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ABSTRACT
The thermodynamic properties of C dissolved in solid Mo, W, Nb, and
Ta were estimated from the phase equilibrium diagrams of the respective
. metal-carbon systems, and knowledge of the free energies of formation of the
i di-metal carbides in equilibrium with the terminal solid solutions. Values
of the partial molar heats and vibrational entropies of carbon in the
terminal solid solutions are presented, and the accuracy of the calculations

is discussed.



I. INTRODUCTION

The interstitial elements, C, 0, N, present in small quantities, exert
a potent effect on the mechanical properties of the refractory metals Mo, W,
Cb, and Ta:. This effect is related to their segregating, compound forming,
and precipitating tendencies, and therefore closely connected with their
thermochemical properties in solid solution.

The thermodynamic properties of the interstitial elements in the
refractory metals have not yet been evaluated. This is an inherently dif-
ficult task because of the restricted solubilites and high temperatures in-
volved. Sufficient information about the binary phase equilibria in refrac-
tory metal - interstitial element systems has become available however, to
suggest that as a first step, an attempt to evaluate the thermodynamic
properties from the equilibrium diagrams should be made. Details of such

calculations for C in Mo, W, Cb, and Ta are presented in the following.

II. METHOD

The terminal solid solutions of C in the four refractory metals
exist in equilibrium with carbides of the formula MeQC. At high temperatures
these carbides fblerate an appreciable carbon deficit, and therefore the
composition of carbide in equilibrium with the terminal solid solutions
is sub-stoichiometric, and variable with temperature. The comprehensive
study of phase-equilibria in the refractory carbide systems by Rudy and
co»workerslpresents some information about the location of the boundaries

of the MeQC phases in the equilibrium diagrams, and this, in conjunction



with a knowledge of the free energies of formation of the carbides, makes
it possible tb estimate the entropies, enthalpies, and free energies of
mixing of carbon in the terminal solutions.

To begin with, it is noted that the thermodynamic properties of C
in the terﬁinal solutions can be simply calculated, if the deviation from
stoichiometry of the Me2C phase is ignored. The method, which is discussed
by Swalin,zrequires a knowledge of the standard free energy of formation
of the carbide, AG2, and the solubility of carbon in the metal ﬁg, as

f

functions of temperature. As shown by Swalin, for x% << 1
=11 1 - x*
AG™ = j&—— =1 AG2 (1)
c o f
b - x
where b = the mol fraction of carbon in the carbide, = 1/3 for MeQC. If
now the partial molar enthalpy, Aﬁ:, and the vibrational entropy, A§$C, of
carbon in the terminal solid solutions are assumed independent of temperature,
as well as composition, and furthermore, the distribution of carbon atoms
in the terminal solutions asmumed. to be random the partial molar free encrgy
. =0 =a =0 =a =0 .
of carbon may be written AG_ = AH_ - T(AS_ _+ AS_ ) where AS_ , the config-
c c ve cc cec

urational entropy of carbon, may be expressed as

o
A§* = R gn |22 X (2)
ce _ o
X
Combining the above with equation (1)
o o
A% - 1a8® = [RTX | ace + RrT 2o |2 X (3)
c veC o f o
: b ~ x X

A plot of the function on the right of equation (3) vs. T should yield a

straight line of slope —A§$C, and intercept, Aﬁz.



As mentioned, however, in these systems the composition of carbide in
equilibrium with the terminal solid solutions is non-stoichiometric, and
variable with temperature; i.e., the carbide is stable over a range of
compositions. In order to obtain a precise determination of the chemical
potential of carbon in the terminal solution from the equilibrium diagram
it is therefore necessary to essentially, know AG% as a function of composition,
as well as temperature. As might be expected, the variation of the free
energy of formation of these refractory carbides with composition has
rarely been measured, so that experimentally determined relationships for
AG%(X) do not exist. Wagnerahas shoun, however, that the form of such
relationships may be predicted, if simplifying assumptions are made about
the nature and distribution of lattice defects in the non-stoichiometric
compounds, and it is thus possible to allow for the non-stoichiometry of
the carbide in deriving the thermodynamic properties of dissolved carbon
from the equilibrium diagram.

