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FOREWORD 

The work described and illustrated in this report was performed 
at the Materials Research Laboratory, Aerojet-General Corporation 
Sacramento, California under USAF Contract No. AF 33(615)-1Z49 The 
contract was initiated under Project No. 7350, Task No. 735001. The work 
was a.dministered under the direction of the Air Force Materials Laboratory, 
Research and Technology Division with Captain R. A. Peterson and 
Lt. P. J. Marchiando acting as Project Engineers, and Dr. E. Rudy, 
Aerojet-General Corporation as Principal Investigator. Professor Dr. Ha11s 
Nowotny, University of Vienn1., Austria, served as consultant to the project. 

The project, which includes the experimental and theoretical investi­
gation of selec~ed refractory ternary systems in the system classe .s Me

1 
-Me -C, 

Me-B-C, Me1 -Mez-B• Me-Si-Band Me-Si-C was initiated on 1 January 196,f. 

The experimental program was laid out by E. Rudy, and the author wishes 
to acknowledge the assistance given by Dr. E.Rudy. D. Harmon, J. Hoffman, 
R. Radtke, R. Cob~ and J. Pomodoro were of valuable assistance in the 
preparation of the experimental work. 

Chemical analyses of the alloys was carried out under the supervision 
of Mr. W. E. Trahan, Metals 3.nd Plastics Chemical Testing Laboratory, 
Aerojet-General Corporation. The writers also wish to tha.nk Mr.R. Cristoni, 
who prepared the many drawings, and Mrs. J. Weidne;.- who typed the report. 

Other reports issued under USAF Contract AF 33(615)-1Z49 have 
included: 

Part I. Related Binaries 

Volume I. Mo-C System 
Volume II. Ti-G and Zr-C Systems 
Volume III. Mo-B and W -B Systems 
Volume IV. Hf-C System 
Volume V. Ta-C System. Partial Investigation of the 

Systems V-C and Nb-C. 
Volume VI. W -C System, Supplemental lnfor mation 

on the Mo-C System. 
Volume Vll. Ti-B ~ystem 
Volume VIII. Zr-B System 
Volume IX. Hf-B System 
Volume X. V-B, Nb-B, and Ta-B Systems 

Part II. Ternary Systems 

Volume I. Ta-Hf-C System 
Volume II. Ti-Ta-C System 
Volume III. Zr-Ta-C System 
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FOREWORD (Cont'd) 

Volume 'IV. Ti•Zr-C, Tl-Hf-C, and Zr-Hf-C 
Systems 

Volume V. Ti-Hf•B System 
Volume VI. Zr-Hf--B System 

Part m. Special Experimental Techniques 

Volume I. High Temperature Differential Thermal 
Analysis. 

Part 'IV. Thermochemical Calculations 

Volume I. Thermodynamic Properties of Group 'IV, 
V, and VI Binary Transition-Metal Carbides 

This technical report has been reviewed and ls approved. 

i, 
W.G.RAMKE 

-
Chief, Ceramics and Graphite Branch 
Metals and CerAmics Division 
Air Force Materials Laboratory 
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ABSTRACT 

Phase equilibria in isothermal sections of the ternary Ti-Si-C • 
Nb-Si-C, and W-Si-C systems were established with X-ray films employ-
ing the Debye-Scherrer powder technique. The Ti-Si-C system contains a new 
ternary phase near the composition "Ti

2
SiC"; the Nb-Si-C system also has 

a known te rnary phase near the Nb-Si bm1.ry,whereas the W-Si-C system 
exhibits no ternary compounds. 

With the exception of the Tis8i3 phase, the mutual solubilities of the 
binary carbide and silicide phases are exceedingly small or nonexistent. 

The results of these investigations are compared with other previous 
investigations. 
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I. INTRO DUG TION AND SUMMARY 

A. INTRODUCTION 

In the continuing research on binary and ternary carbide, 
boride, silicide, borocarbide, silicocarbide, and silicoboride systems con­
taining the refractory metals of the IVa-VIa periodic groups, solid-state 
sections of three silicocarbide systems have been investigated. 

Although the exact constitution diagrams of the majority of 
refractory si icides, particularly in the high temperature regions, are not 
known, the information present is sufficient in most instances for solid-state 
interpretation of some ternary silicocarbide systems. 

The oxidation resistance of some of the refractory silicides 
has been known for quite a while, and the oxidation resistance of silicon 
carbide is known to be quite good at temperatures below about 950°G. It is 
interesting, therefore, to gain an insight into the phase equilibria and mutual 
solubilities exhibited by the phases in various refractory silicocarbide systems, 
inasmuch as refractory silicide-refractory carbide mixtures could, and have, 
come into consideration in the oxidation protection of carbides. Refractory 
silicide i tpregnation and coating are also methods proposed for the protection 
of graphite; it is therefore beneficial to know the possible phase interactions 
of such combinations. 

Not until detailed investigations of the binary silicide systems, 
in particular the group !Va metal-silicides are conducted, will we be able to 
completely interpret results in the solid-liquid region of such refractory silica­
carbide ternary systems. 

B. SUMMARY 

S.:>lid-state sections of the Ti-Si-C, Nb-Si-C, and W-Si-C 
ternary systems were investigated using X-ray powder patterns of heat 
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treated samples prepared by hot pressing. In isolated experiments, dif­

ferential thermal analysis as well as melting point studies were conducted. 

1. Binary Carbide Systems 

The binary titanium-carbon and tungsten-carbon 

systems have been extensively investigated and recently described in previous 

reports(!, 2) (Figures land 4). A partial investigation of the Nb-C system 

has also been performei
3

) (Figure 2). In invew tigations concerning this 

report, the basic findings of other authors( 4 -lO) that NbC
1 

has a consider-
-x 

able homogeneous range ,but that Nb
2
C has a rather small single phase region 

at lower temperatures, were confirmed. 

2. Binary Silicide Systems 

At 1200°C no evidence of the existence of a proposed 

Ti3Si phase(l l) was detected in the titanium-silicon system; the existence of 

the other binary silicide phases Tis Sh, TiSi, and TiSi
2 

as well as the as yet 

unknown, U-1 was confirmed. 

By the same token, the established binary silicide phases 

in the Nb-Si and W-Si systems were reconfirmed; a proposed Nb~i(ll) as 

well as the high temperature Nb,.Si phase v.ere not observed in samples sintered 

at 1300°C. It was proven that a proposed "W3Si" phase< 12) does not exist at 

high temperatures; the eutectic temperature in this region of the W-Si system 

is close to 206s ·c. 

3. Ternary Silicocarbide Systems 

a. The Titanium-Silicon-Carbon System {Figure 13) 

In investigations at 1200°C, a new 1emary phase 

which lies close to the composition "Ti
2
SiC" was found. This phase is in 

equilibrium with TiSi
2

, SiC, TiC
1 

, and TisSi:,(C). TiSi is in equilibrium -x 2 

with SiC, the new ternary phase, and the solid solution of Ti5 Si3 (C). There 

[ 

l 

[ 

l 
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is a rather wide two-phase region between TiC 1 _x and Ti~i,(C). Ti~i, 
takes about 8 atomic percent carbo~ into solid solution; the other binary 
carbide and silicide phases show only an extremely small ,or no ,mutual solu­
bility. 

b. The Niobium-Silicon-Carbon System(Figure 16) 

A ternary Nowotny-phase with a small homo­
geneous range is present relatively close to the Nb-Si binary; this phase is 
in equilibrium with a-Nb; Si3, NbSi

2
, and NbC

1 
-x at l 300•c. NbC

1 _x is in 
equilibrium with SiC, NbSi

2
, the ternary Nowotny-phase, and a-NbsSh, 

whereas NbSi
2 

is in equilibrium with NbC
1 
-x' SiC, and the ternary Nowotny­

phase. All the binary silicide and carbide phases show virtually no, or at 
best,an exceedingly slight mutual solid-solubility. 

c. The Tungsten-Silicon-Carbon System (Figure ZO) 

There are no ternary phases present in this 
system at 1800°C; the equilibrium is characterized by the binary silicide 
and carbide pha~es, none of which shows any solubility into the ternary region. 
WSi

2 
is in equilibrium with SiC; WsSi, with SiC, WC, and W

2
C; WC with SiC 

and W5 Si3; and n-W
2
C with W5Si,. 

II. LITERATURE REVIEW 

A. BINARY SYSTEMS 

1. The Titanium-Carbon System 

There have been many investigations on the titanium­
carbon system; all agree in general with the exception that additional investi­
gations were necessary to ascertain the lower metal-rich limit of the mono­
carbide defect structure and to determine whether the 13-Ti phase decomposes 
peritectically or forms a eutectic with the monocarbide. A complete listing 

3 



of the many older papers is found in M. Hansen's Constitution of Binary 
Alloys(l 3) and in Hartstoffe(l 4) by Kit1ffer and Benesovsky as well as in 
~ Critical Review of Refractories( l S) by E. K. Storms. 

An exact determination of the constitution of the 
titanium carbon system was undertaken at this laboratory( l) to provide valid 
starting points for the ternary systems under investigation with the p:r-esent 
Air Force contract.. 

The important features of this system at temperatures 
above lZ00 °C are: (Figure 1). 
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Figure 1. Ti-C: Constitution Diagram. 
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The only intermediate phase, titanium monocarbide, 
possesses a wide homogeneous range from 32 At.% C, at the eutectic tem­
perature of 16 50 °C, to 48. 8 At.% C; it melts congruently at 306 7 °C at 
44 At.% C. Between 13-Ti, whose carbon solubility is less than 1 At. 0/o, and 
the carbon defect monocarbide there is a eutectic at 1. 5 At.% C. The eutectic 
temperature is 1650 °C. On the carbon-rich side of the monocarbide a eutectic 
exists at 63 At.% C between TiC 0• 9• and graphite. This eutectic temperature 
is 2 776 °C. The maximum lattice parameter of the cubic monocarbide struc­
ture is 4 . 330 i a.t 48. 5 At.% C; the smallest is 4. 285 ~ on the metal-rich 
boundary {32 At.% C) of the homogeneous range. 

2. The Niobium-Carbon System 

There have been a considerable numbe r of complete and 
. 1 . . . . h . b' b (4-9, 16-22) I 1 partla investigations 1n be n10 1um-car on system . n genera , 

the constitution diagram appears to be quite similar to that of the tantalum­
carbon system. 

