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THERMODYNAMIC STABILITY CONSIDERATIONS IN THE Mo-BN-C SYSTEM

APPLICATION TO PHOTOTYPE. SUBTEREENE PENETRATORS

by

M. C. Krupka

ABSTRACT

Materials capable of operation for extended lifetimes at high
temperatures are required for use as rock-melting penetrators. Pro-
totypes presently designed use molybdenum, boron nitride and high
density graphite as high temperature materials. The integral design
features of the penetrator system suggest that consideration be given,
from a thermodynamic viewpoint to the potential for chemical reactivi-
ty among the components. Standard Gibbs free energy calculations at
selected temperatures have been made for the composite system and the
relative potential for chemical reactivity assessed. Postmortem ex-
amination has been made of some penetrators and the observations are
discussed within the framework of the calculations. Suggestions for
minimizing chemical reaction are given under the assumption that these
materials may be retained for future designs of penetrators.

I. INTRODUCTION

The high temperatures reached in the Sub-

terrene penetrator system require a set of mater-

ials maintaining not only structural and physical

integrity but a high degree of chemical inertness

over extended periods of time. Realization of

this ideal situation becomes difficult at the

suggested operating temperatures of the system,

viz., Ito0°-2000°C and possibly higher in the case

of certain radiant heater designs. The range iB

wide because of a high power density that must be

transmitted to a central core so that ample heat

flux can be conducted to the surface in contact

with rock. Since most materials will react with

one another to some degree in this temperature

range an intrinsic thermodynamic lifetime limita-

tion will be provided. Viie lifetime, nowever, may

be exte..d;--J ~JJ virtue oi' ti.e l:Ln.etic behavior or

t.ie system.

II. St/u^ARD FREE ENERGY CALCULATIONS FOR THE

SYSTEM Mo-BN-C

Equilibrium thermodynsmic calculations demon-

strate whether or not a particular choice of mater-

ials will exhibit a degree of stability at specific

temperatures. Calculation of tne Gibbs free energy,

£.G°, at temperature for sets of potential reactions

will at least suggest the probability of occurrence

for any one reaction.

Engineering choice at this time, in view of

favorable electrical, heat transfer and mechanical

properties, is to use Mo as the major structural

member, BM as the electrical insulator and high

density graphite (POCO) as the electrically-heated

axial core of the penetrator system. W was

considered also as a structural equivalent but is

not in use at this time. Thermodynamically, there

is sufficient similarity between Mo and W so that

the conclusions herein presented should be applica-

ble at least in part to a W system. Calculations

have been made using an average temperature of

2000°K (1727°C). In those regions where higher



temperatures are anticipated, additional data are

presented. Thermodynanic data have been taken or

estima+ed from sources listei in the references.

In view of the potential complexity of interactions

in the composite system, analysis has been conduc-

ted in the form of binary or ternary subsystems.

The thermodynamic equations used, reference data

and calculated results for many of the specific

reactions mentioned below are given in Appendices

A-C.

A. The Partial System Mo-B

The Mo-B system is complex containing at least

five borides and high and low temperature crystallo-

graphic c--- figurations for some." K o J and MoB

are the most stable 'borides on a per atom B basis

(AH-.g-gOj.O. For this reason calculations were

not made for some of the higher borides.

B. The Partial System Mo-M

There are two compounds in this system, possi-

bly three, of which Mo_H and MoK are more estab-
7lished. The.se nitrides, as well as the other

Group VI-B nitrides (Cr,W) are characterized by

their thermodynamic instability and their formation

would not be expected at high temperatures, partic-

ularly in the presence of borides. They become

more stable as the temperature is reduced, i.e.,

<LOOO°C.

C. The Partial System Mo-C

This system contains three compounds, Q- and

P- Mo2C, MOgC^Tj-MoC.^) and cubic M o C ^ .
8 ' 1 7

Only Mo-C is stable at room temperature although

Mo,Cg(hexagonal) can be quenched from > l655°C.

The metal carbides readily, even at low tempera-

tures, depending on the preparatory technique used.