The assumptions which must be made about the nature of the lattice
defects in the non-stoichiometric Me2C carbides are clearly indicated by
the structure of these compounds. The metal atoms form a hexagonal-close- -
packed structure in these carbides, and the carbon atoms occupy one-half
of the octahedral interstitial sites in this structure. In MoQC it has
been shownuthat the occupancy of the octahedral sites is such that each
Mo atom has three equidistant carbon neighbors, and that, considering the
structure as a sequence of close-packed planes, carbon atoms in adjacent
planes do not lie directly above each other. This differs from the anti-

CdI, structure proposed for W, C, and it has been suggested that the structure
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of the dimetal carbides could bear furfher study. For our purposes,
however, it is sufficient to know that the octahedral sites in the hcp metal
structure may be divided into two types - those normally occupied by carbon
atoms, and-those normally empty. We may therefore assume that the principal
defects which occur in Me2C are carbon atoms missing from the normally oc-

cupied octahedral sites, which may be designated as carbon vacancies, C_,

v
and carbon atoms in the normally empty octahedral sites, designated as
carbon interstitials, Ci., If ch and Gci are the molar free energies of
formation of carbon vacancies and interstitials, respectively, then,

following Wagner, the free energy of formation of the non-stoichiometric

carbide, AG%, may be written

ET X ev TN ci cf (4)

where AG? is the standard free.energy of formation of the perfectly ordered
alloy at the stoichiometric composition, Scfis the configurational entropy
of the defects on their respective sites, Ns’ ch, Nci’ and N are the number
of normal atom sites, number of carbon vacancies, number of carbon interst;tials,
and number of atoms in the structure.

If it is now assumed that the distribution of vacancies and interstitials

is random, and that the quantitites ch and GCi are independent of composition

in the Me2C phase, then the free energy of formation as a function of

composition may be written,



0o = b3 -
AGf yAGf + Ny ch f ns Gci RT {E%oy n x,y

- n, fmn -0 fnn . - (%Y - n ) an (xy - n ) (5)

- (xy —~nci) n (xy - ncii]

and the relative partial molar free energies of metal and carbon in the carbide,

Q = o __.____l —_— X
AGMe - AGf EL - xg] ¥ Ecv A x;} ch thg Gci
2%, x .
- RT T_—}-{—;— in XoY - ncv + 'i—*:'-;(—o— n ncv (6)
X, - X
T By g - T -x%, “ev n (toy - m,)
- — 1 -
{; — n i} n [E y - n :]]
- XoY
AG_ =(n_-y) |6 -RT#n |—-2{l +n ., |G, - RT &n |=— -
c cv cv ci | el n;

where x = atom fraction of carbon in the carbide, x, = atom fraction in the
N N

S 4 -
N ? “¢cv N °?

stoichiometric carbide, y = etc. Furthermore, since the metal

atoms are assumed to be all on normal sites

=L
Y1 Tx, (8)

and since at constant x the number of carbon atoms is constant,



X+mn o-m ;- Xy =0 (s

At equilibrium, the concentration of defects is related to the free
energy of formation of defects, therefore,
n_n_. - [-(G__ + G .5‘
cvci cv ci

EXTEE N | R = exp ®T y (10)

The derivation of these equations is given in Appendix 1.

