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Summary 

PART I. MOLTEN-SALT REACTOR PROGRAM 

1. High-Temperature Phase Equilibrium Studies 

Investigations of high-temperature phase equil i­
bria were continued for systems having potential 
use in molten-salt reactor technology. Composition-
temperature relationships of L iF -BeF j -ZrF- -
ThF^-UF^ MSRE fuel mixtures were studied in the 
temperature range 400 to 600°C. Phase diagrams 
were constructed for the systems LiF-BeF.-ZrF ,, 
KF- IhF^ , RbF-ThF^, NaF-ThF^-UF^, NaF-YFj , 
and C rF j -C rF j . Investigations of phase behavior 
were continued in the systems NaF-BeFj-ZrF, 
and Li F-NaF-ThF,, which are of potential use as 
reactor-fuel reprocessing solvents. X-ray dif­
fraction studies of the LiSbF, crystal structure 
were completed. Unit-cell measurements and space 
group assignments were made for the compounds 
NaF.YF3, 3KF.UF4, SKF-IhF^, chromium(il,lll) 
fluoride, LiF.RbF, LiF-CsF, and dL iF-BeFj -ZrF^. 
Unsuccessful attempts were made to produce 
uranium(IV) oxyfluoride. Characteristic properties 
and/or methods of preparing the new compounds 
VF3, ZrOFj , ZrCI, RbF-SrFj, CsF-CaFj, and 
CsF'BaF- were determined. 

2. Compatibility of MSRE Components 

In the Molten-Salt Reactor Experiment, a molten 
fluoride fuel containing UF, is exposed to a large 
area of graphite moderator surface. Because of the 
sensitivity of reactor behavior to the amount of 
uranium in the core, the extent to which fuel may 
penetrate the graphite is of considerable import. 
Since the fuel is nonwetting and pressure is a 
controlling variable in the permeation, a buoyancy 
balance has been constructed to study the 
penetration of graphite by fuel over a range of 
pressures. The influence of cesium deposition, 
which arises from decay and burnup of fission 

product xenon migrating into the graphite, has also 
been examined. The results, as established in 
the absence of radiation, continue to give evidence 
of favorable behavior for MSRE operation. 

An experiment designed to determine whether 
fissioning fuel in contact with graphite exhibits 
interfacial characteristics different from the non-
wetting behavior shown out-of-pile was operated 
for 1580 hr at a fuel power density of 200 w/cc. 
The fuel, L iF-BeFj-ZrF^-ThF^-UF^ (69.5-23-5-1-
1.5 mole %), contained in encapsulated graphite 
boats, reached maximum temperatures of about 
900°C in undergoing 8.5% burnup of U^^^ and st i l l 
remained nonwetting toward graphite; the graphite 
was virtually undamaged. 

Supplemental observations, some of which are 
st i l l in progress, revealed that CF , was produced, 
that the frozen fuel appeared black because of 
discoloration by beta radiation, and that several 
other unusual or puzzling phenomena had occurred. 
The persistence of CF . was contrary to thermo­
dynamic equilibrium and may have been favored 
by the experimental arrangement; the escape of 
C F . in the off-gas is potentially a serious problem, 
mainly because the effect is that of a strong 
reducing agent acting on the fuel. 

3. Fluoride Salt Production 

During 1961, approximately 4750 kg of various 
fluoride mixtures was prepared for the Molten-Salt 
Reactor Program and other Laboratory projects 
which uti l ize fused fluorides. In addition to 
production operations, various related services 
were performed to support engineering tests with 
molten-salt and liquid-metal systems, in-pile test 
programs, and experimental development projects. 
Continued efforts to improve both the fluoride 
purification procedure and the processing plant 
have resulted in substantial increases in the 
production rate of fused fluoride mixtures. 
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4. Chemical Aspects of MSRE Safety 

Questions related to the safety of the MSRE are 
raised by the possibility of accidentally mixing 
the fuel or coolant salts with water. Both short-
term and long-term effects are important. The 
solubilities of the reactor coolant and the nominal 
reactor fuel in water have been determined at 25°C 
and at higher temperatures up to 100°C. Uranium 
concentrations as high as 0.01 m were observed, 
suggesting that nuclear poisons be added to the 
water in case of an accidental fuel sp i l l . Apparatus 
was devised and tested for laboratory studies of 
the short-term temperature and pressure effects of 
injecting molten fluoride salts into water. Calcula­
tions were made with respect to the possible re­
lease of radioactive iodine from MSRE fuel under 
various conditions; only in case of a spill in the 
presence of air does it appear that the liberation 
of free iodine would be expected. 

5. Physical Chemistry of Molten-Salt Systems 

Further studies of freezing-point depressions of 
sodium fluoride showed that solutes of trivalent 
fluorides caused negative deviations from ideality 
(the smaller the solute cation size, the greater the 
deviation) and that solutes of alkali fluorides 
caused mainly positive deviations (attributable to 
changes in London dispersion forces). Solutes of 
alkali fluorides caused freezing-point depressions 
in lithium fluoride somewhat different from those 
in sodium fluoride because of differences in 
Coulombic forces. Excess partial molol free 
energies of mixing, calculated from liquidus tem­
peratures in the system NaF-LiF, were ex­
pressible in terms of concentration and two 
constants. 

Densities of solid complex metallic fluorides 
were calculated, with an average error of 5.5%, by 
assuming that the molar volume of the complex is 
the sum of the molar volumes of the simple 
fluorides that formed the complex. This method of 
estimating densities facilitated the choice of 
number of molecules per unit cell for complex 
fluorides whose structures were under investi­
gation. 

Al l the published density data on molten fluoride 
mixtures were re-examined in order to develop a 
more useful method of predicting densities of 
related systems. To a good approximation, the 

molar volumes of these melts were found to be 
expressed by an additive function of the com­
ponents. By using empirically adjusted values for 
the molar volumes of the components of the melt 
and assuming additivity, the densities could be 
calculated to within 2% of the experimentally 
reported values. 

The enthalpy changes from 874,0 to 0°C were 
measured with a Bunsen ice calorimeter for samples 
of KF, L iF , and mixtures containing 0,193, 0.385, 
and 0.747 mole fraction of L iF , The calculated 
molar enthalpies of mixing when plotted vs compo­
sition gave an approximately symmetrical curve 
with a maximum at ~ 5 0 mole % L iF , 

Equilibrium constants have been carefully 
measured at elevated temperatures for the reaction 

NiF2 + H 2 ^ 2 H F + Ni , 

with the N i F , in unsaturated solution in an 
L iF -BeF j mixture and in several NaF-ZrF^ solu­
tions of varying NaF concentration, and with 
crystalline nickel present in large excess. These 
measurements all show the equilibrium constant, 
K^, to vary with temperature and with solvent 
composition but to be independent of N i F , concen­
tration; the activity coefficient of N i F , in these 
solutions is accordingly also independent of con­
centration of this compound. From the L i F - B e F , 
mixture (alone among those studied) the phase 
in equilibrium with the saturated solution is pure 
N i F j ; for such saturated solutions the activity 
coefficient (crystalline N i F j reference state) at 
any temperature is simply the reciprocal of the 
solubility at that temperature. Accordingly, from 
these activity coefficients and values of K^ in the 
L iF -BeF j solvent, free-energy values can be 
derived. Use of these values and of pertinent 
thermochemicol data, either known or capable of 
reliable estimates in a third-law treatment, permits 
evaluation of AH298 14 and estimation of AF° 
values at other temperatures for the reaction with 
crystalline solid and (hypothetical) supercooled 
liquid N iF - as reference states. From the true 
equilibrium constant,obtainable directly from these 
free-energy values, and the K^ values, activity 
coefficients of N i F j have been obtained. These 
activity coefficients and their changes with solvent 
composition, especially those with supercooled 
N i F , as the reference state, offer suggestions as 
to the nature of such solutions. 
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The temperature coefficients of the association 
constants K,, Kj, and K , , for the formation of the 
species AgBr, AgBr j " , and AgjBr in molten 
KNO,, and of K, and K, for the formation of 

CdBr^ Cdl"^, CdBrj, and Cd l j in alkali nitrate 
mixtures indicate that the entropies of these 
associations are consistent with the "configu-
rat ional" entropy calculated from the quasi-lattice 
model. The entropy of association of Ag with the 
polyatomic ion CN~ is much more positive than for 
the associations with monatomic anions. The 
influence of solvent on the association constants 
for the formation of the associated species AgBr 
or AgCI in the molten solvents NaNO, and KNO, 
is consistent with the reciprocal Coulomb effect. 

The perturbation theory of Reiss, Katz, and 
Kleppa for systems with a common anion has been 
extended to the third- and fourth-order terms to 
yield the equation for the excess free energy of 
mixing of uniunivalent salt mixtures: 

= X, X^PS^ + X, X j (X, - X2)QS^ 

+ [X, X j R + X , X 2 ( X , - X2fs]S^ + . . . , 

where X is a mole fraction of component z, 8 is 
related to the ionic sizes, and P, 0, R, and S are 
constants. The third- and fourth-order terms are 
necessary to rationalize experimental measure­
ments in molten salts. 

An estimate of the contribution of London 
dispersion energy to the heats of mixing of mixtures 
of alkali nitrates with AgNO, or TINO3 is con­
sistent with the observed differences between 
these mixtures and mixtures of alkali nitrates. 
This suggests a method of making estimates of 
this effect in mixtures containing other polarizoble 
cations, 

PART II, AQUEOUS REACTOR PROGRAMS 

6. Chemistry of Pressurized-Water Reactor 
Systems 

A study of the chemical and radiochemical 
behavior o^ the water in the pressurized-water 
loop at the Oak Ridge Research Reactor, in 
process, indicates that a large fraction of the 
water-borne activity (principally Mn , Fe , 
Co^^, and Co*'') is present as dissolved ionic 
material. The particulate material which can be 

removed by filtration is well crystallized and has 
the structure of magnetite. Appreciable radio­
chemical exchange may occur between the particu­
late and the dissolved material, suggesting that 
magnetite may be a suitable high-temperature 
filter, ion exchange medium for pressurized-water 
reactor coolant purification, 

7. Phase Equilibria in Aqueous Systems at 
Elevated Temperatures 

Solubilities of UO3 hydrates in the system UO3-
SO3-H2O are presented at temperatures from 150 
to 300°C. The stable hydrates are shown to be 
a-U03.H20 at 150°, ^-U03-H20 at 225° and 

UO3.'/2H2Oat300°C. 
In the five-component system UOg-CuO-NiO-

SOj-HjO, the compositions of solutions saturated 
simultaneously with the three solid phases, 
U03-!^H20, CuO-3U03, and NiO-3U03, are given 
at 300, 325, and 350°C in solutions varying from 
0.002 to 0.06 m in SO3. 

Solubilities of stoichiometric salts in HJO at 
temperatures above 200°C were compiled and show 
that very l i t t le information exists for these 
systems at temperatures above 374°C. Sufficient 
study at high temperature on aqueous systems con­
taining uranium might define regions of stability 
necessary to specify fuel compositions. 

Critical phenomena and regions of liquid-liquid 
immiscibility were defined in the systems UO3-
CuO-SOg-DjO, U03-NiO-S03-D20, and UOg-CuO-
NiO-S03-D20 at temperatures from 280 to 410°C, 
At a fixed concentration of SO3, the temperature of 
liquid-liquid immiscibility rose as the concentra­
tion of metal oxide decreased. Critical phenomena 
(defined herein as the disappearance of the 
meniscus between liquid and vapor) occurred at 
molal ratios, metal oxide:S03, below approximately 
0.3. 

The effects of hydrostatic pressure in raising 
the temperature of liquid-liquid immiscibility were 
determined for several HjO solutions of UO3 and 
SO3. The value of At/Ap for stoichiometric 
UO2SO4 solutions was approximately constant at 
0.08°C/atm at pressures up to 300 atm. 

The solubilit ies of NiSO.-HjO and several 
nickel oxysulfates in SO3-H2O at temperatures 
from 150 to 350°C and at SO3 concentrations from 
10 to 2 m are given. Comparative data in the 
D2O systems are presented which show higher 
solubilities than in the H,0 system. 
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In connection with evaluation of possible 
breeding blankets, the solubilities of Th02 in 
HNO3-H2O at 150 and 200°C are presented and are 
compared with previous data at 200 and 300°C, 

Details of a high-pressure vessel incorporating 
Teflon as a gasketing material, used for equil i­
brating liquid-solid mixtures, are given. Vessels 
of this design were used ot temperatures up to 
500°C and at pressures up to 1000 bars. 

Data are shown for the solubility of H2 in H2O 
and of D2 in D j O from 260 to 300°C, Data are 
also given that show the effect on the solubility of 
H2 in H2O of a 2-1 and a 1-2 electrolyte at a 
concentration of 0,1 M from 0 to 120°C. The effect 
of 1 M HCIO4 in the same system from 20 to 120°C 
is also reported. 

8. Physical Chemistry of Aqueous Solutions 

A study of thorium(IV) hydrolysis at 94°C in 1 M 

NaCIO> solution is in progress. Results thus far 

indicate that comparable hydrolysis occurs about 

one pH unit lower at 94° than at 25°C , While the 

hydrolysis mechanism, involving polynuclear 

species, is similar at the two temperatures, mono­

nuclear species appear relatively more stable at 

the higher temperature, 

A study of uranium(VI) hydrolysis at 25 and 

94°C has been completed. Three hydrolysis 

products, in which the mole ratio U 0 2 ^ * : 0 H ~ = 1:1, 

2:2, and 3:5, were found to account adequately 

for the results. The best values of the corre­

sponding equilibrium quotients were evaluated at 

the two temperatures by a least-squares computer 

code. This hydrolysis scheme accounts quali­

tatively for the solubility behavior of U O , in nitric 

acid solutions at elevated temperatures. Analysis 

of the solubility data is being conducted to extend 

the temperature dependence of uranium(VI) hy­

drolysis to higher temperatures. 

Isopiestic ratios with referenceto NaCI solutions 

have been obtained for four alkali chlorides and 

for magnesium and uranyl sulfates at 140°C, 

Osmotic coefficients for these solutes have been 

estimated from the data and by extrapolation of 

boiling-point data for NaCI solutions. The tem­

perature dependence of the osmotic coefficients 

has been qualitatively related to the comparative 

ability of the various ions to stabilize the ice 

structure of water. 

The effects of pressure up to 3000 bars, upon 

the specific conductances of solutions, were 

determined for 0,005 m H2SO4 at 3 0 , r C , for 
0,005 m K2SO4 at 24,3°C, for 0,00218 m KjSO^ 
from 25 to 750°C, and for 0,0005 m KjSO^ from 
25 to 600° C, 

The decomposition of peroxide in thorium 
nitrate—nitric acid solutions was only slightly 
catalyzed by ferric ion, Cupric-ion catalysis was 
similar to that observed in other systems. The 
insoluble thorium peroxynitrate formed by the 
addition of hydrogen peroxide to thorium nitrate 
solution corresponds to the stoichiometric formula 
Th^(00 ) ,o (N03 )4 .10H20 . 

Exploratory experiments for the purpose of 
determining the stability of protactinium in thorium 
nitrate—nitric acid solutions were performed. The 
data obtained indicate that protactinium does not 
precipitate rapidly from these solutions at tempera­
tures from 140 to 180°C, when in contact with 
Zircaloy and stainless steel surfaces, 

Protactinium-231 was precipitated from 2 M 
T h ( N 0 3 ) 4 - 3 M HNO3 by the addition of H2O2. 
Extraction of Pa from an aliquot of this same 
solution by diisobutyl carbinol indicated that the 
Pa was initially in true solution. 

9. Chemical Aspects of Corrosion of Zircaloy-2 

Examination has been completed on corrosion 

specimens exposed at locations in the core outlet, 

blanket, and circulating lines of the HRE-2 for 

various periods prior to run 20, Observations in 

near agreement with predictions from the in-pile 

loop program are as follows: (1) only small 

amounts of oxide remain on surfaces irradiated by 

fission recoils, with most of the oxide formed in 

such regions transported to other surfaces in the 

circulating system; (2) corrosion rates were 3 to 4 

mpy for Zircaloy-2 exposed in the blanket side of 

the core and were negligible for specimens ex­

posed elsewhere (none in the core); (3) corrosion 

rates were very low or negligible for titanium 

alloys; (4) corrosion rates were about 2,5 mpy for 

type 347 stainless steel in the blanket region; 

(5) penetration was comparable to that out-of-

radiation for specimens in the circulating lines. 

The corrosion of stainless steel in the core outlet, 

however, was 3 to 5 times that predicted from the 

behavior of in-pile loops. 

Two in-pile autoclave experiments, designed 

primarily to provide information on the radiation 

corrosion of Zircaloy-2 at temperatures to 360°C 

in 0.08 m UO2SO4, 0.02 m CuSO^, and 0.24 m 
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D2S0^ in DjO solution, failed by leakage before 
the design objectives could be achieved. However, 
the first autoclave, which remained intact for 
350 hr out-of-pile at 360°C and for a short time 
at 280°C in beam hole HB-5 of the LITR, yielded 
some valuable information. The corrosion rate 
out-of-pi le after the init ial 50 hr was about 1.3 mpy, 
alpha counting of washed specimens after 124 hr 
exposure out-of-pile showed a very small amount 
of uranium sorption (0.24 ixg/cm ) , and deuterium-
oxygen recombination rate constants, Kr- (from 
rates of pressure increase following initiation of 
irradiation), were shown to be 7 x 10 , 1,9 x 10 , 
and 6.6 x 10^ liters(STP)/mole-hr at 230, 250, and 
280°C respectively. Al l these data are consistent 
with previous observations or extrapolations. 

Equipment has been assembled and tested for a 
study of the mechanism of corrosion of Zircaloy-2 
after heavy-particle irradiation. Specimens wi l l be 
irradiated in an inert environment and wi l l sub­
sequently be oxidized in 300°C steam with added 
oxygen. Weight-gain and capacitance measure­
ments are expected to show variations which wi l l 
yield valuable clues to the mechanisms of radia­
tion corrosion. 

Sorption of sulfate and of uranium by hydrous 
zirconia from D2O solutions of UOjSO^ (0.02 to 
0.17 M) and D2SO4 (0.02 to 0.2 M) has been de­
termined over the temperature interval 100 to 
300°C. Surface area of the residual oxides varied 
from 545 to 100 m /g with temperature and with 
solution composition. Total sulfate sorption at 
100, 200, and 250°C was markedly higher at 
acidities above 0.01, 0.03, and 0.05 M than for 
lower acidities because of increased (and multi­
layer) sorption of acid; no such marked increase 
occurred up to 0.15 M D2SO4 at 280 and 300°C. 
Amounts sorbed at lower acidities at all tempera­
tures probably represent near-monolayer adsorption. 
Uranium sorption per unit of surface area was 
nearly independent of temperature over the 100 to 
300°C interval for solutions sufficiently acid to be 
truly stable. Sorption was less in solutions with 
0.06 to 0.2 M acid than in solutions with 0.02 M 
excess acid, but no marked effects of the different 
initial acid concentrations of 0.06 to 0.2 Al were 
observed. Sorption increased with increasing 
uranium concentration in the solution but did not 
exceed 0.004 mill imole/cm^. Acidities of the 
solutions generally decreased markedly during the 
exposure. Good values for the concentration of 

hydrogen ions and of other species in solution at 
temperature are probably required for complete 
interpretation of these results. 

Corrosion currents were determined as a function 
of potential and temperature (150 to 300°C) on 
passive Zircaloy-2 in oxygenated 0.05 M HjSO.. 
From the results the activation energy for the 
anodic partial process (oxidation of zirconium) 
is 31.1 kcal/mole and is independent of potential 
and temperature in the range studied. The acti­
vation energy for the anodic partial process 
(reduction of O2) is, however, a function of 
potential and temperature, being 10.8 kcal/mole at 
-1.400 V vs Pt between 220 and 300°C and 
changing to 5.4 kcal/mole at temperatures below 
220°C. At - 1.200 V vs Pt the activation energy is 
5.4 kcal/mole over the entire temperature range. 
On the basis of the data at 298°C, a model 
proposed by Vetter for passive iron is suggested 
as an explanation for the corrosion behavior of 
passive Zircaloy-2. 

10. Corrosion by Solutions 

A program designed to study the stress-corrosion 
cracking behavior of type 347 stainless steel in a 
boiling, simulated HRE-2 fuel solution (0.04 m 
UO2SO4, 0.02 772 H2SO4, and 0.005 772 CuSO^) 

containing chloride ions was completed. Cracking 
frequency was independent of chloride ion concen­
tration in the range 25 to 500 ppm; no cracking 
occurred at 10 ppm or less. Two different heats 
of type 347 stainless steel were used, and although 
both were within AISI compositional l imits, speci­
mens from one heat consistently showed a cracking 
frequency twice that of the other. When chloride 
was added to the solution as mercuric chloride, no 
cracking was observed; however, the addition 
of chloride ions to the solution containing mercuric 
chloride increased the cracking frequency. The 
presence of as much as 100 ppm dichromate ions 
in the chloride-containing solution inhibited 
cracking, and exposure of the specimens to a 
chloride-free fuel solution prior to exposure to the 
chloride-containing solution was very effective in 
minimizing cracking. 

Corrosion tests with QMV beryllium in deionized 
water at 250 and 300°C showed no significant 
attack after 120 days. Both with and without 
oxygen in the system, a thin tenacious film was 
formed and a few small pits were observed. The 
coupling of beryllium to itself, to Zircaloy-2, or to 
stainless steel produced no adverse effects in 
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degassed water. With oxygen in the system, 
however, beryllium coupled to Zircaloy developed 
pits up to 6 mils deep on contact surfaces in 
120 days, and beryllium coupled to stainless steel 
showed very severe corrosion, with pits as much 
as 125 mils deep in 60 days. Beryllium oxide 
specimens corroded uniformly at 1,0 to 1,5 mpy at 
temperatures of 250 and 300°C. 

Corrosion test assemblies exposed in the steam 
generators of the HRE-2 were examined after the 
final reactor shutdown. Specimens of titanium, 
three stainless steels, and three carbon steels 
were not significantly corroded. The specimens 
indicated that many more years of useful service 
life could have been expected for the HRE-2 steam 
generators. 

A testing program to determine the adequacy of 

aluminum cladding for fuel elements in the High 

Flux Isotope Reactor was completed. It was 

shown that the corrosion of aluminum leads to the 

formation of an insulating layer of boehmite on 

the aluminum surface. Thus as aluminum, through 

which heat is being transferred at a constant rate, 

corrodes, the temperature of the aluminum in­

creases. The rate at which the boehmite formed 

was constant under fixed conditions and was 

related to the temperature at the water interface 

and to the pH, The lower the temperature and the 

lower the pH (in the range 5,0 to 6,5 with HNO3), 

the lower the rate of corrosion-product formation. 

Within the ranges of 300 to 900 psi and 31 to 51 

fps, pressure and flow rate were without effect. 

It was concluded that 6061 aluminum will be a 

satisfactory cladding material for the HF IR fuel 

plates, provided the pH of the coolant is main­

tained at 5.0 or even 5,3 with nitric acid, 

A testing program has been started to determine 

if aluminum can be used as cladding material for 

the fuel plates in the Advanced Test Reactor, 

Although the ATR is similar to the HFIR in many 

respects, the ATR fuel plates will operate at 

higher temperatures and for longer times. Tests 

to date have shown that at the higher temperatures 

the rate of oxide accumulation is not linear, as 

was the case at the lower HFIR temperatures, but 

is parabolic. Under the same conditions, X8001 

and 6061 aluminum developed oxide layers at the 

same rate, and some oxide spontaneously spoiled 

from both when thicknesses exceeded 2 to 3 mils. 

Specimens of 6061 aluminum from which oxide had 

spoiled always showed localized attack, but under 

all conditions X8001 always corroded uniformly. 
Preliminary data suggest that the rate of oxide 
buildup on the aluminum specimens is related to 
the surface area of the stainless steel exposed to 
the coolant. Attempts to verify the observation 
are in progress. 

Corrosion tests in support of the Power Reactor 
Fuel Element Processing Program have continued, 
and a screening program to select materials with 
adequate corrosion resistance for the transuranium 
processing facility has been initiated. During 
the year, 475 boiling 65% HNO3 tests (ASTM:A262-
55T) and 510 electrolytic oxalic acid tests 
(ASTM:A262-55T) were conducted, A continuation 
of the testing of aluminum alloys in various ports 
of the Oak Ridge Research Reactor has shown that 
many years of trouble-free service should be 
expected from the structural materials in the 
reactor, provided the present treatment practices 
are continued, 

1 1 . Surface Chemistry of Thoria in Dilute Aqueous 

Electrolytic Solutions 

Self-consistent measurements of the adsorption 

of nitric acid on a particular thoria sample have 

been obtained after several changes in experi­

mental technique. Probably the most significant 

of these was the use of a commercial point shaker 

to accelerate the equilibration rate. Complete 

interpretation of the data will not be attempted 

until additional measurements have been mode 

with other thoria samples. 

Progress on the design and construction of the 

high-temperature adiabotic calorimeter is reported. 

Several measurements of the heat of wetting of 

thoria at 25°C have been made in a Dewor flask 

calorimeter with the instrumentation assembled 

for the high-temperature machine. The precision 

of the measurements is excellent, but the accuracy 

is not adequate. Changes in the design of the 

gloss calorimeter ore indicated and are being 

made. 

PART I I I . HETEROGENEOUS SYSTEMS STUDIES 

12. Investigation of the Compatibility of Coated 

Fuel Particles and Coated Matrices 

with Liquid Coolants 

A program to study the compatibility of coated 

fuel particles and associated matrices with liquid 
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coolants has been initiated. Particles of UO, 
coated with AI2O3, and UC2 coated with pyrolytic 
carbon, supported in graphite matrices of various 
qualities, ore to be tested in pressurized water 
and organic moderator—coolants and in various 
molten fluoride salts. 

Equipment capable of exposing electrically 
heated graphite rods to pressurized water has been 
developed. Operation at heat fluxes exceeding 
200,000 Btu hr~^ f t"^ has been demonstrated. 

In a brief test in molten LiF-NaF eutectic at 
900°C in a torch-fired vacuum crucible furnace, no 
dimensional change was observed on small 
sapphire (ALO3) spheres. 

13. Hydriding of Zirconium-Base Alloys 

An investigation was completed to determine the 
relative effects of variables associated with 
hydriding of zirconium-base alloys during exposure 
to circulating aqueous slurries of ThO, and 
thorium-uranium oxides in toroids at temperatures 
of 200, 280, and 330°C. Hydriding did not occur 
under oxidizing atmospheres. In reducing atmos­
pheres with specimens exposed under conditions 
of slug flow in toroids, hydriding was not detected 
in 200°C tests, but severe hydriding occurred at 
280°C, and moderate hydriding occurred at 330°C. 
The rate and severity of hydride formation in­
creased with increasing hydrogen overpressure and 
exposure time, and increased with the U/Th ratio 
of the slurry oxide. 

14. Thoria Pellet Test Program 

The program for evaluation of the integrity of 
Th02 pellets and sol-gel fragments was continued 
by use of standardized ball mi l l , autoclave, and 
spouted-bed tests. The attrition characteristics 
of pellets in small fluidized beds were also in­
vestigated, as a function of flow velocity and 
resultant bed expansion. It was found that wear 
rates increased as flow velocity increased, until 
increasing bed expansion resulted in less frequent 
collisions and the wear rote reached a maximum 
and diminished with further increase in flow. 
Wear rates were generally constant with time. At a 
bed expansion of 30%, wear rotes slightly above 
0.01 %/hr were observed for 0.2-in. pellets. The 
rate at 400% expansion was 0.08%/hr, and at 900% 
expansion (near elutriation) it slightly exceeded 
0.04%/hr. 

15. Examination of In-Pile Slurry Loop 

Examination of cutup sections from in-pile slurry 
loop experiment L-2-27S, in which an aqueous 
thoria—0.4% urania slurry was circulated success­
fully for 2220 hr in beam hole HB-2 of the Low-
Intensity Test Reactor, developing 7 x 10^* 
fissions per g of solids, did not reveal any 
instances of slurry deposition or localized attack. 
Slurry was found in the pressurizer and in the 
annulus of a sintered stainless steel fi lter which 
hod cracked loose at one end, apparently prior to 
irradiation. The filter was not plugged. Recovery 
of all slurry drained from the loop and removed as 
samples permitted a material balance to be made: 
of 1590 g of solids put into the loop, 1579 g was 
recovered. Examination of corrosion specimens 
from the loop showed l i t t le effect of radiation and 
circulation velocity (at the levels of the experi­
ment) on the attack of Zircaloy-2 or titanium 
alloys. Corrosion of type 347 stainless steel was 
increased, although not to excessive levels, by 
irradiation and by increased circulation. 

Progressive degradation of thoria particles was 
evidenced by the examination of samples taken at 
intervals during the run. Particle size decreased 
from 1.7 ^ to 0.3 /x average diameter, crystall ite 
size diminished from 1900 A to about 220 A, and 
surface area increased to over 40 m / g . These 
changes were confirmed by observations of pore 
volume and area distribution and by electron 
microscope photographs. 

Changes in particle properties in the loop ex­
periment did not affect the slurry in ways leading 
to unsatisfactory handling. 

