ^  m ad e  tw o  m e a su re m e n ts  o n  t h s  d i s s o c i a t i o n  p r e s s u r e  

o f  TaN  a t  a ro u n d  1500*K * from t h e  r e s u l t s  o f  C h l o t t l  we s e e  t h a t  t h q y  w e re  

s t u d y i n g  t h e  e q u i l i b r i u m

2TaH •  ThgN ♦ 1 /2  « 2 ( g ) .

E s t i m a t i n g  f o r  t h e  r e a c t i o n  t o  b o  2 2  e * u *  a n d  ACp  ■ 0* we c a l c u l a t e  

a n  a v e r a g e  o f  43«N  k e e l *  f o r  t h e  r e a c t i o n *  T h is  y i e l d s  a  v a l u e  o f  

-7 2 . /*  ±  5  k e a l*  f o r  o f  f o s m a t io n  o f  TSgN*

An e x p e r im e n ta l  d i f f i c u l t y  w as e n c o u n t e r e d  i n  a t t a i n i n g  e q u i l i b r i m i  I n  

t h e  K -S i-N g  sy s te m s*  A s corns o f  t h s  s a m p le s  n i t r l d e d *  t h e y  s i n t e r e d  a n d
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formed a  c r u s t  on th e  su rfa c e  so t h a t  th e  sam ples w ere n o t homogeneous i n  

n itro g e n  th roughout*  More u s e fu l  r e s u l t s  mould be  o b ta in e d  by in tro d u c in g  

n itro g e n  in to  th e  system i n  th e  form  o f  a  m etal n i t r id e *  The p re p a ra t io n  

o f  S i ^  and Ttgg mere in v e s t ig a te d  fo r  t h i s  purpose*

In  o rd e r  t o  p rep are  S i S I  m etal ponder mas h o s te d  I n  a  Mo c ru c ib le  

under a b o u t 3 /4  atm o f  M2 * The r a t e  o f  th e  n i t r i d i i g  r e a c t io n  mas found 

to  be very  s low  beiom 1600*K w h ile  above 190PK  Si^N^ •  homed co n s id e ra b le  

decom position*

The h e a t in g  schedule u sed  mss to  f i r s t  h ea t th e  sample a t  1660*K fo r  

about 40  m inu tes*  in c re a se  th e  te m p era tu re  to  1800*K f a r  about 20 m inu tes 

and th e n  cool*  The s in te re d  p o r t io n s  o f th e  r e s u l t in g  s a ^ l e  mere th e n  

crushed and th e  sample mas r e h e a te d  to  1640MC f o r  110 m inutes* The f i n a l  

sample was g ra y ish -w h ite  i n  c o lo r*  I t  con ta ined  91 m ol % Si^N^ a s  d e term ined  

by ga in  i n  w eigh t o f  th e  sam ple assum ing no lo s s  o f  81 due to  v a p o r is a t io n  o r  

r e a c t io n  w ith  th e  co n ta in er*  S in c e  th e re  mas a c t u a l  l o s s  due to  th s s s  

p ro cesses  91Jf i s  a minimum a n a ly s is *  X -ray a n a ly s is  showed a  s tro n g  S i ^  

p h a a e ^  p lu s  s  weak S i  phass*

Ta2N mas p rep a red  by h e a t in g  Ta powder co n ta in ed  i n  a  Mo c ru c ib le  t o  

ZLOO*K f o r  33 m inutes under 3 /4  e t a  o f  Mg* From th e  w eight g a in  th e  com posi

t io n  mao c a lc u la te d  to  bs Ta^ ^ M . The x -ray  d i f f r a c t i o n  p a t te r n  showed Thgg 

a s  a  s in g le  phase*

Work on th e  K -Si-gg system s wee co n cen tra ted  on th e  TS-fil-gg system  

w ith  on ly  a  few  re a c tio n s  i n  th e  o th e r  system s b e in g  s tu d ie d *  A summary 

o f th e  r e a c t io n s  and th e  r e s u l t l x ^  phases i t  p re se n te d  I n  T able XI*

T ern a ry  compounds o f  th e  Mn^Sl^ type appeared  I n  th e  H b-Si-gg and  Ta*- 

S i-gg  system s* I n s u f f ic ie n t  work was done on th e  o th e r  system s t o  I n d ic a te  

th e  p re se n c e  o f  te rn a ry  compounds*
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Heatings a t 1600*9 In the Ta-Si-N2 system show tha t Tafll^ is  unstable

in  th a  presence o f and w i l l  r e a c t  t o  give Ta j S i ^ .  81^9^ would a lso  be

expected t o  fox* , however i t  was no t picked up by  x -ray  ana lysis*  When

