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'IAI'LE 3- THE PH YSJ C,\L PROPERTIES 01· PCRE :'-11JL1 i ~ :-- ~I I . 1.\LS 

Yapour pressures "·ill he found in Table LJ, p. 6I j . 

I· li<lfSily 

I 
Ela tr ica l 1 Jurmal I 5pui(tc • I t ·i-~ cos ity 

S 1ujaa 

Mtt.tl Tt mp. 
(g,cc) 

rtsis tn ·tt ;· COIIducli-.·it} 

I "'"I I (cp j 
/(II Sitm Rtf crena:; 

('CJ (microht;, (c gs 1mits ) (dynes/em) 
(d) em ) (a) (k) (cal,g m f'C) ( ~ ) (y) 

Aluminium 66o· z t 2'37 (zo ) (0'20) 

I} I 
14'5) (91 5) ;r, 5 (k), 43 ( ~ ), 

700 2'36 (2! ) (0'20) 
0'259 

(2'9 ) 9 00 42 (y) 
Boo 2'3! (22'5 ) (0 '20) (2' 5) M 5 
goo 2 '3' (23'5) 

Antimony 630'5 t 6-so IIO 0'0) 2 h o ·os ·57 383 4 '· 5 (k), 45 ( ~ ) . 
i OO tr -ts III eros , J l' JO 3S3 -1-1 (y •, 2~ (a ) 
.S ao 6·3 8 1! 4 o ·o.; J • 12 J~O 

9 00 6'32 !1 8 1 ' 00 

1000 6·z8 124 ! 0 '9 1 

Bismuth :zti t xo·o6 

!1 I 4'- 5 (k ' , 46 '""! 
300 10'0 3 r2S·9 0 '0 4 r· 63 376 i 47 ( ~ ) 
400 9'91 '34 ' 2 0'038 0'03 59 1'39 370 
boo 9· 66 14'i 'l 0'037 I J 1'00 356 
Boo 9'4 0 rs ti ·s 

! 
Cadmium 320'9 + : 8·o 2 33'7 I[ (550) 4' · 5 (k ), 48 ( ~ : . 

350 I 7'99 33 '7 U'II 2'37 5~ (, 44 1-; J 
400 ! 7'93 33' 7 0'11 

if 
o·o63 2 2 ' 17 fJOj 

soo 7'82 34 ' 1 (J 'll r- ~ 5 coo 
6oo 7 ' i~ 34·8 u· t..: z·63 i 

I , I 
Caesium 29'7 t r·84 }6·6 o·o6 

i} 
o ·68 -1 .p , 49 (d j, 50 (~ ) 

50 r 8 2 o., = 37 '0 o·o6oz o ·6o7 . I 
. 100 0 '474-

200 0 '34-1 

Copp" 1083 t 
!} 

4 5 (~ J 
11 0 0 0'11 I\ 
1150 3 '4 
1200 

I '" : 

3' 2 

Gallium 29'8 t (6 ·zo ) (o·oS) 11 1 '0 -t (73 5) .p , 5 1 (d and l}) 

so 6-os a,. = :::S·4 0 '0975 1'92 1735 ) 
IOO 6-0-1 .f 1'64 
200 5'97 

I I 
1'14 

6oo 5'72 

I 
O'i56 

1000 5'50 0 '592 

Indium I 57 t 7'03 (>Q·I ) (o ·z o ) 

1: 
o·oGs -t 4 I 

200 7'00 30'9 I) 
300 6·92 36'2 ,f 3 10 

Lead 327'3 t 10'60 94'0 0 '039 

j 
4·1 I 4 I, 5 (k), 45 a nd 

400 10'51 98·o 0'03 8 2 ' 32 43" • . ~ (') ), 52 (y l 
500 10'39 10 4-'6 0 '037 

0 '0) 6 4 
1' 85 -! J I 

6oo 10'27 10/'2 0'036 1'5 4 42 6 
Boo 10'0 ..j. 

:::t I 
4 0 1) 

1000 g· S 1 

' 
Lithium r8ot o·5o8 (o ·zo) !} o ·6o 4 I, 50 (~ ) 

200 0'507 G:ao :_ 4 5'2 1'01 
o·56G 

300 0'49 ·~ (0 '444 ) 
500 o·4 S> 

\lagncsium 650 t 1'572 } 55(j {I, 42 (y) 
700 1'536 0'333 5·12 
750 1'47 j ~IJ 

\!ercury 20 13'55 a6() = 98·4 0 ' 0 20 

I} 
1'55 4 405 4 '· 53 (~) 

IOO 13'35 10)'2 o·o.::s 1'24-0 450 
200 13' 12 I14'2 0'030 0'0 329 1'052 436 
300 12·88 127'5 0'950 .,as 
350 (12'76) '35'5 o·gq 395 

Potassium 63'7 t 13 ' 2 I 0 ' 53-1 II 4 r, 54 (d a nd k l, 
roo o·8r9 15"4 0 '4 50 

If 
SO 4 8, 55 , 56 :t nd 

200 0'795 2 1·S 0 '107 o·1 8 7 0 '327 5 7 (~ ) 
300 0'771 28·2 O' I OI o-rss 0' 259 
500 0'723 0 '()() 0 o·1 8 2 o·1 1)4 
/00 o·676 kioo = o·oSs o·z85 o ·q o 