Two intermediate phases, Nb
2
C and NbC,are definitely 

known to exist{l 6 - 18). A third phase, the so-called Brauer t-phase( 5) at a 
composition of about Nb

3
C

2
, has been observed and probably is 

the result of a non-equilibrium epitaxial precipitation from the carbon-defect 
monocarbide solid-solution. This would be similar to the findings in the 
Ta-C system( 3, 23). 

Niobium is reported{ 9) to take l 00 ppm carbon into 
solid-solution at 1500°C, 2 At.% Cat 2000"C{lO), and about 7 At.% Cat the 
eutectic temperature(9). The eutectic existing between the niobium solid 
solution and the Nb

2
C pha s e is reportedtobe(lO) located near 13.5At.o/oC. 

According to the literature cited, the eutectic temperature is: 2335 0C (7' 8) • 
2340•c(lO), 2335°C(2 0), and 2328°C(22). There have been various values 

(4-6) reported for the homogeneous range of the N~zC ·phase. Bra uer and co-workers 
report that the Nb

2
C phase exists between 33 and 26 At.% C; these values 

were later slightly modified by the same author. : On the other hand, Elliott(.9) 
reported that the homogeneous range of Nb

2
C lies between about 31 and 
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32. 5 At. o/o C. Storms and Krikorian(7' 
8

) have shown that the homogeneous 
range of the Nb

2
C phase is strongly temperature dependent. At the Q-Nb-Nb

2
C 

eutectic temperature the metal-rich boundary of the Nb
2
C phase is at about 

28 At.% cP' 8), and at the peritectic decomposition temperature of Nb
2
C the 

carbon-rich boundary is located at about 34. 2 At. o/o cP' 
8

). Below about 
2ooo•c the homogeneous range of the Nb

2
C phase decreases rapidly and 

encompasses only a very narrow range about the stoichiometric Nb
2
C compo-

. . (7, 8, l 0) 
s 1t1on . 

The peritectic decomposition temperature of the Nb
2
C 

. ( 7 8) (22 l 0) is recorded as beUlg 3090 °C ' and 3080•C ' . 

The NbC phase also has a considerable homogeneous 
range. G. Brauer(4 -b) has reported the single phase region to be between 
about 41. 5 and 48. 0 At.% C; Storms and Krikorian (

7
, 8) report 41.2 to 48.8 

At.% C. 

Due to the fact that both metal and carbon losses become 
appreciable at the high melting temperatures of the monocarbides, varying 
melting points have been reported for NbC. It is almost certain, however, 
that thf maximum congruent melting point of NbC is not at the stoichiometric 
composition, but somewhere in the vicinity of 46 At.% C(lS) the following 
melting points have been reported for NbC: 350o•c fo,... NbCo. 86(7, 8), 3480•c(ZZ), 
3485°C for Nb <23) and 3600°C(lO) o. 95 • • 

The monocarbide and graphite form a eutectic at 
60. 5 At.% C (1 O). The eutectic temperature is reported as being 3220•<22), 
3250°(7,B), and 3300°C(lO). 

Since investigations in this laboratory of the melting 
behavior of ternary carbide systems with niobium indicated a higher melting 
point for NbC than reported in the majority of available literature, a partial 
investigatiQn of the carbon-rich portion of the Nb-C system was ,nade by 
E. Rudy( 3). The results are shown in Figure 2. 
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Figure 2. Nb-C: Melting Temr erature..; of the Mono carbide 
Phase a nd the Carbon-Rich Eutectic. 

The monocarbi~_melts congruently at 3605°G at a 
' composition near 45 At.% carbon. The ca.~_n-rich eutectic isotherm is at 

3305 °C and the eutectic point is located near 60 At. 0/o carbon. These results 
ar e in excellent accord with the values reported by Kimura and Sasaki(lO). 

In addition to the confirmed higher melt1ng point for 
NbC , a structural phase transition, similar to that in the Ta

2
C phase( 3), t-x 

was observed in the Nb
2
C phase at approximately 2460°C. A paper by E. Rudy 

to be published shortly, will contain a modified version of the Nb-C system 
incorporating the latest experimental findings. 
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Because the most recent findings in this laboratory(
3

) 

have confirmed the higher melting point of NbC
1 

, and other cursory investi-
-x 

gations in the Nb-C system have indicated that the phase diagram of the 

Nb-C system by Kimura and Saski(lO) is the closest to being the true repre­

sentation of the Nb-C system, it is depicted here in Figure 3. 

3500 

L 
3000 

u 
0 

a,· 2500 
~ 

::J -"' ~ QJ 

2000 Q. 

E 

r r+ Graphite 
QJ 
I-

1500 a+/3 

1000 

500 .__ __ ..__ ____ ._ ____ ..._. _ ___...._ __________ _ 

Nb 10 20 30 40 50 

Atomic Percent Carbon 

Figure 3. Nb-C: Constitution Diagram. 

(H. Kimura and Y. Saski, 1961). 

60 70 

Table 1 shows the crystal structures and lattice param­

eters of the intermediate Nb-C compounds. 

3. The Tungsten -Carbon System 

Until quite recently the tungsten carbon system had 

been assun,e rl 1·0 be quite well known and of a not too complex type. The con­

stitution diagram of the tungs ten -carbon system as proposed bv W. Sykes(Z4) 

in l 93 C was the accei:,ted model. The phases known to exist at that tim e were 
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Table 1. Crystal Structures and Lattice Parameters of 
Interme diate Nb-C Phases 

Crystal Structure Lattice Parameters l and Type in i Literature 
- -• ·•• -- .... - -· . .. .. -· --- -- ·- -·-· . - . ·--- -~ 

hexagonal, L'3 a = 3.117 - 3. 126 

C = 4.954 - 4.968 4 
I 
I 

cubic, B-1 I 4.433 - 4. 466 I 4 

I I 
I 

unknown - _l 4 

WC and WC. Other investigations, (25 - 28 ) as well as more recent ones<29 - 33), z 
have shown that other intermediate phases are indeed present, and that the 
high temperature behavior of this binary system is far more complex than 
originally contemplated. A suspected phase change (involving the carbon 
lattice) in the W 

2
C phase has been observed( 25) and confirmei26 - 28 • 2 ). There 

is a high temperature f3-W
2
C as well as the low-temperature a-W

2
C. A face­

centered-cubic high temperature phase at compositions somewhat carbon 
poorer than WC (designated as WC

1 
--x) has been discovered( 29) and its exist­

ence confirmei 31 - 33 , 2 ) 

Using the findings of their recent, very extensive investi­
gations, R. Doloff and R. Sara (

32
, 

33
) established a new phase diagram which 

incorporates the majority of the newer findings in the tungsten-carbon system. 

An excellent literature review on the many papers con­
cerned with the investigations of the tungsten-carbon system is given by 
E. Rudy, St. Windisch, and Jr. R. Hoffman in their report on the Tungsten­
Carbon system (2). 

To be able to interpret the complicated behavior 'n some 
ternary carbide systems with tungsten which are being investigated under the 
present Air Force Contract, this laboratory undertook an exhaustive 

9 



investigation of the tungsten-carbon system(2). The results of these studies 

are presented in the constitution diagram of the system sh'>wn in Figure 4. 

3600 
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.;2100 

! 2710!5• 

f2100 
~ 

2400 
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CI-W
2

C 
2200 

10 20 30 40 50 10 
- Atomic % Corbon -

Figure 4. W-C: Constitution Diagram. 

(E. Rudy, St. Windisch, and J. R. Hoffman, 1965). 

The result f· of these investigations agree in general quite 

well with the previous resul t s of Doloff and Sara <32
, 33) with the exception 

of the a-13 pha !:l e ' "'.oaration of the WC phase, the homogeneous range of the 
WC (cubic) phas~, and the decomp

2
osition of the WC phase. 

1-x 

Four intermediate phases are present: a-W
2
C, 13-W

2
C, 

a-WC 
1 

(cubic.) and WC (hexagonal). 
-x 

The a-W
2
C, the low temperature form of the subcarbide 

exists in th e temperature range 2 776 ° - 1250 •c. At low tempe~atures , this 
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phase spans a composition range of 29.2 to 33.3 At.Gfo carbon; at z710• the 
homogeneous range is 25.6 to 32 At.o/o carbon. a-W

2
C melts congruently a.t 

2 776 •c and decomposes in a very slow eutectoid reaction to WC ~nd W at 
temperatures below and about 1250 •c. This phas P. forms a eutectic with 
tungsten; the e utectic temperature is 211o•c, and the eutectic point is located 
at 22 At.% carbon. 

The r,-W
2
C, which differs only in the degree of order of 

the carbon lattice, exists between a.bout 2 750 • and approximately z45o•c 
over the composition range of 32-35 At. o/o carbon. It decomposes peritectically 
into a a-W 

2
C and melt at 2 750 •c, and also decomposes eutec toidally into 

a -W 
2
C and WC at about 2450 •C as well as undergoing a continuous phase 

c ha.nge to a -W 
2
C at substoichiometr ic compositions in the given temper ature 

range. 

The cubic high temperature a-WC
1 

phase melts con--x 
gruently at 2 74 7 •c at 39 At. o/o C and rapidly decomposes eutectoidally into 
~-W

2
C and WC at 2530°C. This high temperature phase exists between 37.5 

and 40 At.% carbon and furthermore forms eutectics with 1loth r,-W
2
C (2735•C) 

at 36. 5 At.% C) and WC (2720°C at 41 At.o/o C). 

The other remaining phase in the W-C system, WC, 
poss e sses a very slight homogeneous range and decomposes peritectically 
( 42 At.% C) into melt and graphite at 2 776 •c. The WC phase is stable at all 
temperatures up to its de composition point. 

Ta ble 2 li s ts the intermediate compounds in the W-C 
system and gi ves their crystal structures with lat tice parameters. 

4. Silicon-Carbon System 

In spite of the fa.ct that silicon monoca.rbide is the basis 
of many comm er cial a. bra ive items by vl rtue of its high hardness, as well 
as being used in man y high temperature applications , the constitution diagram 

of the silicon- ca r bon syst m( ha s :1ever been completely established. 

11 



Table Z. Crystal Structures and Lattice Parameters of the 
Tungsten-Carb~n lntermed:.ate Compounds. 