•esp ies  o f S i  con ten t 3 #  and low er, were heated in  9^ a t  1600*9 they showed

a  considerab le  g a in  in  w eight. The phase Ta 9  appeared in  e q u i l i b r i a  w ith
2

Ta^Si^Hx* Sons weak u n id en tif ie d  l in e s  were a lso  p re s e n t .  These l in s s  m y  

be due to  Tfc9. fro*  these  da ta  a  p ro v is io n a l fox* of th e  Th-81-92 diagram 

has been constructed  a t  1600*9 ( s e e  f ig u re  T i l ) .

At 2146*9 TaSig was found t o  be s ta b le  in  th e  p resence  of 92« This 

means t i n t  th e  follow ing re a c tio n  can proceed as  w r i t  t in *  The AIJ o f  f o v a t i o n

1 /4  T a ^  4 1/3 S y 4 -  1 /2  ThSig ♦ 19/24 92(g )

- 7 .9  -1 .2  <  - 9 J .

o f  Ta^l and 31^9^ have bsen in d io a te d  in  th e  aqua tion . This ssans th a t  

AH^g o f  fo x sa tio n  fo r  TaSl^ i s  l e s s  th an  -9 .1  k e e l .  This do st not improve 

th s  U n i t s  a lready  s e t  fo r  TaS i^  however a  study o f th e  e q u ilib r ia *  a t  a  

lower tem perature would give a d d it io n a l  d a ta .

The 9b-Si-H2 system appears t o  b s  s in il& r to  tha . T a-8 i-92 system.

Jo in t were e s ta b lish e d  between 9b^Si^9x  and 92 and between 9bj81^9x  and 

9b«L2.

from th e  g a in  I n  weight and p h y s ic a l appearance o f  a  easp ls  re su ltin g  

from Ce p lu s  2S1 p lu s  9 ^  i t  i f  e v id en t th a t  C#812  I s  u n a tab ls  in  th e  p re tence  

o f  92« The x -ra y  p a tte rn  was to o  poor to  reveal any th ing . Providing th a t  no 

te rn a ry  compounds a r e  formed in  th e  C e-S i-I2 eyataa , th e  follow ing re a c tio n  

can proceed a t  1616*9. fro*  a  c a lc u la t io n  o f  AIJ fo r  Co9 and Si^9^, we

1 /2  CeSLj ♦ 11/12 92 -  1 /2  Ce9 4 1/3 S i ^

>  — 34*4 —1 6 a  —16.0
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c a n  t a t  a n  u p p e r  U n i t  f o r  o f  f o r a a t l o n  o f  C a 8 1 2  a t  g r e a t e r  t h a n  - > 4 * 4  

k e a l .  p e r  e q u i v a l e n t  o f  8 1 *  D l n c o  t h e r e  w t a  n o  a t t a c k  o f  t h e  c o n t a i n e r  b y  S i ,  

i t  i t  a t t u n e d  t h a t  a  j o i n  e x i s t s  b e t w e e n  C e S i 2  a n d  8 1 ^  a o  t h a t  t h e  r e a c t i o n

1 / 2  C e l l  ♦  1 1 / 8  S i  -  1 / 2  C a S i 2  ♦  l / S  S i ^  

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

c a n  g o  a t  w r i t t e n .  A l i e n i n g  ■  0  f o r  t h i s  r e a c t i o n  w e  o b t a i n  a  l o w e r  

U n i t  f o r  t h e  o f  f o n a a t i o n  o f  C e S ^  a e  l e s t  t h a n  - 1 6 , 6  k e a l .  p e r  

e q u i v a l e n t  o f  8 i .  T h e s e  c a l c u l a t i o n s  a r e ,  o f  c o u r s e ,  p r o v i s i o n a l .

I n  t h e  T i - 8 i - l f 2  e y s t e n  a  s t a p l e  c o n t a i n i n g  63% T i  a n d  36% 8 1  r e a o t e d  

w i t h  R 2  t o  g i v e  T i l l .  R o  o t h e r  p h a t e e  w e r e  f o u n d .  A  s a q p l e  i n i t i a l l y .  

c o n t a i n i n g  8 1  s h o w e d  c o n s i d e r a b l e  a t t a c k  o f  t h e  R o  c o n t a i n e r  y i e l d i n g  

T I M  p l u s  a n  u n i d e n t i f i e d  p h a s e .