Rubidium 38-8 t 1'475 (o ·ro) I o·673 41, 50 (~ ) 

50 23'2 f o·o91 S o ·625 
I OO 27'5 0'4 84 
200 I 0 '3 -P 

Silver 960·8 t 9'30 

i} 
r S (d J, 48 and 

1000 9'26 17·n 3'89 5S (' J) 
1100 9' 18 rX· 2 o·o677 3 '39 
1200 9'09 10'-1 2 '99 
1 300 9'01 20 ' 5 (2'73) 

Fo r rd~ ·n· n cC's, see Table I r, p. t.n_l · 
:'\lelting point. 
:::R ·.l "C was temperature reconkd. 
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TABLE :2. THE PHYSICAL PROPERTIES OF Pl"RE ~IEL\LS AT ELEVATED 
TE~IPERATl"RES-COIIfi lilted 

Cc~ttficient of Rcsist irilt• Thermal Specific IICat Rtfcrcnces 
Metal I Temperature ~xpa,s£o" (a) . co11ductivity (k) 

(cal /g j 0 C) (see also rt'fcr· 
WC) (:< ) X 10° (microhm. em } (ces wuts) CIICCStOTa bft: 1) 

(zo-t ' C) (at t•C) (<~II°C) 
(at e•q 

Lead 20 zo·6 o ·oS3 0'0]1 z, 5 (k) • 100 zg ·1 27"0 o·o8o 0"032 
200 30"0 36·o 0'075 0'03 ~ r• 300 31"3 50 O'Ojl 0"033 .· .. .......,.,_. 

~[agnesium 20 4"4 0'-tO 0 '244 
100 z6·z ~ · 6 0'4 0 0' 254 
200 27"0 7"2 0"39 0"265 ~:_fi4"711fill#"i.l' 
400 zS·g 12 '1 0']1 o·z86 

~Iolybdenum 20 5"7 0"31 o·o6 x z, 33 (a ), 31 (k1 
IOO 5"2 7•6 0"3 3 o·o62 
500 5"i 17•6 o·zg o·o68 

1000 31 o·.z s 0'0 74 
1500 46 0'20 o·oSI 
2500 i7 

Xickel 20 6·8.1 0 ' 21 0'104 I 5 
IOO 13"3 10"3 o·zg 8 0'114 
200 13"9 15"8 0'1/5 o·xz6 
300 l.t'4 23'0 0'152 0" !38 
400 q·8 30·6 0'1.1:! 0'124 
500 15'2 34"2 o·q ~ o· xzS 
goo 16·3 45"5 0'142 

Palladium zo to ·S o ·z 68 o·osS 16 
100 Il'I 14"3 0'177 0'059 
500 12'4 27'5 o·o6.1 

1000 13·6 40 0 '071 

Platinum 20 10 ·6 o·166 0"032 2, t6 
tOO 9"t t3·6 0"172 0'032 
500 9"6 27"9 0'035 

1000 10'2 43 "t 0"038 
1500 55"4 0 '042 

Rhenium 00 { x:::·4 .' -axis 21'1 ) 
O' l i 

0"03 2 t 7 
IOO 4· 7 .L-axis 2> J 0"033 

250 0 t32 

Rhodium 20 4' 7 0 ' 210 o·osg t 6 
IOO s·s 6·2 0"192 o·o6I 
500 9"8 q·6 o·o69 

IOOO to·S O'Oi9 

SilYer 00 1'59 I' OO 0"05·1 2, t S 
tOO tg·6 2'1 ]'00 0"053 
500 zo·6 4"7 (o·9 ) 0'055 
900 22'i ;·6 o·oss 

Tantalum 20 t3"5 0 "1 30 0"033 2, 35 and 36 (<1) 
tOO 6·5 17"2 O'IZ9 0"034 
soo 6·6 35 0"036 

1500 71 o·o, o 
:::sao 102 

Thallium 20 xU·G 0"093 0 '0 3 1 t, 5 (k) 
100 30 0'097 o·o32 
zoo 0'1 0 0"03 ·1 

Tin 20 tJ· 8 o·t56 o ·o53 2, 37 (a and k ) 
IOO 23"8 16·8 0'151 o·os7 
:::oo 24"2 2}"0 0"14·1 o·o62 

Titanium 20 55 0 '03 7 0'124 2 0 (:x. and a;, 
IOO S·S ;o 0"036 0'12(_} 2t (k) 
200 9"t 88 0"035 o·z36 
400 9"4 Il9 0"03 3 o·qS 
6oo 9"7 152 0"032 
8oo 9 "9 165 (0·030) 

Tungsten zo 5"5 0 ' 40 0"032 22 (7! and a), 
IOO 4"5 7'2 o·38 0"033 I (k) 
soo 4'h t 8 (0"29) 0"03·1 

1000 ·1 ·6 33 (o·z s) o·o36 
:::ooo 5"·1 65 (0"29 ) 
J OOO 6·6 100 (o·36) 