16. Second In-Pile Loop Experiment 

The development and the fabrication of a loop 
for insertion into beam hole HN-1 of the Oak Ridge 
Research Reactor were completed. In this second 
in-pile loop experiment, on attempt wi l l be made 
to irradiate pure thoria to a fission dose with 
in-bred U^^^ similar to or exceeding that of the 
first in-pile slurry loop experiment. A number of 
improvements in the loop are expected to increase 
substantially the effective irradiation of the slurry. 

17. In-Pile Slurry Autoclaves 

For comparison with the first in-pile slurry loop, 
identical materials were irradiated to similar 
doses in on in-pile autoclave experiment. Com­
parable changes in crystall ite size and surface 
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area occurred; however, only in the loop experi­
ment, which involved pumped-slurry circulation, 
was the particle size reduced. 

Cyclotron irradiation of dry targets of pure 
thoria and thoria—0.4% urania has been carried out 
to energy depositions in the particles of up to 
6 x 10^ w-sec per g of solids (exceeding that 
estimated for the in-pile slurry loop experiment) 
with the 28-Mev 63-in. nitrogen (3+) cyclotron and 
the 22.4-Mev 86-in. proton cyclotron. No change 
in crystall ite size as indicated by x-ray line 
broadening has been detected in the irradiated 
materials, 

PART IV. SUPPORT FOR HIGH-TEMPERATURE 
SOLID-FUELED REACTORS 

18. Transport of Noble Gases in Graphites 

Proposals have been advanced to operate gas-
cooled reactors with unclad fuel elements within 
porous graphite sleeves through which helium 
flows from the main coolant stream to sweep radio­
active fission product gases out of the reactor. 
In a system of this type, back-diffusion of radio­
active gas through the sleeve wall, against the 
helium flow, must be minimized. An understanding 
of diffusive flow of a gas through a porous medium, 
against a forced flow of another gas, is especially 
important to such a reactor. This complex problem 
has been examined in a program of theoretical and 
experimental study. The magnitude of diffusive 
flow with and without forced flow of one component 
has been determined experimentally by careful 
study of systems in which flowing streams of 
helium and argon were separated by porous sleeves 
of graphite. Available theories of flow did not 
satisfactorily explain all the results obtained in 
these experiments. However, a new theoretical 
treatment of the problem, in which the porous 
medium is considered to be a collection of uni­
formly distributed " d u s t " particles which are 
constrained to be stationary, uses rigorous kinetic 
theory to permit derivation of suitable flow 
equations as special cases of well-known multi-
component-mixture equations. These equations 
predict the behavior observed experimentally over 
a wide range of low conditions and fail only after 
back-diffusion has been reduced to a minute 
fraction of its value, and with no forced flow. 
It appears that a diff icult flow problem has been 
simplified and solved. 

19. Diffusion of Fuel and Nonvolatile Fission 
Products in Fuel-Graphite Systems 

The feasibility of using coated fuel particles for 
nuclear reactors depends, in port, on the rate at 
which uranium and nonvolatile solid fission 
products diffuse through the coating material. 
Currently, it is expected that the coating material 
wi l l be pyrolytic carbon, graphite, or both ma­
terials. Diffusion studies have been made on 
high-permeability graphites, but there is very l i t t le 
definitive information available on diffusion rates 
in low-permeability coating materials. Solid-state 
diffusion studies hove been initiated, which have 
OS their ultimate aim the study of pyrolytic 
graphites. 

The experimental program started with the fabri­
cation of a uranium carbide—AGOT graphite 
diffusion couple. Satisfactory couples were made 
from uranium metal foil placed between two plane 
surfaces of graphite. The layer of UC formed 
when these materials were heated in a vacuum was 
thick enough to be considered infinitely thick in a 
theoretical treatment of the data. Present experi­
mental work is concerned with reproducing 
experiments reported in the literature to test the 
procedure in use and to verify previously reported 
data. Emphasis is being placed on experimental 
methods at this stage of the program, since it is 
proposed to use a wedge technique frequently 
employed in autoradiographic diffusion studies of 
systems using tracers. This technique wi l l amplify 
the penetration-concentration data considerably 
and should be an important device for obtaining 
good results. 

20. Compatibility of Special Fueled Graphites 
with Water Vapor 

The compatibility of pyrolytic-carbon-coated 
carbide fuel particles and of uncoated fuel bodies, 
which are being considered for possible use in the 
Pebble Bed Reactor Experiment, with water vapor 
is being studied. The studies are being made in 
the temperature range 800 to 1200°C with flowing 
helium containing a maximum partial pressure of 
water vapor of nearly 1 atm. The rate of removal 
of carbon is determined from weight changes, and 
the integrity of the coating on the fuel particle 
is evaluated by use of a nitric acid leach. 
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2 1 , Gas-Graphite Reactions 

Experimental studies were recently started for 

the purpose of measuring the react iv i ty of various 

grades of graphite wi th C O , and HJD at low part ia l 

pressures (10 to 1000 vo lumes/mi l l i on ) in f lowing 

hel ium, in the temperature range 800 to 1200°C, 

Reaction rates w i l l be determined from changes in 

weight of the specimens measured by a recording 

balance and from the composit ion of the ef f luent 

gas measured by a sens i t ive gas chromatograph, 

22. Evolution of Gas from Graphite 

Addi t iona l studies were made of the degassing 

behavior of EGCR graphi te. The release of sul fur 

compounds (SOj , H j S , CS2) as a funct ion of 

graphite temperature was estab l ished, and the rate 

of release of desorbate was determined in the 

temperature range 500 to 1000°C, The rate of gas 

release in th is temperature interval was found to 

be quite var iable and not completely described by 

the equation v = A log t + B above 600°C, 

23. Measurement of Temperature in Reactor 
Environments 

Tests to determine emf dr i f t on bare-wire 

base-metal thermocouples in stagnant hel ium 

atmospheres at 1000°C showed that the 80 N i - 2 0 

Cr type a l loys were less suscept ib le to se lec t ive 

oxidat ion than the 90 N i - 1 0 Cr type. Geminol-P 

and Chromel-A or -AA gave re l iab le emf data. 

In these tes ts . Special Chromel-P was no more 

re l iab le than the regular Chromel-P, but Special 

Alumel remained in good physica l condi t ion longer 

than the regular A lume l . It was estab l ished that 

se lec t ive ox idat ion might be observed at tempera­

tures over about 700°C in a marginal ly ox id i z ing 

atmosphere. 

Chromel-P—Alumel couples sheathed wi th s ta in­

less steel were found to be of quest ionable 

re l i ab i l i t y when exposed at 870°C to atmospheres 

containing gases desorbed from graphi te. Hydrogen 

d i f fus ion into the sheath resulted in se lec t ive 

ox idat ion of chromium, wi th a consequent negat ive 

emf d r i f t . The emf output was more stable at 

704°C, staying wi th in the spec i f ied tolerance 

{±/-% of the emf output) during long exposures. 

Exposure to carbon monoxide at 870°C resul ted in 

damage to the thermocouple wires and sheath, but 

without appreciable change in emf during the t ime 

of exposure. The damage occurred in re la t ive ly 

isothermal regions near the hot junct ions. The 

re l i ab i l i t y was dependent upon the source of 

material and the test cond i t ions . Varying amounts 

of water, hydrogen, air , and carbon oxides ins ide 

the sheath seemed responsib le for the d i f ferences 

among the mater ia ls furnished by di f ferent vendors, 

24, Beryllium Chemistry Studies 

Measurements of the ref ract ive indices of ir­

radiated BeO specimens, made before and after 

thermal anneal ing, demonstrated that th is technique 

affords a rapid method of measuring the extent of 

radiat ion damage to BeO, 

At tempts were made to produce a s tab i l i zed 

cubic form of BeO by doping with small amounts of 

other ox ides . No evidence of the formation or 

s tab i l i za t ion of a cubic BeO phase was observed, 

A solvent-ext ract ion process for making h igh-

puri ty bery l l ium oxide has been developed, and a 

smal l -sca le production operation has been demon­

strated. About 1280 g of BeO has been prepared. 

Spectrograph ic analyses of th is mater ial showed 

that impuri ty concentrat ions were reduced to 

exceedingly low va lues. Several batches of th is 

h igh-pur i ty BeO have found use in the preparation 

of spectrograph ic standard mixtures. Reports that 

the tens i l e strength of bery l l ia increases markedly 

as the puri ty and the crysta l perfect ion are im­

proved suggest that ul tropure BeO might d isp lay 

greater resistance to radiat ion damage, 

A spectrographic ana lys is method has been 

developed for the simultaneous determination of 

bery l l ium acety lacetonate and acety locetone in 

organic solut ions which occur in the solvent-

extract ion bery l l ium pur i f i ca t ion process. It is 

based on the u l t rav io le t absorpt ion peaks of the 

two components (294 and 272 m^ respect ive ly ) , 

which ore su f f i c ien t ly separated that measured 

sample absorboncies at two wavelengths (260 and 

301,5 mfi) can be used in simultaneous equations 

to obtain the concentrat ion of each component, 

usual ly w i th in ±5%, 

25. Effect of Radiation on Beryllium Oxide 

Severe damage was observed when sintered BeO 

was irradiated to high neutron doses at low tem­

peratures. Specimens receiv ing 1.5 x 10 nvt at 

110°C dis integrated to powder, and those rece iv ing 

2.6 X 10^ ' nvt at 800 to 950°C fractured, but some 

specimens surv ived which were exposed to neutron 

doses and at temperatures between these l im i t s . 

Samples irradiated to doses of approximately 
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10 nvt showed increases in linear dimensions 
ranging from 0.5 to 4%, anisotropic lattice ex­
pansion and lattice defects, a decrease in the 
refractive indices, intergranulor fracture, and void 
formation. These effects generally increased with 
dose and decreased with temperature. Essentially 
all the internally generated helium was retained in 
the BeO, even at high temperatures with neutron 
doses up to 1.6 X 10 nvt, but tritium was lost to 
on increasing extent above 120°C. Future experi­
ments are designed to permit a better separation of 
variables in order to determine the relative 
importance of various possible mechanisms of 
irradiation damage. 

26. Phase-Equilibrium Studies of the System 
UOj-ThOj-Oj 

Equilibrium-phase relationships in the system 
U02-Th02-02 are being studied by long-term 
equilibration exposures to fixed conditions of 
temperature and oxygen pressure, followed by 
chemical and crystallographic analyses of the 
products and by determinations of the relationship 
between oxygen pressure and temperature in sealed 
systems of known original composition. Well-
defined discontinuities in the relationship between 
oxygen content and crystal lographic lattice pa­
rameter hove been tentatively interpreted as 
marking the compositional boundaries to the 
single-phase solid-solution region. 

PART V. NUCLEAR SAFETY PROGRAM 

Data are needed on the amounts and on the form 
of radioactive species that may be released from a 
reactor when a loss-of-coolant accident occurs, in 
order to provide a sound scientific basis for 
evaluating the hazard of such an accident. Over­
heated fuel elements may release fission products 
by melting, diffusion, and reaction with their 
environment. Most attention is currently being 
devoted to UO2 fuels because of their importance 
in power reactors. Knowledge of the behavior of 
released fission products in different atmospheres 
and geometries and of the methods of collecting 
them is essential in hazards evaluations and is 
also needed in connection with the routine 
operation of some types of reactors and related 
activit ies. 

27. Fission Product Transport Evaluations 

Equipment is being assembled for experiments 
designed to define conditions to be employed 
during the melting of irradiated miniature UO2 
fuel elements in a hot cel l . These experiments, 
with unirradiated UO2 or Th02 particles, are 
intended to provide a better understanding of the 
environmental factors that may change the physical 
and chemical form of fission products after their 
release and thus affect their deposition character­
ist ics. No data have yet been obtained in this 
project, which was initiated during the latter port 
of the report period. 

28. Influence of Irradiation Level on Fission 
Product Hazards Associated with 

UOj-Fueled Reactors 

Experiments were conducted with UOj fuel 
materials irradiated at tracer level, at 1000 
Mwd/ton, and at 4000 Mwd/ton to study the effect 
of burnup on fission product release resulting from 
the melting of fuel specimens and from oxidation 
and diffusion at temperatures below the melting 
point of UOj . The results showed that, in general, 
increased releases were obtained with increasing 
burnup of uranium. The burnup effect was most 
noticeable in the increased amount of iodine 
released and in the increased rate of oxidation of 
UO2 when the fuel was heated in air. When fuel 
was heated for 5.5 hr in pure helium, however, the 
increase in diffusion of fission products with 
increased burnup was found to vary by a factor of 
5 for iodine and tellurium and by a factor of 10 for 
cesium and strontium. A small but noticeable 
burnup effect on fission product release accom­
panying the melting of UOj in helium, air, and 
CO2 was observed. Data were obtained which 
showed the effect of gas velocity on the deposition 
rate of fission products that volatil ized from 
molten UOj . 

29. Release of Fission Products by the In-Pile 
Melting of Reactor Fuels 

In-pile experiments ore being conducted to 
determine the amounts and form of fission products 
released when miniature fuel elements are melted 
by fission and gamma heat. Two experiments 
have been completed in which stainless-steel-clad 
UOj fuel elements were heated in an experimental 
facil i ty located in the Oak Ridge Research Reactor. 
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The specimens were irradiated in the reactor 
only long enough to accumulate tracer quantities 
of fission products and were then inserted in the 
high-flux region of the reactor. The first speci­
men, enriched to 3%, was in the maximum flux 
region for about 20 min. The steel cladding melted, 
and it seems probable that most of the center 
portion of the specimen reached a temperature 
above, or very near to, the melting point of UO,. 
Postirradiation examination of the specimen re­
vealed that it hod a relatively large hole extending 
about three-fourths of its length. The surface was 
covered with well-crystallized UOj that had 
undoubtedly been formed by deposition from the 
vapor phase. Radiochemical data indicate that 
most of the Ce^'*'', Y ' ^ and Sr '° remained in the 
UOj specimen; Xe^''' ' and Ru^°* were largely 
released, while 8 0 ' " ° , Sr^', and C s ' " , all of 
which have volatile precursors, were partly 
released. 

The specimen employed in the second experiment 
was 25% enriched to furnish more fission heat. 
It remained in the high-flux region of the reactor 
for about 10 min, and examination of the interior of 
the furnace after it was transferred to a hot cell 
showed that the specimen completely vaporized or 
melted and that most of the material collected as 
crystals on the wall of the thoria cylinder. A 
considerable amount of material deposited in the 
exit gas tube, and a portion of the thoria holder 
apparently melted. Radiochemical analyses of 
materials from this experiment are not available; 
consequently, release values remain to be de­
termined. 

30, Removal of Radioactive Fission Products 
from Air and Other Gases 

The study of the containment, disposal, and 
removal of volatile or otherwise dispersible 
radioactive materials from gases continued, A 
method for removal of radioactive iodine from 
helium at temperatures up to 650°C was developed 
with Whetlerite (charcoal impregnated with silver, 
copper, and chromium salts) as an adsorber. This 
process permits decontamination of gas-cooled 
reactor coolants at high temperatures. The 
efficiency of activated charcoal for removal of 
iodine from steam-air mixtures is being investi­
gated for application to the emergency off-gas 
system of the NS "Savannah." Tests of the 

efficiency of iodine collectors used for environ­
mental monitoring on the NS "Savannah" were 
conducted. 

An investigation of the transport and deposition 
of radioactive aerosols was initiated to provide 
information for aiding in the control of the radio­
activity which occurs in this form. Thus far, the 
study has been mainly concerned with diffusion, 
both as an important mechanism in aerosol be­
havior and OS a basis for the determination of 
particle-size distributions. Air containing radio­
active iodine vapor or finely divided particulate 
matter labeled with I is passed through 

cylindrical or rectangular channels, and the re­
sulting longitudinal activity profiles ore determined 
by means of a gamma spectrometer. The depo­
sition profile for an aerosol or vapor is governed 
by the diffusion coefficient, which, in turn, depends 
on particle diameter or molecular properties in the 
cose of a vapor. The init ial results obtained 
appear promising with regard to aerosol character­
ization, since iodine-labeled particles approxi­
mately 0.25 and 0.004 fi in diameter behaved in 
accordance with theoretical equations adapted 
from the literature. 

Studies concerned with removal of radioactive 
krypton and xenon from coolants and other carrier 
gases continued at a slower rate than during the 
previous year. Equilibrium adsorption isotherms 
were obtained for krypton and xenon on charcoal 
at - 4 5 and - 7 8 ° C . Thermal-conductivity measure­
ments were made with four types of charcoal con­
taining He, N2, or CO2 in the voids. Apparent 
thermal conductivities decreased in the order He, 
N j , and CO2/ in accordance with the behavior of 
the pure gases, but no significant differences 
were noted among the varieties of charcoal tested. 
A long-term krypton holdup test, with charcoal at 
liquid-nitrogen temperature and helium as the 
carrier gas, was initiated and has now been in 
progress for eight months with no evidence of 
krypton breakthrough; for comparison, the overage 
krypton holdup time at 25°C for the same trap and 
flow rate would be 5 min. Equations were de­
veloped for estimating effective diffusion coef­
ficients, for a fairly wide variety of adsorber 
parameters, from readily obtainable data. 
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PART VI. PREPARATION AND PROPERTIES 
OF PURE MATERIALS 

31. Preparation of Pure Materials 

In the research program on the preparation of 
very pure materials in crystalline form, emphasis 
has been placed on the purification of L iF and 
the production of defect-free single crystals, 
enriched in the Li isotope. Solvent extraction of 
on aqueous lithium salt solution with perfluoro-
octanoic acid in diethyl ether was used to remove 
magnesium and other polyvalent cations; L iF was 
precipitated by the addition of the solution to 
aqueous hydrofluoric acid; the dried precipitate 
was dehydrated at elevated temperatures in a 
nickel container in the presence of hydrogen and 
HF gas streams. The purified material was melted 
under vacuum and slowly cooled in a purified 
helium atmosphere in a modified Stockbarger 
furnace to produce a 300-g ingot containing two 
crystals each of very high purity. Small single 
crystals of L iF were also grown from the vapor 
phase. 

The growth of single crystals of refractory 
compounds, particularly oxides, from molten 
solvents was brought under study on the basis of 
previous experience with the determination of 
high-temperature phase equilibria in systems 
involving oxides. Molten molybdenum trioxide, 
although it has a conveniently low melting point, 
was found to form a number of intermediate com­
pounds with refractory oxides and thus proved 
unsuitable. Simple eutectic systems are formed 
between ceramic oxides and Na2B.07; crystals of 
Th02, Zr02/ and T iO j were produced from this 
solvent, and it proved possible to grow seed 
crystals directly on platinum stirring rods without 
the usual diff iculties of mechanical attachment. 
Very encouraging results hove been obtained with 
the growth of oxide crystals from molten fluoride 
mixtures; MgO and T i02 (rutile) hove both been 
produced as good crystals, and evidence has been 
obtained that UO2, Th02/ and Zr02 should also 
be stable phases on exposure to the fluoride 
solvents. 

A literature review of the solvent extraction of 
various metallic ions by dialkylphosphoric acids 
[of the structure (R0)2P(0)0H, HX] has been 
carried out. At low loadings the extraction re­
action 

Ml*+zH^X. — M(X,H)^ +^^L 
aq 2 2 ^ 2 ' z aq 

(in which the extractant is dimeric in the organic 
phase) appears to be quite general. The corre­
sponding equilibrium quotient varies reasonably 
uniformly with ionic charge and radius when com­
pared for the some reagent and diluent. At high 
loadings, various polynuclear extraction complexes, 
sometimes involving aqueous anions, often occur. 
These complexes, as well as mixed "synerg is t ic" 
uranium(Vl) complexes formed in the presence of 
neutral phosphates [e.g., R3PO or (R0)3P0], merit 
further study. 

32. Radiation Chemistry of Organic Moderators 

Samples of pure biphenyl were pyrolyzed at 
490°C for 48 hr. After separation of the products 
of a given pyrolytic sample into three different 
boiling fractions in a vacuum system, they were 
analyzed gas chromatographically with helium as 
the carrier. The low-boiling fraction was resolved 
on a 6-ft column of a molecular sieve (Linde No. 
5A) at room temperature and was shown to consist 
of hydrogen and methane. The intermediate-boiling 
material consisted solely of benzene, as identified 
on 0 12-ft column of Chromosorb P with a static 
phase of 30 wt % Apiezon L and 2 wt % Carbowax 
20 M, with temperature programming between 125 
and 250°C. Finally, a 12-ft column of Chromosorb 
P with 20 wt % LiCI as the stationary phase was 
used to separate and, in some instances, to identify 
the components of the high-boiling fraction of the 
pyrolytic products. Through the use of temperature 
programming between 200 and 350°C, the presence 
of 0-, 772-, and f-terphenyl has been established. 

PART VII. CHEMICAL SUPPORT FOR THE 
THERMONUCLEAR PROGRAM 

33. Sherwood Project Chemistry 

The experimental program of support for the 
Sherwood Project is largely devoted to studies of 
methods for obtaining and measuring high vacuum. 

The response of conventional gloss-enveloped 
ionization gages at low pressures has been com­
pared under several test conditions with similar 
assemblies after substitution of a metal screen 
for the glass envelope. Plots of pressures read 
from these two types of gages show a curvature 
which diminishes with decreasing emission current 
on the screened gage and an absolute difference 
in reading which varies with several test con­
ditions; the type of oil used in the diffusion pump 
was found to be an important factor. 
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The several ava i lab le di f fusion-pump o i l s have 

been examined for re la t ive s tab i l i t y to thermal 

decomposi t ion. A mixture of polyphenyl ethers 

appears most stable, wi th the esters (Octo i l and 

Octoi l-S) next, and the a l iphat ic hydrocarbon o i l s 

least s tab le. Polyphenyl ether has been shown to 

give appreciably lower pressures in simple vacuum 

systems wi th convent ional pumps. A pump which 

should make optimum use of th is favorable property 

is under tes t . 

Smal l-scale experiments have substant iated the 

observat ion that t i tanium f i lms on water-cooled 

substrates are more e f fec t ive getters for H , i f 

they ore vapor-deposited in the presence of 2 to 

10 / i of inert gas than i f deposited in a good 

vacuum. Dramatic improvement, however, requires 

deposit ion in the inert atmosohere and use of 

l iquid-ni t rogen temperatures. 

Lack of sputter ing of t i tan ium under bombardment 

with D accelerated to 25 kev has been sub­

stant ia ted. A considerable f ract ion of the inc ident 

beam penetrates and is retained by the t i tan ium 

specimen. Depth of penetrat ion under bombardment 

suggests that the incident deuteron penetrates the 

usual surface layer and di f fuses w i th in the 

specimen. 

A survey of mater ia ls requirements for a thermo­

nuclear blanket system has been mode, and the 

funct ions which such a blanket must f u l f i l l have 

been ou t l i ned . No experimental ef forts in th is 

d i rect ion have been in i t i a ted . 
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Part I 

Molten-Salt Reactor Program 





1. High-Temperature Phase Equilibrium Studies 

Experimental studies of many fluoride systems 
which have potential use in molten-salt-reactor 
technology have been continued. The data from 
which phase diagrams have been derived were 
obtained from thermal-gradient-quenching experi­
ments, thermal analyses of melts (using both heat­
ing and cooling cycles), and visual observations 
of phase changes produced by heating and cooling. 
In samples from all experiments, the solid phases 
were identified by use of the polarizing light mi­
croscope and the x-ray diffractometer. The crystal 
structures of new compounds isolated in the course 
of these studies have been determined with single-
crystal x-ray-diffraction techniques. 

PHASE EQUILIBRIA AMONG THE FLUORIDES 

R. E. Thoma 

H. A. Friedman H. Insley^ B. J. Sturm 
G. M. Hebert T. N. McVay^ C. F. Weaver 

G. D. Robbins^ 

The System L iF-BeFj -ZrF^ 

In a previous report crystallization equilibria 
for LiF-BeF2-ThF ,-UF . mixtures were described. 
Incorporotion of 5 mole % ZrF . into the MSRE fuel^ 
caused ZrF^ to become the principal tetravalent 
fluoride in the fuel mixture of nominal composition 
LiF-BeF2-ZrF4-ThF4-UF4 (70-23-5-1-1 mole %). 
Crystallization reactions should then be strongly 
influenced by the phase behavior in the system 

Consultant, National Bureau of Standards (retired). 

Consultant, the University of Alabama (retired). 
3 

Summer employee from the University of North Caro­
l ina. 

C. F. Weaver et al.. Phase Equilibria in Molten Salt 
Breeder Reactor Fuels. I. The System LiF-BeFj-UF,-
ThF^, ORNL-2896 (Dec. 27, 1960). ^ 

^MSRP Progr. Rept. Feb. 28. 1961. ORNL-3122, p 109. 

LiF-BeFj -ZrF^. Consequently, this system is 
being investigated. Results of the investigation, 
based on cooling-curve and thermal-gradient-
quenching data, are summarized in the tentative 
phase diagram of the system (Fig. 1.1). A partial 
l ist of invariant points is shown in Table 1.1. The 
liquidus surfaces in the system are, in general, 
similar to those in the systems Li F-BeFj-ThF. 
and L iF-BeFj -UF^, and somewhat lower because 
the melting point of Z rF . is considerably lower 
than that of ThF^ or UF^. Of the three LiF-BeF2-
MF. ternary systems, only L iF -BeF j -Z rF . con­
tains a ternary compound. This compound, 6LiF« 
BeF_«ZrF. melts semicongruently to L iF and 
liquid at 475°C, and is the first solid phase to 
crystallize on cooling from the MSRE liquid fuel 
mixture. Crystal-structure studies of 6L iF«BeF2 ' 
ZrF^ are discussed in the section, "X-Ray Dif­
fraction Study of 6L iF .BeF2.ZrF^" (this chapter). 

The System LiF-BeF2-ZrF4-ThF4-UF4 

Zirconium tetrafluoride serves as a scavenger 
for oxide ion and provides protection against pre­
cipitation of UO2 in MSRE fuels containing L i F , 
BeF2, and UF^.^ ' * The nominal MSRE fuel mix-
ture is composed of LiF-BeF2-ZrF ,-ThF , -UF, 
(70-23-5-1-1 mole %). Studies of this system and 
its limiting systems are continuing. Investiga­
tions are continuing on the determination of tem­
perature-composition relationships along various 
sections of special relevance to the MSRE fuel. 
Liquidus temperatures varying as a function of 
L i F / B e F j ratio with ZrF^, ThF^, and UF^ con­
centrations held at 5, 1, and 1 mole %, respec­
tively, are shown in Fig. 1.2. Liquidus tempera­
tures varying as a function of the same ratio and 

R. E. Thoma, "Scavenging of Oxide in L i F - B e F , -
U F ^ Mixtures by Z r F ^ , " August 22, 1960 (internal cor­
respondence). 
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Fig. 1.1. The System Li F - B e F j - Z r F ^ . 

Table 1 .1 . Invariant Equilibria in the System L i F - B e F j - Z r F ^ 

548 

Solid Phases Present 
Compos i t ion (mole %) 

L i F B e F , Z r F , 

Invar iant 

Behavior 

Pe r i t ec t i c 

Pe r l t ec t i c 

Pe r i t ec t i c 

Pe r i t ec t i c 

Eu tec t i c 

Eutec t ic 

Temperature 

(°C) 

-^480 

470 

~ 4 3 5 

428 

358 

470 

3 L i F ' Z r F ^ , L I F , 2 L I F » Z r F 4 

L i F , 2 L i F » Z r F ^ , 6 L i F • B e F j * Z r F ^ 

L i F , 2 L I F » B e F 2 , 6 L i F • B e F j ' Z r F ^ 

2 L I F ' B e F 2 , 2 L l F ' Z r F 4 , 6 L I F . B e F 2 ' Z r F 4 

2 L I F « B e F 2 , B e F j , 2 L i F « Z r F 4 

2 L I F « B e F 2 , Z r F . , BeF2 

75 

74 

67 

64 

47 

^28 

5 

12 

30 

32 

52 

^45 

20 

14 

3 

4 

1 

^27 
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wi th Z r F ^ , T h F ^ , and U F ^ held at 7, 1, and 1 

mole %, respect ive ly , are shown in F ig . 1.3. The 

need for addi t ional work on the invest igat ion of 

phase re lat ionships in the system L i F - B e F . - Z r F .-

T h F , - U F , was shown by resul ts of recent in>pile 

tests wi th the nominal MSRE fuel mixture. In these 

tes ts , i rradiated sa l t mixtures were exposed to 

temperatures as high as 1050°C, wel l above the 

upper temperatures speci f ied in design c r i te r ia ; 

L i F and BeF2 were evaporated in approximately 

a 2 : 1 mole rat io from the mixtures. The resu l t ing 

changes in composit ion and behavior of the remain­

ing material require an understanding of the crys­

ta l l i za t ion react ions along the composi t ion sect ion 

contain ing 2 L i F « B e F 2 and the MSRE fue l . Re­

moval of 2 L i F » B e F 2 from the MSRE fuel mixture 

520 
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5 460 

440 

420 h 

400 

UNCLASSIFIED 
ORNL-LR-DWG 56484 

: LIQUID 

^2L iF BeF, 

CONTAINING 15 mole % U F , 

Fig. 1.2. The System Li F - B e F j - Z r F ^ - U F ^ - T h F 4* 
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Fig. 1.3. The System Li F - B e F j - Z r F ^ - U F ^ - T h F ^ . 
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resul ts in mixtures whose l iqu idus temperatures 

are increased by as much as 100°C, depending on 

the f ract ion of 2 L i F « B e F , removed. 

