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Abstract

Vapour pressure over the uranium-plutonium mixed carbide

(Ul_p Pup C) was calculated in the temperature range of 1300-9000

for various compositions (p=0.1 to 0.7). Effects of variation of

the sesquicarbide content were also studied. The principle of

corresponding states was applied to UC and mixed carbides to

obtain the equation of state.
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CALCULATION OF VAPOUR PRESSURE OVER MIXED CARBIDE FUEL

M. Joseph* and C.K. Mathews*

1. Introduction

On account of its favourable neutronic properties and

good thermal conductivity, the mixed carbide of uranium and

plutonium is considered a promising fuel for breeder reactors.

In order to understand the behaviour of the fuels under accident

conditions the equation of state (EOS) of the fuel material at

high temperatures is required. Several theoretical^'^ and expe-

rimentall'3 studies have been carried out on UO2 and UC, but no

universally accepted equation of state exists. Most of these

data, experimental as well as. theoretical, fall within a band

spread by an order of magnitude in pressure^. No experimental

data is available for the mixed carbide fuels at high tempera-

tures. Sheth and Libowitz? have estimated the vapour pressure

over (UQ.8 P U0.2^ C a t hicjh temperatures (upto 9000K) by extrapola-

ting low temperature data after suitably correcting for the

change in the slope on melting by making use of the data on heat

of fusion.

A similar approach is used in this study to calculate the

vapour pressure over (U,Pu)C, of a wide range of composition,upto

6000K. Extrapolation to higher temperatures is done by making

use of the enthalpy of vaporisation (AHvap), as described in

section 2, together with the vapour pressures at the melting

point and at 6000 K.

*Radiochemistry Programme,Indira Gandhi Centre for Atomic
Research, Kalpakkam 603 102.



In general, the mixed carbide fuel is specified with

some amount of sesquicarbide (M2C3) in order to avoid metal phase

formation at high burn-ups. The fuel for power reactors would

have a Pu/(Pu+U) ratio of 0.15 - 0,3 depending on the size of the

reactor A mixed carbide with plutonium as high as 70% is also

being used in a research reactor. The actual composition of the

mixed carbide can be represented as Ui_p Pup C where p can have a

maximum value of 0-7.

2,0 Methods

For the purpose of this calculation, the mixed carbide

is treated as a two phase system of k moles of <U^_X Pux C± Q>
1 1

and 1 moles of <Ui_x Pux C} 5>.. The computation of vapour
2 2

pressure is carried out in two steps. First the equilibrium

partial pressures upto the melting point are generated from the

free energy of formation of the species involved in the vapori-

sation reactions, assuming that both the mixed monocarbide and

sesquicarbide phases are ideal solid solutions. Next, the

pressures beyond the melting point are computed based on the

Blackburn extrapolation methods7, followed by least square fit-

ting. The principle of corresponding states (PCS) is also

applied to obtain the EOS and the vapour pressures beyond the

melting point.

2.1 Calculation of vapour pressures upto melting point

The vapour species likely to be present over the mixed

carbide are Pu(g), U(g), UC2(g), Ci(g), C2(g), C3(g) and C4(gh

Assuming that the solid solutions <Ui-x PUx Cio> and



Pux cl 5** are *n equilibrium and equating the carbon potential
2

of these co-existing phases, the following relationship can be

readily derived**.

[AGg (UCi.5,8) - AG? (UC,s)] - [AG? (PuClg5,s)- AG?(PuC,s)]

1-xi x2

= RT In . (1)
xi l-x2

For plutonium, the material balance equation can be written as,

kxi + 1x2 = P (2)

Using equation (1) and (2), the value of x^ and x2 can

be obtained, which gives the value of plutonium content in the

monocarbide and sesquicarbide respectively. This will be used in

the partial pressure calculations.