Phase Crystal Struct~e Lattice Parameter Literature - -
a-WC hexagonal a= Z.985 - 3.00lil z 

c = 4. 71 7 - 4. 7Z8Sl z 

anti-hexagonal 
cadmium- (C6) 34 

a = Z.993Sl 
c = 4. n1Sl 35 

13-W C hexagonal a== 3.oozSl z 
c = 4. 7 5 - 4. 7 6Sl z 

--·-
a-WC cubic 1-x 

NaCl Type(B-1) a = 4.zzoSl z 

a = 4.Z3Sl 29 

a = 4.Z55l 31 

a = 4.Zl5Sl 3l,33 
•-e-• 

WC hexagonal(Bh) a = Z. 9065l 
C = Z • 8375l z 

a = Z. 90'/ 5l 
c = Z.8375l 36 

a = Z. 9063 
C = 2 • 8368 37 

Many different, but closely related, crystal polyn .1rphs 

of SiC, (apparently the only intermediate compound observed in this system) 

h.1.ve been observed, isolated, arrl their crystal structures determined( 3S). 

These so called a -forms hav e eit!ter hexagonal or rhombohedral symmetry, 

and the \'arious polymorphs are based on diiferent atom stacking sequences< 39). 

A lengthy listing of the many works is given in Constitution of Binar_y Alloys(I 3). 

A face-centered c ubic form, the 13-SiC (B3-type), a low temperature modifi­

cation with a lattice parameter of 4. 349 Sl, has also been observed( 39). 
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H. Nowotny and co-workers(4 0) performed exploratory 

investigations in the silicon-carbon system using X-ray, chemical, and 

thermal analyses. On the basis of these experiments, two possible phase 

diagrams for the silicon-carbon systems were developed. Figure 5 pre-

sents the version containing a eutectic-similar reaction involving liquid silicon 

with carbon in solution, solid SiC, and vapor. The other version proposes a 

u 
0 -w 
0:: 
::> 
f-4 

~ w 
~ 
l w 
f-4 
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1400 
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0 

C 

SiC ' l Atm ~ ' , vapor 
\ 

"\,, ') 7 ruQ.o \ 
---~ - -y-- ---.. 

I \ 
I \ ,, 
I ' , , r------~-< 
I ' ' melt ' ' ' ' 

"\,, 1414° 

20 40 60 80 100 

ATOMIC % SILICON Si 

Figure 5. Si-C: Possible Constitution Diagram. 

(H. Nowotny, et al., 1954). 

peritectic-similar decomposition of liquid silicon with carbon in solution 

into solid SiC and vapor. Due to the small temperature difference between 

the melting point of pure silicon and silicon-carbon alloys lying between Si 

and SiC, it was not possible to determine whether a eutectic or peritectic 

reaction is present at lower temperatures. Both proposed diagrams display 

~ 

the decomposition of SiC into graphite and vapor at about Z70o•c. This decompo­

sition temperature of SiC has also been independently reported by O. Ruff( 41). 
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5. The Titanium-Silicon System 

Of the IVa group metal-silicon systems, Ti-Si, Zr-Si, 
and Hf-Si, the titanium-silicon system appears to be the least complicated 
although all details of the constitution diagram have not yet been completely 
clarified. 

Three compounds are definitely known to exist; they 

TiS . (43-45) TiS .(46, 47) d T' _c:· (48-50) F . l bl' . are 1z , 1 , an 1!'j'--'13 • air y recent pu 1cations 
show that K. Schubert( ll) has found a Ti~i phase existing in the Ti3P crystal 
structure; H. Nowotily(

5
l) and co-workers have ascertained that another 

intermet;).llic phase is present in the titanium-silicon system at about 45 At. 0/o 

silicon; this phase is isostructural with phases of simila'l' composition in the 
Zr-Si and Hf-S l systems; the crystal structure and exact characteristics of 
this phase have not been determined. 

In an extensive investigation M. Hansen( 46) and co­
workers have investigated the titanium-silicon system by means of micro­
graphic, thermal analysis, melting point, and X-ray analysis methods; the 
phase diagram presented by these authors is reproduced for tempet'atures 
abo ve l 000 •c in Figure 6. ~-titanium dissolves about 5 At. o/o silicon at the 

2200 
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-Lil 
a: 1800 
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f-4 
c( 

~ 1400 
I 

•'M'• 
i .. ....-1760° 

,' ! ;( / ~ TiSi2 

I ' l I \ 
I \ 
I \ 

/ \ 

149 --~ 
l 
Lil 
f-4 

j 1330-C 133o•c 
I 

I 
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0 20 40 60 80 

Ti ATOMIC o/o Si 
Figure 6. Ti-Si: Constitution Diagram. 

(M. Hansen, et al., 1952) 
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eutectic temperature; ~-titanium and TisSis form a eutectic at 13. 6 At. o/o Si and 
l 330•c. The TisSi3 phase has a small range of homogeneity and melts con­
gruently at 212 o•c. TiSi decomposes peritectically to TisSis and liquid at 
l 760°C; a eutectic exists between TiSi and TiSi at about 64. 4 At. o/o Si - the z 
eutectic temperature is 1490°C. TiS~ melts congruently at 1540•c and 
forms a eutectic at 85.8 At.o/o Si with ~ilicon meta.! at 1330•c. There is 
virtually no titanium solubility in solid silicon. 

The crystal structures and lattice parameters of the 
titanium-silicon intermediate phases are presented in Table 3. 

-

Table 3. Crystal Structures and Lattice Parameters of Ti-Sl 
Intermediate Compounds. 

-
Phase Crystal Structure Lattice Parameter Literature 

TiSi
2 

Orthorhombic a=8.Z52i, b=4.783i 
43 C 54 TiSi2-type C = 8. 540X. - -

TiSi Orthorhombic, a= 6 . 5 3 ;t , b = 3 . 6 3
1 

X, 
B2 7 FeB-type c =4. 987}l 47, 52 - -

TisSi3 Hexagonal, D88 a =7.465i, c =5.162i 48 
MnsS i3 -type 

Ti"" ssSi"'45 Unknown but iso- - - 51 
structural with 
Hf-Si and Zr-Si 

------·-- phases 
-

Ti1Si Tetragonal, 00 a =l0.39i, c =5.17i 11 
Ti3P-type e 
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It has been shown( 5l) that one of the structure deter­
minations( 45

) of TiSi
2 

was incorrect, and the findings that TiSi
2 

possesses 
the ZrSi -C 49 type wer~ due to aluminum contamination stemming from the z 
aluminothermic reduction of the silicon used. 

Inasmuch as two new phases have been found recently 
in the titanium-silicon system(ll, 5 l) it seems apparent that a reinvestigation 
of the Ti-Si system is necessary. Furthermore, the question of whether or 
not the TisSi3 compound is definitely a pure binary phase, or just a metal­
loid stabilized ternary· phase has not been completely clarified. 

6. Th~ Niobium-Silicon System 

Because carbon stabilizes a ternary phase in the region 
around 38 At. o/o silicon in the niobium-silicon system(

53
-

56
), clarification of 

the exact characteristics of the central portion of this system was difficult. 
I dd • • d h l • • f th h Nb _c;:.• • i • (56 - 62 ) n a 1tion, ue to t e pecu ar1t1es o e p ase ....,1, many invest gat1ons 
have been concerned with alloys in this region. 

There are three intermediate phases which have been 
shown to exist in the Nb-Si system; one of these, the NbsSi3 phase, undergoes 
a high temper.~ture transformation( 57

, 60). The known phases are NbSi}63) 
Nb _c::::· (57,6C) ~ Nb s· (57,60) d Nb c;:. . (56-60) a- ~1 3 , ,.,- 5 1 3 , an ....,1 • 

It would seem possible that the Nb4Si phase, which has 
always been denoted by the approximate formula at 20 At.% Si, is in reality the 
Nb3Si phase identified recently by K. Schubert( ll). 

Although the crystal structure of NbSi
2 

was 3.scertained 
at an early stage(

63
), the structures of the two f,>rms of NbsSi3 were deter­

mined at a much later date( 57 , 60). Original studies by Brauer and Scheele(64) 
showed a "NbzSl" which existed in two modifications; in addition to the two 
modifications mentioned above, a further modification was found at Nbs5i3 by 
L. Brewer and O. Krikorian(S6). 
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It was subseque ntly shown by H. Nowotni
53

-
55

) and 
co-workers as well a s by A. G. Knapton(

65
) that the binary phase discovered 

by Br e wer and Kr ikorian(%) was in reality a ternary D88 phase stabilized 
by carbon. A. G. Knapton(6 5) was able to prove that the " Nb

2
Si" phases of 

• (64) Braue r and Scheele were the a- and f3 -£orms of Nb,.S~. The crystal 
structures of the a and f3 form s of the NbsS i 3 phase were determined by 
R. Kieffer and co-workcrs( 57). The phase relationships in the region of 

Table 4 shows a compilation of the niobium-silicon 
intermed:i.ate phases and their crystal structures. 

Phase 

NbSi
2 

a-Nb sS_il 

!3-Nbi;Si3 

Nb.Si 

Nb3Si 

Table 4. Niobium-Silicon Intermediate Compounds and 
Crystal Structures 

- ----Crystal Structure Lattice Parameter Literatur~ 
--· ·- ·-·- .. -··-- -··-- . - -··i ·- --··. -- --.i . hexagonal-C 40 a =4.795 , c =6 ,589 57, 63 

GrSi z-type 

Tetragonal-D88 a =6. 57 oi, c = 11. ss.i 54, 55, 57 
(T-2) Cr 5B3-type 

Tetragonal-DBm a = 10. 01 8i, c =5, 07 7i 54,57 
( T-1) W 5-Si3-type 

Hex-igonal-00
19 a =3. 59i, c =4,96i 59-62 

Ni3Sn-type 

Tetragonal-DO a =l0.23X, c =5,19~ 11 
Ti3P-type e 

---

20 to 25 At. o/o silicon were rather complicated, in fact there is no direct con­
firmation, as yet, as to whether the N't\Si and Nh3Si phases are identical. 
Knapton( 5

S, 65 ) stated that Nb.Si is only found in melted samples while 
R. Kieffer( 57

) and co-workers as well as L. Brewer and O. Krikorian< 56) 
could not find evidence of this phase in sintered samples. An e1'planation 
for this was given by H. J. Goldschmidt(6

0) who stated, in concurrence with 
Knapton(

5
S), that the Nb.Si phase exists only at high tempet"atures and de­

composes below about 1900°C. Once the Nb4Si has decomposed, it is not able 
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to reform in the solid state. It is suspected that the decomposition of the 

Nb..Si is somehow related(
6 0) to the a-13 transformation of the Nb~i, phase. 