The Systems KF-ThF^ and RbF-ThF^ 

The cat ion-radius rat ios K V T h " * * and R b V T h ^ " ^ 

suggested that the compounds 7 K F » 6 T h F . and 

7 R b F « 6 T h F ^ occur in the systems^ '^ K F - T h F ^ 

and R b F - T h F . rather than the reported compounds. 

Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, 
ORNL-2931, p 22. 

R. E. Thoma, Inorganic Chemistry (In press). 

'W. H. Zocharlasen, J. Am. Chem. Soc. 70, 2147 
(1948). 

K F . T h F ^ ' and R b F ' T h F ^ . ^ O Prel iminary exper i ­

ments confirmed th is conclusion and showed, as 

w e l l , that several previously unref)orted compounds 

occur and that somewhat more in t r icate phase rela­

t ionships ex is t than were reported by prev ious 

i n v e s t i g a t o r s . ' " ' ^ ' Phase diagrams of the sys­

tems K F - T h F ^ and RbF-ThF^ , modif ied by the 

resul ts of the ORNL invest iga t ions , are shown in 

F igs . 1.4 and 1.5. These are now considered com­

plete wi th respect to def in i t ion of the phase re la­

t ionships among the equi l ib r ium compounds w i th in 

the two systems. 

E. P. Dergunov and A. G. Bergman, Doklady Akad. 
Nauk S.S.S.R. 60, 391 (1948). 

" W . J . Asker, E. R. Segnit, and A. W. Wylle, ; . Chem. 
Soc. 1952, p 4470. 
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Fig. 1.5. The System RbF-ThF^. 

The System NaF-ThF^-UF^ 

For several years i t was bel ieved that cont in­

uous sol id solut ion occurred between crysta ls 

thought to be the low-temperature forms of 4 N a F ' 

T h F . and S N a F - U F . . ' ^ Th is view had pers isted 

because of the d i f f i cu l t y of iso la t ing pure crysta ls 

of these mater ia ls , which are stable w i th in only 

a l imi ted temperature range and are formed only in 

so l id-s ta te react ions. Consequent ly, the presence 

of minor amounts of other f luor ide phases, detected 

mic roscop ica l l y , was customari ly interpreted as 

indicat ing that so l id-s ta te equ i l ib r ia had not been 

at ta ined. Recent reviews of a large number of 

^"^MSRP Progr. Rept. Aug. 31, 1961. ORNL-3215, 
p 119. 

phase data accumulated in studies of composit ion 

sect ions between 4 N a F « T h F . and 3 N a F « U F . sug­

gested that a more sat is factory model should in ­

clude 7 N a F « 2 T h F ^ and 7 N a F « 2 U F ^ as end mem­

bers of a region of so l id so lu t ion . Pur i f ied mix­

tures of N a F - T h F ^ and NaF-UF^ were premelted, 

cooled, and homogenized, and were annealed in the 

so l id state for three weeks at 500-600°C. Rapid 

cool ing of the annealed mixtures preserved crysta ls 

of the pure s ingle phases 7NaF« 2ThF^ and 7 N a F ' 

2UF .. Revised phase diagrams of the systems NaF-

ThF . and N a F - U F . are shown in F igs . 1.6 and 1.7. 

These discover ies removed the apparent anomalies 

related to the existence of so l id solut ions between 

the isomorphous crysta ls thought to be /3-4NaF» 

T h F ^ and ^ - 3 N a F » U F ^ . Continuous sol id solu­

t ion between the two f luor i te phases 3 N a F ' 

7 
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2ThF. and 5NaF«3UF^ does not represent a com­
parable anomaly, for random cation distribution in 
a fluoride lattice is frequently observed. In addi­
tion, the compound 5NaF»3UF. does not remain 
exactly stoichiometric within the binary system 
but is capable of dissolving a minor amount of 
NaF in the solid state. The phase-equilibrium 
diagram of the system NaF-ThF.-UF. is shown 
in Fig. 1.8. As in the system L iF-ThF^-UF^, '^ 
the similarity in cation size of Th'*'*" and U'*'*' is 
believed to be the important factor responsible for 
the existence of extensive solid-solution regions. 
Eleven invariant points, including two eutectics 
and three singular points, occur in association 
with the primary phases of ten solid solutions and 

13 

two pure solids. The minimum melting temperature 
in the system, 585°C, is found for the eutectic 
mixture NaF-ThF^-UF^ (75.5-10.5-14). No ternary 
compounds occur in the system. 

The System NaP-BeFj-ThF^ 

Studies of phase equilibria in the system NaF-
BeF.-ThF . ' ^ ~ ' ' have been completed. The phase 
diagram, showing solid-liquid relationships in the 

(1960). 
C. F. Weaver et al., ]. Am. Ceram. Soc. 43, 213 

C. J . Barton et al.. Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31, 1960, ORNL-2931, pp 7 - 9 . 

^^MSRP Progr. Rept. Feb. 28, 1961, ORNL-3122, 
pp 111-14. 

Presented at the 138th Meeting of the American 
Chemical Society, New York, N.Y. , Sept. 1 1 - 1 6 , I960 , 
Paper No. 83, Physical Chemistry Division. 
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system, is shown in F i g . 1.9. Final rev is ion was 

made poss ib le by recent iso la t ion of the s ingle 

phase 7 N a F « 2 T h F . (see the immediately preced­

ing sect ion, " T h e System N a F - T h F ^ - U F ^ " ) . Pr i ­

mary phases of 12 compounds are c rys ta l l i zed from 

l iqu id mixtures of N a F - B e F 2 - T h F . . A single 

ternary compound, NaF • B e F j • 3ThF4, occurr ing in 

the system^^ melts semicongruently to l iqu id and 

a so l id solut ion of T h F . conta in ing both d isso lved 

NaF and B e F j . Twelve invar iant points occur 

in the system; the composit ions and temperatures 

at which these occur are l i s ted in Table 1.2. The 

system NaF-BeF2-ThF . is d iv ided into two inde­

pendent subsystems by the quasi-binary system 

formed by 2 N a F . B e F 2 and 2 N a F . T h F 4 . The 

composit ion sect ion invo lv ing these two inter­

mediate compounds is shown in F i g . 1.10. 

Possible Reprocessing Solvents 

Reactor fuel recovery by the f luor ide vo la t i l i t y 

process is dependent on the phase equ i l ib r ia of 

the system in use. Economic d isso lu t ion of spent 

fuel elements by HF in molten f luor ide mixtures 

depends on high capaci ty of an inexpensive f luo­

ride solvent for the fuel material at temperatures 

su f f i c ien t ly low to minimize corrosion of the con­

tainer. Invest igat ions of the systems N a F - B e F , -

Z r F . and L i F - N a F - T h F . were begun wi th the 

expectat ion that low-temperature composi t ion paths 

would be found between NaF-BeF_ mixtures and 

Z r F ^ , as we l l as between L i F - N a F mixtures and 

ThF_j. Studies, not yet concluded, of the system 

N a F - B e F j - Z r F ^ ' S indicate that NaF-BeF^ (71-29 

mole %) is a potent ia l ly useful solvent for Z i rca loy 

fuel elements; i t d isso lves approximately 50 

^ ' ' R . E . Thoma et al.. J. Am. Ceram. Soc. 43, 608 
(1960). 

18 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960, 

ORNL-2931, p 20. 
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Fig. 1.7. The System N a F - U F ^ . 
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UNCLASSIFIED 
ORNL- LR- DWG 45512A 

(A) NoF 

( g ) 4NaF ThF4 ss 

(C) 7NaF 2ThF4 - 7NaF 2UF4 ss 

( D ) 3NaF UF4 ss 

( E ) / 3 2 - 2 N O F ThF4SS 

( F ) 8 - 2 N 0 F UF4SS 

(G) 3NaF 2ThF4-5NaF 3UF45S 

(H) a-NoF TI1F4 

0 7NaF 6ThF4-7NaF 6UF4SS 

Q) NaF 2ThF455 

(K) NOF 2UF4SS 

(M) ThF4-UF4S5 

ThF^ 

im 

f'ooX 

COMPOSITION IN mole % 
TEMPERATURE IN °C 

NoF 2ThF4 

NoF ThF4 

P 737 , 

(H> 

m p 712 f 705 
3NoF 2TtiF4 -

f 6 9 0 

m p 705 

< 7 0 0 " 

® 
2NoF ThF4 

7NaF 2Thl4. 
^ 6 2 7 

4NaF ThF4 

f 618 

7NoF 2UF4 

m p 629 
3NoF UF4 

£613 ^648 P673 
2NoF UF4 5NaF 3UF^ 

m p 718 
7NoF 6UF4 

NoF 2UF4 
• UF4 

1035 

Fig. 1.8. The System N a F - T h F 4 - U F 4 . 

mole % Z rF . below 500°C in the molten state. A 
4 

less advanced investigation of the system L iF-
NaF-ThF^ indicates that the LiF-NaF eutectic 
may serve as a suitable solvent for the dissolution 
of fuel elements containing high concentrations 
of thorium. The eutectic at 504°C (Li F-NaF-ThF^, 
43-33-24 mole %) lies along the composition path 
between the LiF-NaF eutectic composition and 
ThF, , permitting solution of approximately 30 
mole % ThF, below 600°C. 

4 

The System NaF-YFj 

Generalizations about the behavior of the rare-
earth fission product fluorides in molten salts are 
controlled by the facts that (1) the trifluorides 
L a p , and Y F , represent the two structural types 
to which all rare-earth trifluorides belong,^' and 

19 A. Zaikin and D. H. Templeton, J. Am. Chem. Soc. 
75. 2453 (1953). 
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UNCLASSIFIED 
ORNL LR DWG 5040eR 

TEMPERATURF IN °C 

COMPOSITION IN mGle7„ 

t = EUTECTC 

P = PERITECTIC 

. \oW-

NaF 2ThF, 

f 61 

7NaF 2ThF, 

P645 
4NoFThF 

PRIMARY PHASE FIELDS 

A = NoF 

B = 2NoF Th l^ 

C = 2NaF BeFj 

D = a NoFThF^ 

E = 3NoF 2Th[^ 

F = NoF 2Th6, 

G = NoF BeFj 

H = NoF BeFj 3Tb5, 

I = ThF. 

NoF 
995 f570 2NaF BeF, f 340 NoF BeFj f 375 f 365 

Fig. 1.9. The System N a F - B e F j - T h F ^ . 

(2) the binary phase diagrams of rare-earth t r i ­

f luor ides wi th a lka l i -meta l f luor ides are expected 

to fa l l into two general types, associated wi th 

the re la t ionsh ip between the size of the a l ka l i -

metal cat ion and the size of the t r iva lent rare-earth 

ca t ion . ° Well-defined phase diagrams of the sys­

tems contain ing an a lka l i -meta l f luor ide wi th L a p . 

or Y F . should, therefore, be of real use in pre­

d ic t ing the general behavior of and ident i ty of 

crysta l phases formed by the rare-earth f iss ion 

product t r i f luor ides in mol ten-sal t reactor fuels 

and in fuel reprocessing so lu t ions. Credib le f luo-

r i d e - Y F j systems have been presented ,^ " ' ^^ but 

con f l i c t ing reports, which we bel ieve incredib le, 

ex is t concerning the system N a F - Y F _ . ^ ^ ' ^ ^ 

The equi l ibr ium phase diagram of the system 

N a F - Y F - (F ig . 1.11), derived in recent ORNL 

20 

21 

1185 (1948). 

22 F. Hund, Z. anorg. Chem. 2 6 1 , 106 (1950). 

R. E . Thoma et ah. J. Phys. Chem. 65, 1096 (1961). 

E. P. Dergunov, Doklady Akad. Nauk S.S.S.R. 60, 

11 
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Table 1.2. Invariant Equilibria in the System NaF-BeF.-ThF 

Solid Phases Present 

ThF^SS, BeF2, N a F ' B e F j * 3ThF4 

N a F . B e F j , B e F j , NaF • B e F j " SThF^ 

N a F ' B e F j , N a F . 2 T h F 4 , N a F - B e F 2 • 3Th F^ 

N a F ' B e F j , N a F . 2 T h F 4 , N a F - T h F ^ 

N a F ' B e F j , 2 N a F « B e F 2 , N a F ^ T h F ^ 

2 N a F . T h F 4 , 2 N a F . B e F 2 , N a F ' T h F ^ 

2 N a F . T h F ^ , 2 N a F . B e F 2 , NaF 

2NaF« ThF^ , 7NaF« 2ThF4, NaF 

2 N a F . T h F ^ , 3 N a F . 2 T h F 4 , N a F - T h F ^ 

N a F . 2 T h F ^ , ThF^SS, N a F - B e F 2 ' 3 T h F 4 

2 N a F . T h F ^ , 4 N a F 4 « T h F 4 , 7 N a F . 2 T h F 4 

N a F , 4 N a F ^ . T h F 4 , 7 N a F ' 2 T h F 4 

Coir 

NaF 

2 

43 

47 

48 

55 

57 

72 

76 

62 

42 

77 

77.5 

position (mo 

BeF2 

96 

55 

51 

50 

43 

41 

22 

10 

2 

31 

1.5 

5 

e %) 

ThF^ 

2 

2 

2 

2 

2 

2 

6 

14 

36 

27 

21.5 

17.5 

invariant 

Behavior 

Peritectic 

Eutectic 

Peritectic 

Peritectic 

Eutectic 

Peritectic 

Eutectic 

Peritectic 

Peritectic 

Peritectic 

Peritectic 

Peritectic 

Temperature 

(°C) 

526 

365 

374 

375 

320 

415 

509 

540 

683 

745 

610 

604 

the high-temperature form ( ^ -NaYF^ ) has the f luo­

r i te structure. The low-temperature hexagonal form 

(a -NoYF .) was indexed in the present s tud ies. I ts 

structure is descr ibed in the sect ion " C r y s t a l 

Structure of N a Y F . " ( this chapter). The system 

N a F - Y F j contains two eu tec t ics , at 27 and 75 

mole % Y F j , and at 640 + 3 and 956 + 3°C respec­

t i ve l y . The equi l ibr ium inversion temperature of 

the pure compound, N a F « Y F - , occurs at 678 ± 

3°C. The invers ion in Y F , is inferred from thermal 

data,^ ' ' but c rys ta ls of the high-temperature form 

have not been iso la ted. 

The so lub i l i t y of Y F . in cubic N a Y F , has a l ­

ready been studied by Hund,^ ' ' who prepared so l id 

solut ions conta in ing up to 58 mole % Y F , in 

j 8 -NaYF . by prec ip i ta t ion from aqueous so lu t ions , 

though he made no study of th is phase at high 

temperatures. Figure 1.11 shows the region of 

so l id solut ion in de ta i l ; the l iquidus is seen to 

exh ib i t a maximum at 66.5 mole % Y F , . The ex­

istence of a compound at th is maximum is ruled 

out by the appearance at 50 mole % Y F , of a com­

pound having the f luor i te structure, w i th i ts pro­

pensi ty to form so l id solut ion by addi t ion of 

F. Hund, Z. anorg. u. allgem. Chem. 263, 102 
(1950). 

750 
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g 
u 6 0 0 

Q̂  550 

UJ 
h-
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2NaFThR + LI0 

— 

— 
^ 
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\ 

ORN 
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v ^ 

UNCLASSIFIED 
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1 

— - -

1 

> ^ 

S4 - / L-
2NaF-BeF2+LIQUID-^ 

1 1 

1 1 

2NaF-Thf^+2NaF-BeF2 

v 

i 
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Fig. 1.10. The Composition Section Involving 

2NaF-ThF4-2NaF-BoF2. 

s tudies, shows the ex is tence of a s ingle inter­

mediate compound, N a P ' Y F , . Hund reported 

the polymorphism of N a F ' Y F , and showed that 

12 
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UNCLASSIFIED 
ORNL-LR-DWG 65851 
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Fig. 1.11. The System N a F - Y F 3 . 

Y F , . 2 4 

L i Y V , , 2 0 

Neither of the phases, a -NoYF^ or 

appears capable of d isso lv ing detectable 

amounts of Y F , . 

Phase Studies on the System CrF«-CrF , 

Corrosion of chromium-alloy containers by molten 

f luor ides resul ts in the formation of solut ions of 

chromium f luor ides. The chromium has general ly 

been found in the d iva lent state in melts based 

on B e F j or Z r F ^ , but in the t r iva lent state in 

melts cons is t ing pr imar i ly of a lkal i -metal f luo­

r ides ;^^ therefore, both C r F j and C r F , have been 

used in the study of corrosion by f luor ide melts. 

E. ZintI and A. Ugard, Z. anorg. u. allgem. Chem. 
240, 150 (1939). 

"^^USRP Quart. Progr. Rept. Oct. 31. 1958, ORNL-
2626, pp 9 5 - 9 6 . 

In the synthesis of these compounds, an inter­

mediate compound, chromium( l l , l l l ) f luor ide, was 

encountered.^^ Because of interest in th is com­

pound, the C r F . - C r F , system was studied, and 

prel iminary data were reported. 

Addi t ional experimental data have been obtained 

from cool ing-curve and thermal-gradient-quenching 

experiments. Phase t rans i t ions observed in these 

experiments are shown in the equi l ibr ium phase 

diagram of the system C r F 2 - C r F j (F i g . 1.12). To 

prevent d isproport ionat ion of C r F , into C r F . and 

vo la t i l e C r F , at the high temperatures, the mix­

tures were sealed in plat inum tubes which were 

su f f i c ien t ly strong to wi thstand the pressures 

invo lved. 

^^MSRP Quart. Progr. Rept. Jan. 31. 1959. ORNL-
2684, pp 112 -14 . 

27 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1961, 

ORNL-3127, pp 4 - 5 . 
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1450 

1350 

1250 
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950 
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CrF, (mole 7o) 

Fig. 1.12. The System C r F j - C r F j . 

The only compound found in the system, chro-

mium( l l , l l l ) f luor ide, is a so l id solut ion ranging 

in composit ion from CrF2 ^Q to CrF2 45. It melts 

incongruently at 997 + 5°C. The densi ty , deter­

mined pycnometr ical ly at 25°C, is 3.64 g/cm'^. 

The eutect ic at 831 ± 5°C contains 14 mole % 

C r F j . Chromium(l l l ) f luor ide forms a sol id solut ion 

contain ing s l i gh t l y over 10 mole % C r F j , which is 

d is t ingu ishable from pure CrF by refract ive- index 

measurements. 

CRYSTAL-STRUCTURE INVESTIGATIONS 

J . H. Burns D. J . Duchamp^S 

The crysta l structures of several f luor ide-con­

ta in ing substances were studied by x-ray d i f f rac­

t i on . The s ing le-crysta l method was employed 

pr imar i ly , but powder d i f f rac t ion was used when 

s ingle crysta ls were not ava i lab le . For the study 

of s ingle c rys ta l s , use was made of Weissenberg 

and precession f i lm techniques as wel l as the 

s ing le-crys ta l or ienter equipped w i th a sc i n t i l l a ­

t ion-counter detector. A complete structure deter­

minat ion was carr ied out in some cases; in others, 

un i t -ce l l d imensions, space group, and crystal 

densi ty were determined. 

Crystal Structure of L iSbF . 

The crysta l structure of L i S b F , was determined 

by x-ray d i f f rac t ion methods employing a s ingle-

crysta l or ienter and a sc in t i l la t ion-counter detector 

to measure in tens i t i es . The uni t ce l l is rhombo-

hedral w i th a = 5.43 A, a = 56° 58 ' ; i t contains one 

formula wieght . The space group is R3. The 

atoms were placed as fo l lows in the hexagonal 

pseudo-ce l l : 

(0,0,0; ^/y%.%; %.\.\) + 

Sb (a) 0,0,0 , 

LI ( fc)0 ,0 ,V2, 

F (/) Mx,y,z; y,x - y,z; y - x,x,z) ; 

the structure was descr ibed by six parameters: x, 

y, z, temperature factors for antimony and f luor ine, 

and a scale factor. These parameters were refined 

by the method of least squares to f i t 110 observed 

in tens i t ies , employing the Bus ing -Levy^ ' program 

9ft 
Summer employee; presently attending the Graduate 

School, California Institute of Technology, Pasadena. 

W, R. Busing and H. A. Levy, A Crystallographic 
Least Squares Refinement Program jor the IBM 704, 
ORNL CF-59-4-37 (April 1959). 
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and the IBM 7090. The f ina l parameters and their 

standard errors are shown below: 

x(F) 0.3186 ±0.0013 

y(F) 0.0540 ±0.0012 

z(F) -0.0799 ±0.0004 

B(Sb) 0.57 ±0.02 

fi(F) 1.20 ±0.06 

The structure of L iSbF^ ( F i g . 1.13) is a rhombo-

hedral d is tor t ion of the cubic NaSbF, structure'^" 

and cons is ts of regular octahedra of f luor ine atoms 

about the antimony and about the l i th ium atoms 

at d is tances of 1.877 ± 0.006 and 2.032 ± 0.006 A 

respect ive ly . 

UNCLASSIFIED 
ORNL-LR-DWG 64080 

The locat ion of the re la t i ve ly l ight f luor ine atoms 

in a crysta l wi th heavy atoms also present, and 

hence the accurate determination of the Sb(V)-F 

bond length, reported here, was obtained because 

of the use of counter techniques to measure in­

tens i t ies . 

Crystal Structure of NaYF . 

The low-temperature a - N a Y F . and the high-tem­

perature /S-NaYF. reported by Hund^^ were pre­

pared at th is Laboratory and examined by x-ray 

d i f f rac t ion . The cubic symmetry of jS-NaYF. 

( f luor i te structure) was conf i rmed, and a -NaYF . 

was determined to be hexagonal . On the basis of 

the un i t -ce l l dimensions and chemical s imi la r i t y , 

the a - N a Y F . was deduced to be isostructural 
4 

wi th / S j - N a L a F . . Th is has been designated the 

/ S j - N o j T h F ^ structure type by Zacha r i asen . ' " 

Un i t -ce l l constants are presented for comparison. 

2 032 A 

47 5° 

y i L, 

9 Sb 

/Sj -NojThFg 

jS j -NaLaF^ 

a - N o Y F . 

5.889 

6.179 

5.954 

3.835 

3.827 

3.524 

The ca lcu la ted densi ty of a - N a Y F . , wi th ^/, 

formula weights per uni t c e l l , is 4.33 g /cm ' ' , in 

agreement wi th the measured v a l u e ^ of 4.23. The 

indexed powder pattern is shown in Table 1.3. 

X-Ray Diffraction Study of K j U F ^ ond K3ThF7 

The structure of green crysta ls of K . U F ^ was 

reported by Zachar iasen^^ to be tetragonal (ordered 

form) and cubic (disordered form) at low and high 

temperatures respect ive ly . However, anhydrous 

preparations of K^UF^ were reported by Thoma 

et al.^^ to y i e l d blue-green b iax ia l c rys ta ls , which 

were character ized by a powder pattern of low 

symmetry. 

Fig. 1.13. Crystal Structure of L i S b F , . 

N. Schrewellus, Z. anorg. u. allgem. Chem. 238,241 
(1938). 

•^'W. H. Zachar iasen , Acta Cryst. 1, 265 (1948). 

^^W. H. Zachara lsen , Acta Cryst. 7, 792 (1954). 

•'^R. E. Thoma et al., J. Am. Ceram. Soc. 41, 538 
(1958). 
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Table 1.3. Powder Pattern of a-NoYF^ 

/ 

64 

63 

47 

8 

21 

68 

6 

5 

20 

42 

5 

4 

7 

obs 

5.156 

2.975 

2 910 

2.578 

2.272 

2.082 

1.950 

1.762 

1.721 
1.707 

1.667 

1.518 

1.455 

'^calc 

5.156 

2.977 

2.910 

2.578 

2.274 

2.081 

1.949 

1.762 

1.718 
1.706 

1.667 

1.516 

1.455 

hkl 

100 

110 

101 

200 

111 

201 

120 

002 

300 

121 

102 

112 

202 

In the present work, s ing le crysta ls of both the 

green and the blue-green forms were prepared and 

examined by x-ray d i f f rac t ion . The blue-green 

crysta ls were found to be orthorhombic, w i th 

a = 6.58 A, b = 8.31 A, and c = 7.22 A. The pos­

s ib le space groups ore Pnmm and Pnm2. . The 

powder pattern previously referred to ' ' ' ' was in­

dexed (Table 1.4) on the basis of th is c e l l , as­

suring the ident i ty of the s ingle crys ta ls w i th the 

previously studied powder. 

The green crys ta ls produced a cubic pattern in 

agreement w i th that of Zachar iasen, but no 

evidence was found for the tetragonal modi f ica t ion. 

The cubic d i f f rac t ion patterns were composed of 

rather di f fuse spots, suggesting that these crys ta ls 

were poorly formed, perhaps due to quenching from 

high temperature. The presence of the di f fuse 

cubic pattern superposed on the orthorhombic 

patterns provides evidence that when the ortho­

rhombic ^ ^ cubic transformation occurs, the ortho­

rhombic a ax is becomes the [110] d i rect ion in the 

cube. 

Single crys ta ls of K^ThF^ were h igh ly twinned, 

but x-ray patterns indicated that they are isostruc­

tural w i th cubic K ^ U F , . 

Structural Studies on Chromium(ll,lll) Fluoride 

Single c rys ta ls of chromium( l l , l l l ) f luor ide (see 

the section " P h a s e Studies on the System C r F j -

C r F g , " t h i s chapter) wi th the composit ion 60% 

C r F - and 40% C r F - were examined by x-ray di f­

f rac t ion . They are monocl in ic , wi th a = 7.82 A, 

fc = 7.57 A , c = 7 . 1 7 A , / 3 = 120^7 ' . 

Table 1.4. Powder Pattern of K jUF^ 

/ 

20 

5 

80 

60 

40 

20 

45 

35 

100 

10 

10 

5 

5 

5 

15 

5 

10 

25 

5 

5 

obs 

7.20 

6.03 

5.44 

5.15 

4.85 

4.19 

3.59 

3.29 

3.15 

2.95 

2.817 

2.715 

2.675 

2.636 
2.578 

2.550 

2.508 

2.436 

2.398 

2.332 

^calc 

7.22 

5.45 

5.16 

4.86 

4.20 

3.60 

3.29 

3.16 

2.96 

2.817 

2.727 

2.580 

2.553 

2.517 

2.432 

2.407 

2.333 

hkl 

001 

O i l 

no 
101 

111 

021 

200 

121 

112 

211 

022 

220 

130 

122 

202 

131 

212 

The space groups consis tent w i th the systematic 

absences are C ' - C2 /c and C - Cc. The pyc-

nometric densi ty is 3.64 g / cm ' ' . There is no s to i ­

ch iometr ic rat io C r F 2 : C r F , in the so l id -so lu t ion 

range which w i l l descr ibe a compound such that 

an integral number of formula weights can occupy 

th is un i t ce l l and y i e l d the observed densi ty . 

However, an arrangement of 4 formula weights of 

C r j F j per unit ce l l is consis tent w i th the poss ib le 

space groups and has a calculated densi ty of 3.60. 

A structure which would expla in both the phase 

and crysta l lographic observat ions is as fo l l ows : 

The Cr^ , Cr' ' , and F~ would occupy posi t ions 

of an " i d e a l " structure contain ing four C r . F , 

units per c e l l , ye t have a random def ic iency of 

F~ and an equal number of Cr' ' replaced by C r ^ \ 

Such an omission so l id solut ion or defect structure 

would be analogous to that^'* of FeO in which 

there is a so l id -so lu t ion range near to , but never 

a t ta in ing , the s to ich iometr ic composi t ion. 

' ^ " E . R. Jette and F. Foote, / . Chem. Phys. 1, 29 
(1933). 
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X-Ray Diffraction Study of L i R b F j and L i C s F j 

The 1 : 1 compounds in the L i F - R b F and L i F - C s F 

systems' '^ have been studied by s ingle-crystal 

x-ray d i f f rac t ion . The compound L i C s F . is mono-

c l i n i c , w i th a = 6.01 A, 6 = 11.64 A, c = 8.14 A, 

P = 9 0 ° 45 ' , and has 8 formula weights per c e l l . 

The calculated densi ty is 4.15 g / cm ' ' . Systematic 

ext inct ions indicate that the space group i s C 2 / c or 

Cc; these are ind is t ingu ishab le by d i f f rac t ion . A 

deta i led study of atomic posi t ions is in progress. 

Since crysta ls of L i R b F j are 100% twinned [ tw in ­

ning plane is (001)] , re l iab le data are more d i f f i c u l t 

to obta in; but the fo l lowing monocl in ic ce l l dimen­

sions were found: a = 5.83 A, fc = 11.16 A, c = 

7.86 A, ^ = 94° 55' . Th is ce l l contains 8 formula 

weights of L i RbF wi th a calculated density of 

3.40 g /cm3. 

An obvious feature of the structure of each of 

these compounds is that one dimension of the 

uni t cel l in each case is equal to the cubic dimen­

sion of the component a lka l i f luor ide; that is, 

CsF has a = 6.02 A and RbF has a = 5.64 A. Th is 

suggests the presence of chains of Cs-F-Cs-F and 

Rb-F-Rb-F along a in the corresponding compounds 

with LiF. 