The vaporisation reactions leading to different, gaseous

species are given as^/6

3fPuC]uc v==± Pu(g) + 2[PuC1 5 ] u c (3)
1.5

3[UC] P U C *===> U(g) + 2 [UC1#5]puC (4)

2[UC 1. 5] P u C <===* UC2(g) + 2[UC]PuC (5)
1.5

2[UC 1. 5] P u C r==^ C!(g) + 2[UC] P u C (6)
1.5

4[UC 1 > 5] P u C v===* C2(g) + 4 [CJC]PuC (7)
1.5

=f==̂  C3(g) + 6[UC] P u C (8)
1.5

?===^ C4(g) + 8[UC]PuC (9)

1.5

The partial pressures at low temperatures for the indi-

vidual species are obtained using the reported free energy of

formation for the gaseous^'1® and condensed phases H involved



in the equations (3) to (9) The values used are shown in

table I . The partial pressure equations obtained for a typical

mixed carbide containing 70% plutonium with 15% sesquicarbide

are shown in table II. The total pressure is the sum of all the

partial pressures of the gaseous species

2.2 Calculation of vapour pressure beyond melting point:

A reasonable approach for extrapolating? low temperature

data to high temperatures is to correct the slope of the partial

pressure curve of each species by a multiple of the heat of

fusion of the mixed carbide at melting point, the multiplier

being the number of condensed phase species that are required to

form the gaseous molecule. For example, in the formation of

C4(g), the slope of the partial pressure curve of C4<g) is

corrected by four times the heat of fusion of the mixed carbide

at the melting point. (Such an extrapolation for UO2 showed good

agreement with the measured vapour pressures upto 5000 K-'-). In

the case of the mixed carbide fuel, the value of heat of fusion

is not known, The melting point of the mixed carbide is a strong

function of plutonium content.. The melting point for different

compositions are taken from the reported^ liquidus data (as

shown in fig, 1). The heats of fusion of mixed carbide are

obtained by linear interpolation of those reported? for pure

compounds UC and PuC,88*Thus' for example, the melting point and

heat of fusion of mixed carbide with 70% Pu are 2400K and 37. 70

kJ mole~l, respectively However, the effect of variation of

these two parameters on the total pressure is small as shown in



fig., 2 and 3- Partial pressure equations for the above composi-

tion (70% Pu with 15% M2C3) are given in table II for both high

and low temperatures.

2.3 Vapour pressure as a function of composition:

The dependence of the partial pressures of Pu(g), U(g),

UC2(g) and C t o t a l [Ctotal
 = cl<9> + C2(9> + C3<9) + C4<g)] on

Plutonium content (p varying from 0.1 to 0.7) at three different

temperatures (1800K, 5000K and 6000K) are shown in figures 4 to

6. The sesquicarbide content is assumed to be 15% at all compo-

sitions. At high temperatures (above 6000 K) the major contribu-

tion to the total vapour pressure is from the carbon bearing

species. However, at low temperatures Pu(g) is the main component

in the vapour phase. The effect of sesquicarbide content on the

partial pressures have also been studied. The amount of M2C3

was varied from 5% to 30%. Results showed that the partial

pressures are relatively less sensitive to sesquicarbide content

at both low and high temperatures. An example is shown in fig. 7

for a typical mixed carbide with 20% Pu. Similar results were

obtained for compositions with higher plutonium content.

Krishenbaum has shown-'-̂  that the ratio of critical tem-

perature to melting point of alkali halides is equal to 3.5. For

UC, as calculated on the basis of significant structure theory

(SST), this ratio varies from 3.2^ to 3.4^. The mixed mono car-

bide has the same structure as that of alkali halides and UC.

Thus, based on the above relation, the critical temperature would

be around 9000K.



The extrapolation method described above yielded a much

higher value (641 MPa)7 for the vapour pressure of UC at 9000K

compared to that obtained by laser pulse heating (upto 7000K) and

subsequent extrapolation (139 MPa)15, However, the extrapolation

method (as given in section 2.2) gives reasonably good agreement

upto 6000K when compared with the vapour pressure data obtained

in laser pulse heating experiments^ and by significant, structure

theory6. Hence, the vapour pressure obtained at 6000K based on

this extrapolation method and the reported vapour pressure and

heat of vaporisation at melting point by Oshe et all5 are used

to fit the final vapor pressure equation in the usual form of log

P= A-B/T + C log (T), The result obtained compared well with the

values reported as shown in fig. 8.