Calculations are concerned with Mo_C only. In

addition to theraodynamic data, there is available

reasonably good reaction rate data for both Mo and

W carbides.9

D. The Partial System B-H

The degradation of BM due to high temperature

(disregarding surface interaction with surrounding

components for the moment) may be represented by

the following equilibria:

BH(B) - B(s) + 0.5 N2(g) (1)

Hl(s) -. B(g) +0.5 ^g(g) (2)

Bli(s) - BH(g) (3)

B(s) - B(g) (k)

Reaction (l) is most probable and has been ex-

perimentally verified.10 If one arbitrarily con-

siders P > 10"^ atm. ( 0.01 torr) to be signifi-

cant, then temperatures > approximately 2500 K must

be achieved in %hs system for the other equilibria.

Free boron is not expected to exist at these temper-

atures in contact with surround''.ly components tut

saould react on t'.je surface and internally (see

Section J.).

E. The Partial System B-C

BKC is the only well-established compound

although controversy exists for some other formula-

tions.7 Decomposition of B^C proceeds as shown.

0.25 B4C(s) - B(g) * 0.25 C(s) (5)

At sufficiently high temperatures, e.g., 2500 K,

the gas BCg is significant.

0.25 B^C(s) + 1.75 C(s) - BC2(g) (6)

F. The Partial System C-M

The formation of both CH(g) and CgNgtg) may tie

expected from the reaction of hot graphite in a

nitrogen atmosphere.

C(s) + 0.5 Hg(g) - CM(g) (7)

2C(s) + N2(g) - C^2(g) (8)

Np gas arises from two sources, a) decomposition of

BN and b) artificial inclusion of N g within the

atmosphere surrounding the compoiite system. As

mentioned previously, if one arbitrarily assumes
P(CN or CJS ) > 10~5 atm' ̂  °*01 torr^ *° bC 8igni"
fie ant thin temperatures > 25OO°K must be achieved

in the system. The equilibria further show that

high pressures of N g gas will result in additional

graphite erosion.

G. The Partial System Mo-B-M

Equilibria under consideration concern the

formation of Mo borides. Those equilibria concern-

ing MOgK are probably not realistic in view of the

instability of MoJS at these temperatures but are

included for the sake of completeness.

2 Mo(s) + BH(s) - MOgBi^ + 0.51»2(g) (9)

Mo(s) + BK(s) -MoB(s) + O.5N2(g)

MOgBfs) + BK(s) - 2MoB(s) + 0.5Np{g)

h Mo(s) + BN(s) -

2 Mo(s) + BH(s) -

2 Mo(s) + B(a) - MogB(s) or higher

boridec

(10)

(U)
(12)

+ B(s) or B(g) (13)

(ik)



Reactions (9), (10) and (ll) proceed readily

generating relatively high Np partial pressures

and have been experimentally tested at l800°K

undsr both ~ 0.5 atm Ar and N
_. In the anala-

gous W-B-N system, i t has oeen demonstrated for
reaction (15) that&G° < 0 at 1820°K but that

A G ° > 0 at 1373°K.

2 W(s) tJN(s) - W2B(s) o.5N2(g) (15)

Work in this system is summarized in Fig. I.1'

Since these reactions proceed with an increase in

volume, sufficient N2 gas overpressure should

cause equilibria reversal. Conversely, in a system

whereby the N2 gas is removed by inert gas flush-

ing, additional metal boride formation would be ex-

pected.

H. The Partial System d-H-C

Equilibria under consideration include

BN(s) + O.25C(s) - O.25U4C(s) + 0.5N2(

BN(s) + 1.25C(s) - O.25B4C(s) + CN(g)

2.5C(s) - O.5B4C(s) + C ^ g )2BK(s)

BN(s) +

BN(s) +

BM(s) +

C(s) - B(s,g)

C(s) - B(s,g)

C(s) - BC(g) +

CN(g)

At 2000°K, only reaction (16) is

g) (16)

(IT)

(18)

(19,19a)

(20,20a)

(21)

significant since

the W,. gas partial pressure is several orders of

N2(0.5 atm)

WN BN

W,N

Kig. 1. Ternary phase diagram W-ii-N system
(Ref. 13).

magnitude higher than all of the other potential

gases. At 2500°K and higher, partial pressures of

the other gases assume greater significance. Under

these circumstances, additional gas-gas equilibria

are probable, the complexities of which are not

discussed here.