X-Ray Diffraction Study of 6 L i F • B e F j . ZrF^ 

When the MSRE fuel is a l lowed to cool s low ly , 

one of the f i r s t phases to prec ip i ta te is a ternary 

compound wi th the stoichiometry 6 L i F « B e F 2 ' 

Z r F . . ' ' * Single-crystal specimens of th is com­

pound were studied by x-ray d i f f rac t ion , and i t 

was deduced from the resul ts that the crystals are 

body-centered tetragonal with a - 6.57 A and c = 

18.62 A. The space group is one that is uniquely 

determined by the Laue symmetry and systematic 

absences, D ' ^ - lAJamd. A densi ty of 3.19 

g /cm' ' was calculated for a c rys ta l l ine f luor ide 

of th is stoichiometry by the method of Cantor, 

which is based on the assumption that the molar 

volume of the complex compound is the sum of 

the molar volumes of the components (see the 

sect ion, "Ca l cu l a t i on of Densi t ies of F l u o r i d e s , " 

Chap. 5, th is report). Th is value is in good agree­

ment wi th 3.06 g / cm ' ' , ca lcu la ted on the basis of 

the un i t -ce l l dimensions and the presence of four 

sto ichiometr ic units of L i . B e Z r F , , . 
o I z 

^ ^ C . J . Bar ton, T . N. McVay , L. M. Bratcher, and 
W. R. Grimes (unpubl ished work) . 

^^S[SRP Progr. Rept. Feb. 28. 1961, ORNL-3122, 
p 110. 

In order to sat is fy the space-group requirements, 

the beryl l ium and zirconium ions must l ie in planes 

separated by 4.64 A and perpendicular to the c 

ax is . The locat ions of the other ions w i l l be the 

subject of further s tudies. 

PREPARATION AND CHARACTERIZATION 
OF NEW FLUORIDE COMPOUNDS 

B. J . Sturm G. M. Hebert 

Vanadium Trifluoride 

Small quant i t ies of vanadium are expected to be 

formed in the MSRE from i r radiat ion of the chro-

.50 / „ ^ . i r . s i "K-'y. mium-al loy container: Cr^ ' ' («,y)Cr^ y S l . 

As i ts f luor ide, V F ^ , could possib ly form under 

some unusual condi t ions of reactor operat ion, some 

propert ies of th is compound were s tud ied. The 

compound was prepared by thermal decomposit ion 

of ( N H J j V F ^ . ^ ^ ' ^ ^ 

The melt ing point of V F , was determined by the 

procedure used for C r F j . The mater ia l , con­

ta ined in a plat inum tube, melted at 1406 ± 15'C. ' '^ 

Ana lys is of the compound after mel t ing showed 

that no chemical change had occurred. Near the 

melt ing point V F ^ had a vapor pressure su f f i c ien t ly 

high to burst the container and completely v o l a t i l ­

ize in some tes ts . The compound forms ye l low-

green crysta ls that are b iax ia l (+), w i th N^= 1.536 

and N = 1.544. Contrary to publ ished est imated 

free-energy values ind icat ing reduct ion to a 

hypothet ical V F j , V F j did not react w i th either 

n icke l or vanadium at temperatures up to 1250°C. 

Oxyfluorides of Zirconium and Uranium 

Only l imi ted data are avo i lab le^^ ' ' * ^ concerning 

the ident i ty and propert ies of the so l id phases 

formed on part ia l hydro lys is of Z r F . and U F , . 

37 
B. J. Sturm and C. W. Slieridan, Preparation of 

Vanadium Trifluoride by the Thermal Decomposition 
of Ammonium Hexafluovanadate(Ill), ORNL CF-58-5-95 
(May 28, 1958). 

•'^B. J . Sturm and C. W. Sheridan, "Vanadium Tri­
f luoride," Inorganic Synthesis (In press) . 

^^MSRP Quart. Progr. Rept. Apr. 30, 1960, ORNL-
2973, p 82. 

A. Glassner, The Thermochemical Properties of the 
Oxides, Fluorides, and Chlorides to 2500 K. ANL-5750 
(1957). 

J . L. Williams, Preparation of Zirconium Tetra-
fluoride. Progress Report II, AECD-3335 (1952). 

"•^R. W. M. D'Eye et al, J. Inorg. & Nuclear Chem. 2. 
192 (1956). 
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Because condi t ions might be obta ined, in molten 

sal t fue ls , which could prec ip i ta te any or a l l inter­

mediate so l ids in the system Z r F ^ - U F . - H - O , at­

tempts were made to synthesize and character ize 

the c rys ta l l i ne oxyf luor ides in the system. 

Zirconium Oxyfluoride. — Crysta ls of Z r O F . 

were prepared by two methods: so l id-s ta te react ion 

of Z r O j wi th Z r F ^ in a sealed tube at 95CPC and 

react ion of Z r O j wi th ammonium b i f luor ide at low 

tempera tu res . ^ Crys ta ls of pure Z r O F j are color­

less , b iax ia l negat ive, wi th N^=^ 1.730 and Ny = 

1.840. Pure s ingle crys ta ls of Z rOF_ , prepared 

in these exper iments, are being used in c rys ta l -

structure studies. 

Uranlum(IV) Oxyfluoride. - In neither previous'^' ' 

nor present invest igat ions were crys ta ls of U O F j 

obtained from react ions of U O , and U F . at high 

temperatures. In a series of fusion exper iments,^ ' ' 

unsuccessful attempts were made to subst i tute 

U'* into a Z r O F j host la t t i ce . -The react ion 

products obtained suggested that , of the four com­

pounds Z r F ^ , Z r O j , U F ^ , and UO2, the thermo-

dynamical ly stable pair is U F . and Z r O , , despi te 

free-energy est imates to the c o n t r a r y . " 

purposes in the MSRE. The x-ray d i f f ract ion pat­

tern obtained on the purchased compound di f fered 

somewhat from that publ ished, thus suggesting 

the presence of impur i t ies . 

Z i rconium monochloride reacted wi th water at 

room temperature and wi th laboratory air at a l l 

temperatures. In room-temperature air the com­

pound s lowly gave off acid fumes (presumably HCI) 

and y ie lded un ident i f ied so l id products. A t 800°C 

it reacted wi th air to y ie ld Z r O . in accordance 

wi th the react ion: 

4ZrCI + 3O2 - 3Zr02 + Z r C I / . 

Below 500°C hydro lys is of Z r C I . by moisture in 

the air formed addi t ional Z r O j , compl icat ing the 

react ion. A t 425°C complete conversion of the 

ZrCI was obtained in 15 hr. Below 300°C the 

react ion was slower. 

Pub l ished^^ free-energy est imates indicate that 

ZrCI w i l l be ox id ized by U F . . It seems that use 

of ZrCI should be restr ic ted to s i tuat ions in which 

i t does not contact air , moisture, or molten fue l . 

Some Chemical Properties of Zirconium 

Monochloride 

Although the publ ished'*^ properties of zirconium 

monochloride suggest i ts use as a high-tempera­

ture lubr ica t ing , pack ing, and seal ing mater ia l , 

experiments at th is laboratory indicate that the 

compound is too react ive to be useful for such 

*^MSRP Quart Progr. Rept. July 31. 1960. ORNL-
3014, p 80. 

J . Wright and J . Warf, Attempted Preparation of 
Vranius Oxyfluoride. Monthly Technical Report, Ames 
Projects, Feb. 1 to Mar. 10, 1944, CC-1517, p 19. 

R. S. Dean, "New Chemical Compound Designed 
for High Temperature U s e , " Ind. Labs. 10(4), 4 5 - 8 
(1959). 

Commercially available as ZIrklor, from Chicago 
Development Corporation. 

47 B, J , Sturm, Some Reactions of Zirconium Mono-

Alkcl i -Metal-Alkal ine-Earth Fluorides 

From correlat ions of the occurrence of inter­

mediate compounds in binary f luor ide systems wi th 

re la t ive cat ion sizes of the components, Thoma^^ 

suggested that RbF»SrF2 , C s F « C a F 2 , and CsF« 

B a F j could be expected to occur as stable com­

pounds. In recent experiments the ex is tence of 

each of the three compounds has been demonstrated 

from thermal data and by iso la t ing pure crys ta ls 

of each compound at i ts composi t ion. Crysta ls 

of C s F » C a F 2 and C s F * B a F j were observed wi th 

the po lar iz ing- l igh t microscope to be cubic wi th 

ref ract ive ind ices of 1.450 and 1.476 respect ive ly . 

Crysta ls of R b F ' S r F . , examined in th is study, 

are b iax ia l , w i th N^= 1.396 and N = 1.400. 

chloride. MSR-60-34 (Nov. 16, 1960). 

R. E. Thoma, Inorganic Chemistry (in press). Also 
presented at the annual Information meeting. Reactor 
Chemistry Division, O R N L , May 1 1 - 1 2 , 1961. 

18 



2. Compatibility of MSRE Components 

COMPATIBIL ITY OF GRAPHITE AND MOLTEN 

FLUORIDES IN ABSENCE OF RADIATION 

F. F. Blankenship S. S. K i r s l i s 

Buoyancy Balance for Studying Graphite 
Permeation by Fused Salt 

A buoyancy balance operable at several atmos­

pheres pressure was constructed for studies of 

permeation of graphite by fused f luor ides as a 

funct ion of pressure. The method depended on the 

decreasing buoyancy wi th increasing permeation 

of a submerged graphite plummet. 

i n i t i a l s tudies, in which a modi f ied ana ly t i ca l 

balance was used to measure weight changes of 

graphite in L i F - B e F j (68-32 mole %) at 600°C, 

gave curves for permeation vs pressure s imi lar 

to mercury porosimeter curves. As expected from 

the surface tens ions, permeation by molten sa l t 

was consis tent ly higher than by mercury at a 

given pressure. However, the rat io of pressures of 

mercury fo salt fo r the same permeation (presumably 

occupying a l l voids access ib le by the same 

minimum pore radius) increased wi th permeation, 

whereas the relat ion pr = 2y cos 6 impl ies a 

constant rat io i f the parameters remain constant . 

The weighings wi th the ana ly t ica l balance had 

to be made at atmospheric pressure, and were thus 

uncertain to the extent that molten sal t pressur ized 

into the graphite was released when the pressure 

was re l ieved. A balance to permit weighing at 

pressure was constructed, part ly to avoid th is 

probably small error but p r inc ipa l l y to speed up the 

determinat ions and to a l low observat ions of 

equi l ib ra t ion rate. The balance beam was a 

tungsten wi re , / , i n . in diameter and 12 in . long, 

passing through a small rubber 0- r ing held in 

posi t ion by a metal g land. The rubber 0- r ing 

served both as a fulcrum for the beam and as a 

seal between a hel ium-pressur ized compartment 

and the external atmosphere. The graphite 

plummet was suspended from the internal end of 

the tungsten beam, and a balance pan was 

suspended from the external end. 

The operation of the balance has been tested at 

pressures up to 130 ps ig . It has a sens i t i v i t y of 

10 mg and a maximum load of 50 g. 

Drainage of Coolant Salt from Metal-Graphite 
Annuli 

For mol ten-sal t reactor designs in which the fuel 

sal t is contained in INOR-8 tubes passing through 

holes in a graphite la t t i ce , the annular spaces 

between the tubes and the graphite might be f i l l e d 

wi th coolant sa l t for better heat t ransfer . In the 

event of a reactor shutdown, the coolant sa l t 

would be drained, and complete drainage would be 

des i rab le . Drainage of 62% L i F -38% B e F j sa l t at 

650°C from an INOR-8-graph i te annulus V, i n , 

wide, 3 i n . in ins ide diameter, and 4 i n . high was 

tested and found to be complete. Repeated dunking 

of the test assembly and examinat ion in air showed 

no tendency for the sal t to be held up in the narrow 

space. Af ter several hours of exposure to a i r , the 

test sa l t became muddy and was covered by a 

brown scum. Th is exposed sal t lef t a f i lm or 

deposi t on some port ions of the graphi te, but 

drainage from the annulus was s t i l l essen t ia l l y 

complete. The conclusion was that a / . - i n . 

annulus is su f f i c ien t l y wide to a l low sat is factory 

drainage in a simple assembly. 

Effect of Cesium Vapor on Graphite 

B. J . Sturm 

In the MSRE, some of the xenon produced by 

f i ss ion of uranium is expected to d i f fuse into the 

graphite moderator and there be converted into 

cesium by neutron capture. As cesium is known 
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to intercalate with graphite,' it was considered 
possible that changes in the moderator surface 
could occur which would permit harmful penetration 
by the molten fuel. To evaluate this, the behavior 
of cesium-treated graphite in molten fuel was 
compared with that of untreated specimens. 

Assuming the use of graphite with a Dy^ of 
10"^ cmVsec, it was calculated'' that, in one 
year of operation of the MSRE at 10 Mw, 80 g of 
cesium would be deposited in the graphite, nearly 
all of it near 1.4 x 10* cm^ of surface, an average 
of 0.057 g of cesium per 1000 cm^. Three graphite 
(AGOT) cylinders weighing 5.4 g each were out-
gassed and treated with 261^ liters (measured at 
room temperature) of helium saturated with cesium 
at 200°C. According to the vapor-pressure data of 
Kubaschewski and Evans,^ 0.032 g of cesium was 
exposed to the graphite; this is about 1.25 g of 
cesium per 1000 cm^ of graphite or about 20 times 
the typical exposure in one year of reactor opera­
tion at 10 Mw, 

These treated specimens and three similar 
graphite specimens, that had been merely out-
gassed, were kept immersed in molten MSRE fuel 
at 650°C for 41 hr. No wetting was apparent and 
none of the specimens were changed in appearance 
by the experiment. Except for a 0.012-g gain in 
the graphite specimen nearest the cesium inlet, 
all the tested specimens lost 0.001 to 0.002 g, 
presumably due to outgassing. Based on these 
experiments, no significant harm to the MSRE 
moderator from cesium is expected during one year 
of operation. 

INTERACTION OF FISSIONING MOLTEN 
FLUORIDE FUEL WITH GRAPHITE 

S. S. Kirslis J. E. Savoloinen 
F. F. Blankenship 

None of the BeF,- or ZrF .-based fuel mixtures of 
recent interest as reactor fuels have shown any 
tendency to wet graphite, or to penetrate graphite 

W. Rudorf, "Graphite Intercalation Compounds," 
p 224 in Advances in Organic Chemistry and Radio-
chemistry, vol 1 (ed. by H. J . Emeleus and A. G. Sharpe), 
Academic Press, New York, 1959. 

^"Ef fec t of Cesium Vapor on Graphite ," MSRP Progr. 
Rept. Aug. 31. 1961, ORNL.3215, p 127. 

I . Spiewak, "Cesium Distribution in MSRE Graphite ," 
MSR-60-40 (private communication). 

0 . Kubascheweski and E. Evans, Metallurgical 
Thermochemistry, 2d ed., Wiley, New York, 1956. 

except in response to pressure in the manner ex­
pected from the pore spectrum of the graphite, as 
long as the interface is clean. That this non-
wetting behavior should not change with fissioning 
and fuel burnup is a matter of prime importance in 
the smooth operation of the MSRE. Individually, 
and apart, the fuel or the graphite is scarcely 
affected, from a chemical standpoint, by the reactor 
environment. However, l i t t le is known about 
why some molten salts wet graphite and some do 
not, and st i l l less is known about changes that 
might occur at the interface between graphite and 
an actively operating fluoride fuel. 

The contact angle of the fuel miniscus at a 
vertical blade of graphite hod been found to provide 
a convenient and reliable index of possible 
changes in wetting. Suitable experimental con­
figurations, involving a vertical graphite blade 
dipping into a pool of fuel in a graphite boat, also 
allowed room in the same capsule for compatibility 
tests on coupons of MSRE core materials. The 
choice of a boat with a dished inside contour was 
influenced by the need for a container which could 
accommodate freeze-thaw cycles without stress. 
Capsules in previous experiments (47-1, 47-2) had 
ruptured from freeze-thaw cycles. 

Since the fuel and the graphite are chemically 
inert and thermodynamically compatible with 
respect to each other in the absence of radiation, 
rather extreme exposure conditions, limited mainly 
by the highest metal temperatures consistent with 
safety, were used in order to accentuate or 
accelerate the effects of irradiation. To provide a 
power density of 200 w/cc, the composition of the 
MSRE fuel, nominally LiF-BeFj-ZrF^-ThF^-UF^ 
(70-23-5-1-1 mole %), was adjusted to 1.5 mole % 
of fully enriched U^^^F^ rather than the <0.3 
mole % estimated for MSRE crit ical i ty. At full 
power of 10 Mw, the MSRE has a burnup rate of 6% 
per year. 

Description of Experiment 

As described elsewhere in greater detail, each 
of four sealed INOR-8 capsules, depicted in 
Fig. 2.1, contained an R-0025 graphite blade 
(7.3 g) dipping into a shallow pool of fuel (11.4 g 

^ " I n - P i l e T e s t s , " MSRP Progr. Rept. Feb. 28, 1961, 
ORNL.3122 , p 100. 

F. F. Blankenship et al., "Fuel -Graphite Irradiation 
Test , O R N L - 4 7 - 3 , " ORNL TM.118 (in preparation). 
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-GRAPHITE BODY-

UNCLASSIFIED 
ORNL-LR-DWG 56754 

LOW-PERMEABILITY 
GRAPHITE 

0 % 

1 1 1 . 

THERMOCOUPLE WELL 

3/4 1 

INCH 

Fig. 2 . 1 . MSRE Graphi te-Fuel Capsule for Test ORNL-MTR-47-3 . 

or 5 cc) held in a graphite boat 3 i n . long by 1 / i n . 

w ide . Two of the boats were of R-0025 graphite 

(75 g), a re la t ive ly impervious grade, and the other 

two were of AGOT (66 g) which had been pre-

impregnated wi th 9 g of f ue l . The capsules, 

hor izonta l ly a l igned in a ver t i ca l diamond array, 

were contained in a sodium bath which served as 

a heat transfer medium; thermocouple we l l s , which 

were af f ixed through one end of each capsule, 

measured the graphite temperatures at a point 

roughly midway between the bottom of the fuel 

and the capsule w a l l . 

The fuel was pur i f ied by treatment at 800°C wi th 

HF and wi th H , ; the graphite was degassed in a 

vacuum at 2000°C. A l l subsequent manipulat ions 

were carr ied out in a helium-atmosphere glove box, 

and several extra capsules were assembled at the 

same t ime to provide control specimens. 

Control capsules were handled in two ways . 

One group was subjected to about eight freeze-

thaw cyc les , each invo lv ing a maximum tempera­

ture of 900°C, and then opened for checking before 

the in-p i le exposure was star ted. These revealed 

that the fuel min iscus had assumed the expected 

shape and that detectable contamination by ox ide 

had been successfu l ly avoided. However, a th in 

f i lm of black dust, presumably graphite, had 

accumulated over port ions of the l i qu id surfaces, 

and the fuel ingot had cracked into f i ve or s ix 

pieces due to contract ion around the central 

graphite b lade. Neither of these undesirable 

mani festat ions was regarded as important enough 

to warrant a delay of the experiment. 

Another group of control capsules was carr ied 

through a heat treatment based on temperature 

charts obtained from the in -p i le capsules dur ing 

the i r radiat ion exposure. These were used as 

controls in the post i r radiat ion examinat ion, and 

they exh ib i ted a f rosted or s i lvery appearance on 

graphite surfaces near INOR-8 w a l l s ; t h i s deposi t , 

which was not found in the shor t -cyc le cont ro ls , 

may have been C r - C j . 

The disassembly and i n i t i a l observat ions were 

carr ied out in hot ce l l s at the Bat te l le Memorial 

Inst i tu te under the supervis ion of ORNL Reactor 

Chemistry personnel , and later the separated 

pieces were sent to ORNL for further s tudy. 

The vapor pressure of the fuel increases by 

approximately a factor of 10 for each 100° interval 

between 700 and 1000°C, amounting to about 0.2 

torr at 1000°C. A t MSRE temperatures the vapor 

pressure is neg l ig ib le , and although the control 

capsules showed no evidence of d i s t i l l a t i o n , a 

considerable amount of vapor-phase transport 

(enhanced by the temperature gradient toward the 

cool wa l l s as we l l as by the high fuel temperature) 

did occur in the in-p i le capsules. The composi t ion 

of the vapor seems to be s l igh t l y to the B e F j - r i c h 

side of the stoichiometry for L i j B e F ^ , and much 

lower in quadr ivalent cat ions than the l iqu id f u e l . 
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To a very good approximation, disti l lation of the 
fuel corresponds to the removal of L i , B e F , ; if an 
estimated 2.5 g were lost from the liquid fuel in 
capsules such as No. 15 or 16, leaving 8.9 g of 
fuel, the L iF-BeFj-ZrF ,-ThF . -UF. proportions 
would have been altered from 69.5-23-5-1-1.5 mole 
% to about 70-19-7.5-1.5-2 mole %. Several effects 
of the disti l lation were noted. 

The condensation occurred predominantly at cool 
metal walls, firmly cementing the boots to the 
capsule walls in a manner that required the walls 
to be sawed off in strips to open the capsules. 
The opening operation thus involved some slight 
mechanical damage to the contents. Enough 
disti l led salt was lost and fuel salt scattered to 
prevent the obtaining of a satisfactory material 
balance on either the amount disti l led or the 
amount remaining in the fuel pool. Some con­
densation occurred in cooler pores of the graphite 
and caused an uncertointy in the interpretation of 
the weight changes of the graph ite. 

A considerable amount of the disti l led salt was 
found in the form of condensed droplets, resembling 
pearls, that evidently dislodged from the capsule 
walls and fell onto or among the broken pieces of 
frozen fuel. 

Exposure 

The design flux was 2.3 x 10 neutrons cm~^ 
sec" . Stainless steel dosimeter wires wrapped 
on the capsules differed among themselves by a 
factor of 4 when checked for cobalt activation and 
averaged a factor of 10 lower than expected for the 

design value. On the other hand, the ratio of 
U ^ ' " to U^''^, obtained from the spent fuel by use 
of mass spectrometry, represented slightly less 
than 10% burnup, corresponding to a flux about 17% 
greater than the design value; the ratio was 
uniform for all four capsules. In view of the un­
explained discrepancies, the design values of a 
flux of 2.3 X 10^^ and 8.5% burnup have been 
adopted as the most suitable basis for calculations. 

During the four irradiation cycles of three weeks 
each which the capsules underwent in the reactor 
(MTR), the fuel underwent about 40 freeze-thaw 
cycles. 

Temperatures 

Because of thermal convection in the sodium 
bath in which the capsules were immersed, the 
upper capsule. No. 3, operated at higher tempera­
tures than its duplicate. No, 8, which was at the 
bottom of the diamond array. Capsules 15 and 16 
were cooler because of the absence of preim-
pregnated fuel in the boat. The operating temper­
atures are given in Table 2.1. The temperatures 
ran 40 to 45°C higher init ial ly than at the end; 
almost half of the decrease occurred in the first 
70 hr, perhaps due to improved heat conduction as 
salt-vapor condensate accumulated in the gas gap 
between the graphite and the capsule wal l . 

Gas Analyses 

The first step in the postirradiation examination 
was an analysis of the helium cover gas. The 
helium was present as a result of the final closure. 

Table 2 . 1 . Identification of Irradiated Capsules and Time-Averaged Operating Temperatures 

Capsule 

No. 

15 and 16 

8 

Graphite'' 

R-0025 

AGOT 

Pretreatment 

2000 C in vacuum 

Preimpregnated wi th 

A' 

Fuel Maximum 

(estimated) 

835 

850 

verage Operating 

Blade-Fuel^ 

(estimated) 

790 

810 

Temperature ( ° C ) 

Boat-Fuel^ 

(estimated) 

730 

750 

Thermocouple 

in Graphite 

710 

730 

AGOT Preimpregnated with 

9 g of fuel 

945 900 850 825 

R-0025 Is relatively impervious compared with A G O T . 

Interface temperatures. No allowance for films at the fuel interface was made. 
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by arc we ld ing , in a hel ium-atmosphere g love box, 

but the welding electrode was fed wi th a blanket of 

argon, and hence there was a small but indef in i te 

amount of argon to be expected in the capsu les . 

The nominal volume of the gas space in the 

sealed capsules, not counting about 4.5 cc of 

voids in the graphite, was about 16 cc; the i n i t i a l 

amount of capsule gas, though not known, was 

est imated as about 17 cc (STP) by assuming an 

average gas temperature of 50°C at the instant of 

sea l ing . 

Gas samples were obtained by d r i l l i ng the end of 

each capsule in an evacuated chamber which 

enclosed both the d r i l l i ng apparatus and the 

capsu le . Before d r i l l i ng was star ted, measured 

leak rates were reduced to acceptably low va lues . 

The released gas was transferred by a Toepler 

pump and on associated manifold into sample 

bulbs equipped wi th " b r e a k - s e a l s . " The trans­

ferred gas was d iv ided into four samples (about 

100-cc v io ls ) for moss spectrometric ana lys is , and 

four smaller samples (about 1.5-cc v ia ls ) for 

gamma-ray spectrometry. A condensed summary of 

the resul ts from mass spectrometry is g iven in 

Table 2.2. As ref lected in amounts of gas co l ­

lected, shown in the second column of Table 2.2, 

some of the capsules gave samples wi th much 

smaller than expected pressures. The d i f f i cu l t y 

stemmed from a varying combination of lack of 

su f f i c ien t Toepler pump cyc les , lack of adequate 

instrumentat ion, and lack of information on volumes 

of var ious ports of the system, but even after 

these points were at least par t ia l l y remedied, 

there was evidence of a s low rote of gas release 

from the capsules. Samples of residual gas, 

accumulated over a period of several hours after 

the or ig inal t ransfer, were predominantly air from 

leaks but nevertheless contained 5 to 10% as 

much capsule gas as the or ig ina l samples, w i th 

the same proport ions of const i tuents . A par t ia l 

seal ing due to the presence of condensed sal t 

vapor may have contr ibuted to the d i f f i cu l t y in 

t ransferr ing the expected to ta l volumes of gas. 

Generation of CF . 

The re la t ive ly large amounts of C F . shown in 

column 5 of Table 2.2 represent a nonequi l ibr ium 

condi t ion which had not been fu l l y an t i c ipa ted ; 

usua l ly , temperatures as high as the 800 to 90(PC 

preva i l ing in the capsules supply suf f ic ient 

ac t iva t ion energy to prevent the accumulat ion of 

species that are thermodynamical ly unstable 

toward react ion by several tens of k i l oca lo r i es . 

The main source of the C F . was the graphi te-

fuel interface. The main sink for C F , is the f ue l . 
4 

Most of the C F , from the source was probably 

consumed immediately by the fue l , but some 

fract ion d i f fused into the graphite and thus was 

bypassed into a reservoir where it was preserved 

unt i l i t could again come in contact wi th fue l . 

Table 2,2. Off-Gas Compositions from Mass Spectromstry at ORNL and BMI 

Capsu 

15 

16 

8 

3 

Contro 

le 

,rf 

Std cc" 

Sampled 

10 

19 

7 

17 

10 

Alr^ 

5.84 

22.75 

5.36 

4.57 

7.38 

He 

80.6 

61.45 

76.9 

79.6 

87 

Averaged 

CF4 

9.85 

8.73 

2.32 

0.67 

<0.0003 

Values (vo 

Xe 

0,012 

0.003 

11.82 

11.43 

ll %) 

Kr 

1.40 

1.14 

1.96 

1.78 

CO2 

0.04 

4.73 

0.11 

0.10 

0.17 

Ar"̂  

2.29 

1.62 

4.20 

0.96 

5.54 

Apparent volume of gas t ransferred from gas re lease chamber. 

Main ly in leokage to the evacuated release chamber wh i le d r i l l i n g the capsu les . 

Argon was suppl ied as a b lanket gas for the we ld ing arc used In a hel ium-atmosphere g love box to seal the 
capsu les . 

The contro l was heated through cyc les roughly corresponding to the thermocouple reading vs t ime for capsules 
15 and 16. 
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The voids in graphite are interconnected and, of 
course, communicate to the gas space above the 
boot. In the voids or the gas space, conditions 
were not favorable for access of CF^ to a reactive 
surface. The frequently encountered kinetfc 
inertness of C F , in many of its reactions was 
also a contributing factor. Since a higher concen­
tration of C F , was found in the capsules (15 and 
16) in which the generation rate was smaller, the 
consumption rate evidently was the controlling 
factor OS far as the steady-state concentration in 
the capsule gas was concerned. Several conditions 
may have diminished the consumption rate: (1) 
Films of condensed salt vapor, essentially 
L i j B e F , , coated the capsule walls. (2) Hotter 
regions appeared to have been covered by a film 
resembling a carbon or graphite deposit from the 
pyrolytic or radiolytic decomposition of C F . . 
(3) Even in the control capsules a film of block 
dust, presumably graphite machining dust, ac­
cumulated on the surface of the fuel ingot. In any 
case the consumption reaction did not proceed 
rapidly enough to restore equilibrium conditions. 

One proposed reaction mechanism which accounts 
for the faster consumption rate in the capsules 
with prepermeated boats requires three-phase 
contact, gas, graphite, and fuel, to allow a 
heterogenous reaction, and leans on the fact that 
the reduction of C F . even by "unreduced" fuel is 
thermodynamically favored. Regions of three-phase 
contact were much more abundant in the pre­
permeated boats. The fact that the fuel-graphite 
interface area had a higher temperature in the 
prepermeated cases was also of importance in 
accelerating the consumption reaction. 

The consumption of C F , by dissolution in the 
fuel and subsequent reaction is probably slow, but 
even for this mechanism, the area of liquid-gas 
interface is greater in the prepermeated boots. 