Based on a similar approach, the vapour pressure equa-

tions were obtained for the mixed carbides also. For example, for

mixed carbide with 70% Pu and 15% M2C3, the total pressure ob-

tained at melting point (2400K) and 6000K are 1=07 x 10"4MPa and

3.60MPa respectively, and the heat of vaporisation at melting

point is 307.08kJ mole"1. with these data, the vapour pressure

equation is fitted as,

log P (MPa) = - 11.655 - 12112/T + 3.760 log(T).

3o The Principle of corresponding states (PCS):

Some of the other methods used to get the equation of

state (EOS) are those using models like the significant structure

theroy16 or the principle of corresponding states17. In this

work, the vapour pressures of uranium carbide and mixed carbides

were calculated based on the principle of corresponding states.



3-1 Principle of the method:

This method is a semi empirical one, used to obtain the

EOS of fluids. It is usually formulated in terms of reduced

thermodynamic variables form. If the pressure, volume and tempe-

rature of one mole of the material are denoted by P, V and T

respectively, [their values at critical point being P , V and
c c

Tc] then the reduced quantities are defined as, Pr = P/Pc;

Vr=v/Vc and Tr=T/Tc. PCS asserts that for all the materials, the

compressibility factor, Z=PV/RT, is the same function of Vr, Tr

and (X , where <X is the Riedel factorl8f defined as the slope of

the reduced vapour pressure-temperature curve at the critical

point.

The method pre-supposes a knowledge of these critical

parameters. An algorithm for finding these critical constants

is reported by Browning et all? which consists of four genera-

lised equations. The first one is the relation between Zc and

o< due to Riedel18.

1/Zc = 1.90 + 0.26CK (11)

where Zc is the critical compressibility factor

and 0( is the Riedel factor as defined above.

The second one, also due to Reidel^-8, is a formula for

saturated vapour pressure, Pry,

In Prv = In Tr - 0.0838 (<X-3.75) x

(36/Tr - 35 - Tr + 42 In Tr) (12)



The third one is due to Guggenheiml9 for reduced liquid density,

f\t
l = l+a(l-Tr) + c(l-Tr)

1/3 (13)

where a = 0.85 and c=1.79 + 0.2<x

The fourth is the law of rectilinear diameters20,

1/2 (*Jliq + .Hvap) = CT + D (14)

where O\iq and ^Vap
 a r e t n e saturated liquid and vapour densi-

ties. Equation (14) is known to be quite accurately obeyed by

most liquids. Equations (11) to (13) are based on the experimen-

tal data for more than 70 organic liquids having values of Zc

between 0.23 to 0.30. The validity of applying these equations to

substances for which Zc lies outside this range and to ionic

liquids has not been confirmed experimentally.

The estimation of critical constants, PC,VC,TC,ZC ando<

uses equations (11) to (14) and requires an iterative algorithm.

It requires data for density (^m), volume expansion coefficient

(^m) and vapour pressure (Pm) at melting point. The steps

involved in this are :

1. Estimatiion of Tc

2. Calculation of Vc from equation (14)

3. Determination of from equation (13) using the above values

of Tc and Vc and liquid density at the melting point.

4. Calculation of Pc from equation (12) using t/ ,Pm and Tm

5. From Pc, Vc and Tc, Zc is calculated, using Zc = Pc VC/TCR

6. Calculation of o( from equation (11)

The values of <X obtained from steps (3) and (6) will be

generally different. The cycle of steps is repeated until the

two values of <X agree within the required accuracy. Using the

8



values of the critical constants and the Riedel factor, o( , the

vapour pressure can be obtained from Riedel 's reduced vapour

pressure equation (12).

3.2 Results and Discussions:

The required input data foe UC are shown in table IV.