Fiiure 7 depicts the constitution diagram of the Nb-Si 

system by R. Kieffer( 
6) and co-workers; it has been modified by these 

authors to include the fact that the Nb4Si phase is present and stable above 

about 1600°C. The solubility of silicon in niobium is about 5 At. o/o Si at the 

2 700 
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2400 
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i..:i 
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~ 1800 < 
ri:: 
w 
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~ 

1200 

900 
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Nb ATOMIC % Si :, i 

Figure 7. Nb-Si: Constitution Diagram 

(R. Kieffer, et al. 1956 and 1963). 

eutectic temperature of about 1900 •c; the eutectic is between l1iobium 

and Nb..Si, and the eutectic point lies about 18 At.% Si. Nb4Si decomposes 

peritectically at about 1950 •c into a-Nb5,51 3 and liquid. The Nb5,5i3 phase, 

which melts congruently at 2480°C, undergoes a transformation at about 

2ooo•c. a-Nb5,5i3 and NbSl
2 

form a eutectic at about 58 At.o/o Si and at approxi­

mately 1850 °C. NbSi
2 

melts congruently at l 950°C and forms a eutectic at 

about 93 At.% Si at approximately 1400°C. There is no solubility of niobium 

in solid silicon, 
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7. The Tungsten-Silicon System 

The tungsten-silicon system contains the fewest number 
of intermedi.ate phases of the 4a, 5a, and 6a refractory-metal silicide 

. (82 67) . (55 68 69) systems. On1y the phases WSi
2 

' and W'5J.3 ' ' are known to 
exist. A phase "W3Si", claimed t:o have been found by Russian authors(lZ) in 
air-diffusion-studies is most probably an oxygen stabilized cubic structure( 70). 

The compound WSi
2 

was discovered many years ago 
and its structure determinci

82
' 

67
). In 1950 L. Brewer and co-workers(

68
) 

found a. silicide of the approximate composition "W3Si ". This same s~licide 
(55) 2 

• (69) prepared by H. Nowotny as well as by Blanchard and Cue11leron ; the 
crystal structure was determined. B. Aronsson(7 l) also determined the 
crystal structure; the correct formula of this phase is W'5i3. R. Kieffer, 

Table 5 gives the intermediate tungsten-silicon phases. 

Table 5. Interm ediate Compounds and Crystal Structures in the 
Tungsten-Silicon System 

Phase Crystal Structure Lattice Parameter Literature 
WSi

2 
Tegragonal C 11 b a =3. 21ZX., c =7 .880 ,67 
MoSi

2
-type 

W'5i3 Tetragonal D8 (T-1) a =9. 605~, c =4.964 68,71 m W5-Si3-type --

·-

F. Benesovsky, and E. Gallistl( 7Z), thoroughly investigated the tungsten­
silicon systems by means of thermal, microscopical, and X-ray diffraction 
techniques; a constitution diagram was established (Flg'.! re 8). In a later 
work by Blanchard and Cueilleron(69),the constitution diagram of E.Gallist1(7Z) 
and the findings concerning melting temperature and eutectic compositions 
were confirmed. 
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There are three eutectics in the tungsten-silicon 
system: W-WsSi3 at about 20 At.% Si and 2290°C. W

5 Si3-WSi
2 

at about 
57 At.% Si and 2080°C; WSi 2-Si at approximately 99 At.% Si and 1400°C. 
Both compounds, WSi 2 and W5 Si:, have extremely narrow ranges of homogeneity 
and melt congruently at 2320 ° and 216 5 •c respectively. The s ,:>lubility of 
silicon in tungste n is approximately 5 At.% Si at the eutectic temperature 
229o•c; silicon shows no solubility for tungsten in the solid state. 
W. Obrowski(7

3
) states that W5Si3 is formed peritectically and furthermore 

h3.s a slight homoge:i e ous range; these facts, however, have not been con­firmed. 

Other investigations by R. Kieffer(70) on Mo-W-.5i 
and W-Cr-Si alloys as well as by H. Nowotny, F. Benesovsky, and C .Bruk1(74) 
on the W-Si-Ge system have shown no indications of the presence of a "W

3
S i" compound as repor.ted by Russian investig:ltors( 12). 
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B. TERNARY SYSTEMS 

1. The Titanium-Silicon-Carb.Jn System 

Exploratory investigations in the titanium-silicon­

carbon system by L. Brewer and 0. Krikorian< 49) have resulted in the 

schematic diagram reproduced in Figure 9. 

C 

Ti Si 

Figure 9. Ti-Sl-C: Schematic Section. 

(L. Brewer a.nd 0. Krikorian, 1954). 

No ternary phases were observed and the phase-fields 

of the ternary are governed by the binary phases<49). 

Brewer a ~-id Krikorian< 49), using the heats of forma­

tion of the carbides, have calculated ranges of the heats of formation of the 

binary silicides. These results are reproduced in Table 6. 

Zl 



Table 6. Ti-Si: Heats of Formation of Binary Silicides in 
ft1<c ... :. /gram-atom Si. 

~Hz98 of Formation 

Phase Kcal / gram-atom Si 

1/ 2 TiSi
2 

<-15.4 >-34.9 

1 / 2 Tis,Si3 <-15.4 >-86.1 
~ 

2. The Niobium-Silicon-Carbon System 

H. Nowotny and co-workers( 53, 75) have found a ternary 

D88 phase which lies in the vicinity of 38 At.% silicon near the Nb-Si binary. 

With increasing carbon concentration, the a axis of this ternary compound 

remains almost constant at 7. 52 i while the c axis varies from 5.23 to 
5.27 i (75

). This ternary phase was also observed by Brewer and Krikorian(49) 
as well as by G. Knapton(

65
). Brewer and Krikorian<49) presented a schematic 

section of the Nb-Si-C ternary which is reproduced in Figure 10. 

C 

Nb Si 

Figure 10. Nb-Si-C: Schematic Section. 

(L. Btewer and 0. Krikorian, 1954). 
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The same authors< 49) have given limits for the heats 

of formation of the niobium-silicide phases; these values a.re displayed 

in Table 7. 

Table 7. Nb-Si: Heats of Formation of Nioblum-Silicides. 

4Hz9a of Formation Kea.I 

Phase per gram-a.tom Silicon 

1/ 2 NbSiz < -8. 5 >-Z8 

1/ 3 Nb Sh < -8. 5 >-48 

2 o/ 11 NbSi0•55 < -8. 5 >-48 -

H. Nowotny(7S) has further found evidence of a. second 

less stable t~rrkry phase in the vicinity of (NbzS~~C which was not able to 

be identified. 

3. The Tungsten-Silicon-Carb .. :>n System 

L. Brewer and 0. Krikorian< 49) did not find a ternary 

phase in this system; H . Nowotny and co-worker/
75

) were also not able to 

find a ternary phase in the W-Si-C system, but another publication(7b)~eported 

that in the presence of Nz' Oz, and sufficient carbon ( < 10 At.%) a D88 phase 

was observed in the W-Si-C system. 

L. Brewer and O. K ~korian<49) have given a sche­

matic diagram for the W-Si-C system; thi diagram is shown in Figure 11. 
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Figure 11 . W-Si-C: Schematic Section. 

(L. Brewer and O. Krikorian, 1954). 

Table 8 lists the heats of formation of tungsten silicides as presented by 
Brewer an..d Krikorian( 49). 

Table 8. W-Si: Heats of Formation of Tungsten Silicides - ~H 0

2911 of Formation 

Phase Kcal / gram-atom Silicoa -
l / 2. WSi

2 
<-1.6 >-17.2. 

10/ 7 WSio.7 <-4.6 > -2.5. 0 

2.4 

( 

r 
[ 

[ 



l 

III. EXPERIMENTAL PROGRAM 

A. EXPERIMENTAL PROCEDURES 

1. Starting Materials 

Elemental as well as hydride powders were used for 

the majority of samples prepared; however, pre-prepared carbide and 

silicide master alloys wert! '..lsed as starting materials for a few specific 

experiments. 

Titanium metal powder was obtained from the Var­

Lac-Oid Chemical Company, New York, and had the following imp\ ~ •ties 

(in ppm): C-1300, H-1500, N-50, Fe-500 and Cl-lZ00. The lattice l ;· ~m­

eters of this starting material, as determined with CuKa , were a. = Z. 94 ~ 
and c = 4. 688 X. . The particle size was smaller than 74 micrometers. 

Titanium dihydride, purchased from Metal 

Hydrides, Inc., Beverly Mass., had the following impurities (in ppm): 

Al-10 0-3000, C-1000 max., Ca-500 max., Fe-1000 max., Mg-500 max., 

N-2000 max., Si-1000 max., and Zr-1000 max.; the hydrogen content was 

3. 99% by weight. This titanium hydride had an average particle size of 7 .3 micro­

meters. A De bye-Scherrer powder diagram of this material showed 

o:ily the face centered cubic dihydride structure. Spectrographic analysis 

at the Aer ojet Metals and Plastics Chemical Testing Labo:atory resulted in 

the following data (in ppm): Cr-400, Al-10, Fe-100, Zr-50, and Ca-100. 

Two batches of niobium metal powder were used; both 

lots were supplied by the Wah Chang Corp:>ration, Albany, Oregon. The first 

lot had •ne following impurities (in ppm): Al-<Z0, C-80, . Fe-310, H-180, 

N-35, 0-590, Si-<50, Ta-<500, and Ti-<40. The p,irticles were sized less than 

44 microrreters. Quality control analyses performed d the Aerojet MebLls 

and Plastics Chemical T sting Laboratory yielded the following spectrographic 

25 



result s for this niobium (in ppm): C-lZ0, Si-<ZO, N-lZ0, Ta-<l 000, 

and W-not detected. Vacuum fusion analysis by the same laboratory gave 

these results for interstitial impurities (in ppm) H-27, 0-655, and N-741. 

The lattice parameter of this powder as determined with CuK radiation was 
a. 

3. 30~. 

The vendor supplied the following analysis for the 

second batch of niobium powder (in ppm): Al-<ZO, C-100, Fe-58 , H-18, N-130, 

0-750, Si-<50, Ta-<:;oo, and Ti-<40. The metal powder was sized between .149 

and 44 micrometers. Spectrographic quality control analysis gave the follow­

ing values (in ppm): C-100, Si-<20, N-160, Ta-<1000, and W-not detected. 

Vacuum fusion analysis of this material gave the following values for the 

interstitials (in ppm): H-203, 0-3775, and N-700. The lattice parameter of 

this starting material was 3. 30$. 

Again, two batches of tungsten powder were used as 

starting materials for these investigations; both were supplied by the Wah 

Chang Corporation, Glen Cove, New York. The vendor's analysis for the 

first batch was (in ppm): Al-<10, C-Z7, Co-<10, Cr-<10, Fe-40, Mg-<10, 

Mn -<10, Mo-50, Ni-20, 0-360, Pb-<10, Si-<10, Sn-<10, and non volatile 

matel'ial-100. 