Zinc 20 5"9 0'270 0"093 38 (a ), 29, 39 
tOO 3t S·z o·261 o·09 6 and 40 (a) , 
200 33 Il'O 0'250 0"099 5 (k) 
300 34 13"7 0'240 0'103 
400 16 ·s 0'228 o ·106 
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is evidence that e1ectroos can interclaange or oscitla~11 in a 
DWlJ1er similar to that of benzene. It is known that the ~ 
ence in high polymers of benzene or of other ruonating p-oupe 
inhibits the effects of high-energy radiatioa, and thit bas beell 

attributed to the action of tlwle re90nating groupe u eueray 
Uks absorbing the energy which would otherwite produce the 
effects found in irradiated polymers that do not contain these 
groups. 14 

In any case, the investigation of the magnetic properties of 
the glasses as affected by radiation should t.ead to a clarifica

tion of the results, particularly if the unp&ired electrons of 
the transition elements pair with free electrons produced by 

radiation. Ordinarily paramagnetic resonance is produced in 
glass by radiation, u and it would be interesting to know if this 
is altered when coloration is prevented. 

The coloration measured in experiments at room tempera
ture may have been strongly affected by the fact that many of 

the glasses fade rapidly. For example, a flint glass, although 
it becomes very intensely colored at 10' roentgens, may fadr 
almost completely in a few hours, whereas cohalt-conto.ininJo( 

Vol .• ·h:· 
glasses were found which show essentially DO fadiDI tC r.
temperature. Because of the stability of the colon fal'llllilia 
it by radiation, a cobalt-containing glass has been de~ 

for use as a dosimeter." In moat cues, the most uac:t ... 
termination of coloring characteristics requires e~ ... 
measurtment at temperatures of about 100°1C. 

11 W. A. Weyl, "Light Absorption as Result of au lnta-ac:dellt 
of Two States of Valency ot the Same Element," J. Pltys. 81 Callflll 
CIJem., 55, 507-12 (1951). 

" K .-H. Sun, "Effects of Atomic Radiation on Hi,h Poly!Nfto .. 
Modu11 Plastics, 32 [1) 141-50,229-39 (1954). 

u (a) E . L . Yasaitis and B. Smaller, "Paramagnetic Resonanc.. 
in Irradiated Glasses," Phys. Rev., 92 [4) 1~9 (1953). 

(b) Jean Combrisson and Jean Uebersfeld, "DetectiCift fill 
Paramagnetic Resonance in Irradiated Glass," Com/11. rntl., 
238, 572- 73 ( 1954 ). 

":-i . ] . Kreidl and G . E . Blair, "System of Megaroentpt 
Gla~~ Dosimetrv" . . submitted for publication in NNcleo-"'•• 
bused on N . ] . Kreidl and G. E. Blair, "Irradiation Damace le 

Glas<;." :'\Y0- 3782, Contract AT(30- 1)-1312, March 21, 1953. 

Thermodynamic Data on Oxides at Elevated 

Temperatures 

lty HARLAN P. TRI"' ..... BURNHAM W. KING, 

Battelle Me_..., ........... Columbus, Ohio 

An e~Ye compilation of data on the free 
energy ol fOJWation of oxide• ia presented in 
graphic form. Prom these cunea it is possible 
to obtain tile free energy of moat ceramic oxides 

in the temperature range 0° to 2400° C. 

I. lntroductfon 

OVER the last few years, the a~plication of thermod\· 
namics to ceramic.-s has received increasing attention 

. The greatest interest appears to have been in its u~ 
for predictinK reactions in multicomponent systems. Much 

effort has ~D made to explain the nature. origin, and manner 
of application oi these data. 1 - s 

Portion of paper listed on the Fifty-Sixth Annual Meeting 
Program, The American Ceramic Society, Chicago, Ill., April 
18-23, 1954 (Enamel Division, ~o. 6) . Received November 11, 
1954. 

At the time this wor-k was done, the authors were, respectively, 
project leader and consultant, Ceramic Division, Battelle 
Memorial Institute. Mr. Tripp is now with the General Elec
tric Company, Louis'YiUe, Ky. 

1 Leo Brewer, "Thermodynamic Properties of the Oxides 
and Their Vaporization Processes," Cllem. Revs., 52 [I) l - i5 
{1953). 

• C . ] . Osborn, "Graphical P~ntation of MetallurJical 
Equilibria," A"'. ltUl. lfU.i•c Ma. E"crs . . T11cl&. Pub., No. 
2720; J . Mda.U, 111 (3) 6()(HJ()7 ( 1950); Ceram. Abstr., 1950, 
November, p . 229j. 

II. General Considerations 

There seems to be confusion, however, in choosing the 
particular data on which to base assumptions regardina reac

tions at elevated temperatures. The driYing energy wbida 

cau~es a reac;tion to take place is derived from the diffe.reoc:n 
in the free energies of formation of the constituents reactiQ&. 
These free energies vary with temperature. The beat oi 

• F . D. Richardson,] . H . E . Jeffes, and G . Withen, "Thermo
dynamics of Substances of Interest in Iron and Steel Makin&: 
I I, Compounds Between Oxides," J. Iro11 Sltel I"sl ., 166 [3) 
213-34, 245 (~Qvember 1950) . 