W h e n  a  s t a p l e  c o n t a i n i n g  3 3 J g  Z r  a n d  6 7 ?  8 1  e a t  h e a t e d  i n  R 2  i n  a  M o  

c r u c i b l e  i t  y i e l d e d  t h e  p h a s e s  M o S i 2 ,  Z r R  a n d  Z r f l i ^  p l u s  w e a k  u n i d e n t i f i e d  

l i n e s .  C r u c i b l e  a t t a c k  w o u l d  b e  e x p e c t e d  s i n c e  Z r f l i 2  w e e  p r e v i o u s l y  f o u n d  

t o  b e  u n s t a b l e  i n  t h e  p r e t e n c e  o f  M o .  W h e n  Z r  n e t a l  w a s  h e a t e d  w i t h  e x c e s s

S d L R ,  i n  a  Z i 0 2  c o n t a i n e r  i n  t h s  p r e s e n c e  o f  R ,

p h a s e  o f  s t r o n g  i n t e n s i t y  a p p e a r e d  a l o n g  w i t h  8 1  n a t a l .  T h e  S i  n e t a l  e e n e

4

f r o *  d e c o m p o s i t i o n  o f  t h e  S l ^ H g  T h s  u n k n o w n  p h a s e  n a y  b e  a  t e r n a r y  c o m p o u n d .

| g )  t W , , f  ■■
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-  llj -  Si SYSTEMS

In th# -  Mg -  Si i p tM  i t  Is d ifficu lt to obtain tharnotynanic dots 

f r a  tho phases observed because of extended solid so lub ilities in  these 07steas. 

Kerertheless sane useful date were obtained* Tbs m in region studied uas that 

o f lev Si content* k sumary of the heatings i s  given in  Tfcbl* XII*

I t  eat established that a ll  of the lever a iliddes of Ta are stable in

the presenoe of Mo natal*

TVgSi and TaSl^ 2  vere also found to be stable in  the pretence of V*

1 join was found to  exist betveen Ta^Si and Ti^8 i^« The la ttice  constants 

o f Ti^Sl^ expanded indicating e solubility of Ta in  Tl^Si^*

Mo will rednee TiSig to  T i ^ .  T i ^  i t  believed to be stable in the 

presence of Mo* I t  i s  believed that a Join exists between Ti^Si^ end Mo6 ig* 

Mô Si was found to  be stable in the pretence of f  with no apparent change 

in  la ttice  eonstente o f olther phase*

k Join exiate between Zr^fli^ and Mb* Ih^Si^ and Zr^Sl^ appear to  be 

completely soluble in  each other • X-ray analysis of the region ahoved a 

phase of the Mn f̂lî  structure with la t t ic e  eonitanta internediate between 

Mb^Si  ̂ and Zr^Sl^* The folloving reaction should proceed as written!

20/H M bii^ jj ♦ 5/3 Zr 

> -W

1/3 Z r ^  ♦ 20/11 1>

-4*

This additional infonaation is entered in  Tabla IX*

The relative s tab ility  of tho sllic ides My be atanarlsed as follovst 

T a d i^ ,  Th^i* TaSi0 # 2  > KOjSi > t r f l ^ 9 t t f  i # Z r^ i  >

"* o .5 5 -
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DlSCUSSIOIf OP RESULTS

A consideration of the stabilities of the loner silicides only, shows 

that the most stable silicides occur in the sane region of the periodic table 

as do the most stable carbides, i.eM Ti, Zr and Tk apparently font the most 

stable silicides as well as the aost stable carbides. The stability region 

falls off toward the alkali metals or toward the iron and platinum metals.

The aost stable silicides are aore stable than the aost stable carbides. and 

silicides exhibit a wider range of stability over the periodic table. This 

is to be expected since Si has a much lower heat of sublimation than C.

In considering the stabilities of the disilicides a trend in stability 

oyer the periodic table is less pronounced. Various values that hare been 

reported for of formation of disilicides are CaSlg, -ld;2̂  ZrSig. -21 

(this work); ReSig. -27.5;1 and CoSig, -12.32  ̂kcal. per eqoiv. of Si.

Although the stability region of silicides is considerably more wide

spread than that of the carbides, we note that silicides are no longer stable 

as we go further in the periodic table, than Cu, Pd and Pt. We also find 

that d shells for the various atoms have been filled at this point. This 

suggests that d electrons play an important role in the bonding of the

silicides.