Since no experimental measurement exists for the values of densi-

ty, volume expansion coefficient and vapour pressure at melting

point, low temperature data extrapolated upto melting point"̂

were used in this work. The critical constants obtained based on

these data are given in table V. From these values the vapour

pressure equation over UC is obtained as

3,6187 x 104

log P (MPa) = 17.243 - 2,8245 log (T)

T

This gives fairly good agreement with the value obtained based on

the extrapolation method, which in turn agrees well with the

literature datau The value of density and volume expansion

coefficient recommended for the (UO8^
U.2^ ky Sheth et al? is

also used for the high Pu content fuel (70% Pu) with about 15%

sesqui carbideoThis is based on the observation of Andrew et al^l

that the effect of stoichiometry on the addition of a small

amount of nickel (0.1 Wt%) or a small amount of sesquicarbide

phase (within the experimental error of 5%) on the values of

volume expansion coefficient of (U 95 pu 05^,98 an^

(U.8Pu.2)Co95'is verY small.Also, Ganguly et al22 have reported

the variation in the lattice parameter for (U.85Pu.15)c to

U,7Pu j)C and noted an increase of 0-.0006 A° in the lattice



parameter for each 5% of substitution of Pu for U [measured value

for the lattice parameter of (U,sPu,2)C is 4.9639 A 0]. The input

parameters are shown in Table iv. The critical parameters

obtained for the mixed carbides are shown in table V.

The following vapour pressure equations (19) and (20)

corresponding to two different compositions namely, (Uu8
Pu

u2)
c

and (U,3Pu.7)C with 15% M2C3 in eachf were obtained using the

same iterative procedure as described in the case of UC

2.6331 x 104

log P (MPa) = 9*508 - - 1.119 log (T) (19)
T

2.0496 x 104

log p (MPa)= 5.131 - 0,149 log (T) (20)
T

[The corresponding normal boiling points are 4075 K and 3666 K

for 20% and 70% Pu mixed carbides respectively„]

In this PCS study, the critical compressibility factor

falls within the limited range of 0.23 to 0.30. In order to see

the effect of input parameters on the critical constants, a

parametric study has been carried out with _+5% variation in the

input parameters for UCThe results (see table VI) show that

volume expansion coefficient is the most sensitive input

parameter„

The critical pressure and the vapour pressures at 9000K

estimated from the above studies are compared with the data

available in the literature in table VII.

10



4.0 Conclusions:

The low temperature vapour pressure data reported here

will be useful for assessing the in-pile behaviour of the mixed

carbide fuel materials. In the high temperature range (above

melting point), the vapour pressure calculated based on the

extrapolation method (as described in Section 2.1) gives fairly

good agreement with that obtained using PCS and SST for UC. But

it gives a lower value for the mixed carbide (as compared to that

of PCS)- The extrapolation method gives an idea about the par-

tial pressures of different species that could be present over

the fuel material„ Such information cannot be obtained using

PCS*
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TABLE I

Free energy formation for condensed and gaseous phases

(Cal/mole)

= A+BT

Species B
Temperature
Range(K) Reference

UC(s)

U C (s)
2 3

PuC (s)

Pu2C3(s)

Pu(g)

U(g)

UC2(g)

c3(g)

-26311

-46910

-13860

-39272

78300

117500

153500

170940

197354

186568

229955

0.28

-3.28

-0.18

-1.32

-21.0

-27.0

-38.6

-37.52

-45.22

-44.84

-48.21

1400-3000

1400-2100

1000-1800

1000-2300

(ID

(9)

(10]
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Table II

Partial pressure equations of the form log Px(MPa) = A -B/T (K)

for different species (x) over the mixed carbide fuel [70% Pu,

15% M2C3]

Species(X)

Pu(g)

U(g)

UC2(g)

ci(g)

c2(g)

c3(g)

c4(g)

Below melting point
'1300 - 2400 K)

A

3.5329

4.5919

7.3669

7.0699

8.6269

8.3979

8.9979

B

18008

29192

41460

39552

47461

47270

58918

Above melting point
(2500 - 9000 K)

A

2.713

3.7719

5.7269

6.2499

6.9869

5.9379

5.7179

B

16040

27224

37523

37544

43524

41365

51045

15



Table i n

Total vapour pressure equations of the form log Prp(MPa) = A ~B/T

+ C log (T) for the mixed carbide with 15% sesquicarbide and

varying Pu content (p)