• (a) W . D . Kingery and J . F . Wygant, "Thermodynamics in 
Ceramics: I, Energy and Heat Content," Am. Ceram. Soc. B.Jl., 
31 [5) 165-{)8 (1952) . 

(b) ] . F. Wygant and W . D. Kin,ery, "Thermodynamics in 
Ceramics: II, Free Energy, Entropy, and Equilibrium," ibiil., 
[61 213- 17. 

(c) ] . F . Wygant and W. D. Kin~. "Thermodynamics in 
Ceramics: III, Stability of Ceramic Materials," ibid., (7) 201-
55. 

(d) ] . F . Wygant and W. D. Kinrery. ''Thermodynamics in 
'Ceramics: IV, Crystal Chemistry, Physical Processes and Sur
face Effects," ibid., [8) 294-97. 

(e) W. D . Kingery and J. F. Wycant, "Thermodynamics in 
Ceramics: \', Semiempirical Calculations," ibUl., [9) 344-47. · 

(f) ]. F . Wygant and W . D. Kin~. "Thermodyllalllb ia 
Ceramics: VI, Summary, Bibliography, and Sources ol Data." 
ibid., [10) 386-88. 

• W. J. Knapp and W . D. Van Yorst, "Some Semiea...W 
Methods for Estimatin1 the Entropies of Oxides, Silicatel, ... 
Titanates, and the Prediction of Reaction Equilibria •*" 
Yields," J. Alft. Ceram. Soc., 34 [12) 384--87 (1951) . 
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Fig. 1. Free energies of formation of metal o•ides of groups 1, 2, and 3 for react ions involvin;J 1 gram mole of o•yg•~. 

tarmation includes the free energy plus a component which is 

teAated to both the temperature and the entropy of the rna

..-., and this component is not available to aid in causing a 

...a:ioB to take place. Mathematically, this is stated as 

tlllbn: 

t.H - t.F + Tt.S 

lit • change in heat of formation . 
! ' - change in free energy of formation. 
•" • change in entropy. 

• absolute temperature. 

For simple oxidation-reduction reactions and compound 

fonnations, the only accurate method of predicting the ten

dency for a reaction to occur is by Uw use of the free energy 

of formation of the various reactant. and end products at 

the proper temperature. As explained by others, 4. • the 

general form of this equation is 

aA + bB - cC + dD (I} 

where a, b, c, and dare molar concentrations, and A, B, C, 

and D are the magnitudes of some property expressed on a 
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fig. 2. free energies of formation of metal oaW.. Gf ._, -4 for reactions Involving I grom mole of oaygen. 

molar ~ (in this case, the free energy of formation) . 

Therefore, the equation can be written 
(ct:.Fc" + dt:.Fo") - (at:.FA" + b!J.Fs") - t!.F" (2} 

the superscript (0
) referring to data for the standard state of 

the material at the particular temperature. If the subtrac

tion results in a negative value, reaction (1) will tend to pro

ceed to the right . The use of these data is.quite simple. 

Ill. Use of Data 

·~ 

·" :·: ~ 
. .. ll : . 

1·. 
- \I-; 

The major deterrent to the greater use of free-ener~ 

formation data i9 probably the manner in which the av...

data are presented. Most of these data are in tabulatlit 

form for the temperature of 25°C. or for some specific eleva ... 

temperature. Some extra calculations often are req....a 

before they can be utilized for reactions at the tern~ 
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Fig . 3. Free e,..!Jie• of formotion of metol ox ide• of group 5 for reactio11s involving I grom mole of oxyg-

of interest. To minimize this objection, the available data of 
particular interest to most ceramists are presented in graphic 
form in Figs. 1, 2, 3, 4, and 5, from which the values can be 
read directly. 

Tbae data were taken from the sources which are denoted 
by supenc:ripts (footnote numben) on the identifications ior 
~canes. · · 'fbe IOtid curves repre9ent data established ex
perimep.tally. The dashed curves represent approximations 

based on data at 25°C. for heats of formation and entropie'l. 
Such approximations are considef'f'd reasonably accurate• 
if carried only to the temperature at which a phase change 
occurs in either the compound or in the individual constitu
ents of the compound. For this reason, the melting-point 
and boiling-point data are giveu on the dashed curves, and 
the curve! are generally termiated at the temperataft at 
which a physical change occurs in the oxide. In thr abeen«:e 
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of fairly specific data. the curves for several compounds were 

arbitrarily terminated at 1::l00°C. 

Figures 1, 2, 3, and 4 give the data for the standard free 

energy of formation of oxides based on reactions involving 

one gram mole of oxygen (0 1). This manner of presentation 

shows the true relationships between the relative stabilities 

of the various oxides. The conversion of the values from the 

curves to molecular values for the oxide r~uires only direct 

multiplication by the invrrse of the munber preceding the 

identification of the curve. 

For example, the tJ.r>m•c . for 1/ aCr,O, is read from Fie. 
4 as -130 kcal. per gram mole of 0 1. The AJlO•-c. b 

one mole of CrtC), would be (1/ ,)( -130) or -195 kcal . Simi

larly, tJ.F
0 rto•c. for one mole of CoO would be (1/ 1} ( -74) • 
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A SELJ'-PUUrt.Dll RIGH-'NMPEfiATURE BREED.ml POWER REAC!O 

Leo Brewer 

August, 1956 

ABSTRACT 

,·, ~ ~- .... - ; ... 