The Mn̂ Sî  type structure seems to be a very important crystal type 

in the refractory silicides since some of the aost stable and highest 

melting sllieideo appear to be these of the Mn^Si^ structure. In case this 

structure is absent in the binary system a small amount of C (or possibly 

N or 0) is sufficient to stabilise it. Also, with the exception of Ta^g—  

SÎ Cq j these Mn̂ Sî  type compounds all appear to have an appreciable

homogeneity range.
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T h e  c r y s t a l  s t r u c t u r e s  o f  m a ty  o f  t h e  i m p o r t a n t  l o w e r  s i l i d d e s  h a r e  n o t  

y e t  b e e n  d e t e r m in e d *  A m ong t h e s e  a r e  t h e  Z r ^ S i ^ ,  Z r ^ S i ^ ,  T a S iQ ^  T a S i g  2>

M o ^ S i2  a n d  W SiQ ^  p h a s e s .

T h e  d i s i l i c l d e s  a p p e a r  t o  e x h i b i t  a  v a r i e t y  o f  s t r u c t u r e s !  T I B i g  b e i n g  

o f  t h e  t y p e ! 3 6  Z r f i g ,  C ^ ? 7  K b S i j  a n d  M l j ,  C ^ J 3 7  M o S l j ,  W i g  a n d  B o S i j ,  

C j j j j 3 7  a n d  C e S l j t  o T h S l j . 1 3

T h e  m e l t i n g  p o i n t s  o f  t h e  s i l i c i d e i  f o l l o w  t h e  sa m e  g e n e r a l  t r e n d  f o u n d  

w i t h  t h e  c a r b i d e s  e x c e p t  t h a t  t h e  m e l t i n g  p o i n t s  a r e  a b o u t  1 0 0 0 *  l o w e r *  The 

m e l t i n g  p o i n t s  o f  b o t h  s i l i d d e s  a n d  c a r b i d e s  a p p e a r  t o  i n c r e a s e  a s  w e  g o  t o  

h i g h e r  m e m b e rs  o f  a  g r o u p *  T h e  m a l t i n g  p o i n t s  o f  V  a n d  Mo s i l i e i d e s  a r e  

f o u n d  t o  b e  r e l a t i v e l y  h i g h  s e  c o m p a re d  t o  t h e  t r e n d  f o u n d  w i t h  t h e  c a r b i d e s .

T h i s  a g r e e s  w i t h  t h e  f a c t  t h a t  t h e  Mo a n d  V  s l l i e i d s s  a p p e a r  t o  b o  m o r s  s t a b l e  

t h a n  t h e  c a r b i d e s .  T h e  h i g h e s t  m e l t i n g  s i l i d d e s  h a v e  b e e n  r e p o r t e d  me 

T i j S i ^  2 3 9 0 * K } 8  Zp j S I j ,  2520*Kj 9  U b j S l j ,  > 2 2 3 0 * K  ( t h l »  v o i k ) ;  T a ^ i ,  270O *K }3 8  

Mo3 8 i 2 ,  2470-Kj27 a n d  2& lO *K .3 9
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TABLE I

Structure Lattice Temperature of
Compound Constants Preparation

i f c f i * a -  7.940 ± 0.008A** 
ft -  5.553 ±  0.006A

1691-2161**

a -  7.958 ± 0.005**** 
e -  5 .5 ^  1 0 . 005A

Z r^ i a -  6.646 1 0.008A 
e -  5.300 ± 0.008A

1691-1952‘K

Zr^Sl 1952*K

"VS " V S
a -  7.547 ± .005A 
e -  5.240 1 .005A

2095-2201‘K

"“S.ss <T#3W
1937-2201*1

CeSl2 oThSi2 a -  4.175 ± .002A 
e -  13.848 i  .006A

1605**

CeSi 1605-1691**

Ce^Si 1625**

Ce3Si 1625-1691**

ltb9C Ta,C a •  3.117 ± .003A 1920-2130*K
e ■ 6.969 ± .005*

C*2C3 * a S a -  8.455 ± .O06A 1673**

CeC Nad a • 5.130 ± .002A 1673**

CeC2 a95*K

W . "VS 1920*K

BbjSijC*
" V S

2130*K

#

Knjfll^ a •  7.494 ± .007A 
c -  5.242 ± .007A

2071-2142*K

Mo^CSij "VS a ■ 7.285 ± .007A«hhi 
c -  5.242 ± .007A

2071-2169**

TaglC 2104*K

W * " V S
1602-2365**

"VS"* K n ^ 2109-2166**

♦Compound exhib its an appreciable homogeneity range.
••Lattice constants are given fo r  a sample containing 40M  81.
♦•♦Lattice constants are fo r the sample furnished bj  Dr. McPherson. The sample 

contains 35 81.
••••L attice  constants are given for the composition Ho^CSi .
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TABIE II

UCHL-2544

Ti - Si System

Sample

Number

Atomic
i si

Final

Temp.(*K)
Time

(min.)