0

0

0

0

0

0

0

p

.1

.2

.3

.4

.5

.6

.7

Below melting
(1300 - 2400

A

4.4173

-1.1596

-4.0296

-4.2648

-3.2124

-1.7180

-0.1674

B

21489

19311

17937

17328

17142

17152

17244

point
K)

C

-0.2787

1.2330

2.0026

2.0683

1.7939

1.4051

1.0039

Above melting point
(2800 - 9000 K)

A

-33.1947

-30.0663

-27.3058

-24.1337

-18.8659

-14.5494

-11.6547

B

7902

7952

8270

8839

10303

11443

12112

C

9.2208

8.4223

7.7219

6.9179

5.5868

4.4947

3.7662

Normal
Boiling

(K)

4718

4559

4448

4350

4272

4195

4107

16



Table IV

Thermophysical data used in computations using PCS

Mate-
rial

M.pt.
(K)

Density
at M.pt.
(g/cc)

Volume
expansion
coefft.
at M.pt-

Vapour
pressre
at M.pt
(atm)

Ref

UC 2780 9.840 7,81xlO"5 2.8058X10-5 a

2 7 1 0 9.782

[with 15% M2C3]

2400 9-8

[with 15% M2C3]

7.74xlO~5 8.08xl0~4

7,,74xlO"5 lo056xl0~
3

a = Ref. (8)

b = Ref. This work (see table II)

17



Table V

Evaluated critical constants obtained by PCS

Material Tc(k) Pc(atm) >)cg/cc Vc (cc) ck Zc

UC 9777 1956 2.23 112.06 6.71 0.27

9 5 8 9 2 0 9 0 2» 2 8 109.34 5.95 0.29

[with 15% M2C3]

(Uo3PU,7)C 9241 2126 2.35 106.58 5.54 0.30

[with 15% M2C3]

18



Table VI

Results of Parametric study for UC by PCS

input TC(K) Pc(atm) P,c Vc(cc) / Zc
parameters (gm/cc)

Base values
(as in
Table III) 9777 1956 2.231 112.056 6.701 0.273

iMm a)82J01xl0"
5 9462 1851 2.224 112,426 6.907 0.268

b)74.20xl0-5 10126 2075 2.238 111.704 6.516 0.279

2. Sm a)10.33 9780 2080 2.341 106.80 6.721 0,277

b) 9.35 9775 1878 2.121 117.91 6.702 0.276

3.Pm a)2.946xlO~5 9775 1972 2.232 112.017 6.702 0.275

b)2.666xlO~5 9780 1976 2.230 112.114 6.722 0.276

4. Tm a)2919 9882 2014 2.244 111.404 6.699 0.277

b)2641 9673 1948 2.218 112.74 6.724 0.277

a : greater than 5% of the base value
b : less than 5% of the base value

19



Table VII

Comparison of Tc and Pc by different methods

Material

I UC

1.

2.

3.

4.

5.

6.

1.

Method

Tc/Tm = 3,

LRD

SST

SST

PCS

PCS

Tc(k)

.5 9750

10500

9300

i) 8990
ii) 8867

7656

9777

Extrapolation -
(as in the text)

Pc(atm) ]

16770

7630

1800

1580
1180

1550

1956

-

?9000(atm)

6325

2100

1373

1599
1363

-

1116

1617

Ref.

(7)

(5)

(3)

(6)

(2)

This work

This work

II.

1.

2.

3.

4.

III. (U.3Pu.7)C

1. PCS

m=3.5

PCS

PCS

9653

7672

9589

Extrapolation -
(as in the text)

19622

1657

2090

-

8182

-

1431

1607

(7)

(2)

This work

This work

9421 2126

2. Extrapolation •
(as in the text)

1836 This work

770 This work
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Fig. 4. Partial pressure as a function of Plutonium content over
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Fig. 5. Partial pressure as a
(15% sesqui carbide) at. 5000 K.
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