The thermodynamic calculations tor the behavior of ti sian products in a 

high temperature carbide pile are presented. Even though many of the data have 

to be estimated and the calculations are reliable only within orders o~.-ga1tude, 

they clearly indicate the excellent possibility of a self-purifying reactor that 

can be run to high burn-up. The need for experimental detenainat1on or more 

thermodynaaic properties is emphasized. 

1 



2 

A SELF-PURIFYmz HIGH-TEMPERATURE BREEDING POWER REACTOR 

It is clear that the first power piles vill be run at relatively low temperature• 

until .ore experience has been gained, but there is no question that one should be 

aiming ultimately for breederB that can operate at least in the range of 2000 to 

)000'1c. In order to Jrlnimir.e the cost of processing, the piles should be designed 

for high burn-up. 

Although a greater efficiency of conversion of thermal energy to electrical 

energy results from operation at hi gh temperatures, this is not the main reason 

f or the desire for higher temperatures. To remove energy at a high power rate, 

one must use high temperature gradients. A pile vhich can vi thsta.nd a very high 

maximum temperature is essential for high power generation in the typically small 

volume of a nuclear pile. Also, high operating temperatures offer the possibility 

of self-purification by vaporization of most of the fission products during operation 

of the pile. The importance of these factors makes it desirable to aim research 

programs toward such a type of pile. Such piles will certainly supersede any of 

the lower temperature designs that have been considered for power production. 

The principles of high temperature purification of nuclear fuel• have been 

. l 
outllned previously. The experimental data reviewed in Vol. 9, Reactor Technology 

and Chemical Processing, of the Geneva Proceedings
2 

confirm that high temperature 

techniques can provide purification of nuclear fuels.
2-8 For most efficient 

utilization of fissile nuclear resources, ve should be us i ng power piles that ~an 

238 232 
breed and use U and Tb • To make the discussion more concrete, let us ,. rm.ider 

a specific nuclear fuel element and examine the possibilities of high tempera t~e 

purification by vaporization of the fission product poisons. Similar e~nat.oo 

of other fuel elements can be made using t he methods described by Brever.
1 Por 

example, a liquid fuel element could be subjected to rather complete high tea~rst~ 
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pwrit1eat.ioa by tbe n.rio-. methods outlined above. 

J..eot u. cooe1d.er a pile that is converting Th232 to t/}}. 

tb.oria are pre1ent as carb1 s in a graphite matrix. '1'be graphi 

• W"Ui 

t\ael el 

rauat be 'threaded •o as to f1 t into one a..ootber e.nd then they could be. eo&t4c1 

vith niobium or &irconi~ carbide by a vapor deposition method. 9 We aan 1--ajae 

these coe.ted fuel ela.nts being cooled by scme coolant, uo.do\.lhtedly a liquid 

metal. As the graphite is normally fairly porous, the graphite fuel eleuent 

vithin ita zirconiua or niobium carbide jackets can transmit a gas. The heat 

is extracted from the fuel element by means of the coolant outside the jacket. 

Through the interior of the fuel element passes a gas, e.g., helium, that removes 

volatile fission produc~s as they are formed. This gas flows at a slow rate and 

is kept at a pressure that equalizes the pressure exerted by the coolant. 

The maximum temperature to be allowed in the fuel element may be fixed by 

one of several factors. It is desired to have the temperature as high as possible, 

to have the greatest possible outward heat flow, and to increase the rate of 

vaporization of fission products. However, it is necessary to keep the temperature 

low enough so that structural strength is maintained and excessive vapori~tion of 

thoriLD or uranium is avoided. From the Th-C and U-C phase diagramslO,ll one would 

e:xpect temperatures of 2700~ to be quite feasible. The ThC
2

-graphite eutectic 

temperature is given as around 280o~. The solubilities of uc2 and ThC
2 

at such 

temperaturee in graphite are not knovn. It would be important to knov theae so 

that one could prediet whether eutectic melting due to the tva phase system of 

srapbite &Dd carbidt! would t&ke place a.t 280o'1c. If the carbides dissolve caa;pl t.ely 

in the grapb.ite, one may go to higher temperature;; t.ha.n 2800C)c vithout liqu.id to tJ.on. 

loveYer, teaperatu.res much higher than )000°K may not be feasible in a 

in any cue due to decreuing strengt.h of graphite. Let us a.asUJDe a conservative 

te.rperature of 2100~ for the maximum temperature of the tuel eletlle.tlt • 
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The conclusions previously reached1 about the volatility of fission product• 