Description 

of Sample

Phases

Observed

209 17.8 2105 20 Fused

cmc, attack

Ho Ti^tj*

m o s» m.w.

67 20.2 1691 17 Fused
n

0. V.W.

22 30.0 2105 20 Fused
rV 1? * Mo
0 • V.W.

20 33.5 2105 20 Sintered

Porous
’V S

23 37.5 2105 20 Partially

fused n ?31?
».

112 50.5 1933 30 Partially

iUaod
, 7

m. Wo

21 50.5 2105 20 Fused
i

0. v.

81 60.0 2141 25 Fused
i

0. V.W.

U3 60.2 1870

(max.

temp.

2190)

65 Fused

Al̂ Ô  cmc.

crystals 

above melt

” * a  .
• • W.

24 67.1 2105 20 Fused

0. w.

111 71.9 1597
(max.

temp*

1618)

54 Partially

fused
W 1 2 + 31 
m. w.

♦Relative intensities of lines have changed considerably.
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TABU I I I

Zr -  S i  S r s t e a

S ta p le

R uaber

A tocdc  

*  S i

f i n a l

Tessp.(*Z)

T ia e

( ■ i n . )

D e s c r ip t io n  

o f  S ta p le

P h a se s

O bserved

197 22*4 1952 62 !*ut*d c o n d e n sa te  

a t  t a i l s

A ph ase

I f S F

196 35*0 1952 62 P a r t i a l l y  fu se d
mi .m i

a .  w,

199 kO*k 1952 62 S in te r e d
mi .  i

* . s .  e .w .

2 o y 4 0 ,4 > 2094
(M ax. tem p. 

2156 )

34 ' | W ell s i n t e r e d  

brow n c o lo r  on 

s u r f a c e
s . l .

200 k 2 .( , 1 1952 62 S in te r e d
i

■• 8 .  V. V.

204* 4 2* 6 2094
( f o x .  le a p ,

2156)

34 S l i g h t l y  s i n t e r e d  

brown c o lo r  o r  

s u r f s  ce

mh.mii
S . I ,  V.

201 4 5 .4 1952 62 S i n t e r e d
mi. i

M .  w.

w * 4 5 .4 2094
( f o x .  t e a p .  

2156)

34 H ot s i n t e r e d mh.mii.mii
a .  E  w.

205a« 45*4 2094
( f o X .  t« B p . 

2156)

| 3 4 ' S i n t e r e d
» £ i .  i

a .  a .  w. w.

2 0 2 4 9 .8 1952 62 S i n t e r e d M i  .mi
■ « s .  m.w.

2 0 6 * 4 9 .8 2094 . 
( f o x .  t a n - .

2156)

34 R o t s i n t e r e d  

Brown c o lo r  

on  s u r f a c e

P r o b .  a  a i x t u r e  o f  

Z r ^ S i^ ,  Z r^ S i^  and Z r S i

♦P re c e d in g  sa m p le  r e h e a te d .



TABU 1?

t r  *  Si - 0 % ?*\m

SupU Atomic 

* Si
Atomic

1 0
1 r tm l  I 
T * * . ( n )

TUm

(•!«.)
Oo*tMpUOO
of S « * l t

FUtft f
• I p i l i l

U) l4«4 f| HUS 19)3 |  30 . Stistorod. Brooo 
color on t t i r f i i *

i t 4 .  ! i £ i i
ft. / ft*

119 l4«4 18.3 1997 I I 3tftt«r#4. B ro *  
emlor os iorfftco

s c . ! l i i i
ft. '• M .

68 18.8 16.3 1691 17 Stnt*r«4
IT  . ! £
1*1. v 'Ho

«1 18.8 16.8 2U1 25 F o r tu ity  fuood 
;ru<U>Vf i t U O

i  !  |
s * .

i u 22.* 16.5 f t  19)3 30 BiiiMroA. Brooo 
co lo r oft i v f i w

f . zl £ h
ft* f  ;;e : -\lifk;

120 22.5 16.5 1997 2« 3 in t* f  *4 tr* **5**1 K  ft. omAhmiB
■•a. - 3fc*t •

US 26.0 :*.* 19)3 30 3 in *tr#4 . Brow 
eclcr or. iw f i t r

i c * . ! l£ L i
»• I.