The point of concern about the CF^ generation 
is the removal of fluoride ions from the fuel; that 
is, the reduction of the fuel as CF . is carried 
away in the off-gas. Probably this does not occur 
in a system with submerged graphite, like the 
MSRE, but if it did, the most readily recognized 
manifestation of the reduction would be the con­
version of U F . to U F , . As the concentration of 
U F j increases, the disproportionation reaction 

T. J . B r i ce , pp 432—33 in Fluorine Chemistry, vo l I 
(ed. by J . H. Simons) Academic Press , New York , 1950. 

4UF3 -> 3UF^ + U° leads to the formation of 
metallic uranium alloys with the container as well 
as the formation of uranium carbides with the 
graphite. Although the presence of a measurable 
amount of reducing power in the fuel from the 
capsules has not been satisfactorily confirmed, it 
is instructive to compare the amounts of C F . 
accumulating in the capsules on the basis of the 
calculated percent conversion of UF , to UF . in 
the fuel. This has been done in Table 2,3; no 
allowance has been made for the anticipated 
reduction due to the fact that the fissioning process 
produces a total cation valence requirement greater 
than can be matched by the four equivalents of 
fluorides from a gram atom of fissioned uranium. 

Xenon 

In Table 2,4 the amount of xenon found in each 
capsule is compared with the amount expected for 
8,5% burnup of the U"^^^, For the two pre­
impregnated cases, Nos, 3 and 8, the proper amount 
was found, but in the other two cases only about 
0,1% of the expected yield was found. 

No satisfactory explanation can be given, but 
there is a possibility that the missing xenon was 
somehow selectively absorbed in some 4 ft of 
rubber tubing that was used in the gas collecting 
system. Also an attempt is in progress to analyze 
the irradiated boats for xenon, but the graphite has 
been exposed to air several months, so that there 
is l i t t le hope that the graphite analyses wi l l 
resolve the question. There were no significant 
differences in the isotopic distribution of the 
xenon recovered from the various capsules. 

Krypton 

The behavior of the xenon is even more puzzling 
in view of the fact that the krypton yields were 
normal, both in amount and in the proportions of 
the isotopes. 

Physical Properties of Graphite 

Dimensions of the graphite boats and blades did 
not change within the precision with which the 
measurements were made. Changes greater than 
0.1% should hove been detectable. 

Weight changes on the graphite parts were also 
not very meaningful, since they represented the 
effect of disti l led salt condensed in the pores, 
broken and lost graphite, and some sticking salt 
that was difficult to remove. The blades and 
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Toble2.3. Calculated Conversion of U F , to U F , Based on CF , Evolution 

Capsule 

3 

8 

15 

16 

Average 

vol % CF^' ' 

0.67 

2.32 

9.8 

8.73 

Total Volume^ 

(std cc) 

23.5 

21.1 

16.5 

20.5 

(std 

Yield 

cc of CF^) 

0.157 

0.49 

1.62 

1.79 

Co ilcul 

of U 

ated*^ Percent 

'••^Reduced 

0.45 

1.41 

8.3 

9.1 

Average of BMI and ORNL mass spectrometer analyses. 

Based on krypton analyses and 8.5% burnup. 

'According to stoichiometry of 4UF , + C -> CF , + 4UF, , including impregnated UF , In calculation. 

Table 2,4, Comparison of Xenon Analysis with Theoretical Yield 

Capsule 
Xe« 

(vol %) 

11.43 

11.82 

0,012 

0.007 

Tc >tal Volume 
(std cc) 

23,5 

21.1 

16.5 

20.5 

Total Xe 

(std cc) 

2.69 

2,52 

0,0020 

0,0014 

Th eoretical Total Xe' 

(std cc) 

2,86 

2,83 

1,59 

1.61 

3 

8 

15 

16 

Average of BMI and ORNL analyses. 

Based on krypton analyses. 

'Based on 8.5% burnup. 

unimpregnated boats gained weight, probably as a 
result of salt-vapor condensation. The pre­
impregnated boats lost weight by dist i l lat ion. 

The electrical resistance of the graphite ports 
approximately doubled as a result of the irradiation 
exposure. Such changes have been attributed to 
the trapping of conductance electrons in defects 
induced by radiation. 

Rockwell hardness on the R-0025 graphite in­
creased by 10% from 94 to 108 as a result of the 
exposure. The AGOT boats increased from about 
56 to about 80 as a result of preimpregnotion with 
salt, and the readings after radiation were not 
significantly higher. No differences were found 
between regions under the salt pool and elsewhere 
in the same boat. 

Wetting Behavior 

When the fuel ingot pieces, jostled by the dis­
assembly operations, were fitted into their original 
positions in the boats, the miniscus was observed 
to be the same as in the control specimen and to 
definitely show nonwetting behavior toward graphite; 
the metal coupons were wetted. The nonwetting 
behavior is receiving further confirmation from 
metallography and autoradiography of the graphite, 
along with analyses of semimicro cores drilled 
from the graphite. Information from weight changes 
of the graphite, though uncertain because of com­
plications from disti l led salt and mechanical 
damage in the hot cel l , was at least indicative of 
no pronounced permeation of the graphite by fuel. 
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Effects on Coupons 

Metallographic examinations of coupons on 
INOR-8, pyrolytic graphite, and molybdenum, which 
were attached to the blade, have not been com­
pleted, but visual observation revealed that the 
molybdenum had been severely corroded, having 
lost about one-half of its thickness, while the other 
specimens appeared unaffected, INOR-8 wires 
binding the coupons to the blade hod become 
brittle. 

Analyses of Fuel 

Petrogrophic and X-Ray Examination, — Except 
for discoloration, the fuel appeared, under the 
optical microscope, to have no exceptional features 
when the composition changes were taken into 
account. Attempted x-ray examination proved 
unfruitful because of interference from background 
gamma radiation, Petrogrophic observation es­
tablished that fuel composition had shifted 
sufficiently so that L iF was the primary phase, 
and that the main cause of the dark brown dis­
coloration was L iF , The compound L i , B e F , , as 
expected, was also distinguishable in the ir­
radiated fuel; some of the crystals of this com­
pound, ordinarily uncolored, had a faint brownish-
purple tint as a result of the radiation. No oxide, 
no UF, , and no opaque materials were found. 
Attempted comparisons of samples from the exterior 
and interior of the fuel ingot revealed no evidence 
of segregation. 

Chemical Analyses, - Too few samples have 
been analyzed chemically to provide a meaningful 
representation of the fuel composition; the 
preliminary values for the major constituents are 
plausible only if extensive segregation occurs. 
Among the corrosion products, chromium analyses 
are the most consistent, averaging 550 ppm for 
capsules 15 and 16, and 715 ppm for capsules 

3 and 8. Such values, presumably arising from the 
presence of Cr , ore well above equilibrium 
values for a "reduced" fuel. The fuel originally 
loaded into the capsules analyzed 10 ppm of 
chromium and 185 ppm of iron. Analyses for iron 
in the irradiated fuel ranged from 1000 to 2000 
ppm; efforts ore being mode to determine whether 
such high results represent accidental contami­
nation. 

Analyses by Gamma Spectrometry. — Attempts to 
compare the exterior and interior of the fuel ingot 
by gamma spectrometry showed that ruthenium was 
concentrated at the surface, particularly at the 
gas interface. Cerium-144, barely detectable in 
surface samples, was prominent in dissolved 
samples which included interior portions. In all 
cases, the predominant activity was the mass 
95 Zr-Nb decay chain. 

Conclusions 

Due in part to the diff iculties of hot-cell ex­
aminations, many aspects of the postexposure 
examinations have not been satisfactorily cul­
minated, but the main objectives of the experiments 
have been successfully accomplished. The non­
wetting behavior of fissioning fuel toward graphite 
has been convincingly demonstrated; and the 
nature of radiation effects, which might arise 
during MSRE operation, has been disclosed. Only 
the evolution of CF^ promises to be a potentially 
serious problem, and this effect may have been 
greatly accentuated by the boat-ond-pool geometry 
chosen for the experiment. In any cose the gas 
occupying the voids in graphite exposed to 
fissioning fuel wi l l contain several percent of 
C F , ; in reactor operation, however, the graphite 
is submerged, furnishing a more favorable Arrange­
ment for the reaction of CF . with the fuel, and the 
loss of CF . to the off-gas in these circumstances 
may well be insignificant. 
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3. Fluoride Salt Production 
F. A. Doss J. E. Eorgan J. H. Shaffer 

Since the inception of the molten-salt reactor 
concept at ORNL, the Reactor Chemistry Division's 
fluoride production faci l i ty has been maintained 
in continual operation to support the various 
fused-solt programs of the Laboratory and the 
AEC. This facil i ty is utilized to prepare various 
fluoride mixtures which melt below 800°C and to 
reduce the impurities of these fluoride melts to 
very low concentrations. While the method for the 
production of purified fluoride mixtures has been 
previously described, a continual effort is ex­
pended to improve the production process. 

THE PRODUCTION PROCESS 

Studies of the corrosion mechanism, 

M° +2HF ?=i MF2 + H2 , 

showed that chemical equilibrium in fluorides 
could be achieved by sparging with mixtures of 
HF and hydrogen at constant partial pressures. 
Thus, in place of the previously used technique 
of alternate HF-Hj treatment, metallic impurities 
can conceivably be maintained in the reduced 
state by admixing adequate quantities of hydrogen 
with HF. As suggested by studies of high-
temperature thermocouple research, the presence 
of hydrogen should also reduce the corrosiveness 

J. E, Eorgan et al., Reactor Chem. Div, Ann. Progr. 
Rept. Jan. 31, 1960. ORNL-2931, p 64, 

2 
C. M, Blood, Solubility and Stability of Structural 

Metal Difluorides in Molten Fluoride Mistures, ORNL 
CF-6I.5-4 (Sept. 21, 1961). 

3 
G, W, Keilholtz et al.. Reactor Chem. Div. Ann. 

Progr. Rept. Jan. 31, J962, ORNL-3127, p 133. 

of the HF-HjO effluent gas mixture which ac­
companies the conversion of oxides to fluorides. 
Since adapting this technique for purifying molten 
fluoride mixtures, production time cycles have 
been substantially reduced. 

The hydrogen reduction of C r F j , the impurity 
most diff icult to remove, is exceedingly slow; 
consequently, about 25% of the production time 
cycle is devoted to this operation. As a possible 
alternative method, small-scale experiments were 
conducted to study the reduction of chromium with 
a stronger reducing agent. The addition of zir­
conium metal turnings to a fluoride mixture con­
taining CrF2 showed that the anticipated reduction 
of chromium occurred rapidly and almost stoichio-
metrically. However, during the practical appli­
cation of this reduction process, fluorides treated 
with zirconium metal were found to be extremely 
corrosive toward nickel equipment. Further 
laboratory studies wi l l be required before the use 
of this reduction method can be considered in the 
production process. 

For reactor applications, the removal of oxides 
from molten fluorides is of primary importance. 
While oxide impurities, in themselves, are probably 
not detrimental, their presence in the molten-
fluoride circuits of the MSRE could result in the 
deposition of solid oxide particles or scale. The 
resulting heterogeneous system could alter the 
heat transfer properties of the reactor components 
and might also create localized heat sources in 
the reactor core by the deposition of uranium 
dioxide. The efficient removal of oxides by the 
fluoride purification process would increase the 
"oxide capacity" of these fluoride mixtures for 
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inadvertent contaminat ion during reactor opera­

t ions . Typ i ca l laboratory resul ts i l l us t ra t ing the 

e f fec t iveness of oxide removal from f luor ide melts 

by hydrof luor inot ion in the presence of H j are 

shown in F i g . 3 . 1 . 
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Fig. 3.1. Removal of Oxide from L i F - B e F j (63-37 

mole %) at 700°C by Treatment with HF-H j Mixtures. 
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Fig. 3.2. Removal of Sulfur from LiF-BeF2 (63-37 

nole %) by Treatment with HF-H j Mixtures at 700°C. 

The technique of using H F - H j mixtures for 

f luor ide pur i f i ca t ion has a lso resulted in an im­

proved method for removing sulfur impur i t ies from 

f luor ide mel ts. By the previous method of a l ternate 

treatment wi th HF and H j , sul fates were reduced 

to su l f ides by hydrogen and were subsequently 

vo la t i l i zed as H j S upon hydrof luor inot ion. The 

present use of H F - H j mixtures permits the con­

t inua l removal of sulfur as H j S during a s ingle 

pur i f i ca t ion step. A typ ica l resul t shown in F i g . 

3.2 demonstrates th is operat ion. 

FLUORIDE PRODUCTION OPERATIONS 

Approximate ly 1050 kg of mixtures comprised 

of L i F , B e F j , Z r F ^ , T h F ^ , and U F ^ was prepared 

for the var ious experimental engineering tests of 

the Molten-Salt Reactor Program during 1961. An 

addi t iona l 3700 kg of the mixture N a F - L i F - Z r F . 

(37.5-37.5-25.0 mole %) was prepared for use in 

the development and demonstrat ion of reactor fuel 

reprocessing schemes by the Chemical Technology 

D i v i s i o n . Small batches of var ious f luor ide mix­

tures were furnished to other groups of the Reactor 

Chemistry D i v i s i on , the Chemical Technology 

D i v i s i o n , and the Ba t te l le Memorial Ins t i tu te . 

In addi t ion to the operation of the f luor ide pro­

duct ion f a c i l i t y , the fo l low ing related services 

are a lso provided. 

Hydrofluorinotion of the Engineering 

Test Loop Salt Mixture 

A useful app l ica t ion of H F - H j mixtures in the 

f luor ide pur i f ica t ion process was demonstrated by 

the in s i tu oxide cleanup of the f luor ide sal t mix­

ture used in the current Engineering Tes t Loop. 

Since the Loop sal t container was fabr icated of 

Inconel , th is demonstration i l lus t ra ted the use of 

HF-H2 mixtures to reprocess f luor ide mixtures 

contained in materials which are rapid ly corroded 

by HF a lone. Because of re la t i ve inexperience 

w i th the H F - H j gas mixtures wi th respect to 

corrosion inh ib i t ion , certain control measures 

were taken: (1) By determining the rate at which 

water vapor was removed from the system, the 

minimum HF treatment t ime necessary to remove 

essent ia l l y a l l the oxide ion from the molten 

f luor ide could be est imated. The resu l ts of th is 

determinat ion are shown in F i g . 3.3. (2) To 

ascer ta in the chemical condi t ion of the f luor ide 

mixture during the hydrof luor inot ion treatment. 
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Fig. 3.3. Removal of Oxides from Engineering Test 

Loop by H F - H j Treatment of 1050° F. 

salt samples were withdrawn periodically for 
chemical analysis. The results of these analyses 
showed that the dissolved oxide ion concentration 
in the melt diminished from values of 500 ppm 
(apparent saturation with ZrOj) to less than 200 
ppm during the purification treatment. (3) Since 
corrosion by mass transfer of metals might occur 
during conditions of apparent chemical equilibria, 
metal test specimens exposed to the HF-H.-salt 
system were desired. Metallographic examinations 
of the Inconel dip tubes used for sparging the 
fluoride melt with the HF-Hj mixture revealed 
that they had been only mildly corroded during 
this operation. The concentrations of structural 
metals dissolved in the fluoride melt were virtually 
unaltered by the treatment with the HF-Hj mixture. 

Support of MSRP In-Piie Test Programs 

in support of the recent in-pile test of the com­
patibil ity of the MSRE fuel with graphite 
(ORNL-47), a small batch of fluoride fuel mixture, 
enriched in U , was prepared in copper tubing. 
By sectioning this tubing and removing the con­
tained fluorides, an accurate loading of each test 
capsule with a small quantity of the fluoride mix­
ture was accomplished. In addition to this prepa­
ration, graphite boats, which were to contain the 
salt in the test capsules, were impregnated with 
the fluoride fuel mixture. This operation was 
achieved by immersing the boats in the molten 
fuel mixture under a static helium pressure of 60 
psig for 2 hr. 

In preparation for the postirradiation examination 
of this test, four control capsules were subjected 
to heating and cooling in the absence of radiation 
but in a pattern which followed the thermal history 
of the in-pile capsules. 

Operations with Liquid Metals 

Since the techniques for handling liquid metals 
are similar to those required for molten fluorides, 
service operations in this category are also pro­
vided. Primarily, these activit ies are util ized for 
f i l l ing in-pile test assemblies with liquid sodium 
or with sodium-potassium mixtures. This service 
was provided for the above-mentioned MSRP 
irradiation test and for capsules used in irradiation 
studies in the ORR. 

Miscellaneous Service Operations 

As an added service, routine operations were 
provided for assisting various engineering tests 
which uti l ize molten fluorides or liquid metals. 
Primarily, this service consisted of f i l l ing or 
draining operations. In addition, intermediate-
scale experimental facil i t ies were provided for 
various studies with molten-fluoride systems. 
These faci l i t ies have been util ized for assisting 
in the development of the MSRE fuel sampler-
enricher assembly and in attempts to remove oxide 
films from Zircaloy test specimens by dissolving 
the films in molten fluorides. 

PLANT MODIFICATIONS 

Fused-fluoride mixtures are currently produced 
by a batch process. Each of two units is normally 
operated according to the following time schedule: 

Operation 

Charge and meltdown 

H F - H _ treatment 

H^ stripping 

Salt transfer 

Reactor cooldown for recharging 

Time (hr) 

12 

48 

42 

4 

48 

154 

Metallographic examination by C. E. Zachary, Metal­
lurgy Division. 

Thus two batches of salt per week are derived 
from a single-shift, five-day operation. 
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At the present capacity of approximately 1.3 
ft /batch, a minimum of 67 weeks of operation 
would be required to process the fluoride mixtures 
for the MSRE. From considerations of methods 
for transporting these purified fluoride mixtures 
to the reactor, the use of some 50 presently 
existing shipping containers appeared feasible. 
Residual salts from previous usage are currently 
being removed from these containers. The previous 
capacity of the production faci l i ty was limited by 
the volume of the shipping container; lengthening 
each vessel by 12 in. wi l l permit util ization of the 
full capacity of the purification treatment vessels 
and wi l l increase the production rate to approxi­
mately 4.2 ft /week. This modification is in 
progress. 

To accelerate the rate of fluoride production, 
further plant modifications are being considered. 
An examination of the batch production schedule 
shows that 60 hr of the 154-hr production cycle 
is used for cooling the treatment vessel after salt 
transfer and for melting the starting materials of 
the next batch. The addition of a separate furnace 
assembly adjoining each batch faci l i ty could be 
effectively used to charge each treatment vessel 
with molten starting materials. By proper sched­
uling, this arrangement would permit continuous 
operation of each batch faci l i ty on a 94-hr pro­
duction cycle with an increase in production of 
approximately 64%. A preliminary engineering 
study to obtain cost estimates for this possible 
modification is in progress. 
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4. Chemical Aspects of MSRE Safety 
H. F. McDuff ie 

M. J . Ke l l y 

R. Slusher 

D. R. Cuneo 

W. L. Marshal l 

B. J . Sturm 

Safety aspects of the molten-sal t reactor make i t 

important to know the short- and long-term ef fects 

of a spi l l of molten reactor fuel or of reactor coo l ­

ant into the water-sand mixture at the bottom of 

the containment she l l . Since th is shel l is de­

signed to wi thstand a maximum pressure of 5 atm 

(approximately equivalent to the vapor pressure 

of H j G at 150°C), the maximum temperature of 

interest , when consider ing long-term ef fects , 

would be 150°C. So lub i l i t ies of reactor coolant 

(L i BeF^) and fuel mixture ( L i F - B e F j - Z r F ^ -

T h F ^ - U F ^ , 70-23-5-1-1 mole %) in water have 

been explored at 25°C and at higher temperatures. 

The sudden in ject ion of molten salt into water has 

also been studied to determine the short-term 

pressure and temperature effects and the nature 

of the frozen sal t produced by the contact w i th 

water. 

Considerat ion was given to another safety prob­

lem - iodine vo la t i l i za t i on from the MSRE fuel — 

both under normal operating condi t ions and in the 

case of an accidental sp i l l in the presence of air. 

up to 90°C. Samples of solut ion phases were 

analyzed for the var ious components. 

Dissolution of L i^BeF^ in H^O 

The concentrat ions of L i , Be, and F found in 

so lu t ion , when excess L i . B e F . so l id was mixed 

wi th H , 0 at 25°C, are given in F ig . 4.1 as a func­

t ion of t ime. Based on the data for l i th ium and 
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Fig. 4 .1 . Effect of Time on Dissolution of L loBeF, 

In H2O at 25"C. 

SOLUBILITY OF MSRE FUEL AND COOLANT 

SALTS IN WATER 

Experimental 

Solid L i j B e F ^ and MSRE fuel mixture were ob­

tained from the f luor ide production f ac i l i t y (see 

Chap. 3, th is report). The L i . B e F . contained 

approximately 2 wt % excess L i F . These sol ids 

were ground to powders in a glove box and were 

added separately to f lasks containing water. The 

mixtures were st i r red at room temperature (approx­

imately 25 ± 2°C) and at control led temperatures 

bery l l ium, i t appears that equi l ibr ium was attained 

at least w i th in s ix days and perhaps sooner. The 

changes in the composit ions of the solut ions (re­

veal ing a higher rat io of bery l l ium to l i th ium than 

that in the or ig ina l sol id) require the appearance 

of some so l id which is richer in l i th ium than the 

start ing material and which is presumably L i F . 

The data suggest that an invar iant point may have 

been es tab l ished. 

Analyses performed by the Analytical Chemistry 
Division. 
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The concentrat ions of L i , Be, and F found in 

solut ion are given in F ig . 4.2 as a funct ion of 
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Fig. 4.2. Effect of Temperature on Dissolution of 

L l j B e F ^ In H2O. 

temperature. Mixtures of l iqu id and L i _ B e F . so l id 

were equi l ibrated 4 hr to three days before sam­

pl ing the solut ion phases for analyses. A lso in ­

cluded are the data obtained at 25°C (from F i g . 

4.1) . 

Dissolution of MSRE Fuel Mixture 

The ana ly t ica l resul ts from the run wi th fuel mix­

ture at 2 5 " ^ as a funct ion of time are shown in 

F ig . 4.3. As wi th the reactor coolant , equi l ibr ium 

appeared to be attained w i th in six days. Never­

the less , a consistent increase in concentrat ion of 

l i th ium and uranium was noted. In th is experiment 

i t was presumed that tetravalent uranium from the 

so l id phases had been converted to the hexavalent 

state in the solut ion phase by the act ion of oxy­

gen from the air. 

4 5 6 
T I M E ( d a y s ) 

Fig. 4.3. Effect of Time on Dissolution of MSRE 

Solid Fuel in H j O at 25°C. 

In F ig . 4.4 are the analy t ica l resul ts for solut ion 

concentrat ions of U, L i , Th , Zr , and Be as a func­

t ion of temperature. The t ime of equ i l ib ra t ion at 

each temperature before sampling was one day. 

Also included is one value for uranium obtained 

prev ious ly .^ The ana ly t ica l resul ts from samples 

taken upon stepwise lowering of the temperature 

of the so lu t ion-so l id mixture cons is tent ly gave 

higher values for the solut ion concentrat ions of 

the var ious components. It is bel ieved that equi­

l ibr ium was not reached on coo l ing . 

In v iew of the appreciable uranium concentrat ion 

found in solut ion under these cond i t ions, i t has 

been recommended that neutron poisons be present 

in any water which could mix wi th the fuel in the 

event of a reactor accident . 

H. C. Nikolaef and Y u . A. Luk yanchef, Atomnaya 
Energ. 11, 67 (1961). R. F. App le , Ana l y t i ca l Chemistry D i v i s i o n . 
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INTERACTION OF MOLTEN FLUORIDES 

WITH WATER 

The apparatus of F i g . 4.5 was constructed to 

observe the ef fect , on a laboratory sca le , of in­

ject ing molten sal t into water. Fuel salt is loaded 

into the upper chamber ( y . - i n . - d i a m , 3- in.- long 

f langed Haste l loy tube). The small furnace 

mounted around the containment vessel is brought 

to the desired temperature. The molten fuel sa l t 

is then jetted by hel ium pressure into water con­

tained in the inverted nickel cone in the lower as­

sembly, or water chamber (2- in.-d iam, 6- in.- long 

Pyrex pipe). Pressure buildup and temperatures 

at selected points may be fo l lowed as a funct ion 

of t ime by means of a high-speed potent iometr ic 

recorder. Data from a test experiment are shown 

in Fig. 4.6. 

Empir ical tests were considered des i rab le , since 

the rate of heat released by the sal t under these 

condi t ions was impract ical to ca lcu la te . If a large 

burst of superheated steam were released into the 

reactor vesse l , a safe pressure might be exceeded 

despi te the fact that for the total quant i t ies of 

heat involved the equi l ibr ium heat balance would 

resul t in a safe pressure in the vesse l . Tests are 

being conducted with various rat ios of sa l t to 

water and of volume heated to total heat ava i lab le . 
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the Introduction of Molten Salt. 

VOLATILIZATION OF IODINE FROM THE MSRE 

If much fission-produced iodine is volatil ized 
from the molten-salt reactor, i t , being very radio­
active, must be kept from contaminating the atmos­
phere. This would require removing the iodine 

from the inert-gas stream swept through the re­
actor; various methods for this have been re­
ported. No volatile iodine was found in the Air­
craft Reactor Experiment, but the test may not 
have been sufficiently exhaustive. 

Since the molten fuel is in equilibrium with the 
chromium alloy INOR-8, there wi l l be some U^ 
present. This U can reduce elemental iodine to 
iodide. Accordingly, any iodine volatilized into 
the reactor gas stream is expected to be in the 
form, not of free iodine, but rather of an iodide, 
probably Be l , or BelF.* '^ Even in the worst 
situation, in which BelF might be formed, the 
volati l i ty of iodide would not be serious. As­
suming the applicability of Raoult's law, a 1% 
burnup of a fuel containing 1 mole % UF . would 
result in a pressure of approximately 10" mm Hg 
at reactor temperature (662°C).® 

A different problem would be the accidental re­
lease of molten fuel into the air. Sufficient oxygen 
would then be available to oxidize both the U''^ 
and the 1 " ; therefore free iodine might be volati l­
ized. 

L. Silverman et al.. Iodine Collection Studies, TID-
7593, pp 3 2 2 - 4 3 (1961). 

W, B. Cottrell et al.. Disassembly and Post-operative 
Examination of the Aircraft Reactor Experiment, ORNL-
1868, p 39 (1959). 

F. F. Blankenship, B. J . Sturm, and R. F. Newton, 
Predictions Concerning Volatilization of Free Iodine 
from the MSRE. ORNL MSR-60-4 (Sept. 29, 1960). 

^MSRP Progr. Rept. Aug. 31. 1961. ORNL-3215, pp 
126-27 . 

Q 

B. J . Sturm, Calculated Vapor Pressure of Iodide 
from MSRE Fuel. ORNL MSR-60.6 (Oct. 11, I960). 
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5. Physical Chemistry of Molten-Salt Systems 

FREEZING-POINT DEPRESSIONS IN SODIUM 
FLUORIDE AND LITHIUM FLUORIDE 

S. Cantor W. T. Ward 
G. D. Robbins^ 

This study is part of a comprehensive investi­
gation which seeks to relate the effects of 
structural parameters of the components, such as 
radius, charge, and polarizability, to the thermo­
dynamic properties of fused fluoride solutions. 
The approach used in this study has been to 
investigate a conveniently determined thermo­
dynamic property of a solvent, in which type and 
concentration of solute can be systematically 
altered, and then to relate variations in this 
property to structural parameters of the pure 
solutes. The object of the researches described 
here was to measure the depressions of freezing 
points in two solvents, NaF and L iF , and 
correlate the derived thermodynamic information 
with the structure of the solutes. Studies dealing 
with the effects of divalent and tetravalent 
fluoride solutes on NaF have been previously 
reported. ' 

Trivolent Fluorides in NaF 

When several trivolent fluorides, in concen­
trations up to about 15 mole %, were dissolved 
in NaF, the freezing-point lowerings were all 
greater than would be consistent with ideal-
solution behavior. For the same solute concen­
trations, the smaller the radius of the solute 
cation, the lower the freezing point of NaF. Most 
of the results are shown in Fig. 5 .1 . The curves 
converge in the lower solute-concentration range. 

Summer employee, 1961, now at Un ive rs i t y of North 
Caro l ina , Chapel H i l l . 

^S . Cantor, ; . Phys. Chem. 65, 2208 (1961). 

S. Cantor, Reactor Chem, Div. Ann. Progr, Rept, 
Jan. 31, 1961, ORNL.3127, p 20. 

-65 ' ' ' ' ' ' 1 1 
8 9 10 11 12 13 14 15 

SOLUTE CONCENTRATION (mole %) 

Fig. 5 . 1 . Deviation from Ideal Freezing-Point De­

pressions by Trivolent Metal Fluorides In NoF. 

The curve for A l F j was derived from the data of 
Grjotheim.^ Although some lists of ionic radii 
show Y'^''" smaller than Yb^'*', the radius of the 
Yb ion is probably less than that of Y'' in an 
environment of fluoride ions, since in the i so-
structural trifluoride crystals, Y F , has the larger 

K. Grjotheim, Norske Videnskas Selskahs Skrifter 
No. 5 (1956). 
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cell volume.' As yet a quantitative relationship 
has not been discovered between the partial molal 
free energy of mixing of NaF with trivolent fluoride 
solutes and simple functions of the ionic radii or 
interionic distances of these solutes. 