12 were baaed on the tabulation of vapor pressures of the elements available in 

19~5. Examination of the recent compilation of vapor pressures of the ele.entn 

by Stull and Sinke13 shows that the recent data have not altered the previoua 

conclusions. From Stull and Sinke's tables, we see that Zr, Nb, Mo, Tc, Ru, 

Rh are so non-volatile that one could not hope to remove them from graphit~ by 

vapori~ation. With the possible exceptions of Pd, Sn, and the rare earth ..tal~ 

all other fission products resulting from the fission of u233 have atmospher ic 

0 boiling points below the operating temperature of 2700 K and would be expec ted 

vaporize rapidly. Carbide formation would not decrease the vapor pressures o+ 

any of the volatile fission products appreciably. Tin has a vapor preaaure o~ 

-1.5 0 0.3 atm and Pd has a vapor pressure of 10 atm at 2700 K. Neither of th se 

elements form carbides and both should also evaporate rapidly. Thua the liiost-

e~ Pcc.I<J,IIy 
critical question is the extent of removal of the rare earth elements, ei~~ 

in view of the high neutron cross sections of some of these elements. 

the equilibrium behavior of a mixture of rare earths, thorium, and uran1~ n 

graphite requires knowledge of the heats of formation of the carbides and lmO'tiea..v 

of the vapor pressures of the pure metals. Except for the data for urani hieh 

really need same checking before we can be confident that we know the behav1 or 

uranium even within an order of magnitude, there are essentially no other ~t• 

Using the methods described by Brewer and Krikorian14 it is possible to eati~t e 

heats of formation of ThC
2 

and (R.E.)c
2

• As there are Il¥)re data for lll(r.oca.rblde!;> 

than for dicarbides, one would start with the monocarbides. 

or the~ values in kcal~for the reaction 

are probably as follows: 

Ca < 221 

Sr < 214 

B~ < 2lo 

MC = M(g ) + C(g) 

Sc "\, 267 Ti 

Zr 

Hf 

327 

361 

v 

Nb 375 

Ta 396 

e n e>'31e.s . The bindi~ 

Cr < 282 

• 379 
u 322. 



el nt~ tram the be~vio~ of the transition metals, but e o.at i t'l1 ot data 

tor the nitride 1 al o helpful.. A binding energy of 331 kcala tor ThC 

binding energy of 290 kcel.B for (R.E.) C 11ould not be unreaso ble vnere :R. • 

is one o! the light lanthanides like La, Ce, Pr, ld, or Pa. For Eu, one vou.l4 

&s wme a. beh!!.vior like that of an al.i:.aline e rth and a binding energy of 220 

kcal. 

raking the estimate fa the MC phase and knowing that MC2 phases X18t 

for the lanthanide and actinide me~ls, one can set s~ limits to the bindi 

energies of the MC2 phase or the QH values in kcal for the reaction 

They would be listed as :follow 

Cs. 

Ce 4)0 

MC2(s) • M(g) + 2C(g) 

Ti < 498 

Zr < 5~2 

Hf < 5:>7 

Th 505 

Nb < 54b 

T < 567 

No < SOl 

w <550 

u 492 

It ie sc.oevhat difficult to know how to handle the important elmlents Sm and 

Eu. If one assigns some a.l.ka.line earth behavior to them, one vould usign bolldin& 

energies of 420 and 400 kcal, respectively to Euc2 and amc
2

• 

Finally~ con rerting to 6H values for the reaction 

•(s} + 2C(s) • MC2(a), 

one obtains the tollOW'ing va.lueG: Th> - .?3; U, -27; R~E&, -28; Sas, -28; and au, 

-15 kcal. The uncertainties of these values a.re rather high, but the order ot 

c.ha v&lues 11 prcba.bly correct. It vou.ld be o! ut.ost importance to obtain reliable 

i!.i:lt'f'ell":!aentu valu.ee :fo'!C the&~ quanti ties. Frc. the•e values one can calculate tbe 

· taJ. activitit<• r Lt.tive to pi.U"e metal at 2700~ in 11t ~yatem conaiatine ot lh'I!Ud!t1. 
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and metal carbide phases assuming zero values of 6Cp and 68. The values obtained 

are as follows: Th, 10-2 "7; U, 10-2 "2 ; R. E., 10-2; Sm, 10-2 , and Eu, 10-1 • 

Now it is necessary to consider the vapor pressures of the metals. ~cau~p 

of the importance of these data for the rare earth metals, it is worthwhile to 

consider them in detail. Aside from a single rough measurement of the vapor 

12 pressure of cerium reported by Brewer, there were no other data of any sort f0r 

the volatility of the rare earth metals in 1945 when the calculations of UCRL-31~ 

were made. Fortunately, the correct average vapor pressure was guessed approx l-mo+-e/y 

for the rare earth metals although the lighter rare earth metals are less vola ttfe 

and the heavier ones more volatile than the values guessed in 1945. 

Since then the Ames group has prepared most of the rare earth metals and 

have at least qualitative observations for almost all of them. .De.a.ne15 ana S prt"'ddin<f 

16 and Daane have reported their observed volatilities. Stull and Sin.ke13 have 

translated even their qualitative observations into thermodynamic functions wherr 

free energy functions were available for the gases. Table I presents an extens1c: 

of their tabulation to include even those elements for which one must estimate 

free energy functions for the gas. 0 The values given for ~298 to three figureA 

are from the tables of Stull and Sinke. The values that are rounded off are bft seo 

on the estimated free energy functions for the process M(l) = M(g) that are 

in the next column. 'I'he calculated vapor pressures are given at 2000~ ana 2700°1< /n 

atm. Comparison of the vapor pressures tabulated by Stull and Sinke13 for Sr-nJ Fu..-, 

and Yb with the vapor pressures of Sr and Ba would indicate that their vaJ ~e s ar-e. 

high by at least a factor of two and their ~ values low by 2 to 3 kcal, b~~ ih~iY 

values have been retained here for consistency with their tables. For calc~lat to ns 

0 0 0 '3Yn a/J<:..r at 2700 K, it was assumed that the -(6F - 6H
298

)/T values were about 1 eu ~ ~ 

0 than the values tabulated at 2000 K for those elements not covered by Stull ~ S 1na~. 