The key to the use of the equations for our purposes lies in the fact
that the rclative partial molar free energy of carbon in the carbide, Aéc,
as given by equation (7), evaluated at the composition Xya’ in equilibrium
with the terminal solid solution, is equal to the relative partial molar
free energy of carbon in the terminal solution, Aé:. In order to evaluate
AG , it is necessary to obtain values of the parameters ch and Gci which,
with equatiors (9) and (10), determine the values of n., and n_- This can
be aone in several ways. The method which we have chosen takes advantage
of the fact that the terminal solid solutions .are dilute, and hence AéMe

in equation (6) is given by Raoult's law, as

-— _ -0 = _ a
AG,, = BGy, RT 2n(1 - %) (11)

Since x* is generally small, AéMe is usually close to zero, corresponding

to the fact that the carbide is in equilibrium with nearly pure metal.
Advantage is also taken of Rudy and Chang'ssestimate of the energy dif-
ference of a carbon atom in the two types of octahedral sites in the carbide,
which yields a value for the quantityl(GCv + Gci) in equation (10). Hence,

it is possible to solve equations(6), (9), and (10), to y!:-1d values of

(]

the parameters G__ and G_., and thereby define AG
cv cl f

and Aéc as functions of



composition.

III. RESULTS

The experimental data required for application of the methods dis-
cussed above are, (1), compositiors of the terminal solid solutions, and Me2C
phases in equilibrium, and (2),.Free energies of formation of Me,,C in each
system. We are able to take advantage of the recent survey of the refractory
carbide systems by Rudy and co—workerssfor much of this information. A

summary is given here:

Molybdenum - Carbon:

Compositions of Mo,C in equilibrium with the terminal solution are, according

2
to Rudy, et.al., as follows:

Temperature °C  Atomic % C

2200 26.0
2000 30.0
1400 31-32.2

The only recent determination of the solubility of C in Mo has been

7
made by Few and Manning, yielding the following:

Temperature °C  Weight % C

1650 0.0075
1925 0.0125
2200 0.0200

The most reliable value of the free energy of formation of Mo2C is,

6 8
according to the careful survey of Chang, that of Gleiser and Chipman

Mo + o.u4438 C(gr) » Moco,uug

(AG%) - 5250 - 0,82T (¥700)

298-1340°K



Rudy and Chang have detected a phase transformation in Mo2C at 1475°C
which they interpret as an order-disorder transformation involving the C
atoms alone. Their analysis of this transformation indicates that the
energy rquired to transfer a C atom from a normal to an empty octahedral
site is about 8500 cal/mol. This process is obviously equivalent to the
férmation of a pair of defects, and therefore ieads to the statement
G, + G, = 8500 cal/mol, used in equation‘(lo). Our calculations have
shown that the results are relatively insensitive to the precise value as-
sumed for ch + Gci’ because vacancies predominate in the carbon deficient

compound.

Tungsten - Carbon:

The recent work of Rudy, et.al., yields the following values for the
composition of W2C in equilibrium with the terminal solid solution.

Temperature °C  Atomic % C

2710 25.6
2200 29.2
1250 "32.0

6
According t© Chang, the preferred value for the free energy of
formation of W2C is
W+ 1l/2 C (gr) = WCl/2

AG% = (~3,150 * 300) - (0.62 %* 0.5) T

9
This is based upon Mah's determination of the heat of formation of WCl/2
as -3150 * 300 cal/g.atom.W, and an estimate of the entropy of formation
at 1523°K as 0.62 * 0.5 cal./degrec, g. atom. W.

The solubility of C in W has been recently redetermined by Goldschmidt



10 :
and Brand, with the following results:

Temperature °C  Atomic % C

2000 0,050
2200 0.120
2300 0.160
2425 0.300

Columbium - Carbon:

Data regarding the compositions of Nb,.C in equilibfium with the terminal

2
3 . - . 11 3 12
solid solution have been taken from Storms and Krikorian, Elliot, and
13
Brauer and Lesser, as given below. The preliminary studies of Rudy,
et.al., suggest that a transformation occurs in Nb2C at ~2700°K which is

not shown by the above authors.

Temperature °K Atomic % C
Reference (11 Reference (12 Reference (13)

1870-1975 32.9
2223 30.8 26.5
2497-2503 30.8-32.0
2608 28

The sblubility of C in Nb from various sources is given as:

Temperature °C  Atomic % C.

