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ABSTRACT

Calculations of the thermodyramic properties of C in Mo, W, Cb,
and Ta have been completed, éllowing for the deviations from stoichi-
ometry of the carbide phases in equilibrium with the terminal solid
solutions. This allowance produces a minor correction in the previously
»deférmined values. Work is under way to extend the me+hod to the oxygen
and nitrogen containing systems. Values of the thermodynamic properties
have also been calculated using elasticity theory to predict the "misfit"
_energy of the interstitial atoms in solution. For the carbon metal sys-
tems these are in reasonableyégreemenf with the results of the phase

diagram calculations.

- The solid electrolyte galvenic cell was used successfuily to deter-

"mine the free energy of formation of MoO2 up to about 1100°c.



I. INTRODUCT!ION

1+ is well known that the properties of.fhe refractory metals Mo,
W, Cb, and Ta are strongly affected by small quantities of C, 0, and N
dissolved interstitially, and control of interstitials is akmajor coﬁ-
sideration in the processing of refractory alloys. The effect of inter-
stitials is closely related to their thermodynamic préperfies in solid
soiufion, and a study of these properties, therefore, is of practical
as well as theoretical interest. It is the aim of this project to
clarify the thermodynamic behavior of the interstitial elements in the
refrécfory metals, and relate this to the practical ufilization of these
ﬁefals on the one hand, and the theory of interstitial solutions on the

_other.

I1. DERIVATION OF THE THERMODYNAMIC PROPERTIES FROM PHASE EQUILIBRIUM

D1 AGRAMS

Since very high femperafure studies are inherently difficult, it is
important in this project to make the best use of all available experi-
mental data, and for this reason considerabie attention has been devoted
to the probtgm of deriving thermodynamic properties from phase equilib-
rium diagrams; Attention has been initially concentrated on the metal-
carbon systems, and the available data and methods of calculation have
been discussed in previous reporfs.l These calculations have been com-

pleted ?n the present report period, and the results and conclucions.may

be summarized as follows.
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A.. Metal-carbon systems: The most precise method of calculation

takes account of. the fact that the terminal solid solutions of carbon

in the refractory metals are in equilibrium with carbide phases of

" variable composition. Knowing the positions of the carbide as well as
the terminal solution phase boundéries, it Is possible, with the aid of
Wégner's theory of defect compoundsz, to allow for the non-stoichiometry
of the carbide phéses. A dffficu!fy which arises with the method is
lack of kpowledge of certain parameters for the carbide phases, and it
was necessary to determine how much uncertainty this introduced info the
finai results.

The applicable equations are glven in Appendix | of the First Semi-
annual Reporf'. In essence, the free energy of form;fién of the defect
carbide Is given as a function of composition by means of a series of
equations containing the parameters GcV and Gci , the molar free ener-
gies of formaticn of carbon vacancies and carbon interstitials, respec-
tively, as well as the standard free energy of forhafion of the stoichi=~
ometric compound, AGfo, which is presumed knowﬁ. Two relationships are
required to defermine'ch ?nd Gci at given temperature.but only one is
available--the fact that at the composition in equilibrium with the ter~
minal solid solution, the chehical pofen+ial of metal in the carbide is
very close to zero. In order to solve for the chemical potential of

carbon, therefore, it is necessary to assume a value for ch or Gci’ or
e :

<
R

equivalently, AG = ch + Gci'
In.the previous calculations a value of AG = 8500 cal/mol was used,
suggested by Rudy, et. al.s, for MOZC. However the basis for selection

of this value was not too sound, and in later work the effect of varying



AG was investigated. Values of the partial molar enthalpies, entropies,

and free energies of C, Aﬁca, A§ca

, and Aéca were caiculéfed for AG
assume& from 500 - 50,000 cal/mo!l. As exemplified by the data for the
Mo - C solutions, shown in Fig. |, if-appeared that the calculated ther-
modynamic properties were not seriously dependent on the magnitude of AG.
The values of the thermodynamic properties of C in the four refractory

metals thus derived from the phase equilibrium diagrams are gliven in

Table |, .