The values given tor 1'b and U are believed preferaole to l.nose g1ve!. f;>y (yi p// a~c 

Sin.k.e .. 

Table I 

Vaporization Data for the Rare Earth Meta.ls and Scene Actinide 

0 
ffi298 -(&"2000 - M~)/T P2000oK p2700~ 

La 99-6 28.26 10-4.7 10-2 
1 

Ce so. 23. 10-3·7 10-1..3 

\ 10-3.4 10-1.2 
Pr 79~ 24. 

Nd 76 .. 8 24.34 10-3·1 10-l.l 

Sm )0.0 26.45 2. 35· 

Eu 43.2 24.62 4.5 50· 

Gd 82.5 28.74 10-2.7 10-0·6 

Dy 70. 25. 10-2.2 

Ho 70. 25. 10-2 

E:r 72. 25. 10-2.4 

fin b2. 24. 10-1.5 

Yb 42.9 23.35 2~6 

•• o7.2 3().86 10-0.6 

'i 1)0. 31· 10-7.4 10-4 
~< "i 

10-6~6 
122.7 )1.3 10-3.4 

k.ce.l eu atm atm 
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The combinations of the vapor pressures with the metal activities in the 

graphite system yield the following vapor pressures in equilibrium with a syat .. 

containing graphite and metal carbide phases at 2700°K: Th, lo-6·7; U, 10-~.c. 

-4 -3.2 
La, 10 ; Ce, Pr, Nd, 10 ; Sm, 0.35; and Eu, 5 atm. 

It is to be expected that the carbides of all of these elements will be 

miscible with ThC2• If the ratio of Th to C is large enough that the thoriua 

carbide does not dissolve completely in the graphite at 2700~, one might expec~ 

the vapor pressures given above to be reduced by the mole ratio of the metal to 

thorium. At 2700°K, the vapor pressure of thorium is low enough that loss of 

thorium due to vaporization should be unimportant. One would calculate that th~ 

loss of uranium would be smaller than that of thorium unless the uranium to 

-l.l Qd 

thorium ratio were greater than 10 or about u~. The uranium content should 

be much smaller and thus the loss of uranium may also be LIDimportant. It is 

reasonable to assume that the behavior of Pa would be intermediate between tha t 

of Th and u. 

Again assuming perfect solutions for the carbides, the lanthanum would n~ 

be vaporizing at a rate equal to that of the thorium until the La/Th ratio baa 

built l..(p to lo-2 • 7 • Cerium, praseodymium, and neodymium should be vaporizing at. 

a rate equal to the thorium vaporization rate when their ratio to Th has built up 

to lo-3·5 or about 0.03~. The samarium and europium should, of course, vaporize 

at a much more rapid rate than the thorium even when they are at very high dilution. 

In the lack of data for Y, one can assume that Y will behave like La. 

As one lowered the temperature, the R.E./Th ratio for equal vapor pressurea 

would decrease. If reduction of the rare earth concentration to the lowest va l~ 

possible were the only factor to consider in fixing the maximum temperat~ o i 

• 
the fuel element, one would keep the t emperature to as low as possible a va.~~ 

that would still allow a fast enough rate of vaporization of the rare earth•· 



the rare earths vou.ld proba.bly remat d1eso (ed 2_u. 

burn-out proceeded and u much e.a 0.1~ ot the thoril..ln has been converted to ;/-33, 

th~ rare &rths vould have bullt up to concentration where th ir vapor p sure 

'ot'Ould be higher than tb.llt of the thori'la. Thus, depending upon the te.~l"R.ture, 

r n~ might expect a e'eady state to be reached at some limiting concent tion ot the 

up of the rare earth poi sons. Thua the pile might be o~re.ted to higll burn-out. 

The f:nal ltlni tat ion might be the accllJ;;IU.l.ation of Tc and Rh in the pile which would 

e entually r~duce the oree1ing ratio~ 

In the above d i e.cuesion, no recognition of kinetic effect haa been made arul 

it has been assumed that the rates of vaporization would be proportional to the 

equilibri~.aD vapor pre8sures o Not much is knovn about the vaporiz.ation of 11et&ls 

f'rom car idea u McCabe and Huason 
17 have shown that Mn vaporizes fra~t its carbide 

w. t h a h2gh vapori~tion coefficienta 

Our expen.ence vi th the carbon tube King fu.rnace at Berkeley yielda aaae 

info:nnation about the vaporization ot metals tram grapb.i teo Tile temperature ~ 

is sanewhat higher, namely 2700-3~'lc, than the range Ullder cowaideration in thia 

paper but the metal impurities are at ch smaller concentrations than the 

conci?.ntrations of fission :pl"od.ucts in fuel elements. The presence of minute _,unt• 

of metal i.Jilpuri ties can be readily detected by observation o! the thermal eaiao1 

11pe-ctrum due to vaporized gases in the center of the bot carbon tube .. 