Alkali Fluorides in NaF 

Solutions of L iF in NaF are ideal up to concen­
trations of about 11 mole % L iF and show negative 
deviations from ideality at higher concentrations. 
However (see Fig. 5.2), fjositive deviations from 
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Fig. 5.2. Deviation from Ideal Freezlng-Point De­

pressions by Alkali Fluorides In N a F . 

Simple theoretical models ' consider purely 
coulombic forces and predict negative deviations 
from ideality for the mixtures; in addition to these, 
another type of interaction must be considered to 
rationalize the data of Fig. 5.2. Lumsden and 
Blander have recently shown that London dis­
persion forces between next-nearest neighbors may 
be significant in ionic melts. These London 
forces qualitatively help to explain the positive 
deviations, since when an alkali fluoride with a 
large polarizable cation is dissolved in an alkali 
fluoride with a small nonpolarizable cation the net 
change in dispersion energy wi l l be positive. In 
the solutions under study these positive disper­
sion ion energies wi l l fall in the order CsF > 
RbF > KF, which happens to be the order ob­
served for partial molal free energies of mixing 
of NaF with CsF, RbF, and KF as solutes. 

Although a more detailed understanding of the 
NaF liquidus curves may be possible from con­
siderations of the interatomic forces, the results 
may also be correlated empirically in terms of ion 
size and charge effects. The greater the difference 
between Na* and the solute cation in their charge-
to-size ratios, the greater the deviation from 
ideality; where the charge-to-size ratio of the 
solute cation is less than that of No , the 
deviations are positive; where greater, the 
deviations are negative. This empirical rule is 
consistent with the results obtained with all 
uni-, di», and trivolent fluoride solutes that were 
dissolved in NaF. Tetravalent fluoride solutes 
follow the rule only partially. As shown in a 
previous report,^ they cause the largest negative 
deviations from ideality, but within the family the 
expected order is reversed; the freezing-point 
lowering follows the order ThF^ > UF^ > HfF^ = 
Z r F , . 

ideality are observed at all concentrations when 
CsF is the solute. Freezing-point curves for 
solutions of KF and of RbF in NaF show positive 
deviations from ideality above 7 mole % of solute 
and are virtually identical to near 20 mole %; 
solutions of RbF show larger deviations than 
those of KF at the highest concentration. 

A. Z a i k i n and D. H. Temple ton , / . Am, Chem. Soc. 
75, 2453 (1953). 

Alkali Fluorides in L iF 

Simple theory ' predicts that the alkali fluoride 
solutes would cause the L iF freezing-point curve 
to display negative deviations from ideality, and 

T. Forland, On the Properties of Some Mixtures of 
Fused Salts, H. T. H. Trykk, Trondhelm, Norway (1958). 

' M . Blander, / . Chem. Phys. 34, 697 (1961). 
o 

J . Lumsden, Discussions Faraday Soc, No . 32 
(1961). 

o 
M. Blander, to be published in Journal of Chemical 

Physics. 
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that these deviations would be greater for CsF 
solutes than for RbF solutes and so on. However, 
interactions involving changes in London disper­
sion forces, as discussed in the previous section, 
might be important in altering the expected order. 

The results, shown in Fig. 5.3, are as expected, 
except for CsF. The smaller negative deviation 
in the cose of CsF solute is most probably a 
consequence of the change of its next-nearest-
neighbor London dispersion energy. 

kP 
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Fig. 5.3. Deviation from Ideal Freezing-Point De­

pressions by Alkali Fluorides in L i F . 

than that of Na'*' by 0.3 A. Since Li ^ and Na* are 
both relatively small unpolarizable cations, the 
London-force interactions for solutions containing 
KF, RbF, or CsF are about the same when the 
solvent is L iF or NaF. Apparently the coulombic-
force contribution is sufficiently greater in L iF to 
result in negative deviations. 

NcF-LiF Liquidus 

Measurements of the liquidus temperatures for 
the system LiF-NaF were extended to cover the 
entire concentration range. These measurements, 
which were of the precision of +1°C, permitted 
the evaluation of partial molal excess free 
energies of mixing for each component to a 
precision of ±8 cal. These free energies (see 
Fig. 5.4) were found to be (1) negative in sign, 
(2) asymmetric with composition, and (3) otherwise 
inconsistent with regular solution behavior. 
Properties (2) and (3) are in disagreement with a 
recent theory of thermodynamic properties of ionic 
melts.^ 

O f v - = ^ 
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Fig. 5.4. Asymmetry In the Partial Molal Excess Free 

Energy of Mixing in the L i F - N o F System. 

The relative roles of coulombic and London 
dispersion forces help to explain why the devia­
tions are negative in L iF while in NaF the same 
compounds result in positive deviations. The 
coulombic forces, which are roughly proportional 
to the difference of the cation radii of the solution 
components, are considerably greater in L iF than 
in NaF because the ionic radius of Li is smaller 

An empirical equation of the form AF^ = n.Njia + 
bN-^) was used to rationalize the data. (AF = 
total excess free energy of mixing, n, is the 
number of moles of L iF , /V, and ^2 are the mole 
fractions of L iF and NaF respectively, and a and b 
are constants with the dimensions of calories.) 
The excess partial molal free energies of mixing 
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of L iF and NaF respectively are then given by the 
equations 

7E dAF" 

dn 
= aN\ + 2bN^N\ ; 

5 A F * 

dn. 
aN] + bN^iN^ - N^) 

(1) 

(2) 

The observed asymmetry in the partial free 
energies is accounted for in the second term in 
each of the above equations. The constants, a 
b, were evaluated when the experimental partial 
free energies and mole fractions were substituted 
in Eq. (1) {a = - 820 col, b = - 310 cal). These 
constants were then used to calculate the free 
energies of NaF from Eq.(2). Up to concentrations 
of 50 mole % L iF the calculated values agreed 
within ±8 cal with the experimentally derived 
partial molal free energies of mixing. At higher 
concentrations of L iF (from 50 to 60 mole %) the 
calculated values diverged markedly from the 
experimental quantities. 

The constant a is believed to reflect changes, 
on mixing, of coulombic and London dispersion 
forces between the cations, and the polarizability 
of the anion. The asymmetry constant b is 
believed to reflect changes in the interactions of 
third-nearest neighbors. 

CALCULATION OF DENSITIES OF FLUORIDES 

S. Cantor 

Calculation of the Density of Solid Complex 
Metallic Fluorides 

Densities obtained by Archimedean and diloto-
metric techniques ore most frequently used to 
determine the number of molecules per unit cell in 
an x-ray structure analysis. However, these 
densities may include effects of porosity and 
impurities. For the solid complex metallic 
fluorides, an attempt was made to predict densities 
which would be just as useful as measured 
densities for deducing the " i d e a l " or x-ray 
density. 

From a theoretical standpoint, metallic fluorides 
are relatively simple solids in which the cohesive 
forces are primarily coulombic and in which the 
ions are essentially close-packed. Therefore the 
density of the more complex fluorides may be 

estimated by assuming that the molar volume is an 
additive function of simpler volumes which also 
are ionically bonded and close-packed. The 
simpler volumes chosen ore those of the com­
ponent fluorides. For instance the estimated 
molar volume of KjThFg is the sum of two KF 
and one ThF . molar volumes. 

The x-ray data on complex fluorides, " " ' * in 
which one of the simpler components was an alkali 
fluoride, were used to test the method of pre­
diction. From a total of 45 compounds the average 
deviation between x-roy density and calculated 
density was 5.5%. The molar volumes of the 
simpler fluorides used in the calculations came 
from x-ray data. 

This method has been applied to compounds 
currently under investigation and whose unit-cell 
volume has been determined. Table 5.1 shows how 
closely the estimated densities compare with 
some possible densities. It is clear that the 
estimates facilitated the choice of the number of 
molecules per unit cel l . 

Estimation of Densities of Molten Fluorides 

The purpose of this study was to develop a more 
useful means of estimating densities of fluoride 
mixtures, especially those which may be important 
as circulating fluids in nuclear reactors. Cohen 

10 

(1948). 
W. H. Zocharlasen, / . Am, Chem, Soc. 70, 2147 

11 

12, 
K. Knox, Acta Cryst. 14, 583 (1961). 

L. A . Harris, G. D. White, and R. E. Thoma, J, 
Phys. Chem, 63 , 1974 (1959). 

^^L . A, Harris, Acta Cryst. 13, 502 (1960). 

' ^ P . A . Agron and R. D. El l ison, / . Phys. Chem. 
63, 2076 (1959). 

^ ^ F . Hund, Z . anorg, Chem. 2 6 1 , 106 (1950). 

R. G. Wyckoff, Crystal Structures, vol 1 , Inter-
science, New York (1948). 

E. S. Makarov, Crystal Chemistry of Simple Com-
pounds of Uranium, Thorium, Plutonium, and Neptunium, 
Consultants Bureau (1959). 

1 8 
A. Zaikin and D. H. Templeton, / . Am. Chem. Soc, 

75, 2453 (1953). 
19 

R. D. Burbank and F. N. Bensey, Jr., The Crystal 

Structure of ZrF^, K-1280 (Oct. 31 , 1956); R. D. 

Burbank, The Crystal Structure of UF^, K-769 (June 6, 

1951). 20 

21 
W. H. Baur, Acta Cryst. 1 1 , 488 (1951). 

K. H. Jock and R. Maitland, Proc, Chem. Soc. 
1957, p 232 . 
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Table 5 . 1 . Densities of Compounds Whose Structures Are Under Investigation 

Compound 
Density (g /cc) 

Calculated X-Ray 
Molecules per Unit Cel l 

Deviation 

(%) 

L i R b F , 3.56 3.40 

2.55 

4.25 

+ 4.71 

L i C s F , 4.19 4.15 

3.11 

5.19 

8 

6 

10 

+ 0.95 

L i ^ B e Z r F , 2 

a - N o Y F , 

3.19 

4.31 

3.06 

2.28 

3.81 

4.33 

2.88 

5.77 

8 

6 

10 

:\ 
1 

2 

+ 4.25 

-0.46 

Orthorhombic K - U F , 3.80 4.11 

2.05 

6.16 

- 7 . 5 4 

Number of molecules per unit cell assumed in determining the x-ray densities shown. 

and Jones f i rs t deve loped a method of es t imat ion 

af ter measurements had been mode on 15 m i x t u r e s . 

When a p p l i e d to t h e larger body of data now 

a v a i l a b l e ^ ^ ( s e e T a b l e 5 . 2 ) , t h e i r p red ic ted 

d e n s i t i e s v a r i e d grea t ly from t h e measured v a l u e s 

( e . g . , for MSRE f u e l , of nominal compos i t ion , 

7 0 - 2 3 - 5 - 1 - 1 mole % L i F - B e F j - Z r F ^ - T h F ^ - U F ^ , 

the pred ic ted v a l u e s are 15% higher than those 

observed ) . A method for es t imat ing d e n s i t i e s 

of f luor ide sys tems has recent ly been d e v e l o p e d ^ 

22 
S. I. Cohen and T . N. Jones, A Summary of Density 

Measurements on Molten Fluoride Mixtures and a 
Correlation for Predicting Densities of Fluoride 
Mixtures, ORNL.1702 (July 19, 1954). 

^^B. C. Blanke et al., Mound Laboratory MLM-1076 
(April 1956). 

^ ' ' B . C . Blanke et al.. Mound Laboratory MLM-1086 
(December 1956). 

^^B . C. Blanke, Mound Laboratory CF 55.11-14, p 22 
(1955). 

S. 1. Cohen et al., A Physical Property Summary for 
ANP Fluoride Mixtures, ORNL-2150 (Aug. 23, 1956). 

^^S. S. Kirsl is, MSR Progr, Rept, Aug, 1, 1960, to 
Feb. 28, 1961, ORNL.3122 , p 122. 

28 
P. B. Bien, S. Cantor, and F. F. Blonkenship, 

Reactor Chem, Div, Ann. Progr. Rept. Jan, 31, 1961, 
ORNL-3127, p 24 . 

by assuming a d d i t i v i t y of ion ic vo lumes and 

assuming that the volume contr ibut ions of po ly ­

va len t f luor ides ore due so le ly to the i r f luor ide 

i o n s . When t h i s method w a s t e s t e d a g a i n s t a l l the 

measured (or in terpo la ted) v a l u e s a t 8 0 0 ° C , 

r e l a t i v e l y good agreement was o b t a i n e d , the 

overage d e v i a t i o n being about 4 % . H o w e v e r , for 

most mixtures that w e r e reported to h a v e low 

concent ra t ions of U F . ( the most important m ix tu res 

as for as reactor f u e l s ore concerned) , the c a l c u ­

la ted v a l u e s are 6% lower . 

For many f u s e d - s a l t m ix tu res , the molar vo lumes 

of t h e mix tu re are , to a very good approx imat ion , a 

l inear funct ion of mole f ract ion and molar vo lume 

of the pure components ; tha t is . 

V N , V, + ^ 2 ^ 2 Af V m n (3) 

where V is vo lume, /V is mole f rac t ion , and the 

subscr ipt numbers refer to components . R e c e n t 

pub l ica t ion of the molar volumes of l iqu id U F . 

and T h F , f a c i l i t a t e tes t ing whether E q , (3) is 

29 
A. D. Kirshenbaum and J . A . Cohi l l , J, Inorg, & 

Nuclear Chem. 19, 65 (1961). 
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Table 5.2. Density Data of Fluoride Mixtures 

Components 
No. of Mixtures 

Measured 

Stated Precision of 

Measurement 

Reference 
No. 

L IF, B e F j , UF4 

NaF, BeF2, UF^ 

LIF, NoF, BeF2, UF^ 

L iF , NoF, KF, RbF, UF^, ZrF^ 

LiF.BeF2-ZrF4-UF4-ThF4, 

70-23-5-1-1 mole % 

15 binary 
43 ternary 

13 binary 

70 ternary 

4 ternary 

1 quorternary 

4 binary 

6 ternary 

5 quaternary 

1 quinary 

1% 

0.32% 

Unstated 

5% 

-0.4% 

24 

23 

25 

26 

27 

a good representation of the data. The molar 

volumes of the l iqu id a l ka l i f l uo r ides^ " ore known 

over a long temperature range, but the molar 

volume of B e F j has been measured at only 

8 0 0 ° C . ' ' ' The values of V . . were computed 
w^w w . m i x t u r e "̂  

for 600 and 800°C by Eq . (3) for a l l mixtures 

l is ted in Table 5.2 that d id not contain Z r F ^ . 

The molar volumes of the l i qu id a lka l i f luor ides, 

U F , , and T h F . were obta ined by ext rapolat ion, and 

the molar volume of B e F j at 600°C was est imated 

from the 800°C value by assuming that the cubic 

coef f ic ient of expansion was 0.0045 c c / ° C (the 

approximate average for the measured cubic 

coef f ic ient of expansion for mixtures conta in ing 

B e F . ) . The average deviat ion of the ca lcu la ted 

molar volumes from the experimental values was 

3%. However, for those mixtures which hod U F ^ 

concentrat ions of 1 to 8 mole %, the average 

deviat ion was 5%. The molar volume of l i qu id 

Z rF . was ca lcu lated by using the measured molar 

volume of the 50-50 mole % N a F - Z r F ^ mixture as 

the left-hand side of Eq. (3) and so lv ing for 

V_ P , which when used for mixtures conta in ing 

Z r F ., gave on average deviat ion of 3.5%. 

To decrease the percentage deviat ions - that i s , 

to ef fect a better f i t o f Eq. (3) to the exper imental 

on 
F. M. Jaeger, Z. anorg, u, allgem, Chem. 101, 

177-78 (1917). 
• ' ^J . D. MocKenzle, / . Chem. Phys. 32, 1150 (1960). 

values — some of the molar volumes of the pure 

components were changed. These empir ical or 

pseudo molar volumes are l i s ted in Tab le 5.3. 

Using these volumes the average deviat ion of the 

ca lcu lated from the observed molar volumes is 2%. 

Only for 12 mixtures are the deviat ions greater 

than 3%, and none is higher than 8%. 

Table 5.3. Empirical Molar Volumes of Fluorides 

Molar Volume 

(cc/mole) 

At 600°C At 800°C 

LIF 

NoF 

KF 

RbF 

BeFj 

ThF . 

UF , present as 1—8 mole % 

UF^ present as 8-100 mole % 

14.0 

19.37" 

27.95" 

33.84" 

23.6 

46 

47.8" 

58 

48 

14.7 

20.43" 

29.87" 

36.06" 

24.4 

49 

49.0" 

60 

50 

Volumes extrapolated from literature values. 
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It is obvious that any estimation of density is 
based on the assumption that the measured values 
ore accurate for the compositions as listed. The 
difficulty in preventing the removal of some of the 
U F . from solution by precipitation of UOj may 
very well be the reason that i t is necessary to 
have two empirical molar volumes of UF^ to get a 
good agreement of calculated and "observed" 
values. In the absence of more information on the 
purity of the mixtures, it is probable that the 
experimental densities are in error by much more 
than the precisions stated in Table 5.2, with the 
exception of the 5% assigned by Cohen et al. 
Nonetheless, the true densities of fluoride mixtures 
containing any concentration of the components 
of Table 5.2 can be safely estimated (probably to 
within 3%) by substituting the values of Table 5.3 
in Eq. (3). 

MOLAR ENTHALPIES OF MIXING IN THE 
LIQUID LiF-KF SYSTEM 

R. A. Gilbert32 

Kleppa et al. have recently shown experi­
mentally that the enthalpies of mixing in molten 
binary alkali nitrate systems are all negative and 
that the molar mixing enthalpy (Af/ ) increases in 
regular fashion with increasing difference in size 
between the participating cations. His maximum 

32 

33, 
Chemistry Division. 

' 0 . J . Kleppa, ; . Phys. Chem, 64, 1937 (1960); 
0 . J . Kleppa and L. S. Hersh, /. Chem. Phys, 34, 351 
(1961). 

AH'^ (approximately - 700 col/mole) therefore 
appeared in the LiNGj-RbNGj system (the system 
LiNGj-CsNGj was not measured). Unfortunately, 
limitations in his calorimeter would not permit 
Kleppa to extend his measurements to tempera­
tures required to study molten alkali halides. 
Blander, •''* however, has predicted that the 
enthalpies of mixing should be considerably 
greater in the halide systems; they might, ac­
cordingly, be determinable with good precision, 
even though necessarily as the difference of two 
large numbers, with the Bunsen ice calorimeter. 

Samples of pure KF, L iF , and mixtures of these 
were sealed in capsules of Nichrome V which 
were machined from a single bar and adjusted to 
identical weights. The salt transfers and the 
sealing by welding were accomplished in inert-
atmosphere boxes. The pressure of high-purity 
helium in the capsules after sealing was 1 atm. 
The sample capsules and an identical capsule 
f i l led only with helium were individually heated to 
874.0°C and then dropped into the calorimeter. 
From the data thus obtained the enthalpy changes 
from this temperature to 0°C were determined for 
the mixture and the pure compounds. 

The measured enthalpy values for the mixtures 
were compared with calculated values based on 
the enthalpies of the pure components and on the 
assumption that there were no heat effects on 
mixing; the differences, which were negative in 
each case, are shown in Table 5.4, as are the 
enthalpies of mixing. The latter are also plotted 
in Fig. 5.5 versus mole fraction L i F . 

34 M. Blander, private communication, 1961. 

Table 5.4. Molar Enthalpies of Mixing of L iF and KF at 874.0°C 

Composition 

^ L i F 

AH (col) 

Measured Calculated Difference 
Total Moles 

(col/mole) 

0.193 

0.385 

0.593 

0.747 

3420 

3937 

4404 

5682 

3551 

4187 

4705 

5993 

131 

250 

302 

312 

0.1921 

0.2280 

0.2600 

0.3340 

-682 

-1096 

-1162 

-934 

From the values for pure compounds: A H . .p = -17,700 cal/mole [ T . B . Douglas and J. L. Dever, ], Am. Chem. 

Soc, 76, 4826 (1954) give -17,630 cal/mole, a difference of +0.4%]; AH , ^ p = -18,680 cal/mole [V. S. Lyaehenko, 

Metallurg.{U.S.S.R.)10, 85 (1935) gives -18,330 cal/mole, a difference of +1.9%] . 
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Fig. 5.5. Molar Enthalpies of Mixing In Liquid LIF-

KF Mixtures. 

It appears that enthalpies of mixing in these 
systems are sufficiently large for determination by 
this procedure. An analysis of the data, as 
suggested by Kleppa, by plotting AH^/X(1 - X) 
against X, where X is the mole fraction of one 
component, con be attempted, but additional data 
wi l l be required before a satisfactory estimate can 
be mode of the difference in the limiting heats of 
solution. 

BEHAVIOR OF SOME TRANSITION-METAL 
FLUORIDES IN MOLTEN FLUORIDE 

MIXTURES 

C. M. Blood 
F. F. Blonkenship 

For reactions such as 

W. R. Grimes 
G. M. Watson 

N i F j + H j ?=i 2HF + Ni (A) 

at elevated temperature with H2 and HF as gases, 
with the N i F j in unsaturated solution in a molten 
fluoride mixture, and with crystalline nickel 
present in large excess, the true equilibrium 
constant, K^, and an experimentally determinable 
equilibrium constant, K^, are given by 

K. = 
/H% /H% 

(/H2H«NiF2) (/H2)(^NiF2)(>'NiF2) 
(4) 

where /, a, p, N, and y indicate, respectively, 
fugacity, activity, partial pressure, mole fraction, 
and activity coefficient, and where, given a con­
sistent choice of reference states. 

- A F ° = RT In K„ (6) 

Careful measurements of K^ for this reaction in 
several molten mixtures of NaF with Z r F , and in a 
single L iF -BeF, mixture hove been performed. 
Equilibration at elevated temperature was ac­
complished, in nickel equipment, by continuous 
sparging of a melt for many days with a mixture 
of HF and H . of known concentration. Concen­
trations of these gases were determined periodi­
cally on both inlet and outlet streams. Samples of 
the melt were drown periodically through sintered 
copper fi l ters, and the N i F j concentration of the 
melt was determined by chemical analysis. The 
system was considered at equilibrium when the 
N i F j content remained constant for three suc­
cessive days at constant temperature and inlet-gas 
composition. Between experiments the NiF2 
concentration was adjusted as required by addition 
of this compound, by reduction of excess N i F j by 
increasing the H2 concentration of the gas stream, 
or by reaction of the HF-Hj mixture with the con­
tainer. Equilibrium concentrations were routinely 
established by approach from the NiFj-r ich and 
NiFj-deficient directions. 

Careful measurements of K^ for the reaction in 
each solvent studied showed the values to vary 
with temperature and with the solvent composition 
but to be independent of N i F j concentration within 
each system. A typical plot of K^ vs Nj^jp is 

shown OS Fig. 5.6.^^ This constancy of K^ with 
N NiF, 

has been demonstrated in several solvent 

systems to be valid over the entire concentration 
range studied - that is, from less than 5% to more 
than 95% of the solubility at saturation. From 
inspection of Eqs. (4) and (5), and remembering 
that (at high temperatures and low partial 
pressures) pressure and fugacity are equivalent 
for these gases, it is clear that the activity 
coefficient yki-p is independent of N i F j concen­
tration in all these solutions. 

and 

^ N = 

^2 
?HF 

(^H2)('^NiF2) 
(5) 

35, C. M. Blood, Solubility and Stability of Structural 
Metal Difluorides in Molten Fluoride Mixtures, ORNL 
CF-61-5-4 (Sept. 21, 1961). 
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Fig. 5.6. Equilibrium Quotients for the Reduction by Hydrogen of N i F j i n Li F - B e F - ( 6 2 mole % Li F). 

Among the solvents studied, the L iF -BeF j 
mixture with 62 mole % BeF, is unique in that 
pure N i F j is the phase in equilibrium with its 
saturated solutions. Accordingly, for that solvent 
system activity coefficients with crystalline solid 
as reference state, Vkj-r , are immediately 

' ^ " "2(c) 
available from solubility data. Clearly, in satu­
rated solutions within this system at any given 
temperature 

yN iF2 , , , = ' / ' ^NiF2 (7) 

Combination of appropriate values of yki-p 

with values of K^ in the L iF -BeF j system de­
termines K , , and AF? , for the reaction 

a(c) (c ) 

NiF2(c)+H2(^) 2 H F ( „ + Ni(,) (B) 

for each temperature for which data are available. 
These data and the calculated K„,s and AF?_x 

a\c) (c) 

values ore shown in Table 5.5. Insertion of 
appropriate values of AF,\ with pertinent thermo­
dynamic data (either available or capable of 
reliable estimation) into the equation 

where N]Jjjp is the concentration (in mole fraction) 

of the saturated solution at that temperature. 
Since the activity coefficient has been shown 
(Fig. 5.6) to be independent of NiF2 concentration, 
the ykj.p values from Eq, (7) may be taken as 

'^""2(c) 
valid for the unsaturated solutions. 

A(F° - Hi) 1 

T 
A{H° 298 -H°) + J ACp dT 

• '298 + / 

298 

T A C 

298 r 
dT (8) 
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y ie lds values of 26.304, 26.251, and 26.271 

kca l /mo le for AH° for react ion ( B ) at 773, 823, 

and 873°K. The mean value is 26.275 ± 0.02 

kca l /mo le . Th is leads to a value of 26.777 as 

AZ/ jgg 15 for react ion (S) , Further, and obvious, 

th i rd- law treatment of the system permits eva lu­

at ion of A F ? , at other temperatures and permits 

ca lcu la t ion or AF?, , and K„,,\ values for the (/) ^a{l) 

react ion 

N'F2(Z) + H 2 , , ) ^ 2 H F ( ^ , + N i ( , , (C) 

wi th supercooled l iqu id N i F j as the reference 

state. Typ ica l values for these thermochemical 

quant i t ies are shown in Tab le 5.6. It is then 

poss ib le to obtain ac t i v i t y coe f f i c ien ts , t yp i ca l 

Table 5.5. Solubility of N I F j and Equilibrium Constants for N I F 2 + H2 ;= i 2HF -f Ni in L I F . B e F 2 

(62 mole % B e F j ) 

Temperature 

(°K) 

748 

773 

798 

823 

848 

873 

Solubil ity" of 

(^NiF2' 

X 10-3 

3.49 

4.23 

5.15 

6.18 

7.33 

8.59 

^ N i F 2(c) 

•^N 
(atm) 

•^aic) 
(atm) (kcal) 

288 

240 

194 

160 

136 

120 

X 10-

5.04 

9.90 

17.3 

21.32 

61.18 

148.61 

•4.699 

- 6 . 7 2 7 

- 8 . 6 7 5 

Values correspond to enthalpy of solution of 9.7 kca l /mole . 

Table 5.6. Thermochemical Functions for N I F , + Hof-s ^=^ 2 H F / \ + N i , \ 

N i F 2(c) NiF 2(/) 

Temperature 

(°K) 

298.16 

633 

773 

823 

873 

1073 

-A(F' 0 _ „ 0 Ua) 
"298.16' 

T 

(ca l / °K) 

41.377 

40.949 

40.757 

40.680 

40.605 

40.289 

AF° 
(kcal) 

14.440 

0.856 

-4.728 

-6.703 

-8.671 

-16.453 

- A ( F ° - H ° )'*> ^ ^ ^ "298.16' 

T 

(ca l / °K) 

40.511 

38.235 

37.128 

36.750 

36.504 

35.056 

AF" 
(kcal) 

1.600 

-10.524 

-15.021 

-16.567 

•18.189 

-23.936 

A H J O O , , = 26.777 kcal for reaction with N i F 2 # - \ . 

' ^ ' A H J J S , 6 = 13.679 kcal for reaction with N i F j , ; ) . 
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values for which ore shown in Table 5.7, for all NiF2 about tenfold less than experimentally de­
termined in this study and to values considerably 
in excess of unity for y^^.p 

solvents and all temperatures for which K^ values 
are available. 

The thermochemical data obtained in this study 
differ appreciably from those derived from the 
earlier data of Jellinek and Rudat who de­
termined equilibrium partial pressures of H2 and 
HF for this reaction with both NiF2 and nickel as 
crystalline solids and whose work forms the 
basis for most of the published estimates of 
the thermochemical functions for N i F , . Their 
data, for example, over the temperature interval 
573 to 773°K give 2.099 atm for K^^^, at 773°K 
and extrapolate to 6.35 and 17.2 atm at 823 and 
873°K respectively. These data lead to a value 
28.2 kcal/mole for AWjpg jg ond to free-energy 
values about 3.5 kcal less negative than those 
obtained in this study. It should be noted that the 
Jellinek and Rudat K values in combination with 
the present observation of constancy of y ^ p 

with N N i F , lead to predicted solubilities for 

36 
K. Je l l i nek and A , Rudat, Z . anorg. u, allgem, 

Chem, 175, 281 (1928). 
37 

See, for example, L . Brewer et al,. Paper 6 in The 
Chemistry and Metallurgy of Miscellaneous Materials: 
Thermodynamics, ed . by L . L. Q u i l l , McGraw-H i l l , 
New York , 1950. 