118 26.0 15.9 1997 25 Sintorod. Broon 
color or torforo

I**
8ft * .* ...<2
I *  § 8.

w 29.7 15.0 I69 i 1? BUtorod

o . w.

«Zr lo tU c o  lo r*# !)  oxponaod. SoatpW U 5  t h o w i  th o  Io n ic *  eoftttov tt*  

A * 1.2*2 t  O.OOU *na *  •  *.216 t  0.00*1.
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TABUS TO

Hm u  u d  Satroploo of Farm tloa o f Ctrbldot

**««
(koaJ* p tr  a t l t )

*n«

(c*l. ptr 4oc* ptr »tl«)

81C •13*0 i  1.0 -1 .90 i  0.06

t i c -0 .0 5  t  f t* - 2 . t i  t  0.1

IrC - u - i  i  i a - 2 *  i  1

WbC -30 i  5 - 1 .4 1 1

n c —56.5 t 0.6 -1.19 t 0.1

V - *  * • l a  i |

NoC -a .o  t  0.7 0 .0  1 1

* * e
-4 .2  i  l a a a  1 1  %

« - i a i  i  0.2 1 4 1 1

V -13 * 4 5 11

*
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TABU mi

3*
3C

31C J.9S 3.1 -4 .1

TIC 5.79 9 .3 - 4 .0

TC 6.72 10.1 -3 .3

T*C 10.11 U .9 -4 .8

1 /2  CfjC2 10.18 15.3 -5 4 .

16.0 23.3 - 7 .8

* > c 23.6 30.9 -7 .3

*v
24.2 31.2 -7 .0

V
6.47 19.6 -1 3 .1

Cr^C 25.3 40.3 ■*5.5
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TABLE IX

UCRL-2544

^298  o f  foraAtioo

1 /2  n s i 2 < -15.4 > -34.9
*  * “ < U

< -12.8 > -77.2

1/3 t l j S l j < -15.4 > -86,1 TkjSi < —12,8 > -90*1

1/2 t r f l l j -21 t  5
W

< -12.8 > -206

Irfll -39 t  10 < -1 2 .8 > -74.7

1/5 t r 631j •43 ± 10 1/2 Ko312 -1 3  ± 5

1/3 tr^S tj -45 t  10 1/2 KCjSlj < -8.8 > -5 4 .3

1/3 Z tjS lj -48 i  10 KOjSi < -8.8 > -109

ZrjSl -50 i 10 1/3 Ho^CSij < -9.2 > -52.6

Zr^Si -53 i  10 1/2 ® 12 < -1.6 > —17-2

1/2 C*S12 < -  16,6 > -3 4 .4 !0/7 » 1 0>7 < -4.6 > -25.0

1/2 KbSlj

»Ti•
«01V

> -2 8 1/2 U l 2

1/3 Hb^L, <  -8.5 > —48 M l -26.6*

20/11 »>3i0>55 <  -8.5 > —48 Ba}Sl -21.2*

1/2 TiSlj < -1 2 .8 > -32.3

* T r m  th e  work o f  Searcy and KcNoo»^
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TABL2 Z

UCHL-2544

H eats and E n tro p ies  o f  Fbnnatloii o f  K itr ld e *

**298 **298
(kcad . p e r ■o le )  ( c a l .  pop d eg . p e r  s o le )

1 /4  S i ^ -4 4 .6 -2 0 .4

1 0 -8 0 .4 7  ± 0 .3 -2 2 .9

ZrR -9 4 .9 0 -2 2 .9

Cell -7 8 .0 -2 5 .6

T&N -5 8 .1 -2 0 .6

V -7 2 .4  ± 5 -19

HbM -59 -2 1 .4

t
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TABLE C

V C R U 2V *

Vi t a  1

S a m p le

N o , R e a c ta n t i C r o c .

t a p .  T ia e  W e ig h t  

(*K ) ( a i n . ) C h a a g e

D e s c r ip t i o n  

o f  S t a p l e

P h ase*

O b s e rv e d

1 9 4 T i  ♦ 0 .6 1  S i  ♦ *2
* * 2

2109 2 0 -4 .0 (1 H ot s i n t e r e d  

g o ld  c o lo r
M

• •

9 0 T i  ♦ 2*18  31 ♦ H2 Ko 2146 25 tlr>-

known

P a r t i a l l y  f u s e d  

g o ld  c o lo r  

C r u c ib l e  a t t a c k

1  , n s
s . 3 .  a . s .