1800 0.1

2000 0.258
2230 0.80
2335%20 1.02

" Based upon the heat of formation of -23,300 cal/g.atom Nb measured by
Huber, et.al.{uand the heat content measurements and estimated entropies
of Geld and Kusenkatsthe free energy of formation of NbQC is estimated as
follows:

Nb + 1/2 Clgr) = NbC)



lob

AG% = (- 23,300 * 1700) ~ (0.5 * 0.5) T

The selected entropy value is still uncertain and further study is

being given to the question of AG% for Nb2C.

Tantalum - Carbon:

Values of the composition of Ta2C in equilibrium with the terminal
solid solution, taken from the recent work of Rudy, et.al., are as follows:

Temperature °C  Atomic % C

1600 ~32
2180 31%1
2843 26%0.5

According to these workers Ta2C changes its form at elevated temperatures,
and there is a slight shift in the corresponding phase boundaries. This
transformation has not been taken into account in the calculations.

The solubility of C in Ta, according to the recent work of Fromm and

16
Roy, is given as follows:

Temperature °C Atomic % C
1600 0.6
2000 2.3
2400 .5
2800 7.5

Finally, the free energy of formation of Ta2C is given as follows:

Ta + 1/2 C = TaCl

/2
o _
AGf = (- 22,000 * 1700) - (0.56 * 0.5) T
o 17 18
This is based upon the heats of formation of Mah, Huber, et.al., and

19
Krikorian's estimate of the heat capacity and entropy.

Thesolubility data were interpolated by plotting for the terminal

1

. ]
solutionslog x  wvs. ToK

1
o> and for the Me,C phases log (b - xya) VS,
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since these yielded roughly straight lines, and from these plots the
compésitions in equilibrium over a series of temperatures were obtained
These compositions were used in equations (6), (8), (9), and (10) to
“obtain val#es of the parameters ch and Gci’ under the assumption that
ch + Gci ¥ 9000 cal/mol in all of the systems. Then these parameters
were used to calculate Aéc at Xya in equation (7), which is equal to A@z
in the saturated terminal solid solution. Knowledge of Aé: as f(T) in

. . —a =« . -
turn permits the calculation of AHC and ASvc from the expression, similar

to equation (3)
-0 =0 e} 3 - 4y
ARY - TaS” = AGH(T) + RT gn |22 % (12)
[od vC, C XG.

under the assumptions that the carbon atoms are distributed randomly, and
AHZ and A§:C are independent of temperature and composition. The solution
of these equations was programmed on an IBM 7044/1401 computer and the
final results are given below, (method 2) with those obtained from the

more approximate method mentioned earlier (method 1).

TABLE I: Thermodynamic Properties of the Terminal Solid Solutions
of C in Mo, W, Cb, and Ta
- System Method 1
AR 3
c ve
cal/g.atom cal/degree g.atom
Mo - C 9,300%7,000 -4,5+3.,5
W - C |45,000%7,000 7.53.5
Nb - C 11,000%5,000 6.5%2.7
Ta - C | 6,100%5,000 11.2%2,7
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System - Method 2
AR 8>
c ve
cal/g.atom cal/degree g.atom
Mo - C 7,200£8,000 -6.7%4.,0
W -C 40,300¢8,000 4,.2:4,0
Nb - C -350%6,000 10.9%3.,2
Ta - C 4,200%6,000 9,2¢3,2

IV. Discussion

The question which invariably exists with respect to calculations such
as the above is how reliable are the results? With so many factors entering
into the calculation, the answer is not obvious. If one considers the simpler
method, first, however, it appears that the major factors influencing the
results are the magnitude of the free energy of formation of the carbide,
and the location of the phase boundaries representing the limiting solubilities
in the terminal solid solutions. From equation (1) it is apparent, first

that the relative error in Aéz will be the same as that in AG2. Allowing for

f

uncertainties in the entropy of formation, the reported uncertainties in

AGS are as follows: MoQC, £15%; W C, * 15%.