2(1) 

The constancy of activity coefficients with 
NiF 2 concentration merely indicates that the 
solutions (even when nearly saturated) are so 
dilute that the ionic associations within the 
solvent are not appreciably modified by N i F j 
additions. Crystalline solid N i F , clearly is a 
poor reference state from which to assess 
properties of such solutions. The variation of 
y,;. with solvent composition in the NaF-ZrF, 
mixtures suggests that all these solvents are less 
effective fluoride donors than is (hypothetical) 
liquid NiF2 at these temperatures; the discrepancy 
diminishes as alkali (donor) fluoride concentration 
is increased and as associations of fluoride ions 
with the zirconium ions are weakened by in­
creasing temperature. Presumably, y,,, would 
increase to a maximum and then decrease as the 
NaF concentration is further increased in this 
system. It is not possible from the data at a 
single composition in the L iF-BeFj solvent 
system to specify whether the solvent is a more 
or a less effective donor than liquid N iF , , 

A similar, though considerably less extensive, 
study of the behavior of FeFj and CrF j has been 

Table 5.7. Activity Coefficients for N i F j in Molten Fluorides 

Solvent 

(mole %) 

Temperature 

(°C) 
N 

(atm) ^ N i P 2(c) >'NiF2(/) 

L i F - B e F 2 

(62% L i F ) 

500 

550 

600 

X 10-^ 

5,04 

9.90 

17.3 

240 

160 

120 

0.29 

0.39 

0.48 

N a F - Z r F ^ 

(60% NaF) 

575 

600 

625 

19,2 

25.9 

37.2 

200 

175 

166 

0.64 

0.72 

0.91 

N o F - Z r F ^ 

(53% NoF) 

550 

575 

600 

625 

7.57 

11.0 

15.3 

21.9 

125 

115 

103 

98 

0.30 

0.36 

0.43 

0.54 

NaF-ZrF_j 

(43% NaF) 

600 4.55 31 0.13 
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performed. Although the data ore not sufficient 
to permit so rigorous a treatment, the behavior of 
these materials, which is qualitatively quite 
similar to that of NiF2, suggests very similar 
conclusions. 

THEORY OF MOLTEN SALTS 

M. Blander R. C. Bonsai^ ' 
D. L. Manning^^ J . Braunstein^' 

R. M. Lindgren^' 

Reciprocal Systems 

A continuation of experimental and theoretical 
studies of molten-salt systems containing at least 
two cations (A and B*) and two anions^" 
( C " and D" ) was made at concentrations of two 
of the ions (A and C~) which were low enough so 
that their most important associated species were 
AC, AC,~, and A-C for which the thermodynamic 
association constants K,, ^2 / and /C,2 could be 
evaluated. 

Association Constants in the System AgNO,-
NaBr-NaNO, and Their Comparison with the Quasi 
Lattice Theory.^' — The thermodynamic associ­
ation constants K,, K2, and K-.^ for the formation 

of AgBr, AgBr,~, and AgjBr evaluated from 
electromotive-force measurements in AgNO,-
NoBr-NaNOg mixtures at 402, 438, 460, and 500°C 
ore given in Table 5.8. Comparison of these 
constants with the relations derived from the 
calculations based on the quasi-lottice modeM^ 

K, = Z O , - 1) , (9) 

K, K j = 

K , K , 2 = 

Z{Z-

2! 

Z{Z -

• 1 ) 

1) 
2! 

( i 3 , / 3 2 - 2 ^ , + 1 ) , (10) 

( ^ , / S , 2 - 2 ^ , + 1 ) , (11) 

38 

39 

4 0 , 

Analyt ical Chemistry Divis ion. 

University of Maine, Orono. 

A. R. Alvarez-Funes et al., Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127, p 17. 

D, L. Manning et al,, to be published in Journal of 
the American Chemical Society (1962). Work done at 
Oak Ridge Notional Laboratory and the University of 
Maine. 

^^M. Blander, / . Chem, Phys, 34, 432 (1961). 

where /S. = exp (- AA -/kT) and Z is a coordination 
number, led to the values of the "speci f ic 
Helmholtz free energy," AA., listed in Table 5.8 
for Z = 4, 5, and 6, which should cover all reason­
able values of Z. Within the estimated error in the 
measurements, the values of AA^ do not vary with 
temperature. This is further confirmation of the 
theoretical prediction that for associations in 
which the change of the internal degrees of 
freedom of the ions involved in the association 
process is small, Eqs, (9-11) with constant 
values of AA- and for any reasonable value of Z 
lead to a prediction of the temperature coefficients 
of Ky K^, and K,2-'*^~''^ 

A comparison of the values of AA. (for Z = 5) 

for the associations of Ag and C l~ and of Ag 
and Br~ in the two molten solvents NaNO, and 
KNO3 is mode in Table 5,9, It is believed likely 
that a major contribution to the differences be­
tween the two solvents is from a "reciprocal 
Coulomb effect," In the two-dimensional repre­
sentation in Fig. 5.7 it can be seen that the major 
change which takes place upon the formation of on 
AC ion pair is the interchange of nearest-neighbor 
BC and AD pairs to form AC and BD. Using 
reasonable values for the ionic radii ' and 
assuming nearest-neighbor interactions, the values 

of RT In [K, (KN03) /^ l (NaN03) l ' " " ' " ' " " ^ °^ 
Table 5.9 were calculated. The relative magni­
tudes ore in the some direction as the measured 
differences. Although the effect of long-range 
interactions cannot be assessed easily in terms of 
a realistic three-dimensional model, calculations 
of the "reciprocal Coulomb effect" for the infinite 
one-dimensional chains 

,,.BDBDBCBDBD ... + BDBDADBDBD ... — 

BDBDBDBDBD + BDBDACBDBD , 

^ • ' D . G . H i l l , J . Brounstein, and M. Blander, / . Phys, 
Chem, 64, 1038 (1960). 

' *^D. G. Hi l l and M. Blander, / . Phys, Chem. 65, 
1866 (1961). 

A . R. Alvarez-Funes, J . Brounstein, and M. Blander, 
to be published in Journal of the American Chemical 
Society (1962). 

J . A. A. Keteloor, Chemical Constitution, p 28, 
Elsevier, New York, 1958. 

0 . J . Kleppa and L. S. Hersh, / . Chem, Phys, 35, 47 

765 (1961). 
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Table 5.8. Values of K., K , , and K , , and Derived Values of the "Specif ic-Bond Free Energy" 

for Associations of Ag and Br in NoNO^ 

Temperature ( C) 

M 2 

AA, 

AA. 

AA 12 

AA, 

AA. 

AA 12 

AA, 

AA, 

AA 
12 

402 

633 +5% 

246 ±20% 

280 ± 25%" 

6.79* 

6.9 

7.0 

6.51 

6.5 

6.6 

6.27 

6.2 

6.3 

438 

500 + 3% 

180 ±10% 

200 ± 15% 

Z = 4 

6.82 

6.8 

6.9 

Z = 5 

6.52 

6.4 

6.5 

2 = 6 

6.26 

6.1 

6.2 

460 

430 ± 3% 

151 ±10% 

167 ±15% 

6.83 

6.7 

6.9 

6.50 

6.3 

6.5 

6.24 

6.0 

6.1 

500 

325 ±4% 

103 ±20% 

120 ±20% 

6.74 

6.5 

6.7 

6.43 

6.1 

6.3 

6.16 

5.8 

6.0 

Calcu la ted from scat tered da ta . 

Va lues of AA • ore in k t o l / m o l e 

using a method of ca lcu la t ion descr ibed prev i ­

ously,"*^ led to the est imated values of RT 

' " t ^ l ( K N 0 3 ) / ' < l ( N a N 0 3 ) ] 'i^^«<^ ' " =° l ' ^ ' ^ " ^ of 

Table 5.9. These ind icate that the long-range 

interact ions ore in a d i rect ion such as to bring the 

measured and est imated values closer together. 

Al though th is is no proof, i t does ind icate that at 

least part of the solvent ef fect is probably 

coulombic. 

Association Constants of Ag a n d C N ~ in Molten 

Equimolar N a N O , - K N O , Mixtures.^' - These 

measurements were undertaken to see what in ­

f luence changes of internal ( inc luding rotat ional ) 

degrees of freedom of ions involved in the 

assoc iat ion process would have on the temperature 

coef f ic ients of the assoc ia t ion constants. Because 

of the very strong assoc ia t ions of Ag and CN , 

measurements down to extremely low concentra­

t ions of Ag"'' and C N " (5 x 10"^ mole f ract ion) 

were required, necess i ta t ing modi f icat ions of 

48 

49 
M. Blander, / . Chem, Phys, 34, 697 (1961). 

D. L. Manning and M. Blander, in p iepo ra t i on . 
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Table 5.9. Comparison of Average Values of AA, for the Formation of AgCI and AgBr 

Ion Pairs In NoNOj and KNO3 

Ion Pair Solvent A A , for Z = 5 

' ^ l ( N a N 0 3 ) " ^ ' ^ l ( K N 0 3 ) ~ ' ^ ^ ' " ' ^ K K N O j ) ' ^ ' ^ K N o N O j ) 

Measured 
Coulombic Ca lcu la t i on 

Nearest Neighbor In f in i te Chain 

Ag'^'Cl" 

A g * B r ' 

NaN03 

KNO3 

NoNOg 

K N O , 

- 4 . 8 , 

- 5 . 8 0 

~6e5/^ 

• 7 . 1 , 

1.0, 

0.6, 

2.5„ 

1.4, 

1.7fl 

0.9-, 

A l l va lues in k c a l / m o l e . 

UNCLASSIFIED 
ORNL-LR-DWG 60458 

previous techniques. The evaluated assoc ia t ion 

constants are l i s ted in Tab le 5.10, and ind icate 

that assoc ia t ions of Ag and C N " are the strongest 

which have been measured in molten sa l t s . The 

entropies of ion-pair formation [d{RT In K^)/dT] 

for assoc ia t ions invo lv ing the d iatomic CN 

(and the polyatomic S O ^ ^ " previously measured^") 

ore more pos i t i ve than for the assoc ia t ion of Ag 

wi th the monatomic ions C I " and B r " and are 

larger than the " c o n f i g u r a t i o n a l " contr ibut ion to 

the entropy of associat ion ca lcu la ted from the 

quas i - lo t t i ce model. 

Association of Cadmium Ion with Bromide or 

Iodide Ions in Molten Equimolar N a N O j - K N O j 

(ref 51) and with Bromide Ions in L i N 0 3 - K N 0 3 

Mixtures. — Electromot ive- force measurements 

were made in concentrat ion ce l l s w i th s i l v e r -

so l id s i lver ha l ide electrodes [Ag /AgX(sa t ) , NaX-

KX, NaN03-KN03 I NaNOg-KNOj , Cd(N03)2 , NaX-

KX, AgX(sa t ) /Ag ] and were used to evaluate the 

thermodynamic assoc iat ion constants for the 

formation of CdX and C d X j given in Tab le 5 .11 . 

Al though the quas i - la t t i ce model appl ies s t r i c t l y 

to systems contain ing only monovalent ions. 

Fig. 5.7. Two-Dimensional Representation of the 

Reciprocal Coulomb Effect. 

^°W. J . Watt and M. Blander, / . Phys. Chem. 64 , 
729 (1961). 

J . Brounste in and R. M. L indgren , to be pub l ished 
In Journal of the American Chemical Society (1962). 
Work done at Oak Ridge Nat ional Laboratory and the 
Un ive rs i t y of Maine. 
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Table 5.10. Values of K,, fC,, and ^ . 2 and Derived Values on the "Specific-Bond Free Energies" 

for the Associations of Ag and CN in Equimolar NaN03-KN03 Mixtures 

Temperature (°C) 

246 286 326 

K, 230,000 ±7% 220,000 ±7% 190,000 ±7% 

K^ 140,000 ±20% 105,000 ±35% (50,000) ±50% 

K,. 80,000 ±15% 60,000 ±20% (36,000) +50% '12 

Z = 4 

-A /4 , 11.S'' 12.1 12.8 

-A / I2 l l ' S 12.4 (12.4) 

-A/1,2 11'2 l l ' S (12.0) 

Z = 5 

-A<4, 11.1 11.9 12.6 

-A / I2 11-5 12.1 (12.1) 

- A A , 2 10.9 11.5 (11,7) 

Z = 6 

- A / 1 , 10.9 11.7 12.3 

- A A J 11.3 11.8 (11.8) 

- A / l , 2 10.7 11.2 (11.4) 

Values of AA . ore in kcal/mole. 

Table 5.11. Successive Association Constants and Specific Helmholtz Free Energies of Formation 

of Cadmium Ion—Halide Ion Associations in Molten Equimolar NaN03-KN03 Mixtures 

Temperature 

(°C) 

240 

290 

300 

'^l 

1520 

990 

Brom 

- A / 1 , 

5.67 

5.83 

ide 

K2 

680 

450 

- A A J 

5.73 

5.93 

'^l 

5330 

3130 

- A A , 

6.94 

7-03 

Iodide 

^2 

2200 

1300 

-A/42 

6.94 

7.O3 

[moles/mole (No, K)NO,] . The estimated uncertainties are ±5% for K, and ±10% for K j . The association 

constants on the molality scale ore 0.0933 multiplied by the above values. 

kcal/mole. The estimated uncertainties are ±0.06 for AA, and ±0.10 for A 4 , . 
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these values of the association constants were 
compared with Eqs. (9) and (10) derived from the 
quasi-lattice theory; values of A/4, and AA2 for 
Z = 6 are given in Table 5.11. For the associa­
tions with iodide the variations of A/4 with tem­
perature ore smaller than the experimental un­
certainty, and for associations with the bromide 
the variations of AA with temperature are only 
slightly larger than the experimental uncertainty. 
This indicates that the results of the quasi-
lattice model may be useful for predicting the 
temperature coefficients of the association con­
stants of singly charged ions with multiply 
charged ions as well as with other singly charged 
ions. 

Thermodynamic association constants were 
determined potentiometrically for the formation of 
CdBr and CdBr2 at 240°C in five molten mixtures 
of lithium nitrate and potassium nitrate con­
taining between 26 and 80 mole % lithium nitrate 
(N. .|^Q ); at ]7(fC the association constants 

were measured in equimolar lithium ni t rate-
potassium nitrate. The negative specific Helm­
holtz free energy of association, — AA, increased 
linearly with the mole fraction of lithium nitrate 
at 240°C according to the equation — AA 
(kcal/mole) = 5.80 + I -OSN^JNO (^'^'^ °" °^' 

sumed quasi-lattice coordination number of 6) and 
was the same, within the experimental error, for 
the stepwise formation of CdBr and of CdBrj . 
The value of A/4 was independent of temperature 
(—6.30 ± 0.05) in the equimolar mixture and was, 
surprisingly, 0.5 kcal/mole more negative than 
AA for the formation of CdBr determined in 
equimolar sodium nitrate—potassium nitrate. 

Binary Systems with a Common Anion 

Excess Free Energies and Heats of Mixing in 
Certain Molten Salt Mixtures. — Reiss, Katz, and 
Kleppa^ hove shown that the results of a 
perturbation theory which is related to conformal 
solution theory^^ are consistent with certain 
features of experimental measurements on the 
heats of mixing of molten alkali nitrates. The 

^ ^ H . Reiss, J . Katz,and 0 . J . Kleppa, J, Chem. Phys. 
36, 144 (1962). 

^ • ' H . C . Longuet-Higgins, Proc, Roy. Soc. A205, 247 
(1951). 

" 0 . J . Kleppa, / . Chem, Phys. 34, 351 (1961). 

calculations were based on the perturbation of the 
cation radii of a " tes t sa l t " and led to a simole 
expression for the second-order terms. The higher 
order terms were too complicated to state. 

By the choice of particular relative values of the 
two perturbation parameters, we hove simplified 
the higher terms and obtained the relation for the 
excess free energy (including terms to the fourth 
order) 

AF^ 
= X, X, P8^ + X, X, (X, - X,)OS^ 

kT 1 ^ 1 ^ ~ 

+ [X ,X2R + X , X 2 ( X , - X2)^5]S'*+ , . . , (12) 

where X is the mole fraction of component z; P, 
0, R, and 5 ore related to the configurational 
integral; and § = (A, - A j ) ^ ^ , + A2), where Â  
is the sum of the radii of the cation and anion of 
salt z. Similar forms can be obtained for the other 
excess thermodynamic quantities. Although the 
parameters P, 0, R, and 5' have not been evaluated, 
the third- and fourth-order terms and P, O, and S 
have been empirically shown to be important, 
and P, 0 , R, and S can be easily evaluated in 
terms of a crude one-dimensional model. 
Although the Reiss theory has been derived for 
hard sphere ions interacting according to a 
generalized form of the coulomb potential, Eq, (12) 
can be derived for more general pair potential 
functions. 

Van der Wools Energy Changes in the Mixing of 
Molten Salts,^^ - Deviations from ideal-solution 
behavior of mixtures of AgNOg (ref 56) or TINO3 
(ref 57) with alkali nitrates hove indicated that in 
addition to the solution effects present in 
mixtures of alkali nitrates, the energy change due 
to another type of interaction needs to be postu­
lated to rationalize the observed heats of mixing. 
Although von der Wools interactions (or London 
dispersion interactions) are often considered to be 
of short range, the estimated values in column 2 
of Table 5.12 of the contribution of the change of 
these interactions between next-nearest-neighbor 
cations are relatively large. When these are 

M. Blonder, to be published in Journal of Chemical 
Physics (1962). 

^ * 0 . J . Kleppa and L. S. Hersh, / . Chem, Phys. 35, 
175 (1961). 

^ ' 0 . J . Kleppa and L. S. Hersh, / . Chem. Phys, 36, 
544 (1962). 
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Table 5.12. Calculated Values of AUj. Compared with 4 A H Q J 

Al l values ore in kcal/mole 

Mixture Ac/^^-^S-Ac/^+^-N" At;. ^^<5 

(L i -Ag)N03 

(Na-Ag)N03 

(K-Ag)N03 

(Rb-Ag)N03 

+ 0.84 

+ 0.67 

+ 0.22 

-0.01 

A ( 7 ^ / - T L A t / ^ + B . R b 

0.38 

0.00 

0.53 

1.00 

+ 0.46 

+ 0.67 

-0.31 

-1.01 

+ 0.65 

+ 0.59 

-0.45 

-1.19 

(L i -T I )N03 

(Na-TDNOg 

(K-TI )NO-

(Rb-TI)NO, 

+ 1.28 

+ 1.08 

+ 0.58 

+ 0.31 

2.27 

0.72 

0,03 

0.01 

-0.99 

+ 0.36 

+ 0.55 

+ 0.30 

-0.880 

+ 0.256 

+ 0.440 

+ 0.232 

added to the values in column 3, which ore e s t i ­

mated for the mixtures indicated i f A g N O , and 

TINO3 ''^1^°^®'^ ° s a l ka l i n i t ra tes , the resul tant 

quant i t ies given in column 4 ore, w i th in the ex­

pected error of the ca lcu la t ions , in correspondence 

wi th measured values of the heats of mix ing given 

in column 5, Th is suggests that the method of 

ca lcu la t ion used may be useful for predict ions in 

real systems. The postulated ef fect should be 

important not only in mixtures contain ing Ag 

and T l but more general ly in a large c lass of 

other mixtures conta in ing, for example, Cs , Rb , 

K , Ba^ , Sr^*, Ca^"*", or other po lar izable ions 

(cat ions or anions) . 
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6. Chemistry of Pressurized-Water Reactor Systems 
C. F. Baes, Jr. T. H. Handley^ 

There are two important unsolved problems as­
sociated with the water chemistry of pressurizer-
water reactor primary systems: (1) the transport 
and deposition of corrosion products (crud), which 
foul heat transfer surfaces and impair the operating 
reliability of mechanical systems exposed to pri­
mary water; (2) the transport and deposition of 
long-lived activities (originating from the activa­
tion of corrosion products in the reactor flux), 
which cause a long-term buildup of radiation levels 
throughout the primary system. In undertaking a 
study of the water chemistry of the ORR pressur­
ized water loop, during the past year, the primary 
objective was to gain an increased knowledge of 
the nature and behavior of water-borne activity 
and crud in the hope that new methods for their 
control would be suggested. 

Results obtained thus far provide strong evi­
dence that a large part of the low-level longer-
lived water-borne activity during normal loop 
operation (principally Mn^^, Fe^ ' , Co^®, and 
Co ) is present as dissolved ionic material. 
Thus, tests in which cooled water samples were 
passed through a series of decreasing-porosity 
Millipore filters showed a lower limit to crud 
particle size of about 0.5 fi, virtually all remaining 
water-borne activity passing through a 0.01-fi f i l ­
ter. This "nonfi l terable" activity was absorbed 
reversibly by cellulose backing pads used in some 
filtration tests. Such activity, when absorbed on 

Summary of a contribution to the Maritime Reactor 
Program Ann. Progr. Rept. Nov. 30, 1961, ORNL-3238, 
pp 43-50. 

Analytical Chemistry Division. 

chromatographic paper, was found in electromigra-
tion tests to move toward the cathode with a ve­
locity expected for simple cations. Finally, when 
the same specific activity was assumed for the 
dissolved material as was found for the filterable 
crud, the resulting concentration of ionic material, 
calculated on the assumption that all the nonfilter­
able activity is present as simple ions, was in 
reasonable agreement with the ion concentration 
indicated from observed loop-water conductivity. 

Other results suggest, further, that the dissolved 
activity exchanges at an appreciable rate with the 
crud activity. This crud was found from electron 
micrographs to be crystalline in appearance and 
from x-ray diffraction patterns to exhibit the 
structure of magnetite, often found to be a princi­
pal constituent of PWR crud. The apparent lower 
limit to particle size suggests that recrystalliza-
tion occurs, which of course would result in ac­
t ivity exchange. Finally, the previous assumption 
of equal specific activities for the dissolved ma­
terial and the crud is consistent with such ex­
change. 

Since magnetite (Fe-0. ) is the stable oxide of 
iron in such systems and is a principal constituent 
of crud, it is a possible high-temperature fi lter, 
ion exchange medium. If, as suggested here, this 
constituent both supplies and exchanges with the 
ionic material in the high-temperature water, the 
introduction of a bed of nonactivated magnetite 
into a PWR coolant system might weli accumulate, 
by the same process which now contributes to the 
transport of activity, the dissolved activity without 
otherwise disturbing the chemical or nuclear be­
havior of the system. Accordingly, tests are in 
progress to examine the suitability of magnetite as 
such a purification medium. 
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7. Phase Equilibria in Aqueous Systems at 
Elevated Temperatures 

Knowledge of phase equilibria in aqueous sys­
tems at elevated temperatures, in addition to 
being of fundamental interest, has had important 
applications in the selection and modification of 
the fuel composition of the HRE-2. Aqueous 
homogeneous reactor-fuel solutions for use at 
power-producing temperatures originally contained 
only H.O and UO.SO.; developments in technology 
and changes in goals led to the introduction of 
CuSO. as a catalyst, the switch from HjO to 
DjO as the base solvent, the addition of DjSO^ 
to permit operation with lower uranium concen­
trations, and, finally, the accumulation of sub­
stantial concentrations of NiSO- as a consequence 
of the corrosion of stainless steel. Each of these 
changes compounded the complexity of the phase 
equilibrium relationships which needed to be 
known for the fuel system. Development of 
breeder blankets has also been an important goal 
of the aqueous reactor program, and, toward that 
end, studies have been made of systems involving 
thorium. The desire for reactor systems which 
would operate at much higher temperatures leads 
to an interest in the properties of aqueous systems 
near and above their critical temperatures. The 
results of phase equilibrium studies, while origi­
nally and primarily oriented toward aqueous re­
actor systems, may ultimately be useful in 
connection with the general problem of water 
purification. 

SOLID-LIQUID AND LIQUID-LIQUID EQUILIBRIA 

W. L. Marshall E. V. Jones 
J. S. Gill Ruth Slusher 

Solubility and Nature of the UO3 Hydrates in the 
System UO3.SO3-H2O, 150 to 300°C 

In a previous investigation the solubilit ies of 
DO- hydrates were determined in solutions of SO, 

and HjO at temperatures between 150 and 290°C 
and at concentrations of SO, from 10" to 1.0 m. 
In this current investigation further solubilities 
were obtained. Particular attention was directed 
to the various hydrates of UO, and the region of 
temperature and concentration of SO, at which 
each one was stable. The overall work is in­
corporated into a paper which wil l appear shortly. 

Saturation molal ratios, "ZMQ • ' " S O ' ° ' ' t ° ' "S ' ' 
by extrapolation of the previous data from 290 to 
300°C were approximately 10% higher than those 
of the new data. In the present study of the sys­
tem U0,-SO,-H,O, most solution-solid mixtures 
were rocked at 300°C for a minimum of 16 hr. 
Previously, although experimental data were re­
producible after 15 min at one temperature, an 
entire run — at several temperatures — was usually 
finished in 10 hr. In the earlier investigation at 
temperatures up to 290°C, UO3 monohydrate was 
stated to be the solid phase. The stable phase 
at 300°C in the most recent investigation was 
identified as the hemihydrate, UO, ' /CH-O, by 
the use of an accepted x-ray diffraction pattern 
for this solid. 

The results given in Fig. 7.1 show that the 
stable solid phase at 150°C is a-U03.H20, at 
225°C is presumably iS-U03 • HjO, and at 300°C 
is UO, • khi-O. If at any temperature a metastable 
solid is present but is converting to the stable 
solid, the observed solubility should be that for 
the metastable solid, which has the higher solu­
bi l i ty. The previous data at 270 and 290°C and 

'w . L. Marshall, Anal. Chem. 27, 1923 (1955). 

W. L. Marshal! and J . S. Gill, "Aqueous Systems at 

High Temperature. III. Investigations on the System 

UOg-CuO-NiO-SOg-HjO at 300°C," in p ress . Journal 

oj Inorganic and Nuclear Chemistry. 

^ J . K. Dawson et al., J. Chem. Soc. 1956, p 3531. 
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UNCLASSIFIED 
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SATURATION MOLAL RATIO, m^o / m. 

Fig. 7.1. Saturation Molal Ratios at ISO, 225, and 
300°C for the Solubility of UO3 Hydrates in HjSO^-
HjO Solutions. 

extrapolations to 300°C from these data (Fig. 
7.1) should represent the solubility of metastable 
/S-UOj • HjO. In Fig. 7.1, even the previous re­
sults at 225°C may represent the solubility of 
metastable a-UOj • HjO, while the present data 
at 225°C show the solubility of stable jS-UOj • HjO. 
Two curves at this temperature are drawn, although 
there is at most only a 5% difference in molal 
ratio between the two sets of data. Low heats 
of transition among the three solid hydrates of 
UO3 may be expected, and therefore it appears 
that metastability by one or the other could 
easily occur in the above range of temperature. 

Further Investigations on the System 
U03-CuO-NiO-S03-H20 at 300, 325, and 350°C 

In the five-component system, UOj-CuO-NiO-
SOj-HjO, the compositions of solutions saturated 
simultaneously with the three solid phases, 
UOj .J ' jH jO, CuO-3U03, and N i0 .3U03, were 
determined at 300, 325, and 350°C. In these solu­
tions the UO3 : SO, molal ratio at 300°C increased 
from 0.55 to 0.95 as the SO3 concentration was in­
creased from 0.002 m to 0.06 m; the CuO:S03 
and NiO:S03 molal ratios were 0.009 + 0.003 
and 0.024 + 0.004, respectively, over this SO3 
concentration range. When the temperature was 
raised, the UO, : SO, ratio was decreased; at 
0.01 m SO3 the ratios were 0.75, 0.72, and 0.69 
at 300, 325, and 35a=C respectively. At 350°C 

and approximately 0.016 m SO3 an isothermal in­
variant point was found at which the three solids 
were simultaneously in equilibrium with two 
liquid phases; the light l iquid phase had a 
U03:S03 molal ratio of 0.75; the CuOrSOj and 
NiO:SO, molal ratios were very low. 

Compilation of Solubilities in H.O at High 
Temperature 

Figure 7.2 is a compilation of the majority of 
solubilit ies for systems of stoichiometric salts 
in HjO (two components) above 200°C. It does 
not include investigations at ORNL or investi­
gations by geochemists of solubilit ies in the 
range of parts per million to several weight per­
cent. It is evident that very l i t t le information 
exists above 374°C. With sufficient study above 
this temperature, regions of stability might be 
defined for solutions containing UO3 and other 
components. Fuel compositions could then be 
specified which would be stable from 25°C to 
temperatures considerably above 374°C. 

Crit ical Phenomena and Liquid-Liquid 
Immiscibility in the Systems UO3-CUO-SO3-D2O, 
U03-NiO-S03-D20, and U03-CuO-NiO-S03-D20, 

280 to 410°C 

The ultimate purpose for the determination of 
the temperatures of liquid-liquid immiscibility in 
DjO systems containing UO3, CuO, NiO, and 
SO, components is to define limits of stability 
of aqueous homogeneous reactor fuels over a 
very wide range of composition. 

Previously, temperatures at which second liquid 
phases or critical phenomena were observed were 
reported for the systems U03-S03.H20,^ UO3-
SOj-D.O, CUO-SO3-D2O, and UOj-CuO-SOj-DjO; 
^UQ / w j Q = 1.0.° Temperatures of immisci­
bil i ty and critical temperatures were plotted 
against m^^^^^ ox\de'"'S0^' ^^^ saturation molal 
ratio, or the sum of these ratios at various se­
lected concentrations of SO,. The molalities of 
SO3 were varied from 0.01 to 1.0. 