91 Z r  ♦ 2 .0 4  S i  4 «2 Kc 2146 25 lin— P a r t i a l l y  f u s e d
■ * 4  .  2rK  ,

C r u c ib l e  a t t s c k
v . s .  » •

w . v .w .

1 9 3 Z r  ♦ 1 3 .1  S i.W  ♦ 
1 4

* 2

Z r0 2 a o 9 20 - 5 4 * N ot s i n t e r e d T . S i— 4 —
t .  a . s .

1 0 2 C© ♦ 2 .2 3  S i  ♦ N2 Ko 1610 36

( K u . t c m p .

1875)

1 3 . 53c B ls c k  b r i t t l e  

s o l i d .  S t r o n g  

o d o r  o f  IfH^

?

▼ T v .

1 9 2 Hb * 0 .6 0  S I  ♦ H2 ZrO ^ a o 9 20 - 0 . 23c
W *

a . s .

9 9 Hb 4 1 .1 7  S i  4 

0 .2 8  S l 3» 4  4

Ta 2365 6 Un

know n

F u sed

C r u c ib le  a t t a c k  

4 

4

(T a .N b )  S i 2 

a . s .

(T » ,K b ) jS l^ N  

m .s .

< r . , N b ) s i 0 i6

W .

92 Nb 4 2 .0 1  S i  4 » 2 Ko 2146 25 tJn - P a r t i a l l y  f u s e d N bS i

a .

W *  T
a .  w.

127 T a  4  0 .2 0  S i  4  » 2 Mo 1602 65 ♦4 .2 * S i n t e r e d ***44 T

a .  a .

126 Ta 4  0 .4 0  S i  4 N2 Mo 1602 65 ♦3 . 7 3 C S i n t e r e d

« '  ■ *  T T  ♦

l . S .

B . V .
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TABUS XI ( e o n t . )

F in a l
Sample T«o d , Tims W eight D e s c r ip t io n  Phase*

No. i n s t a n t s  C ruc . (*K) (m in .)  Change o f  S t a p l e  Observed

125 T» ♦ 0 .6 1  S I  ♦ » 2 Ho 1602 65 *k*yt S in te r e d
2 £ A .

i . i i

T aS i. ?

'  w .

96 T» ♦ 1 .0 7  S I  ♦ Ta
0 .3 0  S i ^  ♦ N2

2)65 8  0 » -  Fused

known C ru c ib le  a t t a c k

T aS i,
--------- a  4

xa.

V Y * .
m.

T t310 .6

T .W .

1 )6  T i  ♦ 1 .1 3  S i  ♦ Mo

1 .7 2  a u ^  ♦ n2
1651 47  * 5 .5 *  Not

s in t e r e d
m.

V Y s .
a .

w .

69 Ta ♦ 2 .2 0  81 ♦ » 2 Ko 2146

(Max. temp, 

2182)

25 Un- P a r t i a l l y  

♦ known fu sed

Ta312

t . » .

124a Ta ♦ 2 .3 0  S i  ♦ * 2 Mo L .S2 65 * 7 .lS  Top o f

sample
! ^ . 2 i

8 . I i

1 .
T .W .

124b TA ♦ 2 .3 0  S i  ♦ H2  Mo 1602 65 ♦ 7 . K  Bottom o f

sample 2 2 a .
8 .

V Y *
a .

139 ^  ♦ H2  *> 1651 67  +3.0)6 126 r a h u t e d

2 2 a .
8.

TW x
m.s.
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TABU n  (con t.)

Final
Sample Ten®. Time Weight Description Phases
No. Reactants Cruc. (*K) (min.)Change of Sample Observed

195 T a^  4 o . a  3 1 ^  Mo

4 N2

2109 20 -14.1* Sintered TaSi_
■ ■» M  ♦ 

8 «

Iffls
m.s.
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TABLE ELI 

-  S i  S y a tf lc a

F i n a l

S am p le

Number

A to n ic  A to n ic  A to n ic  

*  % * 2  <  S i

A to n ic

* 0 as-
T in e

( ■ i n . )

D e s c r ip t i o n  

o f  Sam ple

P h a s e s

O b se rv e d

1 9 0 4 0 .3 - T i  3 9 .1 - Z r  7 . 1 1 2 .5 2071 2 2 P a r t i a l l y  f a t e d X
■•

1 3 6 3 4 . 0 - T i  3 2 .7 -Zt  22.8 1 0 .5 1995 3 2 P a r t i a l l y  f a t e d ( T l , Z r ) ^ 4 ,  ^

L

Y.W .