2 C,t 40%; Nb,C, * 15%; Ta

2

. =a ., . =0 =0 . . A
Separation of AGC into AHc and ASVC introduces more serious uncertainties,

2

the latter values depending upon the temperature variation of the solubility
limits as well as AG%. From equation (3) it is seen by taking the derivitive

of both sides with respect to temperature that

s« _{ 1-%" 3 - ux? 3 a 2nx”
ASvc - Ta AS% - In a - o\ a(1/T)
T(3 - ux )

X
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. ] . . .
Since x <<1, this expression may be written

o
o o

= 1d &nx
~ o]
Ag” = 3ASf + fnx~ -~ T dCL7Ty (13)

An estimation may be made of the possible error contributed by each of the

" terms on the right of equation (13). Judging simply from the reported
uncertainties, AS% could vary by about * 0.5 e.u., in allvof the systems and
the first tefm therefore contribufe a possible error of * 1.5. The possible
error contributed by the second term varies from system to system. If we
assume that the phase boundaries are correctly located to approximately

* 0.2% C, taking x” for the Mo - C and W - C systems to be v 0.001 and for
the Nb - C and Ta - C systems ~0.01 the possible error in nx> is estimated

at about * 1 and * 0.2 e.,u., respectively. Finally, judging from the scatter

of points in the anx” vs. 1/T plots shown in Figurel, the error in the der-
o

dinz .o
d(1/T)

v - 2-5_ a possible error of v * 1 e.u., is again suggested. It appears,

ivitive in the third term must be of the order of 20%. Since 1/T

therefore, that the error in A§$c could amount to approximately * 3.5 e.u.

for Mo - C and W - C, and * 2.7 e.u. for Nb - C and Ta - C. This corresponds
to.possible errors in Aﬁ: of the order of * 7,000 and * 5,400 cal/mol,
respectively. It is évident from Table I that the correction made by allowing

2

not a major correction. (Compare results from method 2 and method 1.) Therefore,

for deviation of the Me,C from stoichiometry, while an appreciable one, is

it is estimated that the possibilities of further errors due to uncertainty
in the Me2C phase boundaries are not large, and an increment of * 1,000 cal/mol
in Aﬁ: and * 0.5 e.u./mol in Aésc has been arbitrarily selected.

While the errors in the calculated quantities could evidently be large,
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it is probable that compensation of error among the various terms leads
_to a more satisfactory final result. Certain regularities in the data
also lend confidence in the calculated values. For example, the values
of Ag:c are of the expected sign and order of magnitude for all except
.the.Mo - C system. However, it will be noted in Figure 1 that the slope
of the 2nx” vs. 1/T curve for this system is decidedly out of accord with
the others. If the line for C in Mo is drawn paralled to and between those
for C in Ta, and C in W, values of Aﬁz and Aézc similar to those for the
W - C system are obtained, in much better accord with theory. One is

led therefore to suspect an error in the presently accepted solubility
value for C in Mo. Secondly the corrections introduced by the use of
method 2 in values for C in Nb seem excessively large, in comparison

with the others. This may be attributed to oﬁr acceptance of an exces-
sively large variation of the positioﬁ of the Nb2C phase boundary with

temperature. These factors are being investigated further.

V  FUTURE WORK

Following completion of calculations of the thermodynamic properties
of C in the above refractory metal systems, an effort will be made to
obtain éimilar information about O and N in the metals from the respective
phase diagrams. An initial search of the literature suggests that it should
be possible to obtain results by this approach, since considerable data
are available. At the same time attention will be given to the physical

theory of such interstitital solutions, in order to rationalize the observed
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thermochemical behavior.

During the past year equipment has been procured for the construction
of a high temperature electrolytic cell for direct measurement of the
thermodynamic properties of the interstitial solutions by the emf method,
and éttention in the future will be given to the details of cell construction,
and assembling of this apparatus. Possible limitations on the use of solid
electrolytes for these systems are under study since this factor is importanf

in choice of cell design.,
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LIST OF SYMBOLS

Atom fraction of C in Me2C phase.,
Atom fraction of C in Me2C phase at stoichiometry.