Upon heating ~ fiesh gn.pute tube, one can observe the spectra due to y 

~'C.iile .._ Metals li~ 1m and Cr vi th atmospheric boiling IJOints between 2!'J)O"\ 

29(1.0~ l!1:'e •.:Ollll9let~ly vaporized rlthin a tev minutes~ Iron vith a no il 

point of' 3160~ a ftry npidly reduced vi thin ten to fifteen lli.Jlutee beatiue t 

Tita.ni1.11 end Vlm!iditm ue among the 110st persistent metala.. '!b at.oe 
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form very stable carbides. This formation results in reduction of their vapor 

pressures by a factor of almost one thousand for Ti and by a factor of over 10 

for V. Both Ti and V are less volatile than even La, the least volatile of .. r, .. 
lanthanides, and the activity of Ti is reduced more in the presence of gra~1 ite 

than is the activity of La. Yet is is possible after 30 t o 60 minutes heat t~ 

~o remove virtually all of the Ti and v. 
Date on the rates of vaporization of rare earths from their carbidee ~o~ I J 

be valuable to have.* One fortunate factor here is that the fission fr~ ~fs 

will for the most part end up in disturbed portions of the graphite lattic~ ~~d 

presumably would be able to readily move out. A considerable fraction of tn e 

fission fragments may actually come to thermal energies in the gas stream. Tn us 

';JT edtc--v one would expect the rate of vaporization of fission fra~ents to be much .. · 

*Note in Proof: 

Professor Law McCabe of Carnegie Institute of Technology (private communicatt o ~ 

August 23, 1956) baa just obtained preliminary cerium vapor pressures in equ ,·_ 

librium with graphite. He finde values from 1. 2 to 1. 7 x lo-7 atm at 1817 T. • 

1858°K. The pressure of pure cerium would be just below lo-4 atm in the same 

temperature range. Warf has shown the carbide in equilibrium vi th graphite . t o 

be CeC3, but the heats of formation of CeC3 and Cec2 must be very close to88tber. 
Thus these results may be compared with the estimates given above. The re~c-

tion in Ce pressure by a factor of 500 oorresponds to [:, H :::: -23 kca.l for tbe 

formation of CeC3 assuming zero 6 S. This is in excellent agreement with the 

estimates of -28 kcal made above. These very important preliminary expert .. r.t ,. 

now provide direct experimental evidence for the volatility of the rare •.rt;.. 

from a graphite matrix. 
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tban the rate ooe t obeerve t'rca a aynth tic fission mixture dissolved in 

graphite. One might &e t ually lose some of the non-volatile fieeion producta 

as a dust in the ga.e stream. The loss of thorium and uranium in the gas atreaa 

may possibly be due more to dusting than to actual volatility. I t would be 

important to design experiments to test this. 

On the whole, one would be quite encouraged to expect that temperatures of 

2500° to 2700°K would be adequate to remove more than 50~ and possibly 751> of 

the fission products and all of the bad poisons for the thermal neutrons or near 

thermal neutrons. The large percentage removal of fission products by .aporization 

would indicate that such a design would be valuable even for fast neutron reactors. 

One might imagine that the pile would be operated at temperatures lover than 

2700°K, e.g., 2400 to 2500°K, at which temperature almost all of the volat11 

fission products would be removed. From time to time, one would then decrease 

the coolant rate slightly to allow the temperature to increase from 2700° to 2800~ 

to accelerate the vaporization of sane of the less volatile fission products if 

experience indicates any appreciable hold-back of rare earth poisons. It is possible 

that some of the rare earths that vaporize readily fran the fuel elements might 

condense at cooler parts of the pile. If these cooler regions were inside the 

reflector there might still be neutron losses due to rare earths. If this 

situation develops, it might be helpful to add a small amount of chloride to the 

helium to convert the rare earths to the more volatile chlorides that could be 

swept completely out of the pile. Thus a trace of HCl could be added to the helium 

or the helium could be saturated with ThC14 or uc14 at around 700~ to provide a 

-6 ThC1
4 

or uc1
4 

partial pressure of around 10 atm. Because of the greater stability 

of the rare earth halides, one might be able to insure removal of rare earths from 

cool parts of the pile. 
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The advantages of a reactor using a self-purifying fuel element of thia 

type are so distinctive that it is hoped that &n active program of detenaiM.tioa 

of the missing thermodynamic data as vell as testing of such fuel e~t• in 

test reactors will be undertaken. 
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BEG INNING OF A TABLE ON CERAMICS 

I started to collect some data on various ceramic materials. The 

following lattice has more vacancies than occupied sites so rather than have 

it sit on my desk any longer, I thought it might be worthwhile distributing 

it so that various people can fill in the blanks if they have pertinent data. 

I should appreciate any pertinent numbers that you can supply. As time goes 

on, I expect to have some information from Saxonburg Ceramics on the lithium 

complexes. 
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