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ABSTRACT 

I 

The reactions of silicides of Ti, Zr, Ce, Nb, Ta, M~and W with 

. carbon and with nitrogen were studied at temperatures around 2000°K. 

The data were used to establish t~rnary phase diagrams and to set upper 

and lower limits on the heats of formation .of the silicides. The heats 

of formation of the silicides are compared with those for borides, car-

bides, nitrides, oxides, sulfides,and halides. 

II 

Methods are suggested for estimating absolute entropies of carbides. 

Available data on the free energies, heats,and entropies of formation of 

the carbides have been summarized. Many of the older data have been re-

calculated using a third-law method for treating the data. Many of the 

thermodynamic quantities .are estimated for carbides where no data exist. 

Limits of reliability are given for the data. 

III 

The heat of formation of the 31Cu state of c2 has been determined as 

0 191.4 2: 5 kcal at 0 K. The techriique used is to observe the difference 

in heats of formation of 3nu c2 and Zr gas originating from ZrC in a 

carbon tube furnace, by measuring .relative emission intensities of the 

features as a function of temperature. 
I 
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I • REACTIONS OF THE REFRACTORY SILICIDES WITH CARBON AND WITH · NITRCXlE:N 

ABSTRACT 

The silicides of Ti, Zr, Ce and Nb were investigated to 

0 determine the phases present at temperatures around 2000 K. 

The Ce-C and Nb-C systems were also investigated to a 

limited extent. The reactions of silicides of Ti, Zr, Ce, 

Nb, Ta, Mo,and W with carbon were studied at these tempera-

tures. Also, a limited amount of work was done on the 

reactions of some of the silicides with nitrogen. The 

data have been used to establish ternary phase diagrams 

for the systems and to obtain upper and lower limits for 

the heats of formation of the silicides. These approximate 

heats of formation have been used to derive the heats of 

formation of the silicides from the gaseous atoms .. Similar 

values have been calculated for borides, carbides, nitrides, 

oxides, sulfides, and halides. These calculations have 

permitted the estimation of unknown heats of formation for 

these compounds. 

INTRODUCTION 

The silicides of Ti, Zr, Ce Nb, Ta, Mo,and W were investigated to 

obtain thermodynamic data on their stabilities and thus determine their 

importance as refractories. These metals are expected" to form the most 

stable silicides from a comparison with the carbide stability region itl 

the periodic table. 

Combustion calorimetry and solution calorimetry are not easily 

applicable in determining the heats of formation of silicides due to 
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their inertness toward oxidation and solvents. Dissociation press.ure 

measurements would probably be the most applicable in determining the 

stabilities of the silicides. 
. 1 

Searcy and McNees have determined the 

stabilities of.the rhenium silicides by studies of this type. In 
'.·· 

order to undertake studies of this t;Ype on other refractory silicides, 

information onthe phases present, their approximate;stabilities,and 

suitable container~ are of great importance. 

In this work we have resor:ted. to high-temperature eq_uilibrium 

studies involving silicides in order to obtain useful information about 

their stabilities. The eq_uilibrium studies involved the systems M-Si, 

M-Si -C, M-SJL:-N2 and M1 -:M2 -Si. By comparing the stabilities of the 
. . 

silicides with the corresponding carbides and nitrides it was possible 

to set upper and lower limits to the stabilities of many of the silicides. 

The M
1

-M
2
-Si eq_uilibria gave information about the relative stabilities 

of the silicides. 
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EXPERIMENTAL PROCEDURE 

The M-Si, M-Si-C,and M
1

-M2-Si reactions were carried out by mixing 

together 140-to 400-mesh powders of the reactants and heating them to 

about 2100°K for 15 to 60 minutes in the inductively heated equipment 

described by Brewer, Bromley, Gilles, and Lofgren. 2 Three-fourths of · 

an atmosphere of argon was used to suppress volatilization of the Si. 

Mo crucibles were found to be satisfactory containers since in most 

cases the Mo silicides were less stable than those of the other metals 

studied. In those cases in which the sample silicides were less stable 

than the Mo silicides, crucible attack still did not occur providing 

that the samples did not fuse. A protective silicide layer on the sur-

face of the Mo evidently prevented further attack. Graphite crucibles 

were used when the samples contained graphite in excess. Usually 

equilibrium was rapidly established between the reactants,which then 

sintered and drew away from the container. 

The M-Si-N2 systems were studied by allowing metal and silicon 

powder mixtures to come into equilibrium with N2 gas at about 3/4 atm 

pressure and at various temperatures. Mo containers were again used 

for most of the heatings. Howeve~Mo containers were found not to be 

satisfactory in the case of the Ti and Zr systems because of crucible 

attack. Zr02 containers were also used for these systems. 

The samples were quenched by turning o.ff the induction heater and 

allowing them to cool with the gas in the system. About three minutes 

·were required for the samples to cool from 21,00 to 1200°K. 

Temperatures were measured with an optical pyrometer. 

X-ray powder diffraction patterns were taken of the resulting 

samples. The new phases found and x-ray data for the various phases 

found will be given in a forthcoming paper by Templeton and Dauben. 3 
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All compositions of samples are given in atomic percent and all 

temperatures are expressed in °K unless otherwise indicated • 

.STARTING MATER.IALS 

Silicon metal, obtained from the J. T. Baker Chemical Company, 

was ground to finer than 140 mesh with a steel mortar and pestle. 

Spectroanalysis showed the main impurities to be: .Ti less than 1%, 

Cr 0.1-1% and Al and Fe approximately Q.l%. X-ray analysis showed 

a very weak unidentified second pha$e• 

Zr metal was obtained in the form of high-purity, hafnium-free 

sponge from Dr. K. K .. Kelley of the . U. S. Btireau of Mines at Berkeley • 

. X-ray analysis of the Ti metal powder (a = 2.95 A, c ::::: 4.69 A) 

indicated that it contains 4.5 atomic percent oxygen. 4 

Ce metal obtained in the form of rods contained 4. 5 atomic % C 

as the main impurity. 

All of the other metals were of 99·9% or greater purity. 

Brewer, Searcy,.Templeton,and Dauben5 have investigated the 

Ta-Si, Mo-.Si, and W~Si systems for the phases present at the temperatures 

of interest in this investigation. The phases TaSi2, TaSi0 .6, TaSi0 . 4, 

and TaSi0 •2 were found in the Ta-Si system. In the Mo-Si system the 

phases MoSi2; MoSi
0

•65 , and Mo
3
Si were found. The W-Si system showed 

the phases ·WSi2 and WSi
0

_
7

. 

In an x~ray investigation of Ta-Si system by Nowotn;Y, Schachner, 

Kieffer, and Benesovsky, 6 structures were assigned to phases Ta.4 .. 5
Si, 

Ta2Si,and Ta
5
si

3
. The x-ray pattern found for Ta4 .5Si was different 

than for the TaSi0 • 2 reported by Brewer et al. These two phases may 

be high-and low-temperature forms of the same compound. Ta2Si corresponds 

to the TaSi0 .4 of Brewer et al. The Ta
5
si

3 
pattern, however, is different 

., 

/'; 
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from the TaSi
0

. 6 phase reporteq. by Brewer et al. .The two phases may 

again be high-and low-temperature modifieations or, as will be diseussed 

later, the Ta
5
Si

3 
phase may have been stabilized by carbon impurity. 

In this work the systems Ti-Si, Zr-Si, Ce-.Si, and Nb-Si were in-

vestigated for the phases present at high temperatures. The results 

of these heatings are presented in Tables I-IV. 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 

maxim~ temperature attained has been given in the tables. Mo .containers 

were used for all of the heatings unless otherwise indicated. Any evidenee 

of melting of the sample has· also been indicated. In all cases that the 

samples fused, they had a silvery-gray metallic luster. 

Ti~Si System. In addition to TiSi2 , the Ti
5
si

3 
phase reported by 

Pietrokowsky and Duwez7 was found. The lattie~ constants of Ti
5
si

3 
were visually observed to vary continuously from 20 to 60 atomic% Si. 

The constants were largest at 20% and smallest at 60% Si. This effect 

is partly due to the homogeneity range of Ti
5
si

3
, partly due to the 

presence of a small amount of oxygen in the Ti starting material, and 

may also be partly due to some Mo dissolving in the Ti
5
Si

3 
lattice. 

The TiSi phase reported by Hansen, Kessler, and McPherson8 was not 

observed in pure phase. Many weak lines appeared in the TiSi region 

along with Ti
5
si

3
; TiSi2 and Ti

5
Si

3 
were found together in a sample 

heated in an alumina crucible,indicating that the Ti5si
3 

phase is 

sufficiently stabilized by oxygen to cause disproportionation of TiSi. 

The presence of oxygen in our starting Ti metal is unq.oubte~ly 

responsible for the difficulty of the production of the TiSi phase 

even when Mo containers are used. 
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Table I 

Ti - Si System ,., 
Atomic 

Temp.(%) 
Description /'\ 

% Si of Sample Phases Observed 

17.8 2105 Fused Mo Ti
5
si

3 
Cruc. attack + .. m.s. Ill•.'W•. 

20.2 1691 Fused Ti
5
Si

3 Ti 
+ s. v.w. 

30.0 2105 Fused Ti
5
si

3 Mo 
+ ----S· v.w. 

33·5 2105 Sintered Ti
5
Si

3 Porous s. 

37·5 2105 Partially Ti
5
si

3 fused s . 

50·5 1933 Partially . Ti5$i3 + TiSi ·+ ? fused m. w. v.w. 

50.5 2105 Fused Ti
5
si

3 + 
TiSi 

s. w. 

6o.o 2141 Fused Ti5Si
3 ? . + 

s. v.w. 

60.2 2190 ~used TiSi2 
Ti Si' 

5 3 Al2o
3 

cruc. + s. w. 
Crystals 
above melt 

67.1 2105 Fused MoSi2 Ti$Si3 + . 
s. w. 

·71.9 1618 Partially TiSi2 Si 
/) 

fused .. +.........,. 
m. w; 

v 



.. 

I,. I 

-11-

Attack of the crucible by a sample containing 67%·Si showed that 

Mo is . capable of reducing TiSi2 to Ti
5
si

3
. Also the presence of Mo 

in fused samples of Ti
5
si

3 
indicates that Ti

5
Si

3 
is stable in the 

presence of Mo. 

Zr-Si System. For the preparation of compounds of silicon with pure 

zirconium, small pieces of sponge zirconium were heated with silicon 

for an hour at 1952~. Some of the samples were then powdered to 140 

mesh or finer and reheated. The results of the x-ray analyses are 

given in Table II. 

Lundin, McPherson,and Hansen,9 Schachner, Nowotny, and Machenschalk, 10 

and Pietrokov;sky
11 

have rece~tly prepared samples of zirconium siLlicides. 

Lundin, McPherson,and Hansen have reported the phases ZrSi, zr6si
5

, 

zr4Si3' Z,r
3
si2, Zr2Si, and zr4si in addition to the previously known 

ZrSi2 . Their identifications were based largely upon metallographic 

analysis. Schachner, Nowotn~ and Machenschalk have reported that the 

phase zr
5
si

3 
with the Mn

5
si

3 
structure is the only phase between Zr2S~ 

and ZrSi. McPherson43 andPietrokowsky11 have kindly supplied us with 

samples of all their phases for comparison with our samples. 

X-ray examination of the samples .received from McPherson have 

shown characteristic x-ray patterns for each of the five lower silicides. 

Except for zr4Si, all of these phases appeared in our samples. A sample 

containing 22.4 atomic % Si fused .at l952°K without apparent crucible 

attack and appeared to contain a single phase different from the zr
4
Si 

of McPherson. Pietrokowsky has obtained yet a different diffraction 

pattern .for zr
4
Si. The structure of none of these ph~ses has been 

worked out. Pietrokowsky11 has determined the structure of zr2Si. 

We have obtained Zr2Si as a practically pure phase near 35 atomic % Si. 
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Table II 

Zr - Si System 

Atomic Description 
% Si Temp.(°K) of Sample Phases Observed 

22.4 1952 Fused A phase 
Condensate on walls m. 

35.0 1952 Partially fused Zr2Si zr
5
si

3 + m. w. 

40.4 1952 Sintered Zr2Si 
+_L 

m.s. v.w. 

40.4* 2156 Well-sintered zr
5
si

3 Brown color on 
I m.s. surface 

42.6 1952 Sintered zr2Si zr
5
si

3 ? 
+ + 

fll:';:S • w. w. 

42.6* 2156 Slightly sintered zr
5
si

3 
Zr

3
si2 Brewn color on surface . + 

m.s. w. 

45.4 1952 .Sintered Zr2Si + ! 

2156 

2156 

1952 

2156 

*Preceding sample reheated. 

Not sintered 

Sintered 

Sintered 

Not sintered 
Brown color 
on surface 

m.s. w. 

zr5si3 + zr6si5 + zr3Si2 +! 
m. m. w. w . 

... 

ZrSi Zr2Si 
+---m.s. m.w. 

ZrSi zr6si
5 + . 

m. m. 

_,~\ 

I) 
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It appeared in small amounts in samples containing up to 50 atomic % 
Si,apparently due to incomplete attainment of eg_uilibrium,since the zr2Si 

disappeared upon powdering and reheating the saniples. 

The sample designated as zr
3
si

2 
by McPherson was found to have the 

Mn5si
3 

structure and we will designate it as the zr
5
si

3 
phase. This 

composition is consistent with the data reported by Lunden, McPherson, 

and Hansen. Pietrokowsky has recently prepared a single crystal of the 

phase designated as zr4si
3 

by McPherson and has found it to have the 

tetragonal u
3
si

2 
structure reported by ZachariasenJ 12 and we will 

designate this phase as zr
3
Si2 . The structures of the zr6si

5 
and ZrSi 

phases have not yet been determined. ZrSi does not index well on the 

hexagonal lattice reported by Lundin et al.9 

zr
5
si

3 
shows a varying lattice constant depending upon the prep

aration which may indicate a wide homogeneity range. As the ternary 

diagram studies show that this phase takes up elements like carbonJ 

nitrogen) and oxygen) the variation may be due to impurities. 

To check the effect of use of impure zirconium) preparations were 

made using Zr powder. Ignition of the Zr powder indicated 21.4 atomic 

% oxygen assuming all the impurity was oxygen. X-ray analysis showed 

the presence of a pure Zr phase plus a Zr phase with a lattice constant 

corresponding to 22 atomic % oxygen assuming all the impurity to be 

oxygen. 13 The preparations gave single-phase samples of ZrSi and 

zr
5
si

3 
but patterns of the zr

3
si2 and zr6si

5 
phases could not be 

positively identified. These results indicate that the absence of 

. 10 
these phases in the work of Schachner et al may be due to the 

presence of oxygen, carbonJ or nitrogen dissolving in and stabilizing 

the zr
5
si

3 
phase and thus causing the disproportionation of the zr

3
si2 
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and zr6si
5 

phases. Our results for the Z::r;--si.:.c system confirm this. 

It is interesting to note that heatings with 15-18 atomic·~ oxygen 

~ . 0 and with less than 30 atomi.c yo silicon at temperatures above 1900 K 

yield only the phases Zr and zr
5
si

3
• The Zr lattice was expanded, 

indicating dissolved oxygen. The lowering of the zirconium activity 

by the oxygen apparently causes the disproportionation of the zr4Si 

and Zr
2
Si phases. The effect_of the impuri~y above l900°K is to 

reduce the number of silicide phases to the zr
5
si

3
, ZrSi, and ZrSi2 

phases. As the temperature is lowered·, the reduction df the zirconium 

activity is not so great and it is possible to prepare the ~r2Si phase. 

The oxygen impurity also raises the eutectic temperature for the Zr

zr5Si3 region. The samples were well sintered at 2000°K and were 

probably close to the eutectic temperature. 

To check the effect of oxygen upon the zr..:Si system, the 

composition triangles of the Zr-~·Si system were'determined. It was 

found that there is a join between Zr02 and ZrSi2 . _Thus none of the 

other zirconium silicides can exist in equilibrium with zircon or 

any silicon oxide. There is also a join betv1een ZrSi2 and Si02 . Thus 

siiicon will react with Zro2 . Most of the binary silicide phases below 

ZrSi2 become of no importance in the ternary·zr""GzSi diagram because 

of the stabilization of the Zr Si phase and no phases are found between 
5 3 . . 

Zr -metal and the zr
5
si

3 
p_hase a._t 200.D_Sc~wi.thin the,. ternary diagram. 

Also, it appears that no phases-are stable between the zr
5
si

3 
phase 

and ZrSi at 2000°K within the ternary diagram. A ternary diagram is 

0 given in Figure 1 to represent the probable behavior at 1950 K. At 

lower temperatures where the solubility of oxygen in the zr
5
si

3 
phase 

decreases thus increasing its activity, the other binary phases appear 
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Fig. 1. A provisional diaeram of the Zr-Si-02 ·system at 
1950 ° K. 



-16-

to become impo.rtant and joins should be drawn between the l;linary zirconium 

silicides and Zro2 . 

Ce-Si System. The Ce-Si samples were prepared by reacting small pieces 

of Ce rod with Si powder at about 1700°K. They all had the appearance 

of being fused or partially fused. "It was not possible to deter'mine 

visually the extent of the fusion. There was no evidence of crucible 

attack in any of the samples. 

The samples were prepared for x-ray analysis by grinding them to 

200 mesh in a dry box under argon and sealing the specimens in capilla,ry 

tubes. 

The x-ray patterns were rather poor and the samples were inhomo-

geneous mixtures, however, it was established that several lower 

silicides exist. These are provisionally assigned the formulas CeSi0 _
35

, 

CeSi
0

_
5

,and CeSi
0

.
75

• 

The CeSi0 .
35 

phase appeared along with Ce02 in all of its samples. 

The Ceo2 probably came about from oxidation of Ce metal during preparation 

of the specimens for x~ray study in spite o~ the precautions. The+efore, 

it is. believed that CeSi
0

_
35 

is the lowest silicide. 

The CeSi0 _
5 

appeared in samples containing 33 to .37 atomic % Si and 

CeSi0 •
75 

appeared in samples containing 40 to 50% Si. 
- - ·-~-·--· - "~...:...-- ~ 

CeSi2 was obtained in single-phase and its lattice constants were 

measured •. CeSi2 is reported to have the tetragonal aThSi2 type structure 
... 12 

with the lattice constants a = 4.16 ±. 0 .0.3 A, c = .13 ... 90 ±. 0.07 A. We 

obtained a = 4.175 ±. 0.002 A, c = 1).848 ± 0.006 A. 

Nb-Si System. The Nb-Si system showed the two lower silicides NbSi0 •
5

5±.0.l 

and Nb
5
si

3
• NbSi0 _

55 
is isostructural with the TaSi0 •6 phase reported by 
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.. Table III 

Ce - Si System 

,., Atomic % Si Temp . (oK) Phases Observed . , 

17.4 1765 Ce02 + CeSi0•22 
m. w. 

19.2 1691 Ceo2 + CeSi0•22 
s. m. 

26.0 1765 Ceo2 + CeSi0 •22 
m.s. m. 

32.8 1787 CeSi0•2 
m. 

35.5 1765 CeSio • .5 
w. 

37.3 1787 _ CeSi0•5 ? 

w. 
39.8 1787 CeSi2 + CeSiO.z.5 --m. w. 
43.0 .. 1779 CeSiO.z.2 

w. 
50.0 1691 CeSi2 + CeSi0 •75 

m. w. 
66.9 1779 CeSi2 

m. 

I 
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Table IV 

Nb- Si System 

Atomic Description . /\ 

% Si Temp. (°K) of Sample Phases Observed 

16.7 1986 Nb NbSi0.55 
._; 

Sintered -+ m.s. m.w. 