171 5 1 .0 - T i  15 .5 -T A  3 1 .1 2 .4 .2 1 4 2 2 0 P a r t i a l l y  f u s e d ( T l ,  T »> 5 8 1 , 

8 .

1 9 1 3 0 . 6 - T l  3 0 .9 - T a  3 7 .O 1 .5 2 071 2 2 P a r t i a l l y  f u s e d

S f i u
a .

T a S i ,  ,  

n .  t»v.

WTH-8-9 2 9 .V -T 1  5 3 .5 - * o  1 5 .6 1 .5 1 9 2 0 3 0 S i n t e r e d

8 .  8 .

♦ 2 _
T . V .

V TH -8 -10  2 7 .4> -T i 1 8 .9 -H o  5 2 .3

•

1 .4 1 9 2 0 3 0 . S i n t e r e d

5 £ l .
m . s .

( T i t H o )S i2

m

135 3 3 . 9 - Z r  3 5 .3 - I ib  a . 5 9 . 3 1995 3 2 S i n t e r e d

a h . n
m . v .

187 2 9 .7 - Z r  3 1 .1 -H b  3 1 .2 8 * 0 2071 2 2 P a r t i a l l y  f u s e d  ( N b ,Z r ) ^ S i^

m .

Nb

n .

.1 8 6

*

2 6 .1 » -Z r 2 7 .7 -H b  3 8 .9 7 . 0 2071 2 2 S i n t e r e d a s L e i
m . s .  m .

185 2 6 .0 - Z r  2 7 .9 - T .  3 9 . 0 7 . 1 2071 2 2 P a r t i a l l y

f u s e d M . a
m . s .  ■•

♦ ? / ■ •
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TABLE HI

- 31 Systems

Saudis
Number

Atomic Atomic
<M2

Atomic
*Si

Atomic 
* 0

137 37.5-2r 39.2-Mo 13.2 10.1

173 33.5-Zr 34.6-Mo 23.0 8.9

WTH-
8-13

7.7-Ce 77.0-Ta 15.3

133 37.8-Nb 39.7-Mo 22.5

168 29.2-Nb 29.4-Mo u.4

134 38.2-Nb 38.6-M 23.2

130 45.0-Tt 45.9-Mo 9.1

169 41.1-Ta U.2-Mo 17.7

170 38.4-TS 38.4-Mo 23.2

129 1(4.25-Ta i*6.75-W 9.0

172 41.2-Ta 42.1-W 16.7

Pinal
?enp. Time Description PhsMt 

(•K) (ain.) of Saapls Obtcrrsd

1995 32 Sintered fltoJEl ♦ l
m. V»

2142 20 Sintered iMOlSd 4 1
li I*

1920 30 Sintered Te^i Ce02

n. 4 W.

♦ T/y.w.

1995 32 Sintered Mô Sl 

s. ■

M»3312
V.

2071 22 Sintered (^♦!
S. B.

1995 32 Sintered K + WS10.7
• • BU

1983 30 Sintered Qfejfc).Ha2i
n.s. m.

2142 20 Well-
sintered

^Z31 ,(Mo.T>j 
m.e. o.

♦ ?/v.v.

2142 20 Well-
sintered

(Mo.T.)t
a.

(Ko.T.)3i0i6

B.9.

1983 30 Sintered
m.a. w.

♦ t/r.w.

2142 20 Slightly
sintered

letlA) ♦
8. 8.

TAJ3i
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TABLE XII

-  N 2  -  81 3y«t«M

Staple Atcode Atomic Atomic 
IMber % 1^ H Si

f in a l
Temp, Time Dcccription Phases
(*K) (a in .)  of t a p i s  Observed

189 33.2-T* 33 .2 -»  33.6 2071 22 * 1 1  ■  InUred JJ  4 W10.7

•• B.

M

w .

128 41.7-Mo  10.7-W U .6 1963 30 Sintered H o ^ l  w

i *  ' » •

126
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2r-Si-C SYSTEM
MO-TtIO

figure II
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Nb-Si-C SYSTEM
MO-Tt*

Figure III
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-M*C Si, (*0400*10 

,<tlS7*K /

(234 0 *10 tMojSi MO|Si|(2470*K) 0X70*10 MoSl, (2300*10
(2390*10

M o - S i -C  SYSTEM 

(BOUNDARIES ARE SCHEMATIC)
MU-7MX

Figure V
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W-St-C srsrev
MU*C079

F igure VI
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