Atom fraction of C in Me,C phase in equilibrium with
terminal solid solution.

Atom fraction of C in terminal solid solution.
Standard free energy of formation of MeQC.
Standard entropy of formation of Me2C.

Standard free energy of formation of perfectly ordered
MeQC at the stoichiometric composition.

Molar free energy of formation of carbon vacancies and
interstitials, respectively.

Partial molar free energy of metal in Me2C end terminal
solid solution, respectively.

" Partial molar enthalpy of carbon in Me2C and in terminal

solid solution, respectively.

Partial molar vibrational and configuraticnal entropy
of C in terminal solid solution, respectively.

Configurational entropy of MeQC phase
Number of atoms, normal atom sites, number of carbon

vacancies, and number of carbon interstitials in Me2
respectively.
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APPENDIX I

DERIVATION OF FREE ENERGY EQUATIONS FOR THE Me2C PHASE

Assuming the defects existing in the carbide are carbon vacancies and
interstitials as discussed on pY%. of the report, the free energy of formation
of the compound, as a function of composition, is expressed as

cv Nci
AGE: + —— G+ ——

N
S
N f N cv N

o =
AGf

G,y - TSeg (1)
The symbols are defined in the table of symbols. The configurational
entropy, Scf,is the configurational entropy of normal carbon sites, plus

that of carbon interstitial sites and is derived from the Boltzmann expression

assuming random distribution of defects

(xoN )L (xoN)!

S .=k &nW=k2n PRI TR T )
S Ci cl .

_ ] T
cf (%N ch). (N

or, upon using Stirling's approximation

Scf= R [Exoy &n Xy - Dy n Dy " B n n.;

(2)

- (xoy - ncv) n (x,y - ncv) - (xoy - HCi) £n (xoy - nci)

Therefore,

AG% =y Ag¥ + o, ch t o Gci - RT [gxoy n X,y ...et;:] (3)

In order to find the equilibrium values of n_, and n_ss AG% is minimized

at constant composition and temperature, under the constraints:

XN, = %N + N_ - N_. (4)

!
o

or =X 4+ n -n ., - % =
¢ cv ci o¥
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and (1 - x,) N, = (1 - x) N
N (5)
or oy ko |
Yo 1 - x,
According to the method of Lagrange,
o]
3 AG£.+ \ 30 .
3 n o n
cv cv
(6)
(o]
and . ] A?£-+ \ 5 ¢ .
3 n 3 n_,
ci ci
. 9 ¢ 3¢ - . . .
Siuce T = 1, and A = - 1, the condition is obtained, that
cv ci '
(o] Q
3 AGf . 9 AGﬁ. )
3n_~  3n_, '
cv ci

Differentiating equation (3), partially, with respect to n_, and n.io and

substituting in equation (7),

Pev Pos ev ¥ Gy
Cd = exp - |—- (8)
(x,y - n ) (xoy —.nci) RT
. - xo (1 - x) . ) .
Since n, =D - X+ 1%y fran equatlén (4) and (5), we may write

n, s 1/4 [?% - B (1 -x)+ \|8x2 - ux + B? (1 - x)ﬁJ (9)
G + G .
_ 1+ A _ cv cl
whereB—l_A,A—exp-[R——-,i,——-—]

With a knowledge of AGH¥, G,y and G s equations (8), (9), and (13)
define AG% as a function of composition. By the use of standard formulas,

the partial molar free energies can be derived
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(10)

Xo — X Xoy
- i———}—‘—; - nCV n (xoy - ncv) - '1——:-;;‘ - nci &n (xoy - nci (11)

Equation (11) has been used, with (8) and (9) to evaluate ch and G,
under the assumption that GCV and Gci = 8500 cal/mol, from the estimate of
Rudy and Chang for MOQC. To a close approxiﬁation AéMe = 0 at the composition
xya and AG% = AG% at the stoichiometric composition as reported in the literature.

Knowing ch and Gci’ equation (10) may then be used to evaluate Aéc at the phase

_ boundary, and thus A@Z = A@c.