4

Table | - Thermodynamic Properties of C In Mo, W, Cb, and Ta

System Method 2 Method |

Ta 1, o -1, - T O, = o
AH_ (Kecal/mol) ASVC(caI mol “dgr ) AHC (Keal/mol) ASCV(ca! mol)

Mo-C 29,6

- 31.9 8.5 - 10.4 30.4 7.2
W-C . 21.6 - 24.5 -0.3 - 1.5 21.1 -1.8
Cb-C -7.3 - -9.3 7.8 - 10.1 -9.6 7.3
Ta-C<2000°K| -2.2 - -4.5 10.5 - 12.8 -4.5 9.8
Ta-C>2000°K|-17.5 - -20.3 2.9 - 4.8 -18.5 2.6

Method 2 is the method just discussed, which takes Into account the
deviation from sfoléhiomefry of the subcarbides, The ;ange of values
presented corresponds to varying AG from 500 - 50,000 cal/mol. Method I
is a slightly modified version of the simple method suggested by Swélin4,
which neglects variations in the composiffon of the subcarbides. It is
obvious that allo@ing for non-stoichiometry ofifhe subcarbides produces a
minor correction in the calculated results, leading to s!%ghfly increased
values of both +herheé+ of solution, Aﬁca, and the vibraficnal enfrbpy,

AS %,
vC
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The values in Table | may be considered the final values of the ther-
modynamic properties of C in the refractory metals, as calculated from the
phase diagrams.

B. Metal-oxygen and metal-nitrogen systems: In order to apply the

above methods of calculation to fﬁe oxygen andAnifrogen containing inter-
stitial solutions, data have been assembled concerning phase diagrams of
the gas-metal systems, and free energies of formation of the suboxides and
subnifridgs. in addition, considerabie information is available about the
equilibrium of solid phases in these systems with gaseous 02 and N2’ so it
is clear that a meaningful analysis of the thermodynamic properties of
most of the terminal solid solutions can be carried out. This analysis is

~now in progress, and the results will be reported at a later date.

111, THEORY OF INTERSTITIAL SOLUTIONS

lnferprefa%ion of thermodynamic properties is considerably aided by
an understanding of Tﬁe afqmic interactions which underlie the thermo-
chemical behavior of substances. For this reason a phase of the project
is devoted to an attempt to analyze the thermodynamic properties of inter-
stitial solutions in atomistic terms. Some of the factors which come into
question are the sfze, locafion, and distribution of the interstitial
atoms in solution, the diéforfion of +he host lattice By the interstitials,
and the nature of bonding between the interstitial and metal atoms, .

As previously mentioned, these problems can be approached by consid-
ering the interaction between the interstitial atom and-mefa! lattice to
consist of separate "chemical" and "elastic distortion" fécfors, and to treat

The'Uisforf{on"or"miﬁ{if'facfor by continuum elasticity theory, This approach
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has been pursued at length for all systems of concern, and the results for -
the carbon-metal systems will be presented at this time.

It may be mentioned that elasticity theory has been applied iq +ﬁe
pasf_fo calculation of the size and distortional energy of atoms In sub-
stitutional solid solufions, but the equations derived for this case re-
quire modification before they can be applied to inferstitial solutions,
due fto the often more drastic misfit between interstitial atom and inter-
stitial site. When the higher degree of misfit has been taken into ac-

count, the misfit free energy, AGS, énd the misfit entropy, ASS, become

. Y RY - },

AGs 2nNo‘(;um(yf Yc) (2/37f + |/37c) + SKi(Yf yi) (2/37f + I/BYi)
29, vy 29K,

“ASS = 211No{4(2/37f + I/SYC)(Yf - Yc) T * 3(2/3yf + l/3y_i)('yf - yi)—a--r——

and the radius of the compresséd interstitial a+om,'7f, is given by

Yi T g
Ye - e K

In these equations f and Ki are the initial radius and effective bulk
modulus of the interstitial atom, Ye and M the Initial radius of the
interstitial site in the metal, and the shear modulus of the metal, and
¢ the final radius of the compressed interstitial atom as well as the
expanded infersfffial»sife. These equéfions lead fo values of misfit
enthalpies, entropies, free energies and final radii for C in the octa-

*

hedral (interstitial sites, as given below.



Table 2 - Theoretical Misfit Energies, Entropies,

and Sizes of C in Solution at 2000°C

System . Aé;a(cal/mol) Agc“(cal mo|~ldgr- ) Aﬁea(callmol) yf(Ao)
Mo - C 40,700 8.02 58,900 .670
W-C 48,300 7.15 64,600 .651
Cb -C 11,800 5.16 23,500 .742
Ta -C 27,600 4,64 .710

38, 100

As expected, falrly large positive values are obtained.