W. L . Marsha l l , " A q u e o u s So lub i l i t y E q u i l i b r i a , 
200 to 3 7 4 ° C , " presented at the l35 th Na t iona l Meet ing 
of the Amer ican Chemica l Soc ie ty , Bos ton , Mass . 
(Apr i l 1959). 

W. L . Marsha l l and G. M. Heber t , Reactor Chem. 
Div. Ann. Progr. Rept. Ian. 31. 1960. O R N L - 2 9 3 1 , 
pp 1 0 0 - 1 0 3 . 

'^W. L . Ma rsha l l , E. V . Jones , and F. J . Smi th , 
Reactor Chem. Div. Ann. Progr. Rept. Ian. 31, 1961, 
ORNL-3127 , pp 3 9 - 4 1 . 
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40 50 60 70 
SOLUBILITY (wt % salt) 

Fig. 7.2. Compilation of the Majority of Salt Solubilities in Two-Component H2O Systems Above 200*^ (Exclusive 

of ORNL Data and of Salts Showing Very Low Solubilit ies). 

These invest igat ions have been extended to the 

system UO j -CuO-SO j -D jO at m^-^Q : ra^Q = 0 . 3 3 3 , 

to the system UOj -N iO-SOg-DjO at ' " I ^ . Q : r ano ~ 

1 and 0.333, and f ina l l y to the system UOj -CuO-

NiO-SOg-DjO. In the study on the f ive-component 

system, values of "^CuO^'^UOg ° " ^ ' " N i O ^ ' ^ U O j 

were held constant at 0.25. A l l experiments were 

carr ied out by the synthet ic method descr ibed 

el sewhere. 

C. J . Barton, G. M. Hebert, and W. L. Marshall, 

Aqueous Systems at High Temperature. I I . Liquid-

Liquid Immiscibility Above 300°C in the System 

U03-S03-N20r-H20," in press. Journal 0/ Inorganic 

and Nuclear Chemistry. 

The resul ts for the various systems are shown 

in F igs . 7 . 3 - 7 . 6 , p lo t ted as the summation of the 

molal ra t ios , ^ ( T T Z ^ ^ ^ ^ I ^ ^ , ^ ^ : ^ 5 3 ^ ) , against 

ei ther the observed c r i t i ca l temperature or the 

temperature of l i qu id - l i qu id immisc ib i l i t y . The 

curves for each system are s imi lar and also cor­

respond to the curves presented previously for 

the other systems. ' In a l l cases large con­

centrat ions of metal -oxide components were ob­

served in the supercr i t ica l f l u i ds . 

The systems which contained an NiO component 

gave resul ts which were not as prec ise as those 

from systems not conta in ing N iO . These var ia­

t ions may be related to the fac t that the system 

N iO-SO, -H20 was not found to show a region of 

l i qu id - l i qu id immisc ib i l i t y under saturat ion vapor 
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pressures. Furthermore, var ia t ions in composi­

t ion were found in other invest igat ions of systems 

contain ing an NiO component . ' 

Effect of Hydrostatic Pressure on Liquid-Liquid 

Immiscibility Temperatures of Stoichiometric 

UO2SO4-H2O Solutions and of a 
UO3-SO3-D2O Solution 

In a study of the ef fect of pressure on l i qu id -

l iqu id immisc ib i l i t y i t was des i rab le to make 

direct v isua l observat ions of the occurrence of 

two- l iqu id-phase formation as wel l as quant i ta t ive 

measurements of pressure and temperature. In 

order to make v isual observat ions a h igh-pressure 

metal- to-glass connection uni t was developed. 

By means of th is connection un i t , H j O solut ions 

of UO3 and SO3 could be subjected to known 

hydrostat ic pressures at selected temperatures, 

and the ef fect o f pressure on l i qu id - l i qu id immisc i ­

b i l i t y could be determined. 

Some resul ts are given in F igs . 7.7 and 7.8 

for several s to ichiometr ic U O . S O . - H . O solut ions 

and for a D j O solut ion 0.6 m in UO3 and 1.0 m 

322 

UNCLASSIFIED 
ORNL-LR-DWG 6 6 9 4 1 

in SO, These easi ly reproducible resul ts are 

the f i r s t obtained by the v isua l method. T ' le 

changes in immisc ib i l i t y temperature wi th pres­

sure, A i / A p , are given on the f igures and are 

wi th in the l im i t s est imated prev ious ly . They 

are in agreement wi th expectat ions that pressure 

ef fects on l i qu id - l i qu id immisc ib i l i t y in these 

Systems would be re la t ive ly large. 
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Fig. 7.7. Effect of Pressure on the Temperature of 

Liquid-Liquid Immiscibility of U02SO^-H20 Solutions. 

Phase Equilibria in the System NiO-S03-H20 

and Its D2O Analog from 10"^ to 2 m SO3, 

150 to 400°C 

Previous studies o f so lub i l i t i es o f N i S O , ' H j O 

and i ts 0 , 0 analog in aqueous solut ions of H2SO, 

(ref 11) were extended at 300, 325, and 350°C 

Q 

W. L. Marshall and F . J . Smith, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127, p 37. 

E. V. Jones and W. L. Marshall, "Aqueous Systems 

at High Temperature. V. Distribution of CuO and NiO 

Components in the System U03-S03-H20 and Its D-O 

Analog, 300—350 C , " in p re s s . Journal oj Inorganic 

and Nuclear Chemistry. 

^°W. L. Marshall and J . S. Gill, HRP Quart. Progr. 
Rept. Jan. 31, 1960, ORNL-2920, pp 7 0 - 7 1 . 

'^W. L . Marshall, J . S. Gill, and R. Slusher, HRP 
Quart. Progr. Rept. July 31, 1958. ORNL-2561, pp 
3 0 8 - 1 1 . 
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Fig. 7.8. Effect of Hydrostatic Pressure on the Tem­

perature of Liquid-Liquid Immiscibility of a D2O Solu­

tion 0.6 m in UO3 and 1.0 m in SO3. 
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over a range of concentrat ions of ac id . The 

nature of the n icke l oxysu l fo tes stable at very 

low concentrat ions of SO3 was further i nves t i ­

gated. A l l work was combined with previous 

resul ts and w i l l appear elsewhere. A summary 

is presented here. 

A l l so lub i l i t y data for the system N iO-SO j -H jO 

are p lot ted in F i g . 7.9 as the saturation molal 

ra t io , ^Kt-Q-'^cr) I defined as R^.. and equal to 

^^W. L. Marshall , J . S. G i l l , and R. Slusher, 

"Aqueous Systems at High Temperature. V I . Investi­

gations on the System NiO-SOg-H.O and Its D j O Analog 

fron 10 - 4 to 2 molal SO- , 1 5 0 - 4 0 0 ° C , " in press. 

Journal of Inorganic and Nuclear Chemistry, 

the number of moles of N iO component present 

for each mole of SO, component, against the 

logarithm of the SO3 mola l i t y . The concentrat ion 

of the NiO component at saturat ion is obtained 

by mu l t ip ly ing R^. by the selected mola l i ty of 

SO3. Values of R^. lower than those along a 

curve at constant temperature represent un­

saturated so lu t ions. 

Regions of Stability of Solid Phases. — The 

so l ids , N i S O ^ . H j O and N i (0H)2 , spec i f ied as 

stable phases in F i g . 7.9, were iden t i f i ed by 

comparison of x-ray d i f f ract ion patterns of the 

so l ids removed from the pressure vessels after 

a run wi th known patterns for these compounds. 

Powder-pattern x-ray d i f f ract ion data were ob­

tained for other so l ids , I, I I , I I I , and IV, but 

10.0 
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Fig. 7.9. The System NIO.S03-H20, 150-350°C. 
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could not be matched wi th any publ ished values 

for n icke l compounds. 

From an examination of re la t ive solut ion-com­

posi t ion groupings (see F ig . 7.9) for var ious 

experimental runs as we l l as the x-ray d i f f ract ion 

data, wi th respect to i n i t i a l composi t ion of 

mixtures, two oxysul fo tes were favored having 

a molal ra t io , N i O t S O j , near 1.5 for so l id I 

and near 2.5 for so l id 11. For the 150°C data 

the so l id phases observed ranged from so l id I 

for the two highest concentrat ions through I I I , 

IV, and N i (0H)2 for the others. 

Al though the solut ion phases appeared to be 

saturated in less than 2 hr at constant tempera­

ture, metastable n icke l oxysu l fo tes or N i (0H)2 

may have been incompletely converted to stable 

oxysu l fo tes or N i (0H)2 , thus resul t ing in low 

prec is ion of the so lub i l i t y data. The extreme 

d i lu t ion of the l i qu id phases and the fact that 

the so l ids , other than N iSO. •H2O, were not 

v i s ib l y c rys ta l l i ne made the co l lec t ion of prec ise 

data d i f f i cu l t . 

Solubility of N i S 0 4 . H 2 0 in H2Sb^.H20. - If 

the composi t ions of l i qu id phases over which 

N iSO. •H2O is a s table so l i d are expressed in 

terms of N iSO. , H2S0^ , and H2O as the com­

ponents, the so lub i l i t i es of N i S O ^ ' H j O may be 

p lot ted against the concentrat ion of excess 

H j SO^ . P lo ts of the so lub i l i t y of N i S O ^ - H j O 

against the concentrat ion of excess H j S O , are 

shown in F i g . 7.10 and define so lub i l i t y curves 

at var ious temperatures between 200 and 350°C. 

These so lub i l i t i es were treated by a computer 

technique invo lv ing a method of least squares 

and ore expressed by an empir ical equat ion. Th is 

equation is given in Tab le 7 . 1 , together wi th 

the values for the coef f i c ien ts , the number of 

observat ions, and the standard error of f i t , at 

the di f ferent temperatures. The experimental 

prec is ion of the data can be compared wi th the 

ca lcu la ted curves in F ig . 7.10. 

02 0.4 0.6 08 1.0 1.2 1.4 1.6 1.£ 

Fig. 7.10. Solubility of NIS0^.H20 in HjSG^-HjO 

Solutions, 200-350°C. 

Table 7.1. Equation and Coefficients for the Solubility of N iSO^ ' f l jO in H2SO4-H2O Solution, 200 to 350°C 

Applicable for ranges of data shown in Fig. 7.10 

'NISO4 = "0 + « I ( ' " H 2 S 0 4 ' + ' ' 2 ( ' " H 2 S O / + ' ' 3 ( " ' H 2 S O / 

T(°C) 

200 

225 

250 

275 

300 

325 

350 

ag X 103 

+ 116.5 

+ 29.18 

+ 15.53 

+ 8.497 

+ 4.109 

+ 1.181 

+ 2.085 

a, X 10 

+ 8.513 

+ 8.680 

+ 7.647 

+ 6.113 

+ 5.040 

+ 3.934 

+ 1.892 

32 X 10^ 

-5 .518 

-8 .272 

-6 .027 

+ 0.3607 

+ 1.773 

-0.7614 

+ 18.61 

^3 X 10^ 

0 

0 

0 

0 

0 

+ 3.899 

-4.766 

Standard Error 

of Fit 

(molal units) 

0.0100 

0.0106 

0.00519 

0.00946 

0.00634 

0.00233 

0.00222 

N 

Ob 

umber of 

servations 

21 

21 

17 

21 

43 

14 

15 
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Solubility of N i S 0 4 « D 2 0 in D2SO^-D20. -

Experimental so lub i l i t i es of N iSO, • D2O in D j S O , -

D2O solut ions as a funct ion of the concentrat ion 

were s imi lar ly expressed by an empir ical equation 

and the coef f ic ien ts given in Tab le 7.2. 

The marked ef fect of sul fur ic ac id on the so lu­

b i l i t y of the monohydrate, both in H j O and in 

D_0, may be due in part to general ionic ef fect 

and in part to formation of H S O , " (as in 

Ag2S04 ) . ' ^ A larger ef fect (by about 5 to 15%, 

depending upon concentrat ion of excess ac id 

and temperature) found in D2O may ind icate that 

the second ionizat ion constant of the ac id is 

smaller (by roughly the same amount) in D2O 

than in H j O . To the best of our knowledge, re­

ported so lub i l i t i es of s to ichiometr ic sal ts at 

low temperature are a lways lower in D j O than 

in H2O due to the ef fect of so lvent . The inter­

act ion of these two ef fects — reactant and so l ­

vent — may be observed in th is study by com­

parison of the hypothet ica l so lub i l i t y in water. 

represented by the coef f ic ient (Tables 7.1 
and 7.2). A t constant temperature th i s coef f ic ient 

for the H j O system is a lways larger than for the 

D_0 system. Thus, as the concentrat ion of 

excess su l fur ic ac id approaches zero, there is 

a crossover in the curves, and the so lub i l i t y in 

H_0 solut ion becomes greater than in D2O solu­

t i on . 

Solubility of Th02 in Solutions of HNO3-H2O 

at 150 and 200°C 

Thorium n i t ra te so lut ions have a lways been of 

interest as poss ib le breeding blankets for aqueous 

homogeneous reactors. The report of a method 

for e f fec t ive ly removing protact in ium from aqueous 

T h ( N 0 3 ) . solut ions made i t poss ib le to v i s ­

ua l ize a blanket solut ion which would generate 

very l i t t l e power. Such a solut ion could be main­

ta ined at a lower temperature than the fuel so lu­

t i on . Consequent ly, the so lub i l i t i es of Th02 in 

HNO3-H2O were determined at 150 and 200°C 

to supplement the information previously re­

ported for temperatures of 200 and 300°C. 

So lub i l i t ies of T h O j determined after the 

longest in terva ls of t ime at the respect ive equ i ­

l ib ra t ion temperatures are shown in F i g . 7 .11 . 

The current values at 200°C are in good agree­

ment wi th those obtained previously by using 

Th02 f i red at 650°C (ORNL P i l o t P lant batch 

No. DT-58.650). The ear l ier va lues at 300°C 

with the same T h O , product are inc luded in F i g . 

7 .11 . Comparison of resul ts wi th the previous 

values suggested a moderately fast rate of d is ­

solut ion of refractory T h O j in HNO3-H2O solut ion 

at 150 as wel l as at 200 and 300°C. 

^ • ' M . H . L i e t z k e and R. W. Stoughton, / . Phys. Chem. 
63, 1188 (1959). 

M. J . Kelly, G. L. Johnson, and D. R. Cuneo, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1961. 
ORNL-3127, pp 5 6 - 5 8 . 

R. Slusher and W. L. Marshall, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31. 1961. ORNL.3127, p 47 . 

Table 7.2. Equation and Coefficients for the Solubility of NiSO^« D2O in 0 2 5 0 ^ - 0 2 0 Solution, 200 to 350°C 

App l i cab le for D j S O ^ mo la l i t i es up to 0.25 at 200°, 0.3 at 250°, 1.0 at 300°, 1.0 at 325°, and 0.65 at 350°C 

T(°C) 

200 

250 

300 

325 

350 

a^ X 103 

+ 87.12 

+ 4.956 

+ 3.276 

+ 0.1908 

+ 0.9858 

'"NiSO^ =«0 + ^ 

a^ X 10 

+ 8.208 

+ 9.337 

+ 5.989 

+ 4.469 

+ 2.442 

1''"02804^ + 

fljX 10^ 

0 

-33.18 

-2.682 

+ 2.552 

+ 15.96 

' = ' 2 ( ' " D 2 S O / 

Standard Error 

of Fit 

(molal units) 

0.00293 

0.00236 

0.00374 

0.00161 

0.000476 

Number of 

Observations 

3 

12 

31 

7 

6 
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Fig. 7.11. Solubility of Th02 In HNO3.H2O Solutions 

at 150, 200, and 300°C. 

High-Pressure Vessel Incorporating a Teflon 

Gasket for Use to 500°C and 1000 bars 

A vessel w i th Tef lon as a gasket ing mater ial 

was designed for equi l ib ra t ing l i qu id -so l i d mix­

tures at extremes of temperature and pressure. 

Deta i l s of i t s construct ion and use are presented 

elsewhere. A diagram of the vessel is shown 

in F i g . 7.12. 

GAS-LIQUID EQUILIBRIA 

Gas Solubility Studies 

L. 0 . Gi lpat r ick H. H. Stone 

Studies on gas so lub i l i t y in aqueous systems 

have both appl ied and fundamental aspects. They 

provide data of d i rect in terest to chemical and 

reactor operat ions and to design a c t i v i t i e s . From 

a fundamental point of v iew, the ef fect of con­

centrat ions of inorganic species on so lub i l i t y has 

been studied only s l igh t l y , par t icu lar ly in con­

junct ion wi th changes in the temperature. The 

experimental procedures and some previous data 

have been reported elsewhere. 

Tab le 7.3 shows the so lub i l i t y of H2 in H2O 

and of D2 in D2O from 260 to 300°C. Data from 

25 to 250°C have previously been reported. 

The D2-D2O data, in the form moles of D2 per 

mole of D j O at 1 atm of deuterium overpressure, 

were f i t ted by an Orac le code to an empir ica l 

equation of the form In s = a/T + b + cT, where 

s is in moles of D2 per mole of D2O, and T is 

in degrees K e l v i n . Values of a = 2013.9, b = 

- 2 3 . 1 7 , and c = 0.01803 were obta ined; the 

equation describes the experimental data to 

w i th in 4% from 0 to 300°C. 

Tab le 7.4 shows the depression of the so lu­

b i l i t y of hydrogen by 0.1 M K j C r . O ^ and the 

di f ference observed between [0 .1 M Cu(CI04)2 , 

1 M HCIO4] and [ 1 M H C I O J so lu t ion . Since 

the di f ferences are moles of H2 per mole of 

H j O , th is depression represents a real loss in 

so lub i l i t y and is essent ia l ly the same for both 

so lu tes. Th is loss in so lub i l i t y is surpr is ingly 

large for such small solute concentrat ions. Tab le 

7.4 also contains values for the ef fect of 1 M 

HCIO^ on the so lub i l i t y of hydrogen in water. 

Here the hydrogen ion seems to decrease the 

so lub i l i t y below 55°C and to enhance the so lu­

b i l i t y above th is temperature, although the 

precis ion of the data is such that only the trend 

is evident . 

16 J . S. Gil l and W. L. Marshall, Rev. Set. Instr. 
32, 1060 (1961). 

^ ' ' L . 0 . Gilpatrick and H. H. Stone, HRP Quart. 
Progr. Rept. Nov. 30, I960, ORNL-3061, pp 47-48. 

18 
L. 0 , Gilpatrick and H. H. Stone, Reactor Chem, 

Div. Ann. Progr. Rept. Jan. 31, 1961. ORNL-3127, 
pp 6 0 - 6 1 . 

^ ' L . 0 . Gilpatrick and H. H. Stone, HRP Progr. 
Rept. Dec. 31-May 31, 1961, ORNL.3167, pp 49-50 . 
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F ig . 7.12. High-Pressure Vessel Incorporating Teflon Gasket for Use to S00°C and 1000 atn 

Table 7.3. Solubility of H2 in H2O and of D j in D2O 

Temperature 

(°C) 

260 

270 

280 

290 

300 

Number 

H2 

of 

Samples 

9 

5 

7 

6 

5 

•HjO 

(std 

System 

Solubility 

cc g " ^ a tm" ' ) 

X 10-2 

6.706 

7.514 

8.552 

9.632 

11.142 

Standard 

Deviation 

(%) 

2.13 

0.76 

1.90 

0.98 

0.33 

Number 

D2 

of 

Samples 

2 

3 

7 

5 

2 

.D20 System 

Solubility 

(std cc g - a tm" ) 

X 10-2 

6.070 

6.864 

7.19 

8.945 

10.718 

Standard 

Deviation 

(%) 

0,60 

0.20 

3.50 

2.33 

0.33 
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Table 7.4. Depression of Hydrogen Solubility in Various Solutions 

Temperature 
fC) 

Depression of Solubility Kmoles of H-) (mole of H-O)" (atm of H2)~ i 

0.1 M Cu(C104)2 0.1 M K2Cr207 1.0 M HCIO. 

0 

20 

25 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

X 10' 

-0 .112 +0.01 

-0.086 ±0.01 

-0.088 ±0.02 

-0 .088 ±0.02 

- 0.082 ± 0.02 

-0.085 ±0.02 

-0 .091 ±0.03 

-0 .080 ±0.02 

-0.082 ±0.03 

-0.094 ±0.01 

X lO-^' 

• 0.119 ±0.04 

Average -0 .089 ±0.02 

-0 .071 ±0.03 

-0.073 +0.02 

-0.082 ±0.02 

-0 .081 ±0.03 

-0 .110 ±0.04 

-0 .089 ±0.03 

X 10-^ 

-0 .072 ±0.02 

-0.058 ±0.01 

-0 .035 ±0.02 

-0 .028 ±0.02 

-0.016 ±0.02 

+ 0.007 ±0.02 

+ 0.021 ±0.02 

+ 0.028 +0.01 

+ 0.028 ±0.03 

+ 0.044 +0.02 

+ 0.054 ±0.03 

+ 0.042 +0.03 
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8. Physical Chemistry of Aqueous Solutions 

HYDROLYSIS OF URANIUM AND THORIUM 

COMPOUNDS IN AQUEOUS SOLUTIONS 

C. F. Baes, Jr. N. J . Meyer ' 

A program of high-temperature ac id i ty measure­

ments, reported previously,2»' ' has been continued 

during the past year. Its purpose has been to gain 

an increased fundamental knowledge of the hydro­

ly t i c and ion-associat ion behavior of selected 

metal cat ions in high-temperature aqueous sys­

tems. Such knowledge should contr ibute s i gn i f i ­

cant ly to the interpretat ion and, u l t imate ly , to on 

understanding of the chemical and thermodynamic 

behavior of a var iety of high-temperature aqueous 

systems. 

Thus far the hydro lys is of uranium(Vl) and tho-

r ium(IV) has been studied, using the g loss-e lec­

trode concentrat ion cel l described prev ious ly ,2 

in measurements at 94°C. 

Thorium(IV) Hydrolysis Measurements at 9 4 X 

Thorium(IV) hydro lys is is being measured in 

1 M sodium perchlorate at 94°C. A comparison 

of the resul ts obtained thus far at th is tempera­

ture wi th the resul ts of others'* at 25°C in the 

same medium is shown in F i g . 8 . L It is seen that 

hydro lys is of Th'* increases markedly wi th tem­

perature. In general , a g iven value of the hydroxyl 

number n (the average number of bound O H " ions 

per Th ion) occurs about one pH uni t lower at 

UNCLASSIFIED 
ORNL-LR-DWG 66507 

ORINS summer par t i c ipan t , 1961. Professor of Chem­
i s t r y , Bowl ing Green State Un i ve rs i t y , Bowl ing Green, 
Ohio. 

C. F. Baes, Jr . , Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31, 1960, ORNL-2931, p 130. 

C. F. Baes, Jr. , and N. J . Meyer, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127, pp 6 4 - 6 5 . 

^ K . A . Kraus and R. W. Holmberg, /. Phys. Chem. 58, 
325 (1954). 
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Fig. 8.1. Hydrolysis of Thorium(IV) in 1 M Sodium 

Perchlorate Solution. 

94° than at 25°C. In the hydro lys is of s to ich io­

metr ic T h ( C I O . ) . solut ions at the two temperatures 

the comparat ive resul ts were as fo l l ows : 

Th(CIO^)^ Molarity 

(in 1 M N a C I O . ) 

2 5 ° ^ 94°C 

n 

0.45 

0.22 

0.11 

pH 

3.35 

2.96 

2.66 

n 

~1.5 

1.1 

0.7 

pH 

2.5 

2.2 

1.9 

0.011 

0.005 

0.002 

"Es t ima ted from Kraus and Holmberg 's resu l ts 

(ref 4) . 

Hydro ly t i c precip i tat ion occurs at n values greater 

than 1.5 to 2 at 94^^ , compared wi th 2.5 to 2.8 

at 25°C. 
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At n values > 0 . 7 , the dependence of n on ac id i ty 

and on thorium concentrat ion at 94°C is s imi lar to 

that at 25°C (F ig . 8.1), ind icat ing a hydro lys is 

mechanism in which the polynuclear products 

Th^(OH) ('»''->')+ are formed. H ie tanen,^ from her 

resul ts in the same medium at 25°C, has suggested 

a " c o r e - l i n k s " mechanism in which the products 

are T h ' * " ^ : O H - - 2 : 3 , 3 : 6 , 4 : 9 , . . . . x : ( 3 x - 3). 

T h i s , however, is inconsis tent at low n values 

(<0.3) with the detai led resul ts of Kraus and 

Holmberg, who propose the formation of 1 :2 , 2 : 2 , 

and poss ib ly 1 :1 and 2 : 3 species in the early 

stages of hydro lys is . Since the formation of the 

in i t i a l 1 : 1 , 1 : 2 , and 2 : 2 species, which are not 

members of the sequence x : (3x — 3), could ser i ­

ously af fect the va l i d i t y of the core- l inks treatment 

proposed by Hie tanen,^ i t is s ign i f i cant that the 

present resul ts at 94°C suggest the formation of 

mononuclear in i t ia l species which are even more 

stable than at 25°C. Th is is indicated in F i g . 8.1 

by the convergence of the curves at d i f ferent tho­

rium concentrat ions to a single curve as n de­

creases at 94°C. A s imi lar increase in s tab i l i t y 

of a mononuclear uranium(VI) hydro lys is product 

wi th increasing temperature has been reported 

prev ious ly .^ 

At the high ac id i ty (>0.01 M) of i n i t i a l thor i -

um(IV) hydro lys is at 94°C, the g lass-electrode 

measurements were found less precise than prev i ­

ous ly . Accord ing ly , an attempt i s being mode to 

check and extend them wi th the hydrogen electrode 

before a deta i led interpretat ion of these resul ts is 

made. The resul ts of prel iminary tests of the con­

centrat ion ce l l 

H - I Pt I test solut ion 1| reference solut ion | Pt ] H j 

at 94°C are quite promising. With both electrodes 

exposed to a common hydrogen atmosphere and 

wi th ag i ta t ion of both ce l l so lu t ions, response to 

changes in ac id i ty were rapid and were independ­

ent of the hydrogen pressure. 

Uranium(VI) Hydrolysis Behavior 

The study of uranium(VI) hydro lys is in 0.3 m 

ni t ra te so lut ions at 94 and 25°C reported in part 

prev ious ly ' ' has been completed. The three hy­

dro lys is react ions l i s ted in Table 8 . 1 , leading to 

species in which U 0 2 2 ' ^ : O H - = 1 : 1 , 2 : 2 , and 

3 : 5 , ore proposed to account for the data. The 

corresponding equi l ibr ium quotients which are 

l i s ted v/ere f i r s t est imated by hand ca lcu la t ion , 

and then f ina l values were obtained by use of a 

FORTRAN nonl inear least-squares computer pro­

gram. The di f ferences between observed values 

^S. Hietanen, Acta Chem, Scand. 8, 1626 (1954). 

Presented at the 140th Annual Meeting of the Amer­
ican Chemical Society, Chicago, September 1961. Paper 
submitted for publication in the Journal of Inorganic 
Chemistry. 

"Hydrolysis Constant Program," consisting of the 
"General Least Squares Program" of W. R. Busing and 
H. A. Levy and a subroutine "Calculation of Hydroxyl 
Number" by R. M. Rush. 

Toble 8.1. Uranium(VI) Hydrolysis at 25 and 94°C in 0.5 m KNO3 

Reaction 
Equilibrium Quotient 

25 °C 94 °C (kcal) (kcal) (cal/°K) 

(1) U022"^+H20 ^ 

U 0 2 0 H " ^ + H ' ^ 

(2) 2U022'^+ 2H2O ?=^ 

(U02)2(OH)22++2H + 

(3) 3 U 0 2 2 ' ^ + 5 H 2 0 ^ 

( U 0 2 ) 3 ( O H ) / + 5 H + 

Q, , = ( 2 ± l ) x 10- (6.5 ± l ) x 10-5 , 1 + 2 7.8 ±0.5 11 ± 5 

022= (1-2 ±0.1) X 10- * (3.1 ±0.2) X 10-5 10.2 ±0.5 8.08 ± 0.05 7.1 ± 2 

035 = (6 ± l ) x 1 0 - ^ ' (1.8 ±0.5) X 10-^^ 25.1 ±1.5 22.1+0.1 10"± 5 

These values were determined directly from the equilibrium quotients (uncorrected to / = 0, A H assumed con­

stant) and so are not standard thermodynamic quantities. 
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of the hydroxyl number n (the formal number of 
OH" ions per UO. ion) and values calculated 
from these quotients agree within experimental 
error, the standard deviations being "^0.005 in n 
at each temperature. 

This scheme of hydrolysis products ( 1 : 1 , 2 :2 , 
3:5) differs from a core-links scheme previously 
proposed by Ahrland, Hietanen, and Sillen° (2 :2 , 
3 :4 , 4 : 6 , 5 :8 , etc.) to account for Ahrland's data 
in perchlorate solutions,' but it is essentially 
consistent with on earlier study by Sutton, who 
proposed the sequence 2 :2 , 3 :4 , 3 :5 , 3 :6 , 3 :7 , 
3 :8 . Recently others at this Laboratory,'^ from 
ultrocentrifuge and emf measurements of uroni-
um(VI) hydrolysis in chloride solutions at 25°C, 
hove found a scheme similar to the present one, 
with the interesting difference that the additional 
species (UO3) (0H),2 was found. Accordingly, 
this 3 :4 species, also in Sutton's sequence, was 