I. The Quaternary System Mo-B-M-C

The formation of Mo B, MoB, B^C and Mo2C has

been suggested by thermodynamic calculation. The

eventual total degradation of BN will permit local-

ized contact between some of the reaction products

permitting additional solid state reactions. Exam-

pies are listed below vheTeAGftoQQQ°K) < °*

2Mo2ii(s) + C(s) - 2MoB(s) + Mo2C(s) (22)

Mo B(s) + 0.25B1+C(s) - 2MoB(s) + O.25C(s) (23)

Mo(s) + O.25B,C(s) •* Mofl(s) + 0.25C(s) (2M

- 2MoB(s) (25)

3(s) (26)

Mo2d(s)

Mo2Ji(s) -I- C(s) -

These reactions show that. «(s) and B^c(s) would not

be expected to exist in contact with a Mo or Mo

borided surface. A ternary compound could also

form.lk

J. Effect of Oxygen-Containing Impurities on the

Mo-BN-C System

The direct oxidation of materials such as Mo,

6N and C has been extensively studied over wide

ranges of oxygen potential and temperature and need

not be discussed here except to say that these ma-

terials oxidize readily in the unprotected state.

The reputed oxidation resistance of BN is contrary

to the calculated thermodynamics and may in part be

due to surface energy effects concerning the recom-

bination of atoms to form the stable Ng molecule.

What is of interest however, is the effect of cer-

tain oxygen-bearing impurities upon the system.

i. joron Oxide, BgO (l,g)

Sources of BOU, include (a) BN impurity, (b)

secondary reactions (see 3- below), an<t (c) forma-

tion from residual free oxygen of a surrounding

inert atmosphere. Bo0, is usually present as a

sinter aid in BN to the extent of 1-3 weight per-

cent. High temperature vacuum outga??ing can remove

the B20 , at least in principle. At 2000°K, the

vapor pressure is high, 3-9 x 10"2 atm(29.6 Torr).

Diffusion rate out of the BB could be a limitation.

Equilibria under consideration include:



1/3 7/6c(s) - l/6B,tC(s) + CO(g) (27,27a)

BgO3(l,a) + 3 Mo(s) - 2 MoB(s) + Mo05(g) (28,28a)

Bo0,(l) + 2MOB(S) - 2MoB«(s) + 3/20o(g) (29)

2/3 B203(l) + 4/3Mo(s) - V3MoB(s) + 0g(g) (50)

Minimal reaction is expected between Mo, MoB and

BgO (l,g). In sharp contrast, high partie.l pres-

sures of CO(g) can be generated when B 0 (l,g) at-

tacks graphite. Thus erosion of graphite can be

expected by this mechfnisra. The volatility 0. BpO

will permit permeation of areas beyond those in di-

rect contact.

2. Boron O?ide Dimer, BpO2(g)

The gas molecule B_0 has been studied mass
15

spectrometrically ' and arises from reaction (31).

2/3 B(s) + 2/3B203lg) - B202(g) (31)

0.5B202\g) + 1.25C(s) - O.25B^C(s) + CO(g) (32)

B(s) is theoretically available from UN degradation.

Reaction with graphite is expected.

3. Water Vapor, HgO(g)

Sources of HgO(g) include(a) residual impurity

in a surrounding inert atmosphere aud(b) water-

cooling system mechanical design defects. The

following types of equilibria are of interest:

-Hg(g) + O.5O2(g) (33)

+ C(s) - H2(g) + CO(g) (34)

+ 1.5C(s) -«O.5CHu(g) + CO(g) (35)

3HgO(g) + 2BN(s) - B 2

H20(g) + 2/9MoB(s) -

+ H 2 ( 8 ) (3T)
+ Mo(s) - 3H2(g) + Mo03(g) (38)

B2O3(1) - 2HB02(g) (39)

HB02(g) + £>.25C(s) - O.25BuC(s) + 2C0(g)

+ O.5H2(g) (140)

The dissociation of HgO(g) at 2000°K is minor,

~O.55#, increasing to~3.0$ at 25OO°K. Numer-

ically large equilibrium constants "re obtained for

reactions (34), (35) and (36) suggesting a high

probability of reaction. Reactivity with Mo and

MoB is to be expected also but not to the same

degree. A very interesting set of equilibria is

demonstrated by reactions (39) and (40). Work with

this species HBOp(g), has tr~n done up to 15C0°K.