The average particle size of this tungsten powder was 

6.8 micrometers. Aerojet' s spectrographic analysis gave these values for the 

tungsten powder, (in ppm): C-130, Si-50, Cr-<Z0, Mo-<50, Ni-<50, Cu-<10, 

Al-80, Fe-80, Ti-<Z0, Co-<50, and Pb-<Z0. The lattice parameters of 

this tungsten powder was 3. 1665 X.. 

The following vendor I s values accompanied the second 

batch of tungsten powder (in ppm): Al-<10, C-2.0, Ca-<10, Co-<10, Cr-10, 

Cu-<l 0, Fe-40, Mg-<l 0, Mn-<l 0, Mo-80, 0-2.00, Pb-<10, Si-<l 0, Sn -<l 0, 

Ni-15, and non volatile materials-100. The average particle size was 

6.2. mK:rometers. The results of the spectrographic analysis at Aero jet was 

(in ppm): C-not detected, S i -2.0, Cr-<20, Mo-<50, Ni-<50, Cu-<l 0, Al-1 O, 
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Fe-100, Ti-<20, Co-<50 and Pb-<20. Vacuum fusion analysis results from 

the A.erojet Quality Control Labo:-atory were (in ppm): H-54, 0-1081, and 

N-430. The lattice parameter of this material was 3.166~. 

The silicon used in these investigations was supplied 

by the Var-Lac-Oid Chemical Company, New York, and had the following 

vendor I s analysis (in ppm): Fe-500, Al-100, Ca-200, Ti-10, Cr-50, Mn-30, 

Cu-10, Ni-trace. The particles were sized smaller than 44 micrometers. The 

Aerojet's Metals and Plastics Chemical Tt>sting Laboratory's spectrographic 

analysis of this material was (in ppm): C-80, Cr-100, Ni-<10, Cu-800, 

Al-1000, Fe-250, Ti-400, Mg-<10, B-10, and (;a-500. The lattice param-

etet" of this starting material was 5. 4297i. 

Carbon was used in two forms. The lampblack powder, 

supplied by Monsanto Chemical Co . , had 99. 570/o free carbon and the follow­

ing impurities (in ppm): H
2
Q- ..l-00, bt>nzol extract-3000, ash-300, and 

volatiles-3600. The p:uticle ~.h :e was O. 01-0. l micrometers. Spectrographic 

analysis at the Aerojet Metals a nd Plastics Chemical Testing Lab,:>ratory 

gave the following results (in ppm) : Si-20, Mg-<10, Cu-<10, Al-10, Fe-10. 

Graphitti p cwder was obtained from the National Carbon 

Company and had the following typical impuritk s (in ppm): S-110, Si-46, 

Ca-44, Fe-40, Al-8, Ti-4, M - 2: V-trace, and ash-800 max. 99% of the 

graphite was smaller than 74 mi1:l'ometcrs. Highly overexposed X-ray films of 

these materials showed no trac1e•s of any impurities. 

a. P :ir -prepared Carbide and Silicide Master 
Al.o • 

A tu gs ten silicide with 39 At.% Si nominal 

and one with 67. 5 At.% Si nominal were prepared in the following manner: 

The fine powders were well mbced by hand; 

20 ml. of a 10% camphor in ether-solution was mixed in as a binder; the 

powders were cold pressed into a 3 inch diameter cylindrical form at 1. 1 tons/cm2 

z. 7 



in a Mannesmann press. The co:npacts were then heated to 11o•c for 48 

hours under a 30" Hg vacuum to remove the ~amphor. The compacts werd 

reacted in a molybdenum boat in a muffle furnace under hydrogen at 1z5o•c 

and subsequently heat-treated at 1z5o•c for two hours in a hydrogen atmos­

phere. The reacted and sintered silicides were broken up and ground in a 

agate mortar and sieved to < 44 micrometers. 

The tungsten carbide:: master alloy was pressed 

as described above, but reacted under argon at Zl00°C. The final powder was 

sieved to <66 micrometers. The preparation of the silicon carbide alloy also 

followed the steps outlined above, but was reacted and sintered for l hour at 

1350°C under hydrogen. 

Table 9 shows the nominal and chemically 

analyzed values of the pre-prepared carbides and silicides. 

Table J. Nominal and Chemical Analysis Values of Pre-prepared 
Carbides and Silicides Master Alloys 

Nominal Composition Analyzed Composition 
in At.% in At.% 

Alloys Si C Si C 

W-C - 50.0 - 48.4 

Si-C 53.0 47.0 balance 47. 4 

W-Si 39.0 - 39.0 o.z 

W-Si 67.5 - 67.5 0.3 
------

z. Alloy Preparation and Heat Treatment of Alloys 

The alloys for the solid-state studies in the Ti-Si-C, 

Nb-Si-C, 4nd W-Sl-C ternary systems were all prepared by carefully weigh­

ing and hand mixing the elemental or hydride powders. The mixtures were 
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then hot pressed in graphite dies at temperatures varying between about 

1300 and 1800°C. After removal of any carbide surface layer formed during 

hot pressing, the samples were given long time heat-treatments. Table l 0 

gives the heat treatment pa rticulars of each of the three ternary systems. 

Table 10. Solid-State Heat Treatment Conditions of Ti-Sl-C, 

Nb-Si-C, and W-Si-C Samples 

- lleatTr-ea. ting 
Tempera tur f) 

System Centigrade Duration Atmosphere 

Ti-Si-C 1200° 50-8 7 hrs Helium 

Nb-Si-C 1300° 64-65 hrs Helium 

W-Si-C 1soo• 16 hrs Helium 
,.__ 

3. Differential Thermal Analysi! 

. The high temperature differential thermal analysis equip-

ment, which has been amply described and discussed in oth~r reports< 77 , 78 )under 

ti-e present Air Force cmtract, was used only on a specifically selected allOf in tl'E 

W-Si-C sys tan. In this case an uncertainty existed in reg1rd to correct equilibria as 

presented by the Debye-Scherrer powder X-ray patterns of the solid-state 
11 II 

samples. In this instance a type of "Gurtler 's Klar-Kreuz" meth,:>d was used 

with the DTA to observe the formation of the correct equilibria. The details 

of these experiments are described in the Experimental Results Section 

(pages 18 and49). 

4. 

Chips of the solid-state samples, which had undergone 

heat trec.tment, as well as those few samples which were differentially 

thermal .1 y analyzed, wer ground to fine powder and X-rayed with copper 

and chr,,mium K .radiation using the De bye-Scherrer powder technique. 
a 
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To eliminate the film-blackening caused by titanium 

fluorescence radiation, induced by the CuK , a cover film, which absorbed 
a. 

this soft white radiation was used over the films during the exposure. 

In the three ternary systems investigated,the majority 

of the crystal structures are known; the exceptions are: a phase in the 

titanium-silicon binary at about 40-45 atomic percent silicon, a new ternary 

phase in the titanium-silicon-carbon system near the composition "Ti
2
SiC", 

and a very evasive ternary phase in the Nb-Si-C system near the composition 

NbJii1.7 C. 

The Debye-Scherrer patterns of the phases present in 

the Ti-Si-C system were exceedingly complex owing to the fact that these 

crystal structures give rise to numerous diffraction lines; further complica­

tions wer~ present due to the difficulty of not being able to obtain even remotely 

usable powder diagrams with the longer chromium radiation. Almost all of 

the many line-coincidences were unresolved under the forced choice of copper 

radiation. 

5. Chemical Analysis 

Spectrographic analyses were carried out on the start­

ing elemental powders as a check control of the vendor's own analyses. These 

results showed n•:> excess co 1tamination by any metallic impurity; the results 

cr,rresponded rather well to the vendor's original analysis. In some cases 

the interstitial impurities (Hz, NZ, 0
2

) of the starting materials, as well as 

of a select few of the prepared ternary alloys were determined in a platinum 

bath using a vacuum fusion meth">d. The results of the analyses on the inter­

stitial impurities tended to be somewhat higher than those reported by the 

vendor. In no case, however, was any exceedingly large a.mount of interstitial 

impurity detected. 

Carbon and silicon analyses were carried out post­

experimentally c11 a few randomly selected ternary silicocarbide samples to 

check t.he nominal compositions. 
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Carbon analyses were performed using the standard 
direct combustion method, and either trapping the evolved carbon dioxide 
on sodium-hydroxide and computing carbon content by weight gained, or by 
measuring the the1·mal conductivity of the combusted CO

2
-0

2 
gas mixture 

in a Leco carbon analyzer. 

Silicon was determined by fusing the sample in a 
sodium hydroxide-sodium peroxide mixture, dissolving the melt in perchloric 
acid and volatilizing the silicon as SiF 4 with a hydrofluoric-sulfuric acid 
mixture. In all cases the analysis values of carbon and silicon checked 
quite closely with the nominal values. 

B. EXPERIMENTAL RESULTS 

1. The Titanium-Sllicon-Carbon System 

Seventy-one samples were made by hot pressing and 
sintering at 1:l00•c under helium. After heat treatment, the samples were 
X-rayed with CuK radiation u1,ing the Debye-Scherrer powder method . Q 

Figure 12 shows the location of the samples as well as the qualitative X-ray 
evaluation of these samples. 

The few binary titanium-silicon samples which Nere 
made showed no phases pres . , ther than those already known. Traces of a 
phase of unknown crystal structure, which has been reported by H. NowotnJ 51), 
were also observed. This phase probably lies in the vicinity of 40-45 atomic 
percent silicon. No sa.mples were placed in the titanium-silicon binary near 
25 atomic percent silicon, the region where a Ti3Si phase has recently been 
reported( l l), but powder diagrams of ternary Ti-Si-C samples near the Ti-Si 
binary showed no extraneous lines which might be attributed to this phase. 
Apparently, at 1zoo•c no evidence of this Ti)Si phase is present. The lattice 
parameters of the binary Ti-Sl phases as determined in this investigation are 
listed in Table 11. Because of the strong X-ray absorbtion by titanium, th~ 
lattice parameters were obtained by extrapolation to 9 = 90•; they are in 
good accord with the published literature. The range of values for the TisSi3 

' 
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phase indicates that this phase has a homogeneous range - a fact 

which has previously been reported(
46

). 

e Sing le Ph,se 
<II Two Ph,se 
~ Three Phue TiSiz 
Ill Three Ph1Sf Won -[quilibriuml 
■ four Phlse fllon-[quilibrium l 

Si 

1200"C 

C 

Figure 12.. Ti-Si-C: Location and Qualitative X-ray 
Analysis of 12.00•C Sanples. 