Before com-

paring these to the values determined from the phase diagram; al lowance

”mus* be made for the chemical interaction between the carbon and metal

atoms, which adds a negative term to the total enthalpy. The magnitude

of this negative term is indicated by the standard heat of formation of

"the carbides in these systems, and if, as an approximation, the standard

heats and entropies of formation of the carbides are added to the misfit

terms in Table 2, the following results are obtained for the predicted

thermodynamic properties:

Table 3 - Predicted Enthalpies and Entropies

of C in Solution at 2000°C

System Aﬁcatcallmol) Agcu(cal mol-'degree-l)
Mo - C 29,000 9.8
W-C 42,000 8.4
Cb - C -34,800 6.2
Ta - C -17,400 5.7




There is a striking agreement for the Mo ~ C and Ta - C systems bet-
ween the predicted properties in Table 3 and those calculated from the
phase diagrams in Tabie I, but the values for the Cb - C and W~ C sys~-
tems appear somewhat out of line., Possible errors in the elevated tem-
perature elastic constants, or in the location of the solvus Iines are
the most likely causes for these discrepancles.

Similar calculations have been completed for the oxygen-metal and
nitrogen-metal systems, which will be discusséd at a later date, when

analysis of these systems has been completed.

IV, EXPERIMENTAL STUDIES

I+ would be highly desirable fo supplement calculation of the ther-
médynamic properties from the phase equilibrium diagrams by direct measure-
ment, where poésible, and therefore é?fenfion is being given fo experimen-
tal techniques %or the determination of thermodynamic properties in these
systems at high temperatures. Since the emf method has been successfully
used in the past for such purposes, an electrolytic cell using Ca0 doped
ZrO2 as an electrolyte was’ coenstructed. Details of the apparatus and ex-
périmenfal technique have been given in a previous reporfé. in the pres-
ent report period +his apparatus was used to re-determine the free energy

of formation of MoOz, using the cell

Mo, MoO |2ro2 + Ca0| NI, NiO

2

The cell operated satisfactorily at temperatures up to about llOOOC,
and reproducible values of emf vs. temperature could be obtained, as shown

In Fig. 2. At higher temperatures the cell potential decreased steadily



with time, and it was evident that side reactions were interfering with
the oﬁerafion of the cell. Even below 1100°C it was fougd necessary to
isolafé the electrodes from each other, in order-fo prevent the fransport
of maférlal from one side of the cell to the other through the vapor phase,
“but once this was done the celi voltages were stable for extended periods
of time, e.g. one hour at 1035%, and eight hours at 900°C.

Values of the standard free energy of formation of MoO2 from the
present study are compared with those of other workers in Fig. 3, and it
may be seen that the agreement of our data with that of Gokcen, and
Gleiser and Chipman, Is good, aqd actually better than that of Barbia,
who used a similar technique. There is no doubt that the electrolytic

~cell is a useful instrument for the determination of thermodynamic proper-
ties. However it appears that extension of Its range Qf usefulness to
very high temperatures for these systems might entai! serious difficulties,
due }o the volatility and reactivity of the compounds involved, For this
reason attention is being given to the use of gas equilibration methods,
and a sensitive thermogravimetric unit has been ordered for exploration of

such methods,

V. FUTURE WORK

Major effort will be devoted in the immed%afe future to completing
the analysis of the thermodynamic properties of oxygen and nifrogen'in the
four refractory metals based upon availablé gas equilibrium as well as
phase diagram data. Methods for treating the theory of interstitial solu-

tions will also be extended to these binary systems.
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The feaéibilify of using the galvanic cell method for determination
of the thermodynamic properties of oxygen in Cb, Ta, and W will be ex~
plored. In addition it is proposed to set up apparatus for the study of
gas-solid equilibria. Parf{cularlv, the use of a Thefﬁogravimefric fech-
nique is being considered for this purpose, and'equipmenf has recently
been ordered. |

Efforts will also continue to impfove the theory of interstitial
solutions. A more detailed analysis of the atom displacements in the im-
mediate vicinity of the interstitial atom would hefp, it is felt, in dis-
finguish!ng between occupancy of the octahedral vs. the tefrohedral site
in the bcc structures. Such treatments have been developed, -for example,
-~ by Johnsonlz. Better methods ‘of dealing with the "chemical™ factor in the

Interaction energy are also needed.
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