3H2(g) (36)

The calculation extends this to 2000°K. The main

interest is in the fact that this is a third mecha-

nism whereby boron may be transported in the vapor

phase to parts of the system beyond the expected

surface contact areas.

h. Molybdenum Trioxide, MoO.(g)

Although MoO is Lighly volatile ar.d not con-

sidered an impurity j.n the sense of BgOg, the

equilibria below suggest that MoO_(g) derived from

primary or secondary sources reacts extensively

with both graphite and BN.

MoO (g) + 3BN(s) MoB(s) + BgO3(l) +

l/3Mo03(g) + T/6C(s) - l/6Mo2C(s) + CO(g)

K. Formation of Liquid Phases Below 2000°C

(2273°K)

A survey of the literature has been made to
determine whether or not liquid phases may exist
at temperatures below 2000°C (2273°K). Several

binary and ternary combinations have been checked

and are listed below.
17 a low melting eutecticIn the Mo-B system,

exists at 1920°C between MOgB_ and B. Boron itself

melts at 2O'|O°C. The Mo-Mo_B eutectic is at 2175°C.
17In the Mo-C system, the Mo-MOgC eutectic is

at 2200°C.

Data i s not generally available for the ternary
Mo-tf-C system. A liquid phase between MoB-Mo0C

IP
(60/40 mole :•••) was shown t o e x i s t at 21Y5 C but

this contained MOgBC as a reaction product. In the

system W-B-C ' a low melting binary eutectic,

WB^-B occurs at 197O°C and a ternary eutectic at

195O°C for Wdr-B-BLC. An analogous region should

exist in the Mo-B-C system except that the tempera-

tures should be even lower.

Effect of nitrogen in the system could not be

ascertained. UN itself is reputed to have a melt-

ing point in excess of 3030 C under several atmo-

spheres of f<2 but degradation is initiated prior to

reaching this temperature.

A possible 8-B.C "eutectic' is reputed to

exist at 2O75°C but this is suspiciously similar to

the melting point of boron. The B.C-C eutectic is

at 2375°C.



I I I . APPLICATION TO PROTOTYPE EI£CTRIC SUBTERREHE

PENETRATOR HEAD DESIGNS

In the previous sec t ions , severa l types of

reac t ions and t h e i r probj j i l i t y of occurrence have

been examined from a thermodynamic viewpoint. Pos t -

mortem analyses can nr-*.: be conducted on ac tua l pene-

trator units that have been in service so that

causes of realistic corrosion may be determined and

some corrective measures suggested.

It might be appropriate at this point to empha-

size that the free energy calculations refer to the

products and reactants in their standard state only,

i .e . , a reaction may or may not proceed (depending

on the sign of &G ) categorically providing each ma-

terial is in the standard state. Further, thr: cal-

culated partial pressures represent equilibrium

pressures and maximum vaporization rates. Under

other conditions, for example in a catalytic system,

reactions may occur even though the prediction would

be otherwise. In addition, mass transport phenomena

based on diffusion and kinetic factors, will often

have an overriding effect upon the net reaction.

Specifically, the detailed observations which

follow refer to several one-inch and two-inch axial

graphite heater designs generally water-cooled, see

Figs. 2 and 3 (typical designs).

GRAPHITE ELECTRICAL CONTACT

PYROGRAPHITE

POCO GRAPHITE
HOLLOW ELECTRODE

BORON NITRIDE

Mo BODY

Mo ELECTRICAL
CONTACT PIN

PYROGRAPHITE

POCO GRAPHITE
SOLID ELECTRODE

BORON NITRIDE

Mo BODY

Mo OR W TIP

Fig. 3. Schematic of a penetrator head design-
solid electrode

A gas-cooled version has also been examined. An

unfortunate complication of the analysis is that

precise temperp+.ures have never been established

for various components except in restricted Loca-

tions with the remaining temperature profile infer-

red from heat transfer calculations.

At the present time, the "average" lifetime of

the penetrator (failure due to open circuitry) is on
#

the order of six hours. Erratic electrical behavior

is observed prior to failure. Axial sectioning

shows variaole corrosion along the entire length.

The type of corrosion is common to both one-inch

and two-inch sizes.

In the discussion that follows, the system has

Deen sub-divided for purposes of clarity in analy-

sis.

A. The Partial System Mo-C

In all regions where the Mo body contacts the

graphite directly, for example, the tip, electrical

lead-in pins or in radiant heater designs, exten-

sive carbiding occured. It Is important to realize

that despite the very high melting temperatures of

Fig. 2. Schematic of a penetrator head design-
hollow electrode.

* penetrator has been tested to approximately 1*5
hours since but the design is that of a radiant
heater whereby BN has been eliminated.



the Mo carbides, actual carbiding occurs at much

Lower temperatures. For components remaining in

intimate contact, the diffusion of carbon through

the carbide layer will be the rate-determining fac-

tor for the buildup of the initial Mo C layer.9 Un-

less the Mo-carbide-C surfaces remain under continu-

ed contact, it is possible to create a void at the

interface between the Mo carbide and C. It is sug-

gested that this may have occurred in at least one

case causing partial discontinuity of electrical

circuit. Erosion via the h_0 or B?0 vapor phase

mechanism could cause additional void enlargement.

The carbides are good conductors at high tempera-

tures so that observable effects are not immediately

evident. However, thin wall graphite sleeves in

contact with a Mo wall may in time become totally

carbided thereby destroying their initial function.

B. The Partial System Mo-iS-N

Extensive boriding at the Mo-HN interface was

observed. X-ray diffraction of the boride layer

showed the components to be a minor phase of MOgB

(thin layer next to the Mo wall), a major phase of

MoB and a very thin outer layer whose unequivocal

identification was not possible by this technique.

The most probable choices could be a higher boride

or either Mo?BC or Mo C (carbon becomes available

after total dissolution of BM). ^oride wall thick-

nesses of up to 16 mils were observed in some loca-

tions. Stress cracking was observed in the layer

up to the Mo surface. These cracks may negate any

diffusion limitation imposed by the growth rate of

the layer itself. Calculations (Sec. I) suggest a

variety of mechanisms whereby Mo borides can form

emphasizing the heavy buildup of MoB. Heaction rate

data on these borides are lacking. A single 3xperi-

and "porous areas" of the graphite central electrode

in greater quantity (estimated from x-ray diffrac-

tion relative line intensity comparisons). This

suggests an additional mechanism, probably vapor

phase, transporting boron into regions otherwise

inaccessible (a liquid phase could of course do

the same). Possibilities include: (a) higher than

predicted temperatures thereby involving B(g); (b)

transport via the gaseous boron oxides; (c) trans-

port via HBOp gas derived from a water leak; and

(d) simultaneous reactions involving graphite corro-

sion and subsequent deposition of B^C within the

area. Bp0 is known to be an impurity; in these

cases 1.05 weight percent (analyzed) was present.

Water leaks were also known to be present.

D. Suggestions For Corrective Action

The calculations and subsequent analyses of

actual penetrator internal systems suggest a num-

ber of approaches to alleviate at least in part

some of the problems encountered. Admittedly, not

all is known about the Mo-BN-C system at this time

but these suggestions may prolong the lifetime of

the penetrator unit, presently designed with these

materials.

1. A dry, oxygen-free atmosphere should sur-

round the components in the unit. A heavy inert

gas such as argon is preferred kinetically whereas

helium is probably preferable from a heat transfer

point of view.

2. A nitrogen gas overpressure (P., > decom-
2

position pressure for the specific reactions con-

cerned) should be helpful minimizing N 2 gas pro-

duct reactions. A mixture of gases, viz., He + N 2,

is acceptable particularly if the relative propor-

tions of tlu; gases are optimized to provide the cor-
ment run at 1600 C under an inert atmosphere in a Mo rective effects described above. The effect of M_

crucible with pure boron showed a ouildup of a bor-

ide layer 2^-27 mils thick in ?.k h.12

C. The Partial System 3-K-C

B,C was observed at the -.:.'-C interfacial reg-

ion as expected but in small quantity, 'lo rate da-

ta is available but again a single experiment using

pure boron in a graphite crucible under an inert at-

mosphere run at l800°C produced a thickness of Q C

of 15-15 mils in 2h h. Thus the reaction rate to

produce B^C is much slower than that producing .Mo_B-

;*oB. Of greater significance was the observation

that B^C was detected at depth within the cavities

upon graphite becomes of concern as higher tempera-

tures are reached. Protection of the graphite by

deposition of a coat impervious to li, and stable in

its presence would alleviate this problem. For ex-

ample, tantalum carbide, TaC, is known to be stable

in a N_ atmosphere. The formation of refractory

metal nitrides is possible upon cool-down of the

system but is not expected to be a problem at opera-

ting temperature.

t>. Elimination of oxygen-bearing impurities

is necessary. liigh temperature vacuum outgassing

of BN is recommended. An unfortunate side effect



occurs in that the BN also degrades mechanically as

the BpO is eliminated. Water leak problems can be

eliminated by going to gas-cooling or designing more

reliable gasketing or cooling systems. It should be

emphasized, however, that the observed corrosion ef-

fects will not go away upon elimination of HpO. Ob-

servation of the gas-cooled penetrator unit shewed

remarkably similar corrosion effects, some porous

graphite regions, MoB, B^C, etc., although not to

the same degree as shown in Figs. If and 5. As a

— Mo

Boride
Layer

POCO
Graphite

BN
Remnant

Fig. k

POCO
Graphite

Boride
layer

Fig. 5

possible assist with respect to BN, vapor-deposited

pyrolytic BN should be more attractive. As fabri-

cated it is theoretically dense and impervious and

reaction rates should be reduced. Oxygen content

is not known but should be considerably less than

that present in the usut.l sintered stock.

h. Solid state reaction of BN with Mo and C

may be prevented by insertion of thin wall diffusion

barriers. The relative rate of reactivity of BN

with the barrier should be known since it is doubt-

ful that a totally inert barrier can be found for

these operating temperatures. Degradation of the

BN may still occur for other reasons.

5. Carbiding at electrical contact regions

can be minimized by insertion of thin wall diffusion

barriers against carbon migration such as TaC (a

good electrical conductor at high temperature).

Power lead-in refractory metal pins can be spring-

loaded to take up void formation or be moved to low-

er temperature areas to minimize carbiding.

6. Improved heat transfer will permit opera-

tion (internally) at lower temperatures, still per-

mit the necessary surface temperatures for melting

to be attained, thus allowing kinetics to play an

important role by slowing down reaction rates.

7. Finally, consideration should be given to

BN removal for some designs. This leads to two al-

ternatives, (a) radiant heater systems with gas in-

sulation and (b) use of a substitute material in the

same system. At the present time, minimal work has

been done to implement option b,
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APPENDIX A

STANDARD TKERMODYNAMIC CALCULATlONS-oASIC EQUATIONS

where fiG?., _N = standard free energy of for-
' mation change at temperature

for the reactants and products.

2 . ZJ G/ f =-- - RT In K at equilibrium

where the activities of solid and liquid phases
are iaken as a = 1. For gas-solid or gas-gas
reactions, the equilibrium constant K will oe
related to the partial pressures of the gaseous
reactants and products.

APPENDIX B

STANDARD FREE ENERGY OF FORMATION
DATA AT 2000° and 2500°K

Material

MoB(s)

Motifs)

B(g)
BM(s)

BN(g)

BC(g)

BC2(g)

CN(g)

B202(g)

CO(g)

2O(g)

Value-Kcal/mole

- 13.046

- 10.288

- 17.82

- 39.92

10.33
- 13.0

- 52.620

61.935

- 17.3(0
101.477

- M i l

105.812

60.960

53.006

-192.120

-179.178

-119.932

- 68.353
31.187

- 52.401
-III.051

AGf(2500°K)

44.857

- 6.524

89.805

- 5-679
84.516

49.367
47.672

-174.105
-121.528

- 78.247

44.483

- 25.459
-104.176

=-RlnK=AH ?
U > r

where: Ariz . „, •.
U ' " ref '

(T)

- standard heat of formation
at reference temperature
change in free energy func-
tion at temperature



APPENDIX C

THERMODTOAMIC EQUIEIHRIA AT 2000'K

Equilibrium Constant K in P a r t i a l Pressure
Reaction No. System terms of P a r t i a l Pressures Gas Atm Torr

1 BN(s) - B(s) + O.5N2(g) PN°*5 = 1 0 - 1 ' 9 0 N 2 1.6x10-* 1.2 x 10"1

2 BN(s) - B(g) + O.5N2(g) PN°'5pB = lO"8 '87 H
2
 1 " 1 X L ° " S &'k * 1 0 " 4

2 B 2 . 1 x 10-6 1.7 x 10-3

3 BN(s) - BN(g) P m i = i o - l s - ° 8 BN 8.2 x 10"1 3 6.2 x 10"9

BN
4 B(s) - B(g) F o = 1 0 - 6 ' 7 7 B 1.7 x 10-7 1.3 x 10-*

a

5 0.25B^C(s) - B(g) + 0.25C(s) Pfi = 10" 6 - 9 8 B 1.1 x 10-7 8.4 x 10" s

6 O.25B.C(s) + 1.75C(s) - BCo(g)(** P-_ = 10- 5 < E* bC. 2.9 x 10~s 2.2 x 10"3

2 BC2 2

7 C(s) + 0.5N2(g) - CN(g) PCN = i o - a - 0 8 CN 2.2 x 10"7 1-7 x 10"4

PNUO N2 1 .0 7 .6 x 10 s

8 2C(s) + No(g) - C,J>L(g) P , * 1 0 " 5 ' 7 9 C^N- 1.6 x W e 1.2 x 10"*
2 2 2 C ^ 2 2

" 5 N2 1 .0 7.6 x 102

9 2Mo(s) + BN(s) - Mo2B(s) + 0.5N2(g) PN°*^ = K T 0 # 4 7 N_ 1.1 x 10"1 8.4 x 101

10 Mo(s) + BN(s) - MoB (s) + 0.5No(g) PH°*5 = 1 0 " ° ' 7 7 No 2 .8 x 10"2 2 . 1 x 101

2 N2 2
11 Mo2B(s) + BN(s) - 2MoB(s) + O.5N2(g) P ° * 5 = l O ' 1 ' 0 8 Ng 7-1 x 10"3 5.4

16 BN(s) + O.25C(s) - 0.258^(8) + PN°'5 = 1O-1 '70 Ng 3-9 x 10"* 3.0 x 10"1

17 BN(s) + 1.25C(s) - 0.25BuC(s) + P = l O ' 8 ' 3 8 CN 4.3 x 10"9 3-3 x 10" s

CN(g) U™

18 2BN(s) + 2.5C(s) - 0.5B,C(s) + P . „ = I O " 9 ' 2 0 CONO 6.4 x 1O"10 4 .9 x 10"7

C2N2(g) U C2N2 2 2

19 BN(s) + C(s) - B(s) + CN(g) PCN = 1 0 - 8 - s s CN 2.8 x 10"3 2 . 1 x 10"6

19 (a) BN(s) + C(s) - B(g) + CN(g) P,P_H - i O - l s - 3 3 B 2.2 x 10" s 1.7 x 10"5

B u w CN 2.2 x 10"a 1-7 x 10"5

20 BN(s) + C(s) - B(s) + 0.5C2N2(g) P ^ j 5 = 10 ' * - 7 9 C ^ 2 .6 x 10"1 0 2 .0 x 10"7

20 (a) BN(s) + C(s) - B(g) + 0.5C-N.(g) P-.P_°;5 = 1 0 - l l > S 6 B 2.4 x 10"8 1.8 x 10"5

d d a °2H2 C2N2 1.2 x 10" a 9 -1 x 10" 6

2 1 BN(s ) + C ( s ) - BC(g) + 0 .5N ( g ) P P ° ' 5 = i o - 1 3 - * 6 BC 1.3 x 10" 9 9 . 9 x 1 0 " 7

"2 N2 6.7 x 10 - 1 0 5 .1 x 10-"'

27 1/3 830,(1) + 7/6c(s) - 1/6 BkC(s) + P . n lo+o.eo c o k.O 3.0 x 103

CO(Br 5 4 CO =

27 (&) 1/3 Bo0,(g) + 7/6c(s) - l/6B,,C(s) + PC0 . / , = lO*1*0 7 CO ( 1 W ) 4.0 3.0 x 103

CO(gf 5 Pfl 0
1 / 5 B 2 O 5

V 3-9 x 10-3 3.0 x 10l

*25OO°K only.

**Vapor Pressure of BpO (g) at 2000°K from



APPENDIX C

THERMODYNAMIC EQUILIBRIA AT 2000°K

Reaction Ho. System
Equilibrium Constant K in Pax t ia l Pressure
terms of P a r t i a l Pressures Gas 5E55 Torr

28 B2O5(1) + 3 Mo(s) - 2MoB(s) +

()

= 1CT 1.0 x 1 0 - 1 3 7-8 x 10* l x

28 (a) B2O3(g) + 3Mo(s) - 2MoB(s) + - 1 1 ' 5 810-11 '

29

MoO,(g)

3/2

32°3

2MoB(s) - 2 M O B 2 ( S )

1.0 x 1 0 - 1 3 7-8 x 10" 1 1

3.9 x 10- 2 3-0 x 101

1.3 x 1 0 - 1 3 9-9 x 10" l x

30 2Mo(s) - 2MoB(s) -la.74
l o - la .

5/2 02(g)
3-2 x 1 0 - 1 3 . 2.k x 10"

1 0

32

35

1.25C(s)

C0(g)

fC0 = 1 0 '

82°2

+ 1 > 1 1

CO(g)

+ C(s) - Hg(g) + C0(g) PC0
p«

PHg0

+ 1.5C(s) - 0.5CH, (g) + P ° ' 5 P . n =

io
+3-93

Variable - dependent upon avai l -
able Pn .

Variable - dependent upon avai l -
able P., _

Variable -dependent upon avai l -
able P.. „

36 3H20(g) + 2BN(s) - B20 (1) + P ' Pj, = 10+
e.,

N2(g) V 5
Variable - dependent upon avail-
able P,r „

37 + 2/9 MoB(s) - 1/9 PH PM^Q = K
0'18

B2O5(1) + {^(g) + 2/9 Mo05(g)

Variable - dependent upon avai l -
able P^Q

38 H20(g) + l/3Mo(s) - 1/3

Mo03(g) + H2(g)

P P l / i = 10"1-6 2

*H2 MoOj
Variable - dependent upon avai l -
able P,H20

ko KB0o(g) + 2.25C(s) - 0.25Bkc(s) + P
2P..°'5= l0+3>00 Variable - dependent upon avail-

2C0(g) + Q.
CO

able P,HBO_

MoO ( g ) + 3BN(s) - Moi)(s) +

3 / 2 N 2 ( g ) + B 2 O 5 (1)

3/2 _

MoO,

Var i ab le - dependent upon a v a i l -
ab le P,MoO,

1/3 Mo

co(g)

7/6c(s) - 1/6 1 O + 5 ' 7 9 Var iab le - dependent upon a v a i l -

?
able P,MoO,

*Vapor Pressure of B 2 0, (g) a t 2000°K from BgO ( l ) - BgO (g)

10 KT/sv: 179 (150)