Table 11. Lattice Para.meters .3.nd Crystal Structures of 
Titanium Silicides 

-
Phase Crystal Structure Lattice Parame';er s 

TiSi
2 

Orth:>rhombic (C-54) a ·=8.2.3~; b=4.77~ 
c=S.54~ 

TiSi Orthorhombic (B-2.7) a =6. 537i; b=3.6~~ 
c=S.Ol,i 

TisS;3 Hexa.gonal (D81) a=7. 449 - 7. 45j 
C = 5 • 149 - 5 . 14 
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The interesting characteristic of the ternary Ti-Si-C 
system is th.:, appearance of a previously undetected te r nary phase near the 
composition "TizSiC". Earlier investigations in the terr.ary Ti-Si-C 
system<49) have dealt mainly with the region near the binary phase Ti,Si,. 
This fact, along with the additional complication that many lines of the powder 
diagrams of this phase coincide, or very nearly coincide, with the diffraction 
lines of binary Ti-Si phases may have prevented this phase's earlier detec­
tion. As closely as can be estimated from the X-ray films, this new ternary 
phase does not have an appreciable homogeneous range and is located close 
to the composition Ti48Si21 C 31 • An alloy with a nominal composition of 
Ti-Si-C, 47-Z3-30 At.0/o,which showed this phase with but traces of TiSi.z 
and Ti~l3 (C),wa.s analyzed at Ti-Si-C, 48. 8 - Z3. 5 - 27. 7 At."-• This 
sample was also analyzed for its H

2
, Nz' and Oz contents; the results were: 

H
2
-40 ppm, Nz-Zl00 ppm, and •Jz-?8 ppm. 

In view of the fact that it is still suspected that the 
T-Sh binat-y phase may bd stabilized by extremely small a.mounts of N

2 and 0
2 

impurities (the isostructural phases in the Zr-Si and Hf-Si sy1tem1 
are definitely ternary phases), it is conceivable that this new ternary phase 
might also be similady stabilized and in reality be a qua.ternary or higher 
order phase. The relatively low content of in~erstitials (as analyzed) indi­
cate very strongly, however, that the new phase is a genuine ternary 
phase. 

Table lZ gives the ~asul'8'l'ert of the Debye-Scherrer 
powder pattern of the new tet"na.ry phase. 

The pattern of this new pha.se appears to have certain 
similarities with .~ previously reported Ti

2
GeC (79), but neither the line 

intensity nor indices match closA. enough to conclusively decide that the two 
phases are isostructural. 
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Table 12. Measuremert of Powder Diagram of the Ternc.ry Ti-Si-C 
Phase near the Composition "Tij>.i.C". 

st = strong 
w = weak 

dlf = diffuse 

-CuKa Radiation 
Observed Intensity 

Sin2 0 Observed -
. 0682 vw 

. 0859 m 

. 0911 vvw 

.1012 vvw 

.1135 st 

.1222 m 

. 1318 mst 

.1773 w coincid. Ti5i
2 

.2059 w 

.2385 m 

.l '.i 30 mst-

.2747 vw 

. 32,),3 vvw 

. 3620 mw 

. 3689 mw-

.3741 mwt 

.3846 vw 

.4060 mw-

.4913 mw dif . 

. 5918 vvw 

.6232 mw dif . 

. 6375 mw-dif. 

. 7423 m dif . 

.7590 w + dif 

.8453 mw dif . 

. 8654 mw dif. 
-

mst = medium strong i n = medium 
vw = very weak vvw = very• very weak 
mw = medium weak 
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At lZOO•c the ternary phase forms two-phase equilibria 
with TiC1 _x, SiC, TiSi2, c>.nd the solid solution TisSi3 (C) (Figure 13). 

Si 

C 

Figure 13. Ti-Si-C: Section at lZOO•c. 

From the roentgenograms of the numero!.ls samples 
placed in the immediate vicinity of the TisSi3 phase in the ternary, the homo­
geneous range of the D81 p~se was determined. It stretches toward the 
Si-C binary as well as toward slightly lower silicon concentrations. The 
maximum solubility for carbon is about 8 At.%. 

Table 13 shows the variance of the lattice parameters 
uf the D88 phase at various compositions in the ternary field. 
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Table 13. Lattice Parameters of the Binary TisSi, and 
Ternary Ti.Sh (C) Phase 

Nominal Composition 
in Lattice 1arameters 

Atomic Percent in 

Ti Si C a C 

61 39 0 7. 449 5.144 

63 37 0 7. 45, 5.145 

65 ~5 0 7. 454 5.149 

6Z 36 z 7.447 5. 14, 

63 33 4 7. 439 5.146 

6Z 3Z 6 7. 449 5. 15, 

J 0 36 4 7. 434 5.149 

61 34 5 7. 445 5. 166 

The solid solution of Ti5Si1 (C) is in equilibrium with 

f3-Ti, TiC l-x , the ternary phase T, TiSi, TiSi
2

, and the as yet unidentified 

binary Ti-Si phase U-1. 

The U-1 phase, which 1mdoubtedly has a rather low 

stability forms ,two-phase equilibria with only its adjoining phases, i.e. TiSi 

and Ti~i3 (C). The diffraction patterns of TJ-1 are extremely weak ;ind diffuse, 

and it was not possible to determine whether it possesses a homogeneous range. 

TiSi on the other hand shows no solubility whatsoever for carbon or the carbide 

phases; the lattice parameters of the TiSi phase contained in ternary samples 

are the same as those in binary samples. TiSi also, forms equilibria with 

only its neighboring binary phases (Figu i:-e 13). 

The TiSi
2 

phase, which is in equilibrium with TiSi, 

TisSi1 (C ), the ternary phase T, and SiC shows a slight enlargement of the 

lattice parameters in ternary samples containing this phase. The lattice 

parameters of the binary TiSi
2 

phase were 5 = 8.Z35 i, b = 4. 775 i, and 

c = 8. 549 i while the lattice parameters of a sample with ZO At.o/o Ti, 61 At.o/oSi 
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and 19 At.% C were calc~lated to: a= 8.Z6
1 
i, b = 4. 786 i, and c = 8.570 i; 

this correspond!'! to a volume increa se in the unit cell of Ci. 8o/o. The solubility 

of carbon in TiSi is therefore quite small and probably of the order of 1-Z At.o/oC. 
2 

Debyeograms of ternary alloys containing the 13-form 

of SiC showed no change at all in the lattice parameter of this phase. The 

binary 13-SiC had a lattice parameter of 4. 358 jl, while those parameters 

obtained from ternary Ti-Sl -C alloys varied betwee:i 4. 358 and 4. 351 i. There 

is, therefore no sclid-solubility in 13-SiC. 

Titanium monoc, .. ~ bide, which has a wide homogeneous 

range with the carbon defect structure, . forms eq.1ilibria with 13-SiC, t e ·new 

tern.1.ry phase, and the solid solution of TisSi3 (C). The two-phase regions 

with 13-SiC and r are very narrow as judged from the qualitative analysis of 

the X-ray powder diagrams; the lattice parameters of the Ti<: phase as 
1-x 

measured in samples lying in the Ti<: -13-SiC, TiC
1 

-T, and TiC
1 

-T-
1-x -x -x 

13-SiC regions are somewhat smaller than the value of a binary TiC, with 
( 1) . - x 

the smallest carbon defect: 4. 3Z0 _ 3 vs. 4. 330 i . This indicat ~ .. , .. hat a 

small range of TiC
1 

is in equilibrium with stoichiometric 13-SiC. The lattice -x 
constants of the monocarbide phase measured in ternary samples in the TisSh 

(C)-TiC
1 

region decrease with d,creasing carbon content; however, these -x 
values, as well as those lattice parameters taken from samples in the three 

phase fidd µ-Ti-Ti~ia (C)-TiC
1 

are slightly larger than those of the appro­-x 
priate tie-line-connected-binary-base-point concentrations indicating a very 

slight solubility of silicon in the extreme defect mono carbide lattice. 

The .solubility of silicon in 13-titanium was not specifi­

cally investigated; the solubility for silicon was taken from the literature< 46) 

and the solubility for carbon from a previous publication(!). Figu.re 13 shows 

the phase equilibria of the Ti-Si-C system at lZ00•c. 

A few selecte d ternary Ti-Si-C and binary Ti-Si alloys 

were analyzed post-experimentally for their silicon and carbon contents. 

These values are shown ln Table 14. The an~lyzed values are very close to 

the nominal compositions and show only a slight compositional shift. 
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Table 14. Chemical Analysis Values of Some Ti-Si and 
Ti-Si-C Samples. 

- Atom1c Percent ---
Nominal I Andyzed 

Ti Si C Ti* Si C 

3Z 68 0 3.1 . 9 67.5 0.6 
-

57 37 6 58.9 34.9 6.Z 

59 35 6 59.5 34.8 5.7 

47 Z3 30 48.8 Z3.5 Z7.7 
-

*By Difference 

z. The Niobium-Silicon-Carbon System 

A total of 70 solid state samples were made to ascertain 

the solubilities and phase equilibria at 1300°C; of these, four were binary 

Nb-C samples and three were binary Nb-Si samples. Figure 14 shows the 

qualitative X-ray findings as well as the compositional locations of the 

samples at l 300°C. 

e Sing lt Ph,se 
(l) Two Phise 
m Two Phise ffon ·Equilibtium t 
~ ThrN Phue 
■ four Phise N<.n•Equilibtiumt 

Si 

Figure 14. Nb-Si-C: Location and Qualitative X-ray 
Analysis of 1300°C Samples. 
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The results of the niobium-carbon samples are in 

accord with the findings of many o~er authors(
4

-
7

, 19); they showed that 

NbC has a considerable homogeneous range. A sample with 50 atomic percent 
t-x 

carbon was single phase mono~arbide with a lattice parameter of 4.466 i, 
whereas a sample with 41 atomic percent carbon had a lattice parameter of 

4. 434 i and showed traces of the Brauer-Nb3C 2 (
5

) zeta phase which is 

metastable and, in analogy to the findings in the Ta-C system( 3) probably is 

the result of a nonequilibrium precipitation in the presence of the carbon 

defect niobium monocarbide. Two samples in the vicinity of a-Nb
2
C, the low 

temperature form( 3), showed that this phase has, at best, a very small homo­

geneous range 1300•c. The specimen with 27 At.o/o carbon was two-phased 

(a-Nb
2
G and Nb): the a-Nb

2
C had lattice parameters of a = 3. 11 9 i and 

c = 4. 963 X; the sample with 33 At. o/o C showed a-Nb
2
C lattice parameters 

of a = 3. 119 i and c = 4. 96 5; the X-ra.y film of this sample showed a trace of 

the NbC
1 

cubic phase next to the subcarbide pattern. 
-x 

The binary Nb-Si X-ray films showed the presence of 

only two intermediate phases at 1300•c. The disilicide, NbSi
2

, had lattice 

parameters of a = 4. 795 i and c = 6. 590 i while the T-2, low temperature 

form of Nb5Si3 had a == 6. 56, i an:l c = 11.873 i. 

A sample was placed at 25 At.% silicon in the Nb-Si 

binary to check for the presence of the Nb~i. phase( 56 - 60) and for the more 

recently described(ll) Nb,Si phase. The X-ray pattern of the hot pressed 

sample which was sintered at 1300•c showed no signs of any patterns other 

than Nb and a-NbsSi3. A Nb4Si or Nb3S1 phase or phases do not exist at 

130o•c - at least not in sintered samples (see literature review, page 17). 

The principal characteristic of the ternary Nb-S~-C 

system is the formation of a ternary phase< 53, 55• 65) at the composition of 

approximately Nb
11

Si
8

,
1
C

2 
• This "Nowotny Phase" has the D81 hexagonal 

structure and possesses a rather small homogeneous range as determined by 

qualitative X-ray analysis of many p •:>wder diagrams of samples in its vicinity. 

The D88 phase forms two-phase equilibria with NbSi , a-NbsSi3,and NbC . 
2 1-x 
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Although its homogeneous range is rather small, a noticeable variation is 
present in the lattice para.meters. Table 15 gives the lattice parameters of 
the ternary D81 phase. [ 

Table 15. Lattice Parameters of the D81 Phase in Ternary { 
Alloys 

Nominal Composition 
in 

Atomic Percent 

Nb Si C 

53 34 13 

53 35 12 

59 37 4 

58 37 5 

57 37 6 

56 37 7 

54 37 9 
53 37 10 

52 37 11 

50 37 13 

48 37 15 

52 39 9 
50 39 11 

49 39 12 
-

Lattice Parameters 
in 

inastr_oms 

a C c/a 

7. 527 5. 34 . 706 

7. 523 5. 30, .705 

7. 537 5. 252 .696 

7. 544 5. 256 .696 

7. 546 5. 259 .696 

7. 542 5.264 .697 

7. 533 5. 305 .704 

7. 531 5. 316 ,705 

7. 529 5. 316 . 706 

7. 52, 5. 314 .705 

7. 526 5.31 2 .705 

7. 526 5. 313 .705 
/ 

7. 531 5. 316 .705 

7. 52, 5. 317 . 706 

[ 

[ 

[ 

NbSiz forms two-phase equilibria with the te rnary D8i f 
phase, NbC, and f3-SiC. A visual comparison of the X-ray patterns of NbS ~z 
in ternary samples with the pattern of a pure binary NbSi

2 
showed no discer1 -

able lattice parameter change. Exact measurement of these same films, 
however, led to the detection of a very, very slight change in the c param-
eter of the NbSi

2 
phase. The p:ire binary values were a - 4. 795 i and c = 6. 90')._ 

while the average results of several values tak ..: n from ternary samples we r e 
a = 4. 79 5 i a.nd c = 6. 587 • According to these results there is an almost 
negligible carbon solubility in NbSi

2
• 
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As in the ternary Ti-Si-C system, the ~-SlC phase 
in the Nb-Sl-C system shows no solubility for any of the other binary phases. 
The lattice parameters of the pure binary '3-SiC phase was 4. 35,X. while 
the values taken from samples in the ternary Nb-S.i.-C area were between 
4. 357 and 4. 358i. The '3-SiC phase is in equilibrium with NbS1z and NbC . 

Lattice parameter measurements of the NbC phase, as 
well as qualitative X-ray analysis of samples located in the NbC-SiC, NbSi

2
-

NbC, NbC-SiC-NbSi
2

, NbSi
2
-NbC-D88 , and NbC

1 
-x -D88 regions, were used 

to locate the three-phase base points along the NbC
1 

defect carbon region. -x 
SiC and ·:~bSi

2 
are in equilibrium with a practically stoichiometric NbC . 

• Figure 15 shows the phase-field divisions and the niobium mo.':locarbide lattice 
parameters in the mono:arbide region. 

15 

• Single Phase 
CD Two Phase 
@ Three Phase 
m Two Phase (Non-Equilibrium) 

- Atomic % Carbon --+ 

25 35 45 

4.434 4.466 
Figure 15. Nb-Sl-C: Lattice Parameters of the NbC Phase 

With Location of Ternary Alloys. t-x 
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The smallest lattice parameter obtained for the NbC1 -x 

phase in a binary sample was 4. 43• X; the lattice parameters of this same 

pha.se taken from samples in the D8.- a-Nb~i3-NbC 1 _x region were on the 

average slightly larger with 4. 43 7 j.. On the basis of this observation, an 

extremely small s ·:>lubility, probably less than 1 At. o/o silicon, may be assigned 

to the high carbon-defect end of the niobium monocarbide homogeneous range 

at 13oo·c. 

f 
[ 

Based on the powder diagram X-ray findings, the NbC1 _x f 
phase is in equilibrium with SiC, NbSi 2, D8 1, and a-Nb~!]. 

The a-Nb
2 
C phase, which has a very small homogeneous 

range in the Nb-C binary system(lO), is in equilibrium with ci-~Si, and of 

course, Nb and NbC 1 -x. 

All X-ray results, as determined by the presence or 

absence of the pertinent phases ir, the Nb-a-Nb~:3-D81-NbC1 -x -Nb 2C region 

indicate, without a doubt, that the Nb
2
C- a-NbsSi 3 two-phase equilibria exists 

at 1300•c. However, du tg nonequilibrium condltions, the presence of 

four and sometimes five phases was n•.Jtetl in the area between ci-NbsS1' - DS.­

NbC
1 

_x and Nb
2
C indicating that at some temperatut"e close to noo•c, either 

above or below, a two-phase equilibria D81-Nb C might replace the NbC 1 -
2 -x 

ci-Nb~i3 two pha 113e region. The majority of evidence points to the definite 

existence of the NbC
1 

-a-Nb~i3 equilibrium at 1300•c as indicated in 
-x 

f 

Figure 16. 
l 

The lattice parameters of the ci-NbC phase, as takm horn 

silicon ccntaini~ ternary samJies, v.ere a =3.119Xa.nd c =4.96,f;the c \8.lue is cnly a slight 

bit larger (cani:ared with lower temperature values)than tte correspondi~ ti.nary value 

(see page 9 ) and speaks for only a barest solubility of ci -Nbi.513 in ci-Nb2C. 

ci-NbsSi
3 

forms two-phase equilibria into the ternary Nb-S~-C field with the 

D8
1 

ternary phase, NbC
1 

_x• and Nb
2 
C. There is no change whatsoever in 

the lattice parameters of the ci-Nb~h phase which was observed in ternary 

carbon containing alloys, and therefore no solubility or homogeneous range is 

exhibited by this binary silicide phase into the ternary Nb-Si-C region. 



f 
l 

l 
! 

l 

Roentgenogra.ms in the region Nb: 58-70, Si: Z0-26, 
and C: 6-15 atomic percent showed va.t"ying small a.mounts of a ternary phase 
which was not able to be identified or specifically located. The X-ray pattern, 
which was too \Yea.k to be measured with any degree of accuracy, appeared on 
the films of 1300°C samples containing all the other binary carbide and silicide 
phases as well as the ternary D88 phase. The presence of this second ternary 
phase, which appears t<, be not very stable at the temperature (1300°C) investi­
gated, i3 most probably connected in some manner with the difficulty in attain­
ing equilibrium shown by many samples in this region; in this respect, some 
X-ray films presented somewhat misle.1ding evidence concerning the possible 
existence of the D88 -Nb

2
C equilibrium. 

A complete clarification of the characteristics of this 
portion of the Nb-Si-C ystem will only be possible with extensive investiga­
tions over a wide temperature range up to and including liquid-solid equilibria. 

Because of the small a..'11.:.unts present, the evasiveness, 
and uncertainties involving this unknown ter.u.ary phase, which has also been 
observed in trace amounts, but not closer defined, in this same region by 
H. Nowotny(7

5
). none of the possible equilibria involving this phase is depicted 

in the 1300°C iso~hermal section of the Nb-Si-C system displayed in Figure 1 . 
In addition, those ternary samples showing nonequilibrium conditions at 1300°C 
are designat1Jd in an appropriate manner in Figure 14. 

The solubility of carbon and silicon in niobium was 
not specifically investigated; the values portrayed in the isothermal section 
was taken from the literature(64• lO). 

Post experimental chemical analysis of silicon and carbon 
was performed on two rand..Jmly selected ternary samples to check the nominal 
compositions. The niobium content was calculated by difference. The n..,minal 
values of these two samples were: Nb-Si-C 54-37-9 and 53-37-10 atomic per­
cent; the analyzed values were: Nb-Si-C 54.1-37.1-8.8 and 53.5-36.5-10.0 
atomic percent. The results a.re in excellent accord, and it is safe to assume 
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that no great concentration shifts occurred in the rest of the ternary Nb-Si-C 

samples. 

Si 

SiC+NbC+C 

Nb 

Figure 16. Nb-Si-C: Section at 1300•c. 

3. The W-Si-System (Partial Investigation) 

To verify or disclaim recent findings concerning the 

possibility of the existence of a "W3Si" phase in the tungsten-silicon binary 

system(lZ), the melting point of a W-Si alloy with Z5 atomic percent silicon 

was measured using the Pirani. technique. Duplicate samples melted fairly 

sharply at Z065 •C and Z06Z •c. 

Sub3equent metallography of the molten portions of 

these samples showed only two ph.ises present, although a eutectic was hard 

to discern. 
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f
Figure 17 portrays the two phased metallographic 

picture of this W-Si sample.

Figure 17. W-Si: 7S/25. Primary Tungsten in WsSis Matrix. XIOOO

A roentgenogram of this melted alloy showed only 
the patterns of tungsten and WsSis-

In view of these findings it may be said that m "WjSi" 
phase exists — at least not at temperatures near the solidus line — and the 
interpretations of R. Kieffer^^®'as well as L. Brewer^^®' on the constitution 
of tte W-Si diagram in this region are correct. The approximate isothermal 
eutectic temperature (2250'C), of the W-WsSis mixture, as reported by 
R. Kieffer^^^^ appears to be somewhat high (as also stated by this 
author), and a more thorough investigation into the melting behavior c£ the 
more tungsten-rich portion of the W-Si system will certainly show the melt­

ing point of the W-WsSij eutectic to be in the close vicinity of 2065 *C.



4. The Tungs!!_n-Silicon-Carbon System 

Twenty-eight ternary and binary samples were made 
for the solid-state investigation of the W-Si-C system at 1800•C. 

Figare 18 shows the compositional location of the 
samples as well as the qualitative X-ray analysis. 

e Single Ph•se 
~ Two Phise 
• Three Phise 
Ill Three Phise Non·Equilibriuml 
Ill Four Phise t4on· Equ ilibr iuml 

w 
C 

Figure 18. W-Si-C: Location and Qualitative X-ray Analysis 
of l800•c Samples. 

In accord with other findings. there ii no ternary phase 
in the W-Si-C system; only the binary constituents partake of the equilibria. 
None •:>f the binary pha1:1es show any mutual solubility whatsoever. 

WSi
2 

is in eq ·ubrium with ~-SiC as well as with its 
binary neighbors Si and WsSi,. The lattice parameters of a binary sample of 
this phase were a = 3.Zl

2 
~and: = 7.8Z7 i; there was no c~nge in the cell 
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dimensions of the WSi
2 

phase as measured in ternary carbon containin1 speci­
mens. The lattice parameters -of the W5Si:, ph.l.se as taken from ternary 
samples were unr.hanged compared with the binary values of a = 9. 61, i and 
r. = 4. 941 ~ . W !,Si:, is ii equilibrium with 13-SiC, WC, and a- W 

2
C. 

Twigsten monocarbide, WC, is in equilibrium with 
W5 Si] and 13-SiC; the lattice parameters of this phase in ternary silicide con­
taining samples were a = 2. 905 i and c = 2. 83 6 ~ • These values are practically 
identical with those <2) taken from binary samples. 

The subcarbide, a-W
2
C, the low temperature form( 2) 

ha.s a slight homogeneous range(
2

) from a.bout 30 to 33. 3 At.,,. C at 1800•C; 
the lattice constants vary in the sh~gle phase region: a = 2. 98 5 - 3. 00 ~, 
c = 4. 711 - 4. 721 i (taken from samples quenched from 2200•c(2)). Tne 
unit cell measurements of the o.-W 

2
C phase present in ternary alloys in the 

W-Si-C system also reflect this variation. The a-W
2
C phase in samples in 

equilibrium with the carbon-poor end of the a-W
2
C homogeneous range had 

lattice parameters •::>fa = 2. 990 i and.: = 4. 72
2 
i where as those phases in 

ternary samples in equilibrium with the carbon-rich end of the a-W
2
C single 

phase region had a = 2. 99 si and c = 4. 72:, i. Since those values fall within 
the range indicated by investigations(Z) on the W 

2
C homogeneous region, and, 

not forgetting that the binary literature values were obtained from samples 
quenched from 22oo•c(Z) (the homogeneous range as well as the spread in 
lattice parameters is somewhat larger than at 1800•C),it was concluded that 
there is no solubility into the ternary W-Si-C system shown by the o.-W 

2
C 

phase at 1800•C. 

The 13-SiC shov.'s no solid solution into the ternary 
W-Si-C region; the lattice parameter of this phase in ternary samples carries 
the same value as in the pure binary sample: 4. 3S1i. 

Preliminary hot pressed and heat treated samples from 
the midc!le portion of the W-Si-C system led initially to an erroneous conclu­
sion. The roantgenograms of these samples showed the four :phases W,Si 3, 

SiC, WSi
2

, and WC present in many cases (see Figure 18). In the silicon 
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richer region a considerable amount of WC was present indicating a WSi
2
-WC 

equilibrium. The X-ray analysis of additional samples in this region showed 
quite a bit less of the WC phase and cast doubt on the original conclusion; in 
fact the equilibrium W5 Si,-SiC was strongly indicated. The possibility of a 
four phase reaction: WSi

2 
+ WC ---+ WsSi3 + SiC at a temperature near 1800•c 

was also con~idered. 

To clarify this situation a special DTA experiment was 
made. 

Prepared WSi
2 

and WC powders were mixed to yield an 
overall composition of W-Si-C: 40/ 4Z / 18; the loose powder was tampered 
into a graphite DTA holder and covered with a graphite plug having a hlack 
body hole. Two coasecutive runs were made with the same sample. Fi&ure 19 
shows the results of this experiment. 

The first run showed a. strong exothermic reaction 
initiating at about lS0C•c and carrying up to approximately 18S0•C; sub­
~~quent to this exothermic reaction, the start of the melting isotherm was 
observed at about 19zs •c. After cooling, the sample was reheated and gave 
no evidence of any reaction other than incipient melting. During the fir st run 
the WSi

2
-WC mixture reacted irreversibly to the correct conjugate compounds, 

W5 Si1 and SiC. An X-ray powder diagram of the startin~ mixture, showing 
the patterns of WSi

2 
and WC, was compared with a roentgenogram of the OTA 

sample after heating. The p-:>st experimental X-ray film showed an over­
whelming quantity of W5 Si1 along with SiC and small quantities of WC. The 
correct equilibrium: W5 Si3 -SiC was established, and no evidenc.e of a . possible 
four -phase reaction was detected in the temperature range 1400• - 19z5•c. 
It is conceivable that during the hot pressing of the solid-state samples small 
q.1antities of WC, whose presence is not consistent with the correct equilibrium, 
were formed. Even at the heat treating temperature of 180o•c, the WC did 
not react completely to form the correct conjugate compounds. 
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Figure 19. W-Si-G: DTA Heating Curve3 of a 10/42. / 18 Alloy 
Prepared with WSiz and WC. 

Figure 2.0 portrays the solid-state portion of th..! 
W-Si-C 1800°C iso~herm. Three random solid state samples were a.:ialyzed 
post experimentally for their carbon and silicon contents to check the nominal 
compositions. The results of these analyses are compiled in Table 16. 
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w 

WSiz 

1800°C 

SiC 

WC+SiC+C 

Figure ZO. W-Si-C: Isothermal Section at 1800•c. 

Ta.l.>le 16. Chemical Analysis Value •~f Some W-Si-C Samplt:s 

Atomic Percent 

Nominal Analyzed 

w Si C w* Si C 

zo 60 zo Z0.5 61. 0 18.5 
57 zz Zl 56. 1 Zl.4 zz.s 
65 zo 15 65.8 zo.z 14.0 

*by difference 
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IV. DISCUSSION 

The only published phase equilibria diagram of the Ti-Si-C system 
is the schematic diagram by L. Brewer( 49) (Figure CJ). In the majority of 
points this schematic is in accord with the f:.ndings disclosed herein. The 
present investigations have shown the existence of a ternary phase near the 
composition "Ti SiC ", and the more complete phase diagram presented here z 
includes the equilibria involving this ternary phase as well as the more ac ,.:urate 
determinations of the homogeneous ranges of both the TisSiJ (C) and TiC

1 
_x 

phases. 

• (49) 
L. Brewer , in the publication from 1954, has compiled a list giv-

ing limits for the heats of formation of many of the refractory silicides; there 
is still, however, a dearth on other independent calorimetric data concerning 
these silicides which might be used for confirmation . . No attempt will be 
made, therefore, to elaborate on the findings of L. Brewer(49,. However, 
a simple evaluation showing the heat of formation of the new ternary phase 
will be shown. 

From the isothermal section of the Ti-Si-C System (Figure 9), the 
following reaction equation may be written: 

C h't + Ti48Si21 C31 (ternary phase) ---. SiC + TiC grap 1 e "'1 

with a most recent value(BO) for the heat of formation of TiC"' 
1 

of -43.1 kcal* 
and the value(Bl) of -20. 6 kcal* for the heat of formation of SiC, the standard 
state heat of formation of the ternary phaR P.l is calculated to 

-52. 1 kcal / gram atom Ti, 

The schematic diagram of the Nb-Si-C system presented by L. Brewer 
{Figur e 10) is basically correct with the exception of a few minor modifica­
tions. At the t me of Brewer's publication, the correct constitution of the 

*Standard state for conven ience. 
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Nb-Si binary diagram was not known, and ·the phase designated in the sche­
matic drawing as N'bsSh is not the D88 phase in the binary, but rather the 
ternary stabilized structure. The phase labeled NbSi.55 is in reality the 
binary a-NbsSh or a-NbSi.6 phase. 

The other change involves the equilibrium Nb
2
C-D8a{ternary phase). 

It was foand in this investigation that the equilibrium NbC
1 

-a-~Sh is -x 
present instead of Nb

2
C-D88 (ternary) at 1300•c, although signs were present 

indicating the possibility ci. a four-phase reaction plane: D88 - a-NbsSh-Nb
2
C­

NbC
1 

near this temperature. -x 

An evaluation similar to the cine employed for the Ti-Si-C ternary 
phase was also performed for the D88 ternary phase in the Nb-Si-C system 
using a reaction equation to calculate the standard heat of formation: 

The values used for Nb
2
C and NbC are -45. 0 and -3Z. 8 kcal taken from a 

recent compilation(SO). The value obtained for the standard state heat of 
formation of the ternary Nb-Si-C phase was <-Zl .z kcal/gram-atom Si. 

The rei::;11lts of the present investigations on the W-Si-C 1800•C 
isothermal section are in perfect accord with those presented by L. Brewer 
in a s-:hematic diagram (Figure 11). The minor exception is that in the present 
work the small homogeneous region of o.-W

2
C is depicted. Furthermore, the 

absence of any mutual solubility has been ascertained. 

Of all the silicocarbide systems investigated, or presently under 
investigation, ('V-Si-C and Cr-Si-C have not been studied), it is seen that in 
none of the systems does an equilibrium silicide - graphite exist. The closest 
approach occurs in the Mo-Si-C system(4 0) where a ternary D88 p!lase forms 
a two phase field with graphite. This u,,fortunate fact limUs the choice of 
silicide materials whi.ch ,::ould conceivably be used as possible oxidation irotec-

l 
[ 

f 

tion for, or compos · tes with, g:::aphite . Some of the disilicides are in equilibriurr. l 
with the monoca!"birles (ZrSi -ZrC, NbSi -NbC, TaSi -TaC)(49), and although z z z 
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these particular disilicides do not belong to the group of disilicides associated 

with g -:>Jd oxidation protection behavior, it is possible that with refractory 

metal substi tutions in the silicide, a sufficient amount of s : licide oxidation 

protection might be achieved. 
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