25.6 1986 Sintered Nb NbSi0.55 + . . 
m. m. 

31.0 2231 Fused l.ThSi0.55 +! 
m. w. 

38.0 2231 Partially Nb5Si3 ? 
fused +-m. w. 

50-1 2132 Fused Nb
5
si

3 
. NbSi2 

·+ s. w. 

76.2 2132 S.intered NbSi 
Crucible 2 

attack v.s. 

' 
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Brewer et a1. 5 It was obtained in equilibrium with Nb metal up to 36 

atomic % Si. The Nb
5
Si

3 
is of the Mn

5
si

3 
type structure. NbSi

0
. 
55 

and 

Nb
5
si

3 
were not obtained together in equilibrium .and the. region should be 

more fully investigated • 

From the data in Table IV plus additional unreported .data it has 

been possible to set the Nb-NbSi0 .
55 

eutectic, or peritectic, temperature 

at 2160 :±:. 70°K and the Nb
5
si

3 
.. NbSi2 eutectic, or peritectic, at 2110 + 

30%. 
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If the heats of formation of the carbides in 'these systems are known, r'l 

then it is possible to obtain limits on the h~ats of formation of the 

silicides. In order to make 'these calcUlations, use is made of the 

approximate relation: 

AT:1o · Arro 
~ T = 4[].298 

q 
- Tb8298" 

0 We assume that LS298 is zero when all reactants and products are solids. 

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

the heats of formation of the silicides. As an example of the method 

used, consider the reactions: 

1/2 MSi2 + 3/2 C 

1/2 MC + 3/2 S_i 

-----'> 1/2 MC + SiC, 

-----> 1/2 MSi2 + 1/2 SiC. 

0 14 
If we take the M 298 of formation of SiC as -13.0 kcal and that of MC 

as A, then M~98 of formation for MSi2 must be greater than (1/2 A -

13.0) kcal and less than (1/2 .A + 13.0) kcal for the reactions to go as 
I 

written. 

The calculations may be improved somewhat if the entropies of the 

carbides and silicides are known. Third-law entropy values are avail

able for SiC, TiC,and Tac. 15 Entropies for the other carbides may be 

estimated by Latimer·' s method. 16 One may assign an entropy contribution 

fo'r C in a solid compound by subtracting the contribution of the metal 

from the known .entropies of carbides. 15 It is found that about -4.1 e.u. 1 

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. 
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The absolute entropy of we, .for example' is estimated as s~98 = s~ 
0 . . ~ 

+ SC = 15.0 - 4.1 = 10.9 e.u. Using values of 8.04 and 1.36 e.u. for 

0 the absolute entropies of W and C respectively, L:S
298 

of formation for 

we is estimated as 1.5 + 1 e.u. 

The value for the heat of formation of SiC was obtained from the 

work of Humphrey, Todd, Coughlin, and King. 14 The heats of formation 

for TiC and TaC are from the work of Humphrey17' 18 and the value for 

WC is from Huff, Squitieri, and Snyder. 19 

The values for the heats of formation of Mo2c_ and MoC were cal-

20 culated from the equilibrium constant data of Browning and Emmett 

for the reactions 2Mo + cn4 = Mo2C + 2H2 and Mo2c + cn4 = 2MoC + 2H2 . 

In making these calculations the s~98 for Mo2c and MoC were estimated 

by the method described above. The heat capacity of MoC was estimated 

I 
. ~ 

to be 2 5 the heat capacity of cr
3

c2 , that for Mo
2

c was assumed to 

b~ 3/10 th~ heat capacity of cr
7

c
3

.21 The estimated values were 

combined with the thermodynamic data for the other substances2l,l5 

involved in the reaction to tabulate (&~ - L2H~98)/T functions. for the 

reactions. ~~98 was found to be 13.67 ± 1.09 kcal for the first 

reaction and 18.11 + 0.20 kcal for the second reaction. Using the 

value of -17.89 kcal per mole for ~~98 of formation for methane
22 

we find that ~~98 of formation is -4.22 ·± 1.09 kcal forMo2C and 

-2.00 + 0.65 kcal for Moe. ·The respective L:S~98 values were estimated 

to be 2.4 + 1 and 0.0 + 1 e.u. 

The heat of formation of NbC is estimated as -36 ::t_ 5 kcal per mole 

from a comparison with the known heats of formation of the other car-

bides in this region of the periodic table. 
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The ternary diagrams of Figures 2 to 7 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. Other 

joins, boundaries,or homogeneity ranges that were· inferred are indicated 

by dotted lines. For simplic~ty, homog~neity ranges for the carbide 

phases have been omitted. In the Mo-Si-C system, an attempt has been 

made to give the general form of the melting region along with several 

ternary eutectic temperatures. ~he melting .diagram of the molybdenum

silicon system has been given by Kieffer and Cerwenka23 and also by Ham 

and Herzig. 24 The results have been reinterpreted to obtain better 

agreement with the data. The Mo-Mo
2

C eutectic temperature .is given by 

Sykes, Van Horn, and Tucker25 and the Mo2C :melting temperature by Agte 

26 and Alterthum. 

After this work had been completed, we received word that Nowotny, 

Parthe', Kieffer, and Benesovsky27 had recently determined the .Mo-C-Si 

system in more detail. Their results are in essential agreement with 

ours with the exception that they have found an MoC phase in their 

samples. This phase is unstable at low temperatures and may have been 

retained by a faster quenching of their samples. 

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

compositionMo4csi
3

. Considerable variation of lattice parameters with 

composition was observed for the ternary compound. Evidently C replaces 

Mo in a Mo
5
si

3 
lattice until the composition Mo4Csi

3 
is obtained on the 

high C side. Lattice constants for the composition Mo4csi
3 

.are a = 
7.285 ~ o.oorr . .A and c = '5.242 ·~ 0.007 A. 

Using the lattice constants for Mo4Csi
3 

we calculate an x ... ray 

density of 6.62 gm/cm3 for Mo4csi
3 

and 7.94 gm/cm3 for Mo
5
si

3
. The 

' 
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•• 

Ti-Si-C SYSTE!I 
MU-6082 

(' Fig. 2. Ti-Si-C System. 

' 



c 

MU-9335 

Fig. 3. Zr-Si-0 System. 
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Nb-Si-C SYSTEM 
MU-7681 

Fig. 4. Nb-Si-C System. 

' 
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TaSi 0.2 TaSi 0.4 TaSi 0•6 

Ta -Si-C SYSTEJI 
MU-6081 

---------· 
Fig. 5. Ta-Si-C System. 

'j 

I 
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c 

Mo-Si-C SYSTEM 
(BOUNDARIES ARE SCHEMATIC) 

MU-7682 

Fig. 6. ~b-Si-C Systemo The liquidus boundaries have been 
represented schematically. 
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W-Si-C SYSTEM 
MU-6079 

Fig. 7. W-8i-C System. 
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measured density for a single-phase sample of Mo
4
csi

3 
was found to be 

6.9 gm/cm~which gives fair agreement with its composition. The homo-

geneity range for the compound is believed to extend to lower C con-' 

tents but will not reach the binary Mo-Si region. This phase is the 

only molybdenum silicide that we have found that is stable in the 

presence of graphite. 

In the Ta-Si-C system a ternary compound appeared in single phase 

with the Mn
5
si

3 
structure in a sample of the composition Ta4 .8si

3
c0 .

5 

with parameters a = 7.494 .:t, o.007A and c = 5.242 .:t, 0.007A ... No 

variation in lattice constants was observed .in the x-ray patterns, so 

that there is no evidence for an extended homogeneity range. 

The Mn5Si
3 

structure has two molecules per unit cell. Assuming 

that the carbons in Ta4 .8si
3

c
0

_
5 

are interstitial and the departure 

of the number of Ta's from 5 is due to vacancies in the lattice, we 

calculate an x-ray density of 12.48 gm/cm3 for Ta4 .8si
3

c
0

.
5

. The 

density of the powder measured with a pycnometer using the volume 

displacement of Cc1
4 

gave 12.4 gm/cm3. 

Nowotny, Schachner, Kieffer, and Benesovsky6 report a phase Ta
5
si

3 
of the Mn

5
si

3 
structure in the Ta-Si system with the lattice constants 

a= 7·474 A and c = 5.225 A. These values are close to those which 

we obtained for Ta4 .8si
3

c0 .
5

. In the work on the Ta-Si system by 

Brewer et al,5 Ta
5
si

3 
with the Mn

5
si

3 
structure was not found,although 

a phase of composition TaSi
0

.6 was found which did not have the Mn
5
si

3 
structure. 

Nowotny et al also report that Ta
5
si

3 
transforms to a new phase 

somewhere between 1600 and l800°K. This high-temperature phase may be 

the TaSi0 .6 reported by Brewer et al. If TaSi0 .6 is stah1e only at 
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high temperatures, it is easily ~uenched,since the Ta
5
si

3 
phase has not 

., been observed by us in the binary Ta-Si system. However, the Mn
5
st

3 
-type 

structure is stabilized by oxygen, carbon,and nitrogen impurities and we 

have, in fact, obtained the Ta5si3 phase with added nitrogen or carbon 

in our ternary diagram studies. Thus it is possible that the Ta
5
si

3 
phase is unstable at all temperatures in the binary system and re~uires 

a third component for its existence. 

A variation of lattice constants was observed for TaSi2 from the 

TaSi2-SiC-Si region to the TaSi2-SiC-TaC region;indicating solubility 

of C in TaSi
2

. 

Both zr5si3 and Nb
5
Si3 showed large homogeneity ranges in the 

presence of c. Other than this there was no indication of ternary 

compound formation in the systems. 

A hexagonal phase (a-= 3.117 .:!:. 0 .. 003 A, c = 4.969.:!.:: 0.005 A) 

isomorphous with Ta2c was observed in the Nb-Si-C system,indicating 

28-30 the presence of an Nb2C phase. To confirm the Nb
2

C phase, a powder 

mixture of 67% Nb and 33% C was held at 2130°K for 38 minutes in a Mo 

crucible under vacuum. ·The result was the phases Nb2C and NbC in 

e~uilibrium. Similar treatment of a mixture of 75% .Nb and 25% C at 

1920°K showed Nb2C as the principal phase with a very small amount of 

NbC present. 

In the Ce-Si-C syst·em a sample-containing 25%~Ge-, ~0% Si, and 

25% C was held at 1605°K for 44 minutes. The resultant phases were 

CeSi2 plus an unidentified phase. The sample was gray-brown in color 

and gave off an acetylene odor. 

An investigation of the Ce-C system in the range between 50% and 

67% C showed the phases CeC, ce2c3
.and CeC2 plus several uniden~ified 

I 
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phases. None of these phases could be identified in the Ce-Si-C sample. 

The Ce
2
c

3 
(body-centered cubic Pu2c3 

type) lattice constant was, a= 

8.455 ~ 0.008 A. 31 The CeC (NaCl type) lattice constant was a = 5.130 

~ 0.002 A. 31 The Ce-C samples were golden brown in color. 

Details on the calculations of the stabilities of the silicides of 

Mo and Zr from data of the M-Si-C systems follow. Calculations for the 

other systems are similar. The pertinent results are summarized in 

Table v. 0 The numbers below each species are the values for ~298 of 

formation expressed in kilocalories. 

Mo-Si-C system. Recent studies by Searcy and Tharp32 on the vapor 

pressure of Si over Mo + Mo
3
si gave a pre~iminary value of -20 kcal 

. 0 
for ~298 of Mo

3
Si. This value is based upon 105 kcal for the heat of 

sublimation of monatomic Si at 298°K. 

0.71 Mo
3
Si + 0.29 SiC--> g~5 MoSi0 .65 + 0.29 Mo2C, 

-14.2 -3.8 < -16.8 -1.2 

10 . 19 - MoSJ.. 6 + - Mo ----'> Mo
3
Si . 

6.5 o. 5 13 

)f -20 -20 

0 10 6 Therefore, ~298 for b:5 MoSi0 .
65 

= -18.4 ~ 1. kcal. 

10 MoSio.65 + 1379 c 
6.5 

-18.4 

. 1/3 Mo4 CSi
3 

+ 7/3 Mo --> Mo
3
Si + 1/3 Mo2C 

> -21.4 -20 -1.4 

0 
Therefore, ~298 for Mo4Csi

3 
= -19.7 ~ 2 kcal. 

1/2 MoSi2 + 3/4 C --> 1/8 Mo4csi
3 

+ 5/8 SiC , 

> -15.5 -7.4 ~8.1 
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Table V 

0 
~298 of Formation in Kcal per Gram Atom Si 

1/2 TiSi2 -15.4 to -34.9 5/3 TaSi0 .6 -20 to -77·2 

TiSi -15.4 to -65.8 Ta2Si -20 to -90.1 

1/3 Ti
5
si

3 
-20 to -86.1 51aSi0.2 < -20 

1/2 ZrSi2 -30-5 :!:. 5 1/3 Ta4•8si3c. 5 
-20 to -74·7 

ZiSi -58 + 10 1/2 MoSi2 -5.8 to -15.5 

1/5 zr6si
5 

-66 + 10 lo/6.9 MoSi0 .65 
-18.4 + 1.6 

1/2 zr
3
si2 -70 .:!:. 10 Mo

3
Si -20 

1/3 zr
5
si

3 
-72 .:!:. 10 1/3 Mo4csi

3 
-19.6.:!:. 2 

Zr2Si -74 :!:. 10 1/2 WSi2 -1.6 to -17.2 

zr4Si -76 .:!:. 10 10/7 WSi0.
7 

-4.6 to -20 

1/2 CeSi2 -16.6 to -34.4 1/2 ReSi2 -12.5* 

1/x CeSi < -16.6 ReSi -11.6* 
X 

1/2 NbSi2 -11.5 to -28 Re
3
Si -6.2* 

1/3 Nb
5
si

3 
-11.5 to -73 

20/11 NbSi0 .
55 

-11.5 to -78.4 

1/2 TaSi2 -12.8 to -32.3 

*The values for the Re silicides1 have been recalculated using ~~98 = 

105 kcal for the heat of sublimation of Si. 41, 42 
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.+ 3/4 Si 
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----'> 1/2 MoSi2 + 1/8 SiC. 

< -5.8 -1.6 

Zr~Si-C System. From the zr~Si-02 system, we obtain 33 

1/2 Zr02 + 3/2 Si ----'> 1/2 ZrSi2 + 1/2 Si02 , 

-130·9 < -25.8 -105.1 

1/2 Z.rSi2 + 3/2 C -----"> 1/2 ZrC + SiC . 

> -35·2 -22.2 -13.0 

Therefore, ~~98 for 1/2 ZrSi2 = •30.5 ± 5 kcal. 

Referring to the Z,r-Bi phase diagram established by .Lundin et al, 9 

we see that all of the zirconium silicides with the exception of zr6si
5 

have incongruent melting points. This means that at the Z,rSi
2 

peritectic 

we find ZrSi2 , ZrSi,and a Si-rich melt in equilibrium; at the ZrSi 

eutectic we find ZrSi, zr6si
5

,and a Si-rich melt in equilibrium; and 

so on until we find zr2Si, zr
4
Si,and a Zr-rich melt in equilibrium. 

If we can estimate the activity of Si or of Zr in the melt at the 

peritectic points, then we can calculate the heats of formation of all 

of the other zirconium silicides from the heat of formation of ZrSi
2

. 

We estimate that the activity of Si in the melt is roughly equal 

to the mole fraction of Si qetween the stable solid compound and pure 

Si, when we are working on the Si-rich side of the diagram. The free 

energy of solution of Si from its standard state can then be calculated. 

Si (s) > Si (1); &~ = M~ - TAS~, 

Si(l) > Si (sol'n); &T = RT ln a 8i. 

Si (s) -> Si (sol'n); &T = M~ - TAS~ + RT 1n aSi. 

On the Zr-rich side of the diagram a similar calculation is made 

referring to the activity of Zr rather than Si. In these calculations 



-34-

68~ is taken as 6.9 e.u. for Si34 and 2.~ e.u. for Zr, 34 M~ is taken as 

ll.l kcal for Si 34 and calculated as 4. 9 kcal for Zr from the melting ... 

point of Zr given by Lundin et a1. 9 In the calculations that follow the 

numbers below the Si and Zr solutions represent the ~T of solution. 

ZrSi2 ; ZrSi + Si (sol~n, aSi ; 0.47); T; 1790; 

-61 -57.6 -3.4 

6ZrSi; zr6si
5 

+ Si (sol'n, aSi; 0.108); T = 2370; 

-345.6 -330.6 -15.0 

5Zn3Si2 = 2Z6Si
5 

+ 3Zr (sol'n, azr = 0.084); T; 2500; 

-700.5 -661.2 -39·3 

2Zr
5
si

3
; 3Zr

3
si2 + Zr (sol'n, azr = 0.147); T = 2480~ 

-430·5 -420.3 -10.2 

3Zr2Si == Zr
5
si

3 
+ Zr (sol'n, azr = 0.352); T ; 2380; 

-220.8 -215·3 -5·5 

zr4Si :::;; Zr2Si + 2Zr (sol'n, azr ; 0.601); T ; 1900. 

-76.4 -73-6 -2.8 

.I 
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M-Si-N2 SYSTEMS 

The M-Si-N2 systems can give us information about the stabilities 

of silicides of Ti, Zr, Ce, Nb,and Ta,since these elements form stable 

nitrides at high temperatures. The nitrides of these metals may be 

more stable than the silicides at lower temperatures,but at high 

temperatures the nitrides become less stable due to their negative 

entropy of formation. Determination of the temperature at which this 

reversal of stabilities occurs would be very valuable in fixing the 

stabilities of the silicides. 

0 
~298 values for Si

3
N

4 
and CeN are given by Brewer, Bromley, Gilles, 

and Lofgren. 35 ~~98 of formation of $i
3
N

4 
is given by Kelley. 15 The 

other entropies have been estimated. 

To obtain values of 6H~98 for the tantalum nitrides we refer to 

Sch8nberg?6 who has recently investigated the phases present in the 

Ta-N system. From his results we can predict what phases were prepared 

and investigated by earlier workers. 

Neumann, Kr8ge~ and Kunz37 have determined the heat of combustion 

of a tantalum nitride. Their preparations indicate the compounds 

TaN
0

.846ox and TaN0 .
955

oy. In order to interpret the results we assume 

x to be o.o6o. TaN0 .846o
0

.060 is treated as being a solid solution of 

0.012 Ta2o
5 

in 0.976 TaN
0

.
867 

with zero heat of solution. Thus we ob-

.. 0 
tain -199·3 kcal for 6H

298 
of combustion for TaN

0
•
867

. Combining this 

value with the heat of formation of Ta2o
5

33 we obtain a ~~98 of 

formation of -59·2 ± 2 kcal per equivalent of N for TaN0 .867 . 

Slade and Higson38 have studied the dissoc:La.td.:on pressure of a 

tantalum nitride. From their method of preparation we conclude that 

they were studying the equilibrium 2TaN
0

.8 = Ta2N + 3/10 N2 .. From 
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the dissociation pressure we calculate ~~98 = 29.6 ~ 2 kcal for this 

reaction. Combining this with the above value for TaN
0

_
8

_
0

_
9 

we obtain 

a .tsa~98 of -65.2 .±. 5 kcal for Ta2N. 

An experimental difficulty was encountered in attaining equilibrium 

in the M-Si-N2 systems. As some of the samples ni trided, they sintere~ 

and for.med a crust on the surface so that the samples were not homo~ 

geneous in nitrogen throughout .. Mare useful results would be obtained 

by introducing nitrogen into the system in the for.m of a metal nitride. 

The preparation of 6i
3
N4 and Ta2N was investigated for this purpose. 

In order to prepare Si!4, Si metal :powder was heated in a Mo 

crucible under about 3/4 atm of N2 • The rate of the nitriding reaction 

was found to be very slow below 1600°1( while above l900~,.Si3N4 showed 

considerable decomposition. The sample was first heated to 1660'1<:. 

0 
The temperature was then gradually increased to 1800 K over a period of 

an hour. Sintered portions of the resulting sample were crushed and the 

sample was reheated. The final product was grayish white. X-ray analysis 

showed a strong Si3N4 pattern plus weak Si. 

Ta2N was prepared by heating Ta powder contained in a Mo crucible 

to 2100°K for 33 minutes under 3/4 atm of N2 • From the weight· gain the 

composition was calculated to be Tal. 96N. The x-ray diffraction pattern 

showed Ta2N as a single phase. 

Work on the M-Si-N2 systems was concentrated on the Ta-Si-N2 system, 

with only a few reactions in the other systems being studied. A summary 

of the reactions studied is presented in Table VI. 

'6 0 Heatings at 1 00 K .in the Ta-Si-N2 system show that TaSi2 is unstable 

in the presence of N
2
. and will react to give Ta

5 
Si

3 
N • -x -y z 

also be expected to form; however, it was not picked up by x~ray analysis. 
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Table VI 

M- Si - N2 Systems 

I 
~ -·Temp. Weight Description Phases 

Reactants Cruc. (~) Change of Sample' Observed 

• Ti + 0.61 Si + N2 Zro2 2109 -4% Not sintered TiN 
Gold color s. 

Ti + 2.18 Si + N2 Mo 2146 Unknown Partially fused 1 TiN' 
Gold color +-m.s. m.s. 
Crucible attack 

Zr + 2.o4_Si + N2 Mo 2146 Unknown Partially fused MoSi2 ZrN 
Gold color +-·-· + 
Crucible attack v.s. s. 

ZrSi2 ? 
+-w. v.w. 

~r + 13.1 Si
3
N4 Zr02 2109 -54% Not sintered ? Si +-

+ N2 
s. . m.s. 

Ce + 2.23 Si + N2 Mb 1610 13-5% .Black brittle ? 
solid. Strong v.w. 
odor of NH

3 
Nb + o.6o Si + N2 ZrO 2 2109 -0.2% Nb

5
si3Nz 
m.s .. 

Nb + 1.17 Si + Ta 2365 Unknown Fused (Ta,Nb)Si2 
0.28 Si

3
N4 + N2 

Crucible + 
attack m. s. 

(Ta,Nb)
5
si3Nz 

m.s. 

+ 
(Ta,Nb)Si

0
_
6 

w. 

Nb + 2.01 Si + N2 Mo 2146 Unknown Partially fused NbSi2 Crucible attack + m. 

c:"'· 

Nb
5
si

3
N ., 

Z+.:_ 
m. w. 

Ta + 0.20Si ·+ N2 Mo 1602 +4.2% Sintered .Ta5si3Nz ? 
. ·+-m. m.w. 
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Table VI 

(-2-) 

Temp. Weight Description 
Cruc. (Gg:) ·Change of' Sample Phases Observed 

--------------------------------------------------~----~-------------- ~ 
Ta + o.4o S.i + N2 

Ta + o.6LSi + N2 

Ta + 1.07 Si + 

0.30 Si
3
N4 + N2 

Ta + 1.13 Si + 

1. 72 Si3N4 + N2 

Ta ,+ 2.20.Si + N2 

Ta + 2.30 Si + N2 

Ta + 2.30 Si + N2 

-TafV + 0.81 Si
3
N4 

+ N2 

Mo 

Mo 

Ta 

Mo 

Mo 

Mo 

Mo 

16o2 +3. 7% ·· Sintered 

1602 +4. 3% Sintered 

2365 Un- Fused 
known Crucible· 

attack 

1651 +5·5% Not 
sintered 

2146 un ... Partially 
known f'used 

1602 +7.1% Not 
sintered 
Top of' 
sample 

1602 +7·1% Not 
sintered 

. Bottom of' 
sample 

1651 +3.0'/o Not 
sintered 
~rev.ious 
sample 

Ta
5
si

3
N . T_a2N ~ 

.. z+--+-=---
m .. s. m.w. v.w. 

Ta5si3Nz + TaSi2 .+! 
m.s. m. w. 

v.w. 

TaSi2 . Si 'l 
-----· + -+-S• m. v.w. 

TaSi2 + Ta5si3Nz 
s. m . 

TaSi2 Ta
5
si

3
N, Ta2N 

--+ .z+~ 
s. m.s. w. 

-Mo--2109 ·-14.-lol. . -Sintered ---'I'aSi- - Ta-Si-Jl 
l' 2 ·5 z --+ . s. m.s. 

==~~========~========================~==============, 
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When samples of Si content 38% and lower were heated in N2 at 1600°K 

they showed a considerable gain in weight. The phase Ta2~ appeared in 

equilibrium with Ta
5 

Si
3 

N . Some weak unidentified lines were also 
· -x -Y Z 

present. These lines may be due to TaN0 .8_0 .
9 

and TaN. From these data 

a provisional form of the Ta-Si-N
2 

diagram has been constructed at 1600°K 

(see Figure 8). 

a At 2109 K TaSi2 was found to be stable in the presence of N2 . 

This means that the following reaction can proceed as written: 

1/4 Ta2N + 1/3 Si
3
N4 = 1/2 TaSi2 + 19/24 N2(g). 

-5.6 -2.4 < -8.0 

0 The ~T of formation of Ta2N and Si
3

N4 have been indicated in the equation. 

0 
Thus 6H

298 
of formation for TaSi2 is less than -8.0 kcal. This does not 

improve the limits set by the carbide equilibria; howeve~ a study of 

the equilibrium at a lower temperature would give additional data. 

The Nb-Si-N2 system appears to be similar to the Ta-Si-N2 system. 

Joins were established between Nb
5
. s±

3 
N and N2 and between Nb

5 
Si

3 
N 

-x -Y z -x -y z 

and NbSi2 . 

From the gain in weight and physical app~arance of a sample of 

Ce +.2Si heated in_N2 , it is evident that CeSi2 is unstable in the 

presence of N2 . The x-ray pattern was too poor to reveal anything. 

Providing that no ternary compounds are formed in the Ce-Si-N2 system, 

the following reaction can proceed at 1610°K. .Fzom a calculation of 

~0 
T 

for CeN and Si
3
N4 , we 

1/2 CeSi2 + 11/12 N2 

> -34.4 

0 have that 6H
298 

of formation of CeSi2 is 

= 1/2 CeN + 1/3 Si
3
N4 , 

-18.4 -16.0 

greater than -34.4 kcal per equivalent of Si. Since there was no attack 

of the container by Si, it is assumed that a join exists between CeSi2 
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TaN 0 _0~ 

Ta~~------~--------~--~----------~--~~----------~--~----~51 
ToSi

0
_
2 

To
2

Si ToSi
0

_
6 

TaSi. 

MU-9336 

Fig. 8. Ta-si~N2 System at 1600 °K. 

j...l 
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and si
3
N4 so that the reaction 

l/2 CeN + 11/8 Si = 1/2 CeSi2 + 1/8 Si
3
N4 

-)9.0 < -16.6 -22.4 

can go as written. Assuming ~~98. = 0 for this reaction, we obtain 6H~98 
of formation of CeSi2 less than -16.6 kcal per equivalent of Si. These 

calculations are, of course, provl.sional. 

In the Ti-Si-N2 system a sample containing 62% Ti .and 38% Si 

reacted with N
2 

to give TiN. No other phases were found,indicating 

a wide homogeneity range for TiN in the ternary system. A sample 

initially containing 69% Si showed considerable attack of the Mo 

containe~yielding TiN plus an unidentified phase. 

When a sample containing 33% Zr and 67% Si was heated in N2 in 

a Mo crucible it yielded the phases MoSi2, ZrN,and ZrSi
2 

plus weak 

unidentified lines. Crucible attack would be expected since ZrSi2 

was previously found to be unstable .in the presence of Mo. When Zr 

metal was heated w.ith excess Si
3
N4 :i.n a Zr02 container in the presence 

of N2 at 2100~, an ffi~identified hexagonal (a= 7.603 ~ o.oo8 A, c = 

2.906:!:. 0.003 A) phase of strong intensity appeared along wHh Si metaL 
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M - M~ ~ Si SYSTEMS . l -""2 

In the M
1 

- M
2 

- Si systems it is difficult to obtain thermodynamic 

data from the phases observed because of extended solid solubilities in 

these systems. Nevertheless'some useful data were obtained .. The main 

region studied was that of low Si content. A summary of the heatings 

is given in Table VII. 

TaSi
0

.6 and Ta2Si were found to be stable in the presence of Mo. 

Ta
2
Si was also found to be stable in the presence of w. 

A join was found to exist between Ta
2
Si and Ti

5
si3. The lattice 

constants of Ti)Si
3 

were expanded,indicating a solubility of Ta in 

Ti
5
si

3
. 

Mo will reduce TiSi2 to Ti
5
st

3
. Ti

5
st

3 
is believed to be stable 

in the presence of Mo. It is believed that a join exists between Ti
5
si

3 
and MoSi

2
. 

Mo
3
Si was found to be stable in the presence of W with no apparent 

change in lattice constants of either phase. 

A join exists between zr
5
si

3 
·and Nb. Nb

5
Si

3 
and zr

5
si

3 
appear to 

be completely soluble in each other. X'"'~y:analysis of the region 

showed a phase of the Mn
5
Si

3 
struct~e with 

mediate between Nb
5
Si

3 
and zr

5
si

3
. 

lattice constants inter-

The relative stability of the silicides may be summarized as 

follows: Ti
5
si

3
, TaSi0 . 6 , Ta2Si, TaSi0 •2 > Mo

3
Si > WSi0 .

7
; zr

5
Si3' 

zr2Si, zr4Si >NbSi0 . 55 . 

i I 



-43-

Table VII 

Ml - M2 - Si Systems 

,- Atomic Atomic Atomic Atomic Temp. Description Phases 
o/aMl % M2 % Si % 0 (~) of Sample Observed 

40.3-Ti 3·91-Zr 7·1 12.5 2071 Partially fused ? 
m. 

34.0-:Ti 32·7-Zr 22~8 10.5 1995 Partially fused (Ti,Zr)
5
si

3 
? 

+-m. v.w. 

51.0-Ti 15·5-Ta 31.1 2.4 2142 Partially fused (Ti,Ta)
5
si

3 
s. 

30 .. 6-Ti 30·9-Ta 37·0 1.5 2071 Partially fused Ti5Si3 + Ta2Si + ..1__ 
s. m. v.w. 

29.4-Ti 53·5...;Mo 15.6 1.5 1920 Sintered Mo3Si Mo ? 
. +~+--s. s. v.w. 

27.4-Ti 18.9-Mo 52·3 1.4 1920 Sintered Ti
5
Si

3 + 
(Ti,Mo)Si2 

m.s. m. 

33·9-Zr 35·3-Nb 21.5 9·3 1995 S-intered zr5si3 Nb 
+-m. w. 

29.7-Zr 31.1-Nb 31.2 8.o 2071 Partially fused (Nb,Zr)5si3 Nb 
+-m. m. 

26.4-Zr 27·7-Nb 38·9 1·0 207l Sintered ZrSi + !. 
m.s. m. 

26.0-Zr 27·9-Ta 39·0 7·1 2071 Partially fused Ta2Si Ta ? + -+-m.s. m. m. 

37·5-Zr 39·2-:Mo 13.2 10.1. 1995 Sintered (Mo,Zr) ? +-m. w. 
-· ' 

34.6-Mo 8.9 (Mo,Zr) 33·5-Zr 23.0 2142 Sintered ? +-s. m. 
r-. 

7·7-Ce 77.0-Ta 15·3 1920 Sintered Ta2Si Ceo2 '? 
+--+--m. w. v.w. 

37.8-Nb 39·7-Mo 22.5 1995 Sintered Mo
3
Si Mo

3
Si2 + s. w. 



29.2-Nb 29.4-Mo 

38.2-Nb 38.6-w 

45.0-Ta 45 ·9-:Mo 

41.1-Ta 41.2-Mo 

38.4-Ta 38.4-Mo 

44.25-Ta 46.75-W 

41.2-Ta 42.1-W 

33.2-Ta 33.2-W 

41.7-Mo 43·7-W 

Atomic 
% Si 

41.4 

23.2 

9·1 

17.7 

23.2 

9·0 

16.7 

33.6 

14.6 

Atomic 
% 0 
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Table VII 

(-2-) 

2071 

1995 

1983 

2142 

2142 

1983 

2142 

2071 

1983 

Description 
of Sample 

Phases 
Observed 

Sintered (Mo,Nb) + :!._ 
s. m. 

Sintered w + 
WSi0 .7 

s. m. 

Sintered (Mo,Ta)+ Ta2Si 
m.s. m. 

Well- (Ta2Si) (Mo,Ta) sintered + + m.s. m. 

'l 
v.w. 

Well- (Mo,Ta)+ (Mo,Ta)S~0 . 6 
sintered s. .m.s. 

Sintered W Ta2Si .. 'l 
--+ +-m.s. w. v.w. 

Slightly w (W,Ta) Ta2Si 
sintered + --+ s. s. m.s. 

Well- w WSi0 .
7 

Ta2Si 

sintered 
+ + ' 

s. m. w. 

Sintered Mo
3
Si 

+~ 
s. m. 
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DISCUSSION OF RESULTS 

The results of this investigation have been combined with available 

data in the literature and summarized as ternary-phase diagrams given in 

Figures l to 8,. and summarized in terms of heats of formation of the 

various phases studied in Table v. These heats are consistent with the 

observations and, through thermodynamic calculations, may be used to 

reproduce the observations of this work as well as to predict the 

behavior of these materials under conditions not yet studied. Except 

for the Mo-Si-C diagram, the )positions of the liquidus surfaces are 

not indicated and only the composition triangles are presented to in-

dicate the phases at equilibrium with one another. 

It is of interest to note that in the ternary systems involving 

.carbon, no metal silicides were found to be stable in the presence of 

carbon although one ternary compound Mo4csi
3 

was found to be stable 

in the presence of carbon. This is in contrast to the results presented 

44 by Brewer and Haraldsen for the metal-carbon-boron systems where many 

borides are stable in the presence of carbon. Figure 8,which represents 

the Ta-Si-N
2

system at l600°K,shows that none of the silicides of tantalum 

are stable in the presence of nitrogen at this temperature but a ternary 

Ta--Si-~ compound is stable. Howeve~ at high temperatures, TaSi2 does 

become stable in the presence of nitrogen and the solid-solution range 

of the ternary compound becomes greatly reduced and it might even dis-

proportionate completely. 

One of the purposes ·of this investigation, as well as that of the 

corresponding study of borides~4 was to obtain enough data to compare 

the bond strengths of these compounds with those of the carbtdes, 

nitrides, etc., of the transition metals. It was hoped that these data 
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would yield same insight into the nature of the bonding and allow one to 

predict the stability of compounds for which no data exist. The bonding 

energies of the refractory compounds were calculated in the following way: 

The heats of formation -of the compounds from the elements at 298°K were 

combined with the heats of sublimation or dissociation to the gaseous 

atoms at 298°K to obtain the heats for the reaction MX(s) = M(g) + X(g) .. 

This heat whit:h is needed to produce two gram-atoms of monatomic gaseous 

PT~ducts from a mole of the solid MX compound is a measure of the 

bonding strengths .and will be ref!§'rred to as the bonding energy. 

Evaluation of this quantity for borides, carbides, silicides, nitrides, 

oxides,. and sulfides was carried out for the Mx: compounds of the 

transition metals of the fourth period of the ·periodic table from 

calcium through the iron-group metals and for the transition metals 

of the fifth and sixth periods from strontium and barium through the 

platinum-group metals. Where the MX compounds were thermodynamically 

unsta~le with respect to dispropqrtionation or decomposition to other 

compounds, an upper limit was set to the stability of the MX compound. 

The bonding energies of the pure metals were also evaluated for 

comparison with the MX compounds. To put the bonding energies of the 

compounds and of the pure metals on an equivalent basis, the bonding 

energies of the metals are given as twice the heats of sublimation 

----so that two gram-at-orii.s of gaseous prciducts are form.ed-in-all cases. 

In the case of the silicides it was found to be more convenient 

to make the comparison with 5/4 MSi0 .6 since too few of the silicides 

studied form the MSi compound. 

Bonding energies were also evaluated for the MX2 type compounds 

of oxygen, fluorine,and chlorine. It was found useful to compare the 
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bonding energies of 2/3.M02 with the MX compounds since fewMO compounds 

exist in the fifth and sixth periods of the periodic table. 

The bonding energies of the various compounds are presented by means 

of plots of bonding energy versus group of the periodic table in Figures 

9 through 16. 

The data used in this study are summarized in Tables VIII and IX. 

The heats of sublimation of Sc, Y, Tc,and the platinum metals are from 

Brewer 1 s compilation;34 the Hf value was estimated, the remaining 

heats of sublimation, and also the heats of formation of F(g) and Cl(g), • 

have been recently summarized by Brewer.45 The heats of formation of 

N(g) and O(g) are given by Douglas.46 

The heats of formation of the borides are from Brewer and 

Haraldsen.44 The values for the carbides have been summarized in 

Section II of this thesis. Values for· the silicides of Ca, Fe, Co, and 

Ni are given by Wagner. 47 The other silicide values are from this study. 
I 

Most of the values for the nitrides, fluorides, sulfides, and chlorides 

are from Brewer.35,48 The oxide values are also those given by Brewer. 33 

The heat of formation of TiN has been determined by Humphrey.17 The 

values for ZrN, HfN, NbN,and TaN are from recent heat of combustion work 

at the U. S. Bureau of Mines.49 The MaN and WN values were estimated by 

assuming that they are on the verge of stability at room temperature as 

compared to Mo2N and W2N respec~ively. The Fe2N and VC12 values are 

given by the .National Bureau of Standards. 22 The TiC12 result is from 

the work of Skinner and Ruehrwein. 50 The heat of formation of AgO is 

from Latimer.16 The value for VO was estimated by assuming VO to be 
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.Table VIII 

Heats of Formation of Gaseous Atoms .at 298.16°K in Kcal per Gram Atom 
. --- ~ 

Ca 42.3 Ba 42.0 

Sc 93 La 100 

T.i 113.2 I!f 145 

v 122-7 Ta 185-5 
Cr 94.6 w 192·3 
Mn 68~6 Re 186.2 

Fe 97·9 Os 174 
Co 102.0 Ir 165 
Ni 101.75 Pt 135 
Cu 81.1 Au 85 

Sr 39·2 B 141 
y 103 -C 170·9 
Zr 142.5 Si 105 

Nb 177 .s 57-5 
Mo 155·95 
Tc 140 N 113-0 
Ru 160 0 59-55 
Rh 138 F 18 

Pd 93 Cl 28.94 
Ag 67.8 
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Table IX 

Heats of Fo.rrnation at 298.16°K in Kcal per Equivalent of Nonmetal 

TiB -36 LO WSi0 .7 
-4.6 to -20 

Z:rB <-42 7 

NbB <-18 
1 

Mn5Si.3 <0 3 
Tall <-26 5 
CrB <;..).5 3 Resi0 .6 >-9·8 

MoB -16.3 Fe2Si -11 

WB -12 to -22 Co2Si -9·2 

CaC >-8.1 
Ni2Si -5·3 

TiC -43.85 

ZrC -44.4 CaN >-37·7 

vc -15 
SrN >-32·3 

J?aC -38.5 
BaN >-31.1 

CrC >-7·0 
SeN -68 

MoC -2.0 YN -71·5 

we -8.4 La.N -74.4 

MnC >-1.2 TiN '-,80.47 

ReC >0 
ZrN -87·3 

Fee > 1.9 
HfN .. ,88.24 

CoC > 3·1 
VN -40.8 

NiC > 3·1 
NbN . -56.8 

CrC >0 
TaN -57 
CrN -28.3 

Ca2Si -9·Sl 
MoN -11.9 

1 Ti
5
Si

3 
-20 to -86.1 WN -12.1 

3 
1 MnN >-18.0 

3 zr
5
si

3 
-72 FeN >- 4.1 

V2Si <.0 CuN >+3 

1 .Nb
5
s.i

3 
-11.5 to -73 3 Cao -151·7 

5 TaSi0 •6 -20 to -77·2 SrO -140.8 
3 

Cr2Si <0 sco >-136.6 

10 MoSi0 .65 
,...18.4 YO >-140.6 

b.5 TiO -123·9 
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Table IX 

(-2-) 

ZrO > -130.6 1 Mo02 - 65·5 
vo -102 

2 

NbO - 97 
1 wo2 - 67.0 2 

CrO >- 90.1 1 
MoO > - 66.6 2 Mn02 - 62.1 

MnO - 92.0 1 Tc02 - 51·7 
TeO > - 52.2 

2 

FeO - 63.2 
1 Re02 - 51.7 2 

CoO - 57 1 
NiO -58 2 Fe02 > - 49·9 

RuO > -26.5 1 Coo2 > - 36.o 
RhO - 23·9 

2 

PdO - 17 
1 Ni02 > - 31.6 2 

.CuO - 37·1 1 
AgO 6.0 2 Ru02 - 26.3 -

1 
Rh02 - 20 

CaS -128.9 
2 

MnS - 59·9 
1 Oso2 - 31 2 

FeS(o:) - 38·3 1 
9oS(I3) - YJ-.8 2 J:r02 - 22 

NiS(y) - 39 1 Pto2 - 16 
CuS - 27.1 

2 
1 Cuo2 > - 21.8 2 

1 Ti02 -112.8 1 2 2 Auo2 > - 3.2 

1 ZrO -13Q_:st . - ---2--- -~2-

1 Hf02 -133.0 1 CaF2 -145.1 2 2 
1 vo2 - 85~5 

1 ScF2 > -122.5 2 2 

1 
Nb02 - 94·5 

1 TiF2 ~ 99 2 2 
1 Ta02 >- 97·9 

1 
VF2 - 90 2 2 

1 Cr02 - 70·5 
1 CrF2 .;. 91 2 2 
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Table IX 

(-3-) 

1 
MnF2 - 95 1 CaF2 -145.1 2 2 

1 FeF2 - 84 1 ScF2 > -122.5 2 2 
1 CoF2 - 79 1 TiF2 - 99 2 2 
1 NiF2 - 79 1 

VF2 - 90 2 2 
1 .CuF2 - 64 1 CrF2 - 91 2 2 

1 
MnF2 - 95 2 

1 CaC12 - 95·3 1 2 
2 FeF2 - 84 

1 wo2 - 67.0 1 2 
2 CaF2 - 79 

1 
Mn02 - 62.1 1 2 

2 NiF2 - 79 
1 Tc02 - 51.7 1 2 

2 tuF2 - 64 
1 Reo2 

.- 51.7 2 

1 Fe02 > - 49·9 1 CaC12 - 95·3 2 2 
1 Coo2 > - 36.o 1 ScC12 > - 73·6 2 2 
1 Ni02 > - 31.6 1 TiC12 -59·15 2 2 
1 Ru02 - 26.3 1 VC12 - 54 2 2 
1 Rh02 

- 20 1 :CrC12 - 48.5 2 2 
1 Os02 - 31 1 MnCl - 55"8 2 2 2 
1 IrO - 22 1 FeC12 - 40.95 2 . 2 

2 
1 Pto2 - 16 1 CoC12 - 37 2 2 
1 Cu02 > - 21"8 1 NiC12 - 36·5 2 2 
1 Au02 >- j.2 1 CaC12 .- 26.7 2 2 



stable toward disproportionat:i.on at higher temperatures" 

In looking over the uncertai.nties in the data and. assuming an nn-

certainty of 5 kcal or less to be suitable for our purposesy we find 

that the data for the dioxid.es are sat:i.sf'actory over the entire range. 

The monoxide data are also ·satisfactory but apply o.nl.y to the fourth 

period of the periodic table" The carbide and nitride data are 

satisfactory but are limited to the reg:Lon of maximum stability" 

Data for the borides, silicides,and sulfides are very poor but show 

the general trends. The dihalide data of the fourth period are suit .... 

able but show nncertainties of 5 to 20 kcal in the heats of formation 

of the Ti and. V halides" .Data on the f.:i.fth and sixth period dihalides 

are ver7 l~ited. 

The conclusions that can be drawn from these bonding-energy 

curves will now be discussed" The da:ta were incomplete for some of the 

periods, but su.ffici.ent data were' available to show that for the MX 

componnds the bonding energy varies greatly with the metal within a 

period. A sharp maximum in bonding energy is fonnd near the middle 

of the period with the bonding energy falling off rapidly to either 

side.' 

The plots of bonding energy for the varlous refractory compounds 

were remarkably sil!J.ilar. For the oxides, the :maximum in bonding 

energy was found in the compounds of the fourth group of the periodic 

talille in all three periods. .For the n]_trid.es and carbides the maximum 

occurs with Ti in the fourth period. and with · Nb and Ta in the fifth 

and sixth periods respectively" When the co:mpouncls of maximmn bonding 

energies are compared, the bonding energies of the nltrides are found 

to be about 10 kcal higher than the oxides and the bonding energies 
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of the carbides about 20 to 40 kcal higher than the nitrides. The 

silicide bonding energies are about 50 kcals lower than those of the 

corresponding carbides,with the borides intermediate between the carbides 

and silicides. 

There are several striking characteristics of the plots of bonding 

energies. One thing to be noted is that the bonding energies of these 

refractory compounds are close to and even greater than the values for 

the metals. Although the maximum bonding energy is found in the fourth 

group with non-metals containing many valence electrons, the maximum 

shifts to the fifth group as the number of valence electrons of the 

non-metal decreases and finally for the pure metals the maximum shifts 

over more to the right reaching the sixth group metal tungsten in the 

sixth period of the periodic table. It is striking that the maxima for 

the metals occur in that region of the periodic table where the maximUm 

number of unpaired d electrons is found. 51 The shift of the maximum to-l 

the left in the periodic table as non-metals with increasing numbers of 

valence electrons are added seems to indicate that the non-metals con-
1 

tribute electrons to the metallic bonding. Thus the optim.Uin. number of _ _j 

unpaired electrons occurs in a group with less valence electrons when 

non-metals are added. An especially striking observation is that the 

bonding energies of the metals .and refractory compounds all increase as 

the size of the elements is increased from the fourth period to the 

sixth period. This is especially striking since bonding energies usually 

decrease in any series where the sizes of the bonding elements are 

increased .. The close similarity of the bonding-,energy curves indicates 

that the type of bonding in all the MX COmpounds from borides to oxides 

as well as in the pure metals for. the transition elements might not be 



as dissimilar as one might suppose. 

The plots for the difluorides and dichlorides of the fourth period 

· transiti.on elements show a gradual decrease in bond.ing energy as we move 

from left to right from Ca to Cu. A minimum in bonding energy occurs at 

Mn. • The other d.ihalides show a similar behavior except · for a slight 

maximum in the region of Ti and. V. . Fram the data aval.lable 
48 

for the 

fifth arid sixth group d.ihalides we see t:b_at we have a maximum in bonding 
. . . 

energy in the regi.on of· the Ti. and V groups which falls off gradually 

in both directions. The tetrahalide bonding energies 
48 

appear to be very 

similar to the dioxide bonding energies when compared on a mole-to-mole 

basis. 

All of the plots of bonding energy for the compowids of the fourth 

period showeda max:imum.at the fourth group element titanium and a 

minimum at the seventh group element manganese. _For the pure metals 

'the maximum occurred. at vanadium and. the m..i.nimum at manganese. This is 

52 very suggestive since the bonding energies of the halides of the 

divalent oxidation state of these elements as well as the hydration53-:-55 

energies of the divalent ions of these elements show a s.itnilar behavior. 

This has been attri"buted 'to stabilization of th~ ion in the electric 

field of the crystal by splitting the degeneracy of the free-ion energy 

52 5h 56 'levels. "" ' ' Divalent manganese ion with a half-fi.lled d electron 
----- -- --

shell retains spherical symmetry in acub:ic force" field while"-tlie "other-

transition metal d.ivaleri.t ions become assymrnet~ic'even in a cubic force 

field and can thus accommodate the:ro.selves to a lattice to obtain a 

higher bonding energy than can be obtair:ied. with a spherical ion. This 

effect causes a stabilization of the divalent ions on either side of' 

·-Mn2+ · th · · a· + b- .. -· .ln e perlO lC ua .Le. 2+ Mn cannot partake in this stabilization. 
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The observation of a minimum in the bonding energies of the metals and 

refractory compounds at manganese suggests that a bonding model in

volving five d electrons in the d shell of Mn might be frl.il.itful for 

further investigation. The entire fourth period transition elements 

might be treated as having two metallic electrons with the remaining 

valence electrons in the d shell. The possibility of accounting for 

the variat.ion of the bonding ~nergies of the refractory compounds .of 

the transition elements by an i_onic model was considered. A simple 

ionic model with only simple G\oulombic interactions that does not take 

into account polarizability is a good approx:l.ma.tiori for compounds like 

the alkali halides and the alkaline earth oxides. Such a model is 

~uite unsatisfactory for the refractory compounds of the transition 

elements. ,However, the ·effect of' the strong force fields upon the d 

electron orbitals and other polarizability effects should be very 

large for these compounds. At present, these effects cannot be 

estimated, but it is hoped that absorption spectra and other s.imilar 

measurements will be .carried out f'or these .compounds in an ef'f'ort to 

gain further insight into the nature of their bonding . 

. From the practical point of' view, immediate al'plication of the 

plots of bonding .energies can be made. . From the rather similar be"t. ·

havior of the plots for the various compounds,_it is pos~ible to fill 

in missing values. In this way, one can estimate heats of' formation 

of compounds for which values are not yet available. These estimated 

values are, of' course, rather uncertain, but they can be of value . 

. Estimated heats of' formation from these plots have been summarized in 

Table X. 
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Table X 

Estimated Heats of Formation in Kcal per Equivalent of Nonmetal 

ZrB -47 1/3 Ti5Si3 -73 

HfB -48 1/3 Hf5si3 -73 

VB -18 v2si -37 

NbB -40 1/3 Nb5Si3 · -47 

TaB -42 5/3 Tasi0 •6 -50 

CrB -17 Cr2Si -35 

1/3 Mn5si3 -30 

SeC -14 

HfC -47 TiS -101 

NbC -36 vs -80 

TcC >O CrS -65 
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In order to calculate the energy of a lattice relative to the 

gaseous ions rather than to the gaseous atoms as has been considered 

here, one would have to know the ionization potentials of the electro-

positive atoms and the electron affinities of the electronegative atoms. 

Since for a given nonmetal the electron affinity will only displace the , I - . 

bonding energy curve rather than change its shape, we consider only the 

effect of ionization potentials on the bonding energy curves in referring 

them to the gaseous ions •. A plot of the energies required to produce 

divalent ions from gaseous atoms of the transition elements is presented 

in Figure 17. The ionization potentials are from Catal~ and Rico,57 

/ . 58. 59 6o Catalan and Velasco, .Moore, and Russel. 

Examination of tne plots shows that the ionization potentials 

show a gradual rise across the transition elements with a slight drop 

_at the Mn group elements due to tb,e stable five d electron configuration. 

Data for the sixth period are incomplete but it is believed that the 

fifth and sixth period values are nearly the same from Zr and H;f:; through 

Ag and Au. 

These curves show that the general shape of the bonding energy 

curves will be similar whether we refer to the gaseous atoms .or to the 

gaseous ions. However, when we refer to the gaseous .ions the shape of 

the ionization potential curve will enhance the maximum in energy, which 

occurs in the region of the iron and platinum group metals, relative to 

the maximum in the region of the Ti and V group metals. 
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Fig. 17. Energies of formation of divalent gaseous ions from 
the gaseous atoms. 
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II. THERMODYNAMIC PROPERTIES OF THE CARS IDES 

Methods are suggested for estimating absolute entropies of 

carbides .. Available data on the free energies, heats,and 

entropies of formation of the carbides have been suinma.rized. 

Many of the older data have been recalculated using a third-

law method for treating the data. Many of the thermo-

dynamic quantities are estimated for carbides where no data 

exist. Limits of reliability are given for the data. 

INTRODUCTION 

In making a comparative study of the heats of formation of the 

silicides, carbides, and nitrides in S.ection .I of this thesis, 1 the need 

for reliable values for the heats of formation of the carbides was 

realized. Data on the free energies, heats,and entropies of for-mation 

of the carbides were summarized in 1945 by Brewer, Bromley, G.illes, and 

2 
Lofgren. Since their compilation, many new data on carbides have be-

come available and it was felt worthwhile to make a revision of their 

compilation. In this revision, the interest has been focused on the 

free energies, heats, and entropies of formation. Melting point, solubility, 

and crystal structure information were reported in the work.by Brewer, 

Bromley, Gilles, and Lofgren-;- but are om:f"tted· here-since-data of this type 

are given in the excellent summary by Schwartzkopf and Kieffer3 for the 

fourth, fifth,and sixth group transition elements. It is felt that an 

important addition to the presentation of this summary is an assignment . I . . . 

of limits of error to the thermodynamic data. 
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The experimental heat and free energy of fo.rm.ation data for the car-

bides have been obtained principally through heat-of-combustion work or 

through high-temperature equilibria. The high-temperature equilibria 

mainly involve either reduction of an oxide by either C or CO to give a 

carbide plus CO or co
2

, or carburization of the pure metal or a lower 

carbide with CH4 to give a carbide plus n2 . Estimates have also been 

made of heats of formation of carbides for which no data exist. These 

estimates have been made from an examination of the bonding energies of 

neighboring carbides in the periodic table as discussed in Section I of 

this thesis, 1 and also by comparing the heats of formation of the car-

bides with the corresponding nitrides. 

In treating the high-temperature equilibrium data it was found 

desirable to use a third-law method to .calculate the heats of reaction 

directly, since most of the data cover only a limited temperature range 

and have too much scatter for an accurate slope-method heat deter".lnination . 

. Since very little absolute entropy data are available for the carbides, 

various means of estimating these entropies at 298°K were considered. 

ESTIMATION OF ENTROPIES 

Three methods were considered for estimation of entropies and these 

will now be discussed in turn .. The third-law entropy values used in this 

discussion were obtained fromKelley. 4 

The first method considered for entropy estimation was the method 

proposed by Latimer5 for ionically bonded compounds in which the entropy 

of a solid compound is cons~dered to be due mainly to the masses of the 

constituent atoms provided that the compound has reached the Dulong.and 

Petit value of 6 cal per gram atqm. For ionically bonded compounds the 
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contribution to the entropy by the constituent ions .decreases somewhat as 

we increase their charge and thus increase the attractive forces. Latimer 

found that suitable results were obtained if he arbitrarily assigned an 

entropy contribution to the positive ion and allowed the variation with 

valence to be taken up by the negative ion. For a given valence type, 

then, the entropy contribution of the negative ion should remain constant; 

however, its value will differ for different valence types. The contri

bution of the positive ion could then be expressed approximately by the 

expression, s~98 = 3/2 Rln(at. wt.) - 0.94 e.u. More accurate values 

than those given by this expression were tabulated by Latimer's taking 

into account a decrease in entropy contribution for the lighter elements 

and. an increase in entropy contribution for the heavier elements 

resulting from an increase and decrease in attractive forces, respectively, 

resulting from the sizes of the ions. 

When we apply Latimer's method to carbides, we not.ice that the 

contribution of C to the entropies of the compounds varies considerably 

as we change the valence of the metallic atom in the compound. The 

variation is from 3·75 e.u. in 1/2 CaC2 to -15.4 e.u. in 1/6 Cr23c6. 

In this treatment it is assumed that the metal atom makes the same en~ropy 

contribution that .it makes in an ionically bonded compound .. Since this 

assumption is not justified, negative values for the C contribution are 

-not surprising. Most of-the heat capacities of these_compounds.are 

considerably below the Dulong and Pet.it value at room temperature. 

Although the variation of the C ~ontribution is large as we vary the 

valence of the metallic constituent,. still for a given valence type, e.g., 

the MC type carbid~s, the C contribution remains constant. From .the 

known entropies of MC type compounds, the values that may be deduced for 

the carbon contribution are, for SiC, - 4.1; TiC - 4.0; VC, -3·3 and TaC, 
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-4.8 e.u. This behavior is encouraging_and one should obtain reasonable 

estimates for entropies of monocarbides such as ZrC, HfC, NbC, Moe_, and WC. 

As an illustration of the method, we estimate the entropy of ZrC, SZrC == 

12.1 e.u. - 4.1 e.u. == 8.0 :t 1.0 e.u., where 12.1 e.u. is the value given. 

by Latimer for the contribution of Zr to the entropy of an ionic compound 

and - 4.1 e.u. is the empirical contribution of c. By a similar procedure 

one may derive values of -8 e.u. for the C contribution in an M2C type 

carbide and - 14 e.u. for C in an M4C type carbide. The value for an 

M
3

c type carbide would be expected to be about -11 e.u. from the trend, 

however, the entropies of Mn
3

c and Fe
3

c indicate - 7 e.u. The latter 

COilliJounds may contain excess entropy due to magnetic contributions since 

6 they are both ferromagnetic. 

This first method of entropy estimation which has been discussed 

appears promising for the monocarbides and will be used as a check on 

their entropies as compared to the values which are derived from the 

third method to be considered. 

Two other methods of entropy estimation were considered. In one 

method the behavior of formation of the carbides from the solid elements 

as one goes to different regions of the periodic table was considered. 

In the other method the behavior of entropies of formation from the 

gaseous atoms was considered. For both methods we are still considering 

a temperature of 298°K. 

For the entropies of formation from the solid elements, it was 

observed from the available data that entropies of formati.on are about 

- 3 e.u. for the Ti group compounds and become more positive as we go 

further right or further left in the periodic table. This behavior may 

be illustrated by the entropies of formation of the fourth period car

bides expressed per equivalent of'c~ 1/2 CaC2 , 2.06; TiCJ - 2.90; VC, 
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- 1.60; 1/2 c~3c2 , 0.30; Mn
3

C, - 0.53; and Fe
3
c, 3-4 e.u. The deviatio:p. 

at Mn
3
c results from the abnormally high entropy of ,Mn metal resulting 

from the fact that Mn metal is so loosely bound in the metallic state 

as .evidenced by its low heat of sublimation. A similar trend may exist 

for the second and third period .carbides since the value fqr B4C, - 0-49 

e.u., is greater than the SiC value, .,. 1.90 e.u. It is assumed that the 

entropy of formation remains the same within a group since the value for 

·TaC, - 1.19 e.u., is not very different from the VC value. The variation 

with valence for a given metallic constituent may be tested with the Cr 

carbides which give values of 0.30, 1.39 and 1.32 e.u. for the entropies 

of fo.rmation of 1/2 cr
3
c2, 1/3 cr7c

3 
an~ 1/6 Cr

23
c6 respectively. It 

appears, therefo.re, that there is little variation of the entropies of 

formation with.valence. It is not surprising that in general the 

entropies of formation of the carmides are close to zero when referred 

to the solid elements, since. the carbides themselves resemble both the 

metals and graphite or diamond in the.ir bonding. The carbides exhibit 

many typically.metaliic properties .such as .high electrical and thermal 

conductivities, metallic luste~ and the bonding-energy characteristics 

mentioned in Section I of this thesis. 1 The carbides also resemble 

diamond and graphite in that they have· very rigid structures exhibited 

· by their high hardness, bri ttleness1 and high melting points. 

This second method-of-entropy estimation-which-refers-the com-

pounds to the solid elements has been of interest, but is probably not 

so good as the third method which will now be considered. 

In the third method of entropy estimation we will refer the 

entropies of the solid compounds to the gaseous atoms. In calculating 

the entropies of formation of the carbides from the gaseous atoms, we 
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form only that amount of carbide which uses up two gram atoms of gaseous 

reactants, i.e., 

2x M( ) 
X+ y g + 

2y 
x+y C(g) -_.;> 2 

.M C (s). 
x+y xy 

When these calculations are made, certain trends are noticed in the 

periodic table; however, the method does not look very useful for 

estimating entropies. If we neglect the electronic contributions to 

the entropies of the gaseous atoms and consider only their translational 

entropies for these reactions, then the entropies of formation become 

comparable for the various carbides. The entropies of formation calculated 

on this bas.is are presented in Table I .. 

Since neglecting the electronic entropies makes the entropies of 

formation from the gaseous atoms comparable, the implication is that the 

electronic entropy contributions in the crystals are comparable for the 

various carbides. Exceptions to this are the carbides of Ca, Mn,and Fe. 

The exception for CaC2 is due to .a considerably different type of bonding 

in this carbide as compared to the other carbides studied here. For Mn
3

C 

and Fe
3
c, as has been previously mentioned, there is the possibility of 

magnetic contributions to the entropy. 

The data appear to show a slight trend as one goes from the Ti 

group to the Cr group elements; however, the data are not extensive 

enough to establish the existence of such a trend. Since more extensive 

entropy data are available for oxides than for carbides, entropies of 

formation of oxides from the gaseous atoms were considered to see if any 

such trend exists in the case of the oxides. The electronic entropies 

of the gases were omitted as in the case of the carbides. The entropy 

data were again from Kelley4 and also from C0ughlin. 7 It was observed 
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Table I 

Entropies of Formation of Carbides from the Gaseous Atoms Neglecting 

.Electronic Contributions to the Entropies of the Gases 

0 

-.68298 
(cal per deg per 2 gm-atoms gas) 

2/3 CaC2 58.oo + o.3 

SiC 65.39 .± 0.02 

TiC 65.15 + 0-05 

vc 64.34 + 0-03 

TaC 64.78 + o.o8 - . 

2/5 Cr3c2 63.89 .± o.o4 

1/5 cr7c3 63.34 .± o.o6 

1/2 Mh
3
C 61.81 + 0.10 

1/2 FejC 61.58 ±. 0.5 

2/5 B4C 63.73 ±. 0.02 

2/5 cr4c 63.66 ±. o.o8 
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that such a trend does not exist for the transition metal oxides within the 

scatter of the data. Examination of the variation of entropy with valence 

in the case of the transition metal oxides showed that the entropy of 

formation remains constant at an average value of - 63.0 e.u. from the 

MO through the M02 type oxides and drops to - 62.0 e.u. for the M2o5 and 

Mo
3 

type oxides. A similar calculation for TiN, VN,and ZrN yielded an 

average entropy d.f formation of - 63.6 e.u. for these nitrides. The en

tropies of TiN and VN are from Kelley4 and the entropy of ZrN is from 

Todd. 8 

These results show that with this latter method of entropy 

estimation, quite reasonable entropy estimations can be obtained for the 

refractory carbides, nitrides,and oxides with little if any trend with 

·position in the periodic table· or with valence. There is a slight trend 

when we go from carbides to nitrides to oxides, the average entropy of 

formation varying from - .64.3 to - 63.6 to - .63.0 e.u. The spread in 

entropies is approximately l e.u. in each case. The rule will, of course, 

break down if there are additional contributions to the entropy such as 

magnetic contributions or some unusual type of bonding. This then is the 

principal .method that will be used for estimating the entropies of the 

carbides. An average entropy of formation from the gaseous atoms of 

- 64.92 e.u. will be used for the MC carbides and - 63.66 e.u. for the 

lower carbides. The method will be compared with am modified in some 

··-instances oy tlie results of tb.e first methods considered, as well as by 

mass analogies with the corresponding oxides. 
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EVALUATION OF DATA 

The data for the heats of formation of the carbides have been derived 

mainly from peat-of-combustion measurements and through various high-

temperature equilibrium studies. The older data have been reviewed by 

Kelley, 9 so only the more reliable data will be considered here rather 

than all of the available work. 

The older heat-of-combustion work is likely-to involve large uncer-

tainties mainly due to lack of purity of the samples and use of paraffins 

for combustion agents, both of which introduce large uncertainties into 

the data. The more recent combustion work is more reliable due to higher 

purity of the samples, modern methods of analysis, use of X~ray powder 

patterns to check the nature of reactants and products,and modern calori-

metric techniques. Much of the recent work has been done by Kelley's 

group at the u. s. Bureau of Mines station in Berkeley. In the case of 

ZrC and NbC, the samples used by Kelley were prepared for the combustion 

studies by the author. ZrC was prepared from high-purity Zr sponge, 

provided by Kelley, and graphi.te powder by heating in vacuum to 2500°C 

in the· induction heater described in Section I of this thesis. NbC 

was formed from the elemental· powders by heating in vacuum to 2500°C 

in the King furnace described in Section III of this thes.is. 

The equilibrium data were treated by using free-energy functions 

of the t;rye, _ 

where the 

0 
from H,J. -

reactions 

0 0 0 0 
quantities ~ - DH298 and ~T ~ ~298 can either be evaluated 

0 0 0 
H298 and ST - s

298 
functions for the constit~ents in the 

as given by Kelley10 and by Coughlin, 7 or by estimation of 

0 these quantities from estimated heat capacities. Likewise ~298 can 

be obtained either from entropy data summarized by Kelley4 or through 
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estimated entropies. Thus, the free-energy measurements at high temperature 

can be combined directly with the free-energy functions to give the heat of 

reaction at room temperature. 

The heats of fo.rmation of the oxides involved in .the eg_uilibria are 

. b B 11 g1 ven . y rewer. Values for CO,, CO~ and CH4 are from the u.s. Bureau of 

. 12 
Standards. 

The free energies, heats,and entropies 8f formation of the carb_i~es 

are sUmmarized in Table II. Where the g_uantities are experimentally 

determined, references can be found for them in the discussion which 

immediately follows .. Estimated free energies and heats of formation are 

enclosed in parentheses. Estimated entropies are evident from the large 

uncertainties associated with them. 

AIXALl.AND ALKALDm EARTH .CARBIDES 

The carbides of the alkali and alkaline earth metals have considerably 

diff.erent properties than the transition metal carbides.· The alkali and 

alkaline earth carbides are not very stable. They readily react with water 

or acids to form hydrocarbons such as methane in the case of Be2C, acetylene 

with Na
2

c
2

, MgC
2

, Cac
2

, SrC
2
)and Bac

2
,and methyl acetylene with Mg3c2~,l3 

The heat of formation of Li2C2 is the value given bydhe u. s. Bureau 

12 of Standards, and is based on older heat-of-solution work which may be 

in error by several units. The Na2c
2 

heat and free energy of fonmation 

were calculated from decomposition pressure data13 by estimati~ the en-

tropy and free-energy functions for Na2c2 . The entropy was estimated by 

analogy with CaC2 and Na2o. The heat of vaporization of Na is from 

Brewer.15 

The heat of formation of CaC2 is calculated from measurements of the 

equilibrium CaO(s) + 3C(graph.) = CaC2 (s) + CO(g)16 by using entropy and 
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Table II 

Thermodynamic Properties of the Carbides Relative to the Elements 

iri the Solid Standard .states 

0 

&298 
0 

~298 
0 

$298 
(kca1 per (kcal per (cal per deg 
equiv. C) equiv .. C) per equiv. C) 

l/2 Li2C2 -6.7.:!:. 4 -7 .l + 4 ' -1.3 .:!:. 1.0 

1/2 Na2c2 -0-5 + 2.0 ~3:..2 + 2.0 -2.3 + 1.5 -
Be2C (-12.4.:!:. 5) (-13 ± 5) -2.0 + 1.0 -

•' 

1/2 Meic2 (-3·3 ± 5) (~3 ± 5) 1.0 + 1.0 

l/2 Mg
3
c2 (-8.4 ± 5) (-8 .:!:. 5) 1.5 ± 1.0 

1/2 Cac2 -8.7 ± 0-7 -8.1 + 0.7 2.06 + 0.21 

l/2 SrC2 (-4.6.:!:. 4) ( -4 .:!:. 4) 2.0 + 1.0 -
1/2 BaC2 (-3·5.:!:. 4) (-3 .:!:. 4) 1.6+ 1.5 -

B4C -13·7 ± 2.7 -13.8 + 2.7 -0.49 .:!:. 0.12 

l/3 Al4C
3 -11..4 .:!:. 3 -.12 + 3 -2.0 + 1.0 -

SiC -12.4 + 1.0 -13.0 + 1.0 -L90 .:!:. o.o6 -
TiC -42.98± o.4 -43,85+ o.4 -2.90 .:!:. 0.07 

. -
zrc --43.6 + 1.1 -44.4 + l.l ...,2.7 + LO - -
HfC (-45.8 ± 5) - 47 .:!:. 5 -4.0 + 1.0 -
vc (-14.5 :t8) ( -15 ' ± 8) -1.60 + 0.11 -
v c -18.4 + 6 -19 + 6. -2.0 + 1.0 2 - -
NbC -- - -33:-3_+_ 0. 7-·-. --.;.33-7 ± o.6 -1.)-+ 1.0-

Nb2C (-37·7 ± 8) (-40 ± 8) -1.0 .:!:. 1.5 

,TaC ·,..38.1 ± o.6 -38.5 .:!:. o.6 -Ll9.:!:. o.osr 

Ta2c -44.9 ± 6 -45 + 6 -0.4 + 1.0 - -

(continued) 
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Table II 
( .. a .. ) 

0 

i$F298 
0 

M298 
0 

.t:S298 
(kcal per (kcal per (cal per deg 
equiv. c) equiv. C) per equiv .. C) 

l/2 cr:
3
c2 -lo.6o + o.2 -10.50 ±. 0.2 0.30 + 0.12 

1/3 Cr
7
c
3 -14.59 :!:: 0·3 -14.17 :!:: 0-3 1.39 :!:. 0.19 

1/6 cr23c6 -16.74 + 0.5 -16.35 :!:: 0-5 1.32 ± 0-35 

.Moe -2.0 :!:: 0.7 -2.0 ±. 0-7 o.o + 1.0 -
Mo2C -5-l ± 1.5 .-4.5 ± 1.5 2.1 + 1.0 

we -8.6 + 0.4 -.8.4 + 0.2 o.6 + 1..0 ..;... . -
w2c (-11·7 :!:: 4) (-11 :!:: 4) 2.5 + 1.5 

MnC -3-4 + 1.0 -3.6 + 1.0 -0.53:!:: 0.24 . 3 ..... -
Fe

3
c 4,83 + 1.0 5·85:!:: 1.0 . 3·4 + 1.0 -

co
3
C 4.6 :!:: 1.5 5·1 ±. 1.5 1.6 .±. 1.5 

Ni
3
C (5.·7 :!:: 2) (6 :!:: 2) 1.0 + 2.0 -

1/2 CeC2 (-15·7· .±. 5) (-16 ± 5) -1.0 + 1.5 

1/3 Ce2c3 (-24.3 ± 5) (-25 ± 5) -2.5 ·± 1.5 

CeC (-30.8 :!:: 10) (-32 :!:: 10) -4.0 ±. L5 

1/2 ThC2 -16.4 + 4.0 -16.5 + 4.0 -0.2 :!:: 1.5 -
ThC ( .. 28.9 ± 8) ( -30 ±. 8) -3-7 + 1.5 

l/2 uc2 -13~9 + 4.o -13·5 + 4 .• 0 1.4 + 1;5 -
1/3 u2c3 -23-2 ± 3·5 -23-3 ·±. 3-5 -0·3· + 1.0 --

uc (-27.6 :!:: 6) (-.28 :!:: 6) -1.5 ±. 1.5 
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heat capacity data given by Kelley. 4 ' 10 Thermodynamic data are not avai~-
' 

able fqr the other alkaline earth carbides. 

BORON AND SCANDIUM GROUP CARBIDES 

. 17 
The heat of formation of E

4
c has been determined by Van Artsdalen 

from heat-of-combustion measurements •. The value for Al
4

c
3 

is from the 

M . 18 
work of· eichsner and Roth. ·Heat capacities for B4C an~ Al4c

3 
are 

given by Kelley. 10 A value of - 14 kcal is estimated for the heat of 

formation of SeC from consideration of the bonding-energy curves 

discussed in Section I of this thesis.1 Thermodynamic data. are not 

available for the other carbides of this group. 

SILICON AND TITANIUM GROUP CARBIDES 

The heats of formation of SiC, 19 TiC2~ and Zrc21 have been determined 

from heat-of-combustion measurements. The HfC value is estimated from 

the bonding~energy curves. 

In the case of ZrC, its heat of formation from combustion work 

. 22 
can be checked with the equilibrium measurements by Prescott for the 

reaction Zro2(s) + 3C(graph.) = ZrC(s) + 2CO(g). Using an estimated 

entropy and heat capacity for ZrC, one obtains - 46.7·±. 1.5 kcal for the 

heat of formation of ZrC where the main uncertainty is the entropy of 
. . 

ZrC. It must be remembered, however, that the ZrC in these equilibrium 

measurements may contain dissolved carbon and oxygen which would lower 

its activity and lead to too negative a value for its heat of formation. 

Therefore, the agreement with the heat~of-combustion value, - 44.4 + 1.1 

kca1, is considered quite good. 

Heat capacity data are available for SiClO,l9 and Tic.10 One can 

estimate the heat capacity of ZrC as C = 11.06 + 1.52 X l0-3T - 2.43.X . p 

105 T-
2 

cal per degree from 298 to 1700°K by assuming that the heat 
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. 23 
capacity difference between ZrC and ZrN is the same as the heat capacity 

difference betw~en TiC and TiN~ 10 

VANADIUM GROTJP CARBIDES 

The heat of formation of v
2
c may be calculated from the measurement 

of .Slade and Higson24 on the resultant equilibrium pressure of CO when it 

is allowed to react with V metal at 1340~C. The resulting equilibrium 

may be assumed to .be 3V(s) + CO(g) = v2C(s) + YO(s), which leads to a value 

of - 19 kcal for the heat of formation of v2c. It was assumed in the 

calculation that the activity of V metal is .reduced to 0. 7 due to solid 

solubilities. The heat of formation of VC is estimated. 

21 . 25 . 
Heats of ·formation of NbC and TaC have been determined by com-

bustion measurements. The Ta
2
c value was calculated from the peritectic 

decomposition of Ta2c that occurs at 3670°K; Ta2C(s) = TaC(s) + Ta(~iq,. 

sol'n.). Heat capacities of Ta2C and TaC were estimated, as was the 

entropy of Ta
2
c. The activity of Ta in the melt was estimated to be 

0. 2 + 0. ]j- as referred to liquid Ta. The heat of formation of Nb
2
C was 

estimated by analogy with Ta2c. 

CHROMIUM GROUP CARBIDES :. . 

Thermodynamic data for the chromium carbides have been determined 

by the comprehensive work of Kelley, . Boericke, Moore, Huffman, and 

,-

26 . 
Bangert. The values for MoC and Mo2c were derived from the equilibrium 

measurements of Browning .and Ernmett27 on·the successive carburization of 

Mo with CH4-H2 mixtures. Entropies and heat capacities were estimated 

fqr·Ma2c and .MaC in making these calculations. The WC value is a heat

of-combustion result.
28 

The w2c value was estimated. 
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MANGANESE GROUP CARBIDES 

The heat of formation of Mn
3

G has been determined from combustion 

work. 29 .Re does.not form a stable carbide. 30 Examination of the bonding

energy curves of Section I of this thesis
1 

indicates that a Tc carbide 

would not be expected to be stable either• 

IRON GROUP CARBIDES 

The heat of formation of Fe
3
c may_ be derived from the equilibrium 

. . 0 31 
studies 3Fe(a:) + CH4(g) =- Fe

3
c(s) + 2H2{g) at 723 .to 876 K and 3Fe{r) 

+ 2GO(g) = Fe
3

C{s) + co2(g) at 1073 to 1273°x. 32 In the second reaction, 

one must take in_to account activity coefficients of iron due to solid 

solubility of C in the Fe(r) phase •. The activity relation, ln aFe = 

-NC/NFe - 3·3(Nc/NFe)
2

, given by Darken and Ourry33 was used for this 

purpose~ Heat capacity and entropy data given by Kelley
10

'
4 

were used 

for the calculations. The somewhat uncertain entropy of Fe
3
c showed 

agreement with the data in the two temperature ranges within the uncertainty 

of these data. The CH4-H2 results gave a heat of formation .of 5.56 ±. 1.0 

kcaLfor Fe
3
c and the GO-C02 result was 6.12 + 1.0 kcal. 

The co3c heat of formation was derived from the equilibrium, 

3Go{f3) + CH4(g) = Co
3
C+ 2H2(g), 34 by estimating the entropy and heat 

capacity of co
3
c. The Ni

3
C value was estimated to be about the same as 

Fe
3
c and Co

3
c. 

. CERIUM, URANIUM AND THORIUM CARBIDES 

The existence of CeC and Ce2c
3 

was established, in addition to the 

well-.known CeG
2

, in Section I of this thesis. The thermodynamic prop

erties of these carbides are estimated from their similarity to the 

thorium and uranium carbides. 
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The ThC2_ value is calculated from the measurements on the equilibrium, 

Th02(s) + 4C(graph.) = ThC2(s) + 2CO(g)., 35 by using estim3.ted iree~energy 

functions. 
. . 0 . 

The values .at temperatures above 2400 K were omitted in cal-

culating the heat of reaction because of uncertainties in temperature 

measurement and possibility of solid solution formation. The ThC value 

was derived from a consideration of the ThC2 value: 

The_ heat of formation of-l102 is derived 

uo2(s) + 3·9C(graph.) = uc1 .
9

(s) + 2CO(g). 36 

', 

from the equilibrium study, 

The composition ucl.9 is 

used in deriving the heat-of-reactionresults since studies of the U-C 

system37,3B indicate uc2 .is defici~nt in c. The heat capacity and entropy 

of UC2 were estimated. The value for UC was estimated by assUming it to 

be stable toward disproportionation at.all temperatures. The value :for 
. . . ' . . 

u2c3 
was then calculated :from the disproportionation reaction which occurs 

at 2050°K::36 tr2c
3

(s) -> UC(s) ,+ uc2(s). The activities of both UC 
·. ', . ' 

and uc2 are reduced by solid solubility at this temperature so that the 

:free-energy change :for the reaction as written, going to unit activities 

of l,JC and uc2, is estimated to be 6. 5 kcaL The free energies of formation 

of UC, l/3_U2c
3
,and 1/2 uc2 may be expressed adequately at temperatures 

above l000°K by the rEliiations: &'~ (UC) = - 26.0 + 0.5T, llF~ (1/3 ,u2c
3

) = 
. 0 

-23.3 + O.)T and llFT (1/2 UC2) = ..;... 12.5 - 2.2T, all expressed in kcal per 

equivalent c. 
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III. TBE HE:AT OF FORMATION OF TifE 3:n:u STATE OF C2 FROM GRAPHITE 

ABSTRACT 

The heat of formation of the :?~u state of c
2 

from graphite 

was determined by a comparative heat of forn1ation techl\~:ctue w:;ing 

Zr gas subliming from ZrC for a reference substance. In this 

technique a mixture of ZrC and C was heated in a carbon tube 

resistance furnace and'the result'ing spectroscopic emission 

intensities of the c
2 

Swan bands and the Zr 4739-48 A line were 

compared as a function of temperature .. From the ~emperature 

variation of relative intensities of c2 and Zr spectral features,. 

the difference in heats of formation of7,Z;r gas .and the 3~ state ,. u 

of c
2 

was established. Using the known heat of formation of the 

Zr gas, the heat of formation of 3:n:u c2 from graphite at 0°K 

was found to be 191· 4 ::!:. 5 kcal. Various experiments were con-

ducted to evaluate sources of error in the determination and 

to ascertain the degree of attainment of thermodynamic equilib-

rium in the furnace. 

INTRODUCTION 

Although it is known that the c
2 

molecule is not a major species in 

the vaporization products of graphite,.1 yet the c2 Swan bands are fre

quently encountered in spectroscopi.c_sources containing.carbon. Their 

spectra appear in various flames, discharge tubes containing hydrocarbons 

or CO, carbon resistance furnaces,and certain carbon..,rich stars. The 

spectrum results from a 3~ - 3~ electronic transition, with the most 
g u 

prominent feature, the (0-0) band, occurring at 5165 A. 

Our interest in the c2 Swan bands mainly developed from a consideration 

of using the King furnace (a carbon resistance tube furnace) for studying 
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the heats of formation of various gaseous atoms or molecules, The c2 Swan 

bands would be a convenient reference for measurement of intensities since 

they appear quite prominently in the King furnace at temperatures of 2600°K 

and higher, In order to use the Swan bands as a standard in the furnace, 

two important criteria must be meto It is necessary to determine the heat 

of formation of the molecule quite accurately, since it is this quantity 

that will determine the variation of intensity with temperature. It is 

also necessary to set up such standard operating conditions for the fur-

nace that the gaseous species under consideration in the furnace and the 

walls of the furnace will closely approach conditions of thermodynamic 

equilibrium, Therefore~ our problem becomes one that is concerned with 

the various processes occurring in the furnace that might interfere with 

thermodynamic equilibrium, and how to overcome these difficulties. 

It would be of interest to know the heat of formation of the 3rru 

state of c2 for several other reasons. One point of interest is that 

the c2 molecule has two low-lying electronic states, one of which is the 

1ru state and the other a 1z; state. It is not possible to predict, 

from quantum theory, which of these states is lower in energy, To 

establish the true ground state of c2, one should make a study of the 

difference in heats of formation of the 31(u and 1z; states of C2. 

Such a difference can readily be determined· by using a technique 

which will soon be discussed, although the experiment was not at

tempted in this study. Studies of the heat of formation of the 3 u 

state alone should indicate whether or not it makes an app~eciable con-

tribution to the total population of c2 under equilibrium conditions, since 

l Chupka and Inghram have determined, by mass spectrometric work, the total 

c2 population including all electronic states, If the difference in energy 

between the 3~u and the 1z; states is once established, then the results 
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of the present study will allow one to calculate the .total c2 pressure 

as a check on the mass spectrometric result. 

Determination of the heat of ~ormation of c2 from graphite is of 

interest not only for thermodynamic calculations of vapor pressures of 

c
2

, but also because it will allow us to obtain the bonding energy of the 

c2 molecule. It would be of interest to be able to reproduce this 

bonding energy through quantum mechanical calculations in order to gain 

insight on methods that may be used to evaluate bonding energies of 

related molecules. 

The c2 Swan bands are also of interest to astronomers since these 

bands originate in the atmospheres of certain carbon-rich stars .and in 

heads of comets. Determination of the absolute transition probabilities 

for these bands would allow one to determine the concentrations of c
2 

on the stars. It is possible to calculate the absolute transition 

probabilities if one measures the absolute intensity of emission and 

if one knows the concentration and emitting path length of c
2 

in the 

various excited vibrational and rotational levels of the 3rt state. 
g 

It will be possible to calculate the concentrations in the various 

states from the heat of formation of the 3~ state. 
u 

Previous measurements of the heat of formation of c2 will now be 

briefly reviewed and.the proposed method for measuring its heat of 

formation will be discussed. 

Previou~ly th~ heat ~f fo~~ti;~f the - 3~ state of c
2 

was determined . u 

by Brewer, Gilles,and Jenkins2 by a spectroscopic technique which involved 

passing light emitted from the hot gases inside of the King furnace 

through a glass prism spectrograph and recording the intensity o·f the 

c2 (0-0) band head photographically as a function of temperature. The 

temperature was taken to be that of the walls of the furnace. By 
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assuming thermodynamic eq_uilibrium so that the energy levels are occupied 

according to a Bolt~man distribution, the energy of formation of the 3~ 
u 

state of c2 coUld then be evaluated essentially from the slope of a 

-R ln IT versus 1/T plot. A re$ult of 233.1 + 7.0 kcal was obtained for 

the energy of formation of the 3~u state of c2 from graphite at 0°K. The 

main errors in a techniq_ue of this kind are the uncertainty in attainment 

of thermodynamic eq_uilibrium and the uncertainties in measuring intensities 

photographically. The assumption that the gas is at the same temperature 

as the walls may not be justified and may lead to a considerabl~ un-

certainty in the derived result. Whenever a method of this type is used, 

one must be certain that temperature-dependent errors are absent, other-

wise, the result may be in error without even a noticeable scatter in the 

data. Such errors become increasingly important as we go higher in tem-

perature since attainment of temperature eq_uilibrium becomes .more difficult. 

The heat of formation of c2 has been determined at high temperatures 

by Chupka and Inghram
1 

by ionizing the c
2 

species effusing from a Knudsen 

cell with 17-volt electrons and detecting the resulting C~ ion, mass 

spectrometrically. The temperature of the cell was measured with an 

optical pyrometer. Determination of the heat of formation of c
2 

from 

graphite by variation of intensity with temperature yielded the value 

183 + 10 kcal for 0°K. They also made a calibration of ion intensity 

versus concentration for C~ by first measuring Arj-,+ and Ag++ intensities 

resulting from bombarding Ag atoms of a known pressure with 150-volt 

electrons and then assuming.a relative ionization cross· section for c2 

for bombardment with 17-volt electrons. They were then able to calculate 

the actual pressure of c2 and from free-energy fimcti.ons assuming only 

the 3,.u state to be of importance, were able to derive 197 ±. 7 kcal for 

. 0 
the heat of formation of the ground state of c

2 
from graphite at 0 K. 
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Since the 183 :t, 10 kcal yalue rE;!sults from a slope metpod, it will 

be subject to considerable uncertainty resulting from temperature-dependent 

errors as. well as errors in temp.erature measurement and attainment of 

equilibrium. The 197 ± 7 kcal value is believed to be quite reliable, 

subject to the accuracy of applying the Ag+ calibration to C~, and sub

ject to the attainment of equilibrium between c2 and graphite. 

When one compares the spectroscopic value for the heat of formation 

3 . . . 
. of the ltu state of c2 , 233.1 ± 7 .o kcal, with the value determined mass-

spectroscopically for c2 , 197 t 7 kcal, it appears that the 31Cu state of 

. . l+ c2 cannot be the ground state of c2 ; and that the L.g state must be the 

ground state. This is .not necessarily so, sinc·e the results. that are 

obtained in our work indicate a value for the heat of formation of the 

3nu state of c2 that is quite comparable to the result of Chupka and 

Inghram. 

The technique to be used in this study to determine the heat of 

formation of the 3~u state of c2 is to add a substance with a known 

vapor pressure and heat of formation to the King furnace and then to 

determine the difference in heats of formation between c2 and the known. 

If this difference is small, then one should be able to obtain a much 

more reliable result for the heat of formation than if the heat of 

formation were determined without a reference heat value. Furthermore, 

if the vapor pressures of c2 and the reference substance are comparable, 

they will be subject to a large extent to similar types of errors and 

these errors will then tend to cancel out when the difference is taken 

between the heat for the reference substance and c2 . 

. From a consideration of reference substances to use, it was 

decided that the refra,ctory carbide$ TiC, ZrC, HfC, NbC,and TaC might be 

suitable because of their.h~g]J, .eutectic temperatures with graphite and 
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their favorable heats of dissociation to gaseous metal atoms plus graphite. 

ZrC was chosen as the most promi9ing reference substance because of the 

favorable intensity and position of the Zr 4739-48 A line as compared to 

the c2 (1-0) head at 4737-l A. 
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The light emitted from the hot gases in the furnace was focused onto 

the slit of a three-meter concave grating spectrograph and the spectrum 

was allowed to fall upon the slit of a l-P28 scanning photomultiplier. 

The resulting signal was amplified and the spectrum recorded directly 

on a .Brown Recorder. The photometer set up was constructed by.Phillips 

and has been described by him. 4 Various scanning rates over the spectrum 

ranging from 0.67 through 84.67 A per minute were available in the region 

of 5000 A. The photomultiplier amplification gains could be varied by 

a factor of over 1000 with no departure from linearity of response to 

intensities. 
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METHODS FOR TEMPERATURE MEASUREMENT 

The temperatures 'considered in this work are the temperature of the 

walls of the graphite heater tube and the temperature of,the gases inside 

of the tube. The methods adopted for temperature measurement were 

measurement of wall temperatures with an optical pyrometer and measure-

· ment of gas temperat\lres by ·spectral reversal. Transmission losses 

through the windows were corrected for by the well-known relation 1/T1 -

· l/T2 = K, where K is a transriiission constant which was determined 

experimentally. 

If the walls of the furnace are acting as a black-body radiator, 

then one can measure their temperature with an optical pyrometer. The 

graphite walls would be expected to approach a black body q_uite closely 

since the emissivity of a graphite filament is already q_uite high (0.9)~ 

and here we are using a long .narrow cylinder. Since the runs involved 

heating ZrC in the furnace and since the inner walls of the furnace may 

become coated with ZrC, one should also consider the emissivity of ZrC. 

The emissivity of ZrC is reported to be 0.96( so that ZrC approaches a 

black body even closer than does graphite. For an emissivity of 0.9, 
0 0 one would calculate a departure of 44 from a black body at 3000 K at 

6650 A, and for an emissivity of 0.96, the departure would be 17°. 

These values would then be considered as upper limits for black-body 

-corrections for the walls. 

In order to test the emissivity of the walls, a small plug of 

graphite with a 1-mm hole drilled part way into it was put into the 

furnace. It was not possible to distinguish this hole from the rest 

of the plug,when the furnace was in operation, indicating that if the 

hole were acting as a black-body radiator, .then the plug would also 
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be a black;,body •• This leads one to the conclusion that the walls of' the 

furnace approach ~ui~closely to a black-body, perhaps within 5°or 10°K. 

The really serio~s problem in temperature measurement is determina
~~, ~ 

tion of' the gas temperature. ~gaseous molecules one can speak of' fou,r 

types of temperatures, namely, translational, electronic, ¥ibrational,and 

rotational temperatures. For atoms we only have translational and 

electronic temperatures. If our system were at thermodynamic e~uilibrium, 

then all of' these te~ratures would be e~ual f'or all gaseous species 

present and their tempertPure would also be e~ual to the temperature of 

the walls. 

The most promising method f'or determination of electronic temperatures 

appears to be that of spectral line reversal as .discussed by Gaydon
6 

for 

the particular case Na. The method was applied with reasonable success, 

in our study, f'or band reversal as well as for line reversal tempeoatures. 
0 

In the reversal method, light from an incandescent body is passed through 

the gas whose temperature is to be determined and the intensity of the 
. I 

resulting spectral feature of the gas is observed, e.g., the Na D lines. 

As the brightness of the incandescent body is varie~1 we note that the Na 

D lines appear in emission above ~he incand~ent body background when the 

brightness temperature of' the incandescent body at. the wave length of' the v 
Na lines is lower than the Na temperature. WlJn the brightness tempe:r·ature 

of' the incandescent body is higher than the Na temperature, the N~ ~D lines 

will appear in absorption. ,·The uperature at which the Na line intensity 

just cancels out is· called the reversal temperature. At this temperature 
.• 

the absorption by the Na lines of' the incandescent-body intensity is just 

·-· balanced out by the emission due to thermal ~cita~ion. Therefore, at 
. v 0 

the reversal temperature, the brightness temperature of the incandesc:ent 
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body is identical with the electronic temperature of the Na. 

In our studies, a tungsten ribbon lamp was used to provide the 

incandescent light source. The brightness temperature at :bfl.e wave 

length of interest of the lamp could be determined by measuring ·the 

brightness temperature at 6650 A with an optical pyrometer and then 

making suitable emissivity corrections? to obtain the brightness 

temperature at the wave length of interest. 

Reversal temperatures .were determined by plotting log (IA/~) 

versus 1/TL for several values of TL' the brightness temperature of 

the lamp. IA is the intensity of the line absorbed out from the lamp 

intensity at the peak of the feature under consideration and ~ is the 

intensity of emission of the line in the absence of the lamp. The value 

of the reversal temperature is determined by that value of TL for which 

log(IA/~) is equal to zero. 

Electronic temperatures of gaseous atoms may be determined by 

another technique, if transition probabilities are known for the various 

electronic transitions, providing that .a Boltzman distribution of energies 

prevails and providing also that self-absorption is negligible. The 

relative intensities of two spectral transitions rriay be expressed by the 

relation 

where I 1 and I 2 are the intensities _for the two transitions, A
1 

and A
2

, 

the relative Einstein transition probabilities, t)1 and tJ2, the spectral 

frequencies, and E1 and E2 , the excitation energies· of the emitting state'. 

The temperature may conveniently be determined by plotting log (I1/I2 ) 

versus 1/T. The method will become insensitive if (E
1 

- E
2

) is very 
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small or very large. .Therefore, this method cannot be applied to members 

of the same multiplet since (E
1 

- E2) would be quite small. In general, 

the method is limited by the lack of accurate values of transition 

probabilities. 

Det~rmination of electronic temperatures from a consideration of a 

Boltzman distribution is not feasible in the case of molecules since so 

few electronic levels .are present in molecules. Vibrational and 

rotational temperature determinations are more readily applicable to 

molecules,as will ~oon be discussed. 

The vibrational and rotational temperatures are determined in a 

manner similar to that for the electronic temperatures. The intensity 

distribution for vibrational and rotational levels is again governed by 

a transition probability, frequency dependence, and a Boltzman distribution. 

The application of vibrational temperatures is limited by the lack of 

accurate transition probabilities. .For rotational lines of singlet band 

systems, the transition probabilit~es may be calculated to a high 

degree of approximation where the interaction of electronic and rotational 

motion is negligible.
8 

Where we ha;e systems of' higher multiplicity, the 

rotational transition probabilities have also been calculated for electronic-

rotational coupling according to Hund 1 s cases (a) and (b). References 

·for particular transitions are given by Herzberg.8 Molecules generally 

undergo a change in coupling with increasing rotational quantum number 

so that if one neglects this change in electronic-rotational interaction 

in determining the rotational transition probabilities, a certain degree 

of error is introduced in a temperature determination. 

Before leaving the subject of methods for temperature determination, 

we should also mention that, in theory, one should be able to determine 
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a translational temperature from the Doppler width of an atomic or a 

rotational line. ··rn practice this is difficult to do With certainty 

because of the many factors that may contribute to the broadening of a 

line. Also at high temperatures the method becomes insensitive due to 

the square ~oot relation of temperature to Doppler width. In this study 

the line profile of the Zr 4739.48 A line was measured with regard to 

·determining the arriount of self-absorption occurring in the Zr line. 

The experimentally determined line profile was in good agreement with 

a calculated Doppler profile at the same temperature. The experiment 

will Be discussed later on in the thesis. 
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GAS TEMPERATURES 

The spectral reversal method just described was used to determine 

the temperatures of c2, Zr, Ti, Ca,and Na gases in the furnace. A 6-volt, 

18-amp ribbon-filament tungsten lamp was used as a li~t source for making 

these measurements. At the rated voltage the lamp gave a brightness 

temperature at 6650 A of approximately 2700°K as determined with an 

optical pyrometer. A maximum brightness temperature of )OOOCJc was 

desirable in order to reverse the features of c2 and Zr whose spectra 

0 
appear prominently above 28o0 K. In order to achieve a sufficiently 

high temperature, the lamp was operated above the rated voltage. A 12-

volt batterY bank with various resistances in seriekwith the lamp gave 

a selection of lamp temperatures. Overloading the lamp shortened its 

life considerably; however, as long as the brightness temperature was 
0 . 

kept below 3000 K,: the lamp would last for quite a few hours. .An AC 

power source was also tried but did not give a steady enough light source 

for accurate work. 

Emissivity and wave length corrections were made for the lamp to 

obtain its brightness temperature at the wave length of the feature 

under study. Emiss~vity values used were those given by de Vos. 7 

Figure 1 illustrates the determination of the reversal temperatures 

of the c2 (1•0) band (circles) and the Zr 4739.48 A line (squares). The 

furnace temperature during this determination was 2973 ~ 10°K. For c
2

, 

a temperature of 2963 ~ 20°K is obtained in good agreement wi~h the 

furnace temperature. The Zr temperature is less certain due to reso- · 

lution of the Zr line above the background; however, the Zr temperature 

appears to be very close to that of c2. 

Reversal temperatures were also determined for the c
2 

(0-0) band 

and the Ti 517?-74 A line. For this determination Ti was introduced 
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Fig. 1. Plot for the·reversal te1aperature determination of c
2 

and 
Zr gases existing in the King furnace. 
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into the furnace in the form of TiC. For a furnace temperature of 2816°K, 

the Ti reversal temperature was found to. be 185° lower than the c2 
reversal temperature. The absolute temperatures were uncertain since a 

lens was not used between the lamp and the furnace in this .determination. 

The furnace acted as a diaphragm so that the lamp did not completely 

illuminate the aperture of the spectrograph lens. This effeet will not· 

appreciably affect the ~ifference in reversal temperatures between the 

various features! The low reversal temperature of Ti is undoubtedly due 

to absorption of Ti gas in the cooler regions of the furnace, since the 

vapor pressure of Ti was quite high (greater than 10-5 atm) at the 

furnace temperatures. 

Reversal temperatures for the Ca 4226.73 A line and the Na D lines 

were 87 and 225°, :respectively, lower than the Ti reversal temperature 

at a furnace temperature of 2785°K. Here again absorption effect~ are 

quite large in the cooler regions of the furnace. In fact, Na behaves 

almost like a permanent gas in the system so that its concentration and 

emitting path length in the cooler regions make large contributions to 

its effective temperature. 

A further indication of the gas temperature is how closely the 

intensity of a gaseous species obeys the heat of formation of the species. 

This is illustrated in Figure 2 for the case of Zr gas where a line 

repres·enting a calculated heat of formation is compared with experimental 

points calculated on the basis of wall temperature and the emission in-

tensity of the Zr 4739.48 A line. The details on this calculation are 

given in a later discussion. .From the plot it is apparent that the Zr 

gas temperature agrees .quite well with the wall temperature, although, 

if the gas temperature differed from the wall temperature by a constant 

0 difference of up to 100 throughout the temperature range, the difference 
woul.~ not be detectible from the plot. 
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DESIGN OF .HEATER TUBE AND JNSULA.TION 

Several considerations have to be kept in mind in designing a proper 

heater tube and insulation, in order to be able to obtain a proper tempera-

ture distribution in the tube. The hot zone along the tube should be as 

long and as uniform as possible in order to give a long path length of 

emitting gas .of a given temperature. The temperature of the hot zone 

should fall off as rapidly as possible ·as we near the ends of ·the tube 

in order to reduce the possibilities of both emission contributions and 

self-absorption resulting from the cooler gaseous species in the gradient. 

Another prerequisite is that the tube maintain similar temperature 

0 . ' 
characteristics over the temperature range of 2650 to 3050 K, the temperatures 

of interest for our study. At the highest temperature the tube should re-

tain its ch~tacteristics for a minimum of 5 minutes to allow photometric 

measurements to be made. 

. ·. . . . ·. 0 
The main problem that one faces at temperatures above 2900 X is that 

considerable volatilization of carbon occurs from the heater tube,which 

soon results in large temperat~re gradients in the tube. The high 

volatility of the carbon is not surprising in view of the fact that the 

vapor pressure of monatomic carbon alone is greater than 10-5 atm at 

these temperatures. Other than this direct volatilization of carbon, 

temperature gradients may develop in the heater tube from at least three 

_other: ___ processes. 

One of these processes results from the presence of a small amount 

of oxygen in the form of CO and C02 in the furnace atmosphere. The C0
2 

can react with the C in the hot region to form CO which disproportionates 

in the cooler region of the furnace thus depositing C and regenerating 

more Co
2

. The process may become autocatalytic if the co2 will react 
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faster at hot spots in the tube and raise the resistance of the tube 

at these points as it transports away the graphite, thus allowing the 

hot regions to become progressively hotter. 

The second process may be said to be due to hot spots developing 

at·points of high resistance in the heater tube. Once started, the process 

will become autocatalytic .due to vaporization-of carbon. The effect is 

counteracted to a large extent by thermal conductivity along the length 

of the tube so that small defects in fabrication of the graphite or of 

machining of the tubes will cause negligible effects of this sort. 

When the hot spots are promoted by some process, s.uch as the co
2 

,..co 

process mentioned above, in which material is removed from the tube, 

then the effect becomes appreciable. 

The third process results from deposition of graphite and impurity 

metals on the inner side of the insulation. The deposit forms as a 

bright reflecting surface which makes the surface a much more effective 

radiation shield than previously. Since the deposit forms more rapidly 

opposite a hot spot, it will cause the hot spot to grow hotter. 

Let us now consider the shapes of tubes that may be used. In order 

to obtain a sharp gradient in temperature at the ends of the tube, the 

tube should have a sudden increase in wall thickness near the ends. If, 

now, we have a cylinder of uniform wall thickness in the heating region, 

we will obtain a short region of uniform temperature in the center of 

the tube with a long temperature gradient region extending toward the 

ends of the tube resulting from thermal conductivity along the tube. 

This can be overcome by shaping the tubes so that they are narrower near 

the ends of the heating region than at the center. The technique works 

quite well up to temperatures of 2900°K. Above 2900°K, the situation is 

complicated by the loss of carbon from the tube and development of 
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. I 

temperatpre gradients in the tube. The narrow regions are apt to 
\ 

I 
developihot spots quite readily since a small loss of carbon causes 

/ 
I 

a lar~e percentage increase in resistance. 

The tubes that were used had (1) a six-inch-long heating region 

with a l/2-inch bore and a wall thickness of l/8 inch at the center 

that gradually decreased to l/16 inch at the end of the hot zone and 

then rose abruptiy to l/8 inch, and (2) .· a similar tube with a 3/8-inch 

bore-with 3/16-inchwall thickness at 'the center and 3/32-inch wall 

t~ickness at the ends of the hot region. . The specific shape of the 

tube was not found to be the important factor as long .as the wall 

thickness varied in a uniform manner from the center to the end of 

the hot zone. The important criteria are the wall thicknesses at the 

center and near the ends of the heating zone. 

The temperature distribution along the inside walls of these 

heater tubes was observed with an optical pyrometer. The position 

on the inside of the tube was located by placing small graphite plugs 

at ~ppropriate points along the inside of the tube beforehand. Inter-

mediate positions could be estimated. It was found that sometimes the 

tubes gave a uniform temperature within 20°K throughout the length of 

the tube. At other times the tubes .were found to be hotter by 50 to 

100° at one end or the other. This effect was found to be due partly 

-- to.deposit.s_f_ormed on the insulatioi1 from previou~ heat~ngs and partly 

~o improper centering of the heater tube with regard to the insulation. 

In some instances, it may have been caused by defects in fabrication of 

the graphite heater tube. 

In order to cope with the short life of the heater tubes at 

0 temperatures above 2900 .K, several experiments were considered, namely: 
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L .Use of an inner radiation shield with reflecting properties 

identical to that of the material depositing on it. 

2. Replacement of the inner S\1-rface of the radiation shielding 

after each run. 

3· Making the insulation more effective near the ends of the 

heating zone to allow the heater tube to be made thicker at 

these points~ 

4. Use of a getter for oxygen in the system. 

5. Use of a tube material that is not· appreciably volatile 

at these temperatures. 

In the first type of experiment it was felt that if the insulation 

had the same reflectivity as the material depositing on it, then 

preferential shielding.at the hot spots could be overcome. Since the 

deposited material was q_uite metallic-looking, it was felt that a 

carbide might more .closely approach its reflectivity. Therefore a Ta 

cylinder of 20-mil wall thickness was inserted inside of the graphite 

spool to act as the innermost radiation shield. Upon heating up the 

furnace, the ~a carburized and a shiny gray deposit formed on the 

TaC surface. The deposit did not stick to the TaC surface and when 

the deposit was pulled out of the cylinder it sprang out into a flat 

sheet as though it had been under strain. Further examination showed 

that the material could take considerable flexing before ~reaking. 

These are certainly unusual properties for either graphite or a carbide. 

An x-ray diffraction powder pattern of the material showed a distorted 

graphite type of lattice. Spectroanalysis indicated only a trace of 

Ta impurity in the material. Since the deposit forms as a thin film 

that does not stick to the TaC, it acts as an additional layer of 
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radiation shielding and makes .even more pronounced the shielding effect 

that we are trying to get rid of. Ill order to make the technique effective, 

one must not only find a material with the same reflectivity as the 

depositing material, but one on which the deposit will stick. 

The second experiment was to make a graphite sleeve to fit inside 

of the graphite spool. When, after a .run, the sleeve was found to con-

tain much deposited material
1 
it could either be cleaned out or dis

carded and a new sleeve put :· i:b.. Thus the new tube would not be af-

fected by the past heating history of the insulation. This proved to 

be a more effective method than that of 'lising a TaC sleeve. 

In the third experiment, it was felt that a uniform temperature 

might be obtained in the heating zone by modifying the insulation to 

give more effective insulation near the ends of the heating zone, 

rather than using radical shaping of the heater tube. For this 

experiment a heater tube was used which had a 1/2-inch bore and a 

heating. zone with a 1/8-inch wall thickness throughout. A cylindrical 

sleeve 1-3/4 inch in length and 1/16 inch in wall thickness was made to 

fit snugly over the end of the heater tube. The end of the heater tube 

thus acted as a support for the sleeve which was allowed to .extend 

about 1-1/2 inch over the heating zone of the heater tube. When heated, 

0 the tube was found to be approximately 30 hotter at 1 inch in from the 

end of the heating zone than at the center of the tube. Intermediate 

between this hot spot and the center of the tube the temperature was 

20° lower than the temperature at the center. Examination of the 

heater tube at the end of the run showed little vaporization at the 

h?t spot; however, the inner surface of the shielding opposite the hot 

spot had a bright reflective coating. 

... 
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It is felt that this technique·might be more effective if, as 

discussed in the case of the previous experiment, the reflecting 

properties of the inner surface of the shield can be made identical 

to that of the deposited material; otherwise, hot spots will form in 

the heater tube opposite the shielding. On the other hand, this 

shielding technique would be expected to be quite effective with a less 

volatile heater tube, such as a carbide heater tube. Also a modification 

of the insulation where the radiation shielding is .not brought so close 

to the heater tube might work quite well. In this respect, one might 

put additional layers of shielding at the ends of the ordinary insulation. 

The fourth experiment was to use Zr powder·as a getter for oxygen 

in the furnace atmosphere, to minimize transport of carbon by th(;!'C02-CO 

process. In one run, zr powder was spread near the cooler end of the 

heater tube so that the Zr powder was at a temperature of approximately 

0 
1700 K and less. During the run the heater tube lasted longer than 

usual before development of a hot spot. Examination of the tube after 

the run showed that considerable vaporization .of carbon had occurred 

from the heater tube as in the case of runs without Zr. It is possible 

that the Zr had minimized development of hot spots although it had no 

effect on the volatility of the heater tube. 

The fifth type of experiment was not attenipted. Carbides are 

probably the only type of material other than graphite that would serve 

as satisfactory heaters at these high temperatures. The carbides. ZrC, 

HfC, NbC,and TaC are considerably less volatile than graphite, have 

sufficiently high melting points and proper electrical conductivities 

to serve as heaters. Since fabrication of such materials is quite 

difficult, it is possible that carburization of the surfaces of a 

graphite heating tube, by vapor-phase deposition of the carbide from 
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halide-hydrogen mixtures, may be sufficient to reduce considerably 

volatilizatfon of the carbon. On the either hand such a coating may only 

serve as a surface catalyst to promote carbon vaporization. 

It was finally decided that for the purpose of our experiment, a 

shaped graphite heater tube, as previously described, would be used in 

conjunction with replaceable graphite sleeves on the inner side of the 

insulation. A Zr getter for oxygen in the system is desirable but may 

not be necessary if the system is vacuum tight .. Further modification 

of the insulation7 .and perhaps use of carbide heaters, seem promising 

techniques but will not be used here. 

In order to define sharplythe uniform not zone in these heater 

tubes, a .cylindrical graphite baffle, 1/2 inch long with either a 1/4-

inch or a 1/8-inch bore, was inserted inside of the heater tube on the 

spectroscope side. The baffle had grooves cut into its outer surface 

to act as .radiation shielding. Measurement -of the temperaturEfl of the 

inner and outer faces of the baffle showed that the ihner face of the 

baffle was 150° colder than the walls.of the heating zone and the 

. 4 0 outer face of the baffle was~~ 200 to 00 colder than the inner face 

of the baffle. In addition to defining the hot zone, the baffle serves 

to act as a trap for gases such as c2 and Zr, so that self-absorption 

due to these gases is reduced by reducing the possibility of the gases' 

.migrating .into the cooler regions of the furnace. 

.. 
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MEASDBEMENT OF lNTENSITIES 

A l-P28 scanning photomultiplier with amplifier and Brown recorder 

attachment, as mentioned previously, was used for the intensity measure-

ments. In order to obtain a true measure of the intensity, the following 

factors had to be considered: linearity of photomultiplier response, 

spectrograph and photomultiplier slit widths, scanning speed, total 

response time of the instrument,and background contributions. 

• The linearity of photomultiplier response versus intensity could be 

checked by using the known variation of intensity versus temperature of 

some spectral feature in the King furnace. Thus, Zr and Ti lines in the 

presence of their carbides, c2 (0-0) and (1-0) band heads of the Swan 

system,and a black-body plug showed the proper log .I versus 1/T 

behavior over the entire range of a.mplications used. The plot f'or~Zr 

has already been mentioned in regard to temperature determinations and 

is shown in Figure 2. 

In order to decide on slit widths to be used, one has to consider 

also the scanning.speed, total response time of the instrument,and the 

extent of background contributions. Let us first consider the effect 

of background contributions on the other factors under consideration. 

The background is believed to result mainly fromthe continuous 

radiation from the furnace and partly from instrumental noise. The 

continuous radiation is believed to make its contribution in the 

optical path mainly from incandescent dust particles in the furnace and 

also from reflections of the wall light off of the back window of the 

furnace and from various surfaces along the interior of the furnace. 

The contributions from the dust particles may be minimized by using a 

low pressure of A in the system, since the A acts as a catalyst for 
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forming solid particles from condensable gases present in the cooler 

regionp of the furnace. Reflections off of the back window may be 

minimized by setting the window in at a slight angle. 

Since the background radiation originates from a nearly black-body 

source, it will have an intensity temperature coefficient very much 

lower than for c
2 

and Zr. As one.raises the temperature of the furnace 

above 2900°K, the c
2 

(1-0) and Zr 4739.48A features rise so rapidly 

as to make the background correction-uncertainties negligible above 

this temperature. At lower temperatures., random fluctuations of the 

background lead to uncertainties in measurement of intensities of 

spectral features. In order to reduce these uncertainties to a 

minimum, one should use as narrow slits as possible, since .decreasing 

the slit widths allows .one to obtainmore energy per unit spectral 

interval for a discrete spectral feature relative to a continuous 

spectral feature. Thus narrow slit widths would be especially 

necessary in the case of narrow atomic or rotational lines as con-

trasted to band heads. 

In deciding how narrow the slits should be, one must also 

consider the response time and scannj_ng speed of the instrument, i.e., 

a slow scanning speed should be used with a narrow line to allow the 

instrUm.ent sufficient time to give a full response. Let us therefore 

consider the response of the instrument upon scanning a narrow spectral 
----------

line. Since the spectrograph slit width is not small enough to resolve 

the inherent shape of the line, the image of the line incident on the 

photomultiplier slit will be essentially rectangular. If the photo-

multiplier slit width is identical to spectrograph slit width, then 

a triangular-shaped line will be incident on the photocell as it scans 
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across the line. If the photomultiplier slit is either larger or smaller 

than the spectrograph slit, a trapezoidal-shaped line will result. It is 

advantageous to use triangularly shaped lines to minimize the continuous 

background to spectral line intensity ratio. For a triangular line, the 

expression for the incident intensity is I = I t/t over the first half 
0 0 

of the line where I is the intensity at the peak of the line and t is 
0 0 

the time required to scan over half of the line. The rate of response 
di 

of the instrument may be expressed as dtr = k(I - Ir)' if the response 

is limited principally by charging or discharging a condenser across a 

resistance in the amplifier circuit. Substituting for I from the previous 

relation and solving for the response, Ir' we obtain for the first half of 

the line 
I 

0 ( -kt) Ir = kt kt - 1 + e , 
0 

where k is the reciprocal of the time constant for the amplifier circuit, 

i.e., 
-1 . 

the time required for a signal to decay to e of its original value 

when source of the signal is suddenly shut off. Similarly, using the 
It di 

expressions. I = 2I - _£_ and __E = k(I - I ) for the second half of o t dt r 
0 

the line,we obtain_ 

I = 2I r o 

I 
0 

- kt 
0 

(kt - 1) + 
I 

0 

kt 
0 

kt (1 - 2e o) -kt e 

.Because of the time lag, the maximum response to the line will occur 

during the second half of the line. Therefore, differentiating the last 

expression with respect to time and equating to zero, one determines the 

peak response to the intensity of the line, which is. 

I (max.) = I r o 
Io ( -kt ) - kt ln 2 - e · o . 

0 

The peak intensity of the line may then be calculated as 

I (max.) r . 

1 
1-- ln(2 

kt 
0 

-kt ) - e o 
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The time constant, 1/k, pf the instrument was determined for the 

different amplification gains by observing the rate of exponenttal decay 
. ;,·· . . ' 

of a signal after light ,'incident on the spectrograph slit was suddenly 

. shut off. The decay curves were found to obey an exponential relation 

quite closely indicating that the proper relation wa? used in deriving 

I . The time constants were found to vary from 1.44 to 1.93 seconds 
!' 

over the ran~e of amplification gains used. For the study of the Zr 

4739.48 A lin?, this gave a .calculated response varying from 79·7 to 

84.5% of the peak intensity, when one used 0.05-mm slits with a 

scanning_ speed of 2.67 A per minute at a dispersion of 5.66 A per mm. 

A scanning speed of 2.67 A per minute was found to be the slowest 

conven[ent scanning speed for this study since the two features to be 

compared, the c2 (l-0) head and the Zr 4739.48 A line, are separated 

by 2.4 A. A slower scanning speed was undesirable since the intensities 

of the features would be likely to change during the time interval 

between features due to furnace-temperature fluctuations. 

With this scanning speed, slit widths ranging from0.025 to 0.100 

mm were found to be satisfactory for this study. With the wider slits, 

background contributions were found to be the principal source of error, 

while with the narrower slits the background noise of the amplif'ier~.aild 

reduced response became important due to the reduced intensity of the 

source. 
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SELF-ABSORPTION EFFECTS 

The spectral reversal temperature determinations ·showed how important 

self-absorption may become due to a high concentration of gas in the cooler 

region of the furnace. Since spectral reversal gives reasonable tempera

tures for c
2 

and Zr, we expect that a negligible concentration of these 

species is present in the cooler regions. The situation is somewhat 

better in emission rather than absorption measurements since in emission 

we need worry only about self-absorption on the spectroscope side of the 

furnace. The baffle is believed to present an efficient trap for c2 

and Zr and define the hot zone g_uite well. Examination of the baffles 

after runs showed a deposit of material on the inner surface which 

extended about l/8" into the bore. 

Self-absorption may also be important for the gas in the heating 

zone of the furnace. To ascertain the importance of self~absorption 

one can compare the peak intensity of a spectral feature with the 

intensity of a black body at the same temperature. Since with gas 

temperature equal to black-body temperature. the amount of absorption 

of a spectral feature will be eg_uivalent to the intensity of emission 

of the feature, the ratio of the peak ~ntensity of the feature to the 

intensity of the black body will be a measure of the percentage of 

self-absorption at the peak of the feature. Since the average path 

length for self-absorption is one-half the path length of emission, 

the amount of self-absorption at the peak of the feature will be one

half of the ratio of peak spectral-feature intensity to clack-body 

intensity at that temperature. By sighting alternately on a small 

graphite plug and the gas in the furnace, we were able to determine 

th~s ratio for the various spectral features. The ratio was used to 
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calculate the amount of self-absorption for the c2 (l-0) feature. The 

c
2 

to black-body intensity ratio was determined by making successive 

approximations of the c
2 

peak intensity to correct the instrumental 

response for the self-absorption factor. The self-absorption was found 

0 0 . 0 
to be 0-7% at 2764 K, 9·7% at 3076 K and 15.3% at 3102 K. 

For the Zr 4739-48 A line>additional considerations have to be 

taken into account since the instrumental height of the line is a 

measure of the total intensity of the line and not the peak intensity. 

To determine the amount of self-absorption for the Zr line we must 

determine the ratio of peak intensity to .total intensity and the ratio 

of percent self-absorption at the peak to the total·percent absorption 

of the line. 

For this purpose, the Zr line profile was determined by passing 

the ligh~ .from the furnace through a Fabre-Perot etalon and observing 

the Zr line fringes on the three-meter diffraction-grating spectrograph. 

To minimize astigmatism resulting from the grating, the Sirk's arrange

ment9 was used for focusing the fringes. A 0.1-mm slit was used on the 

spectrograph to define an off-center diametrical cross section of the 

fringes. Thus, the Zr line appeared as a series of dashes representing 

the profiles .and separations of the interference rings to one side of 

the center of the pattern. A half-hour exposure with Eastman Kodak 

0 IIaO plates at a furnace temperature of 3000 K was necessary to obtain 

sufficient intensity for the patterns. The plates were calibrated for 

intensity by using stepwise transmission filters in conjunction with a 

tungsten ribbon-filament lamp source. 

Examination of microphotometer tracings of the fringes.showed a 

smooth single peaked curve with almost a triangular shape. Thio 

• 
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eliminated the possibility of appreciable broadening of the line due to 

hyperfine structure components. In order to test for the effects of 

pressure broadening on the line, the line profile was determined at the 

two A pressures, 2.5 em and 25 em of Hg. The effect of pressure 

broadening was examined by determining the half-intensity breadth of the 

line at the two pressures. The half breadths were calculated from the 

relation d~ = dn/2t ~ ~/A2 , 10 using the off-center method given by 

. 10 
Tolansky to determine dn, the fraction of an order corresponding to 

~. t is the separation of the Eabre-Perot plates, 1.7 em in our case. 

Astigmatism corrections were taken into account for the grating by 

plaCing a 0.1-rmn horizontal slit at the Sirk~:s position and passing 

light through the spectrograph. The resultant image was found to be 

0.6 mm broad. Therefore a correction of 0.5 rmn was made for the line 

breadths, which corresponded to a correction of about o·.oo2 A. The 

half-intensity breadths were calculated to be 0.0196 + 0.0015 A for 

the 2.5-cm A pressure run and 0.0230 ~ 0.0020 A for the 25-cm A 

pressure run. The calculated Doppler half breadth at 3000°K is 0.01947 

A. We may therefore assume that the line has a Doppler profile at low 

A pressures. At the higher pressures, pressure broadening evidently 

sets in but causes no serious departure from the Doppler profile. 

We are now in a position to determine the amount of self-absorption 

occuring in the Zr line .. A Doppler-broadened line may be approximately 

described as being triangularly shaped with a half-intensity breadth 

~D· The instrumentally broadened line also has a triangular shape. 

Since the inherent Doppler and instrumentally broadened lines have the 

same total intensity, the true peak intensity of the line may be 

obtained by applying the factor ~I/~D to the instrumental peak 
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intensity, where &I is ~he instrumental half-intensity breadth. Self

absorption at the peak of the line c~n then be determined by comparing 

the Zr line peak intensity tp the black-body intensity at the same 

temperature in the same manner as tha: for the c2 (1-0) feature. 

To obtain the relation between the peak self-absorption and total 

self-absorption for a Doppler-broadened line, we refer to the relation 

for the absorption coefficient, kv , of a Doppler-broadened line in 

terms of the peak absorption coefficient, k
0

, for the line,_ ky. = 

k e - ( 2 :.j ln2 (V- l)o) / .:0. J) D) 
2 

. 11 Since in the case of self -absorption 
0 . 

the source of radiation is the emission line, the source of radiation 

.. will be proportional ,to k~ , so that the total absorption will be 

proportional t<;:> J7:1) · kv dV. Using the above relation for kl), 
0 

we obtain 

··which shows that the total self-absorption over the Zr line is 

approximately one"'-half that at the peak .. The relation would be 

·expected tohold in cases of low self-absorption. 

The self-absorption corrections for the Zr 4739.48A line 

amounted to 0.9r{o at 2764°K, 16.1% at 3076°K and 27.5% at 3102°K. 

The errors in self-absorption corrections will be reduced a great 

deal since we will work with the ratio of the intensities of the c
2 

.and Zr features. The self -absorption is increasing so rapidly with 

temperature that we will not be able to work with certainty above 3100°K. 

,, 
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BEAT-OF-FORMATION DETERMINATIONS 

For the heat-of-formation deter.mination of the 3~u state of c2, a 

mixture of ZrC and graphite was spread along the bottom of the King furnace 

and the intensities of emission of the c2 (1-0) band head and the Zr 

4739.48 A line were observed as a function of temperature from 2800 to 

3100°K. The vapor pressures and hence the emission intensities of the 

c2 (1-0) band head and the Zr 4739.48 A line are assumed to be governed 

by the reactions 

(1) 2C (graph.) = c2* (g) 

and 

(2) ZrC (s) = Zr* (g) + C (graph.), 

where C
2
* (g) represents c

2 
in the first excited vibrational level of 

the 3~ electronic state with that amount of rotational contribution 
g 

corresponding to the band head, and Zr* (g) represents the emitting 

5 0 state of Zr, y G
4

, responsible for the 4739.48 A line. 

From the ideal gas law we see that the vapor pressures of C2*(g) 

and Zr*(g) are proportional to IT, the pro.duct of intensity of emission 

and absolute temperature. Therefore, from the second law of ther.mo-

dynamics, 

(3) 
d (ln p) 

d (1/T) 

-~ 
= ~= 

R 

d (ln IT) 

d (1/T) 

To evaluate the temperature dependence of ~ at temperatures 

. 0 
.around 3000 K for the two reactions, we use the high-temperature heat 

12 0 capacities of graphite from Kelley for temperatures up to 2300 K, the 

estimated heat-capacity relation in Section II of this thesis for ZrC 

for temperatures up to 1700°K,and a value of ~R· for both the heat capacity 

of the single average quantum state of C~*(g) and the single quantum 

state of Zr*(g). For reaction (1), by extrapolating the heat-capacity 
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ov 

relations, we obtain l:JJ.Cp )OOO ~ -9o3 .eoUo 

at temperatures ,'near 3000°K .. Similarly for 

o' . o·v . 
and ~ = m3000 - 9·3 (T-3000) 

on 
reaction (2), we have tcp 

3000 
·/ o" o" 

:::. -3 .. 5 eoU· so Jhat fRT = m
3
000 - 3·5 (T - 3000) at temperatures near 

l 
1 

i 3000°K. 

Substituting these values of ~ in e~uation (3) and integrating, we 

. obtain, for reaction (l), ·, 
LSHO 

, (4)'-RlnivT= 3000 

and 
T 

similarly, for reacti.on (2), 
.6ff0 I 

(5) - R 1n I"T = 3goo + 

To obtain the difference in the -heats of reaction of reaction (l) and 

(2) we subtract e~uation (5) from (4), obtaining 
au o" 

I I M3000 - &3000 ' 3000' ' ( T ) 
R ln yn- = + 5 . 8 ( -y-) :+ 5 ~ 8 1n 3QOO + C 

T 

and ;rearranging, 
o·' o" 

A1I -4H 
I 1 

' 8 (3000) 8 ( T ) '' -3000,. 3000 R ln r - 5 . rr-- - 5 . ln · 3000 "" T + C . (6) ,2:: = -

A plot of 2:: verstiSl/T will therefore allow us to determine the difference 

in heats between reactions (l} and (2). 
·. on .. J m

3000
, the enthalpy change for r~action (2) may be obtain~d from 

'the heat of formation of Z:rC, the heat of sublimation of Zr, and from the 

excitation energy of the y5G~ state of Zr. 0 m
298 

of formation for ZrC 

of the composition Zrc
0

.
95 

has been determined from heat-of-combustion 

measurements as -44 . 4 !. 1.1 kcal per e~ui valent of C. 13 This value will 

a:LSo-se-taken- t~o -be- that-fc)rtne- co:rilpositTon Zrc:--M~98of-subl1matiorc · 

of Zr, 142.5 .±. '0.5 kcal, is the value given by Brewer14 and the excitation 

5 o . . l "i o" o" 
energy of' the· y G

4 
state, 75.31 kcal, is given by Moore· _.. m

3000 
- till:

29
8 • 

is found to be -7·5 kcal from'the extrapolated heat-capacity relation 

o" . 
·for reaction (2), so that LSH

3000 
= 254.7 + 1.5 kcal. 
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To obtain bH~ for the lowest level of the 3nu state of c2, we first 

determine bH~
1 

for the emitting state of the c2 (1-0) band head and then 

subtract out its excitation energy. 

o' o' · · 16 
6H

3000 
- flH

0 
may be evaluated from low-temperature heat capacity, 

high-temperature heat content;-2 and extrapolated heat-capacity data for 

graphite together with the heat capacity of C2*. The heat-capacity 

relation for graphite as given by Kelley up to 2300°K is assumed to be 
' 

valid to 3000°K. We therefore obtain the following heat content 

increments for graphite, H~98 - H~ = 0.30, H~300 - H~98 = 10.22 and 

H~000 - H~300 = 4.74 kcal per gram atom. For c2*, we have 5/2 R(3000) 

o' o' = 14.91 kcal. Combining these values we obtain m
3000 

- .6H0 = 14.91 -

2 (0.30 + 10.22 + 4.74) = -15.61 kcal. 

Examination of the rotational lines occuring in the region of the 

c2 (1-0) head17 shows that only lines of the P branch with J = 13 to 

J = 20 occur within'0.3 A of the head. The relative intensities of these 

lines range from 23 .for J = 13 to 29 for J = 20 as compared to 30 for 

J = 24, the rotational line of maximum intensity. These considerations 

hold over the entire temperature range, 2800 to 3106°K. We therefore 

assume that the rotational excitation energy is that for the J = 17 

rotational line.with 1.51 kcal per mole of excitation. The vibrational 

excitation energy of the 3n (v' = 1) state is 60.41 kcal per mole 
g 

above the 3n . ( v" 
u 

= 0) state. Therefore, the emitting state of the c2 

(1-0) band head corresponds 

lowest energy 3n state. 
u 

to 61.92 kcal of excitation above the 

A typical set of calculations for the heat of formation of the 

c2 
3nu state is presented in Ta?.le I. The r. type plot in Figure 2 

represents the data for the vapor pressure of Zr above ZrC. A line 



Table l 
I 

Expe!rimental Temperature and Intensity Data and Their Treatment in Deriving L: 
I"(Zr) I'(C ) I"(zr) l 4 

( 0 ) ( 0 ) . 2 - X 10 t C T K . I"' ( C ) I" (z ) No. Corrected Corrected Corrected T L: 
Cor- .!_ 104 · 2 · . r · of for for:.:'Se1f~ for Self- Cor-

(c2 - Zr) Measured re.cted T x j Measured Measured Determ. Res.ponse Absorption Absorption L:."(Zr.) . rected 
... . 

I 
2456 2764 3.618' 2.415 0-3165 8 0·3955 2.432 0-399 =17-44 ·3.630 -9.42 
2538 2848 3·512 9·23. 1.210 4 1.521 9·36 1.548 -20.18 3·522 -9·38 
2557 2867 3.488 13.13 1.843 5 2.27 13·35 2.32 -21.00 3.490 -9.29 
2598 2909 3.438 19.83 3.127 4 3.845 20.31. 3·98 -22.10 3.447 -9.04 
2516 2826 3·539 :·5.92 0.956 3 1 .. 202 5·995 1.225 -19.70 3-541 ... 8.97 
2527 2837 3·525 ~7.27 1.067 ll 1.341 7·37 1.366 -19-93 3·532 -9.16 
2605 2917 3.428 21.71 3·49 9 4.29 22·27 4.454 ..,22.34 3.438 -9.00 

8 2536 .. 2846 3·514: 9.10 1.494 9 1.877 9·23 1.919 -20.60 3·505 -8.94 ....... 
1\) 

268o 2994 3·340 62.1 11.00 2 13.19 65o35 13.30 ..,.24.55 3·350 -8.96 0' 
I 

2680 2994 3·34o' 67.85 11.95 2 14.34 71.41 14.46 -24o72 3·344 -8.97 
2565 2876 3o47~ 13.13 2.222 7 2.735 13.37 2.813 -21.39 3·470 -8.90 
2701 3015 3·31~ 87·7 16.77 3 19.88 93.4 22.09 -25.60 3.310 .,.8.66 
2760 3076 3·251 171.6 32.0 2 37·9 188,25 44.0 -26.98 3,255 -8.69 
2785 3102 3.223 249·5 47·7 3 58.2 289·3 74.2 -28.04 3.201 ..,8,51 

~· .. .. "\ ..... 
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with the proper slope for the calculated heat of reaction has been fitted 

to the data. Deviations from this line are assumed to be due to errors 

in temperature measurement. Therefore the temperature corresponding to 

the experimental intensity is read off the plot and applied to the c2 

versus Zr heat determination. These corrections are less than 10° in 

all cases.· The numbers on the plot indicate the order of measurement 

of intensities during a run. In Figure 3 we have the ~ plot for the 

3 5 0 difference in heats of formation of the c2 'Tt g state and the Zr y G4 

state. The· points show considerable scatter since we have a largely 

expanded scale, Each point corresponds to an average of 2 to 11 

determinations. In drawing the best line through the points, those 

corresponding to a greater number of determinations are given the greater 

weight. ot on The slope of this line is -17.0 ± 2.0 kcal for AH3000 - AH3000 , 

0 which leads to 191.4 ± 2.5 kcal for AH0 , the heat of formation of the 

3 lowest level of the Wu state of c2 from graphite. 

Several other determinations under varying conditions were also. 

made of this heat of formation and were all found to agree with the 

above value within about 5 kcal. One run at approximately the same 

A pressure as above and without a baffle in the tube, gave a value 

of 194.6 ± 3 kcal. In yet another run at the same A pressure but 

with about a 100 ° hot spot in the tube, it 1-1as found that the heat- of-

formation result was either lower or higher than the value given 

above depending upon whether one used the temperature of the hot 

spot or the predominant temperature in the furnace for the deter-

mination. A determination was also made at 25 em A pressure using 

a baffle in the system and was found to give essentially the same 

heat value, 189.4 ± 3.5 kcal; although, the ratio of c2 to Zr feature 

intensities was considerably higher than in the low-pressure runs, 

J 
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Fig. 3. ~ type plot for the difference in heat of formation of 
excited states of C and Zr. The slope of the solid line 
corresponds to a vafue of- 17.0 kcal for the difference in 
heats of formation. The d2shed lines are used to indicate 
a spread of 2.0 kcal from the slope of the solid line. 
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The heat-of-formation result was also checked by the c
2 

(2-0) and 

(3-1) band head intensities with the Zr group of multiplet 45 lines 

occurring at 4239.31, 4240.34, 4241.20 and 4241.69 A. The result was 

194.8 ± 8 kcal. A run was also attempted to compare the c2 (0-0) band 

head intensity with the Ti 5460.51 A line resulting from vaporization 

of Ti from TiC. The attempt for a relative heat determination was un

successful since the Ti showed large self-absorption effects. The c2 

intensities alone yielded a value of 196 ± 8 kcal. 

In order to investigate the effect of A pressure on intensities 

more fully, a run was made in which the furnace temperature was 

maintained as close to 2600°K as possible and the A pressure was 

varied from 2 .0 em to 25.5 em Hg. In order to determine with certainty 

which feature intensity changed with varying pressure, the radiation 

from a black-body plug in the furnace was introduced into the spectro

graph alternately with the gas emission. It was established that the 

c2 feature intensity remained constant throughout the range of A 

pressures used, whereas the Zr feature intensity was. found to decrease 

markedly with increasing A pressure. The pressure variation of intensity 

may be expressed by the relation~ 

Ip/I2 = 1.03 - 0.0156 P, 

over the pressure range 2 to 26 em A. Ip is the intensity of the Zr 

line relative to I 2, the intensity of 2 em A, and P is the A pressure 

in em of Hg. Thus, when the A pressure is increased from 2.5 to 25 em, 

the Zr line intensity decreases by 34%. At the same time the background 

intensity is found to almost double. It seems possible that there may 

_} 
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be some relation between this background effect and the pressure-intensity 

effect. If we assume that the increase in background is due to formation 

of dust particles from the various carbon gas species in the furnace 

coming into contact with the cooler A gas at the ends of the hot zone, 

and if we further assume that gaseous turbulence carries the dust 

particles into the hot zone, then perhaps we can give an explanation of 

the pressure-intensity effect. Since the dust particles are assumed to 

be brought in from the gradient region of the heater tube, they will be 

cooler than the wall temperature producing the Zr gas and conse~uently 

will act as an effective getter for the Zr. 

There appear to be two reasons for the absence of a similar effect 

for c2 ; one is that the free-energy change for condensation of c2 is 

greater than for carbide formation of Zr. The other reason is that 

the vapor pressure of monatomic carbon is much higher than that of c2 , 

so that the monatomic carbon may serve to regenerate more c2 if c2 

is lost to the cooler dust particles. Besides monatomic carbon, there 

may be carbon species of yet higher vapor pressure contributing to 

maintenance of an e~uilibrium pressure of c
2

, as discussed "by Brewer 

18 
and Kane. 

If our proposed mechanism is correct, then for the runs with 2 em 

A pressure, the Zr pressure is only reduced by 3% below the e~uilibrium 

pressure. The A pressure did not change by more than 0.3 to o.4 of a 

em during a run so that it is believed that errors in the heat deter-

ruination from this source are negligible. 

Another effect observed in all of the c2(1-0) versus Zr 4739.48 A 

runs was that the ratio of the c2 to Zr feature was unusually high .at 

the beginning of a run; but after a time reached constant behavior. 
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In Figure 3 the behavior seems to be w.ithin the normal scatter of data; 

however, since the effect was observed in all of the r~s, it is believed 

to be real. Two possible explanat.ions of the effect are (1) c2 is 

unusually volatile at the beginning of a run due to the high activity of 

sharp edges and such on the graphite crystals, and (2) .· the surface 

activity of the graphite is reduced by formation of a film of ZrC so that 

c2 formation is controlled by diffusion through this film. These 

processes should cause little error in the heat determination if one 

.gives less weight to these first points. 

In addition to errors in the processes just discu9sed, arid errors 

previously discussed with regard to intensity measurements, temperature 

measurements,and self-absorption, we will now consider other factors 

that may contribute errors to the heat determination. 

One factor is the possibility of an impurity spectral feature 

lying beneath the c
2 

or Zr feature under study. All impurity atomic 

or molecular features observed or suspected of being in the furnace 

spectrum were checked in atomic and molecular finding .lists for 

possible interference lines and none were found . 

. A very important source of error might be solubility of C in 

ZrC or of ZrC·in c. These effects would cause a negligible effect 

on the vapor pressure of c2 since. the rate of vaporization of the Z.r 

is much too low to alter appreciably the activity of C in the walls 

of the tube, although a thin film of ZrC on the walls might lower 

the surface act.ivity of the c. In the case of ZrC, there is direct 

contact of ZrC and C so that if appreciable solid solubilities exist, 

the vapor pressure of the Zr will vary with temperature in a different 

manner than pred.ictedfor a unique composition. In view of the lack of 

.. 

J 
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experimental work on the Zr-C phase diagram in the region of ZrC, we 

must rely on the· agreement between the observed and 'predicted intensity 
,, 

variation for Zr as shown in Figure 2. Judging from the agreement it 

appears that a negligible amount of solid solubilities must exist. 

Perhaps a further indication of negligible solid solubilities is that 

the intensity ratio. of the c2 and Zr features. does not change with 

time when we go to a higher temperature,as would be expected if C were 

dissolving in the ZrC lattice at a noticeable·rate. A check was also 

made on the x-ray lattice constants of graphite in contact with ZrC 

both before and after a run. No change was observed in the lattice 

constants of the graphite. 

We would have a source of error if the c2 and Zr have a different 

rate of temperature change as we var,y the temperature of the furnace. 

Such an effect is unlikely since it would be expected to show up under the 

variety of conditions that the heat was determined. Two good checks 

of the effect for c2 were its reversal-temperature determination and 

constancy of its spectral intensity upon varying the A pressure. 

From a consideration of the known errors, ± 1.5 kcal for the Zr 

reference heat and ± 2.0 kcal for the uncertainty of the relative heat, 

it seems that ± 5 kcal ~s perhaps a reasonable assignment for the over-all 

error. This is about the variation observed when we determine the heat 

under a large variety of conditions. We therefore obtain 

2c (graph.) = c2 (g, 31fu); bH0 = 191.4 ± 5 kcal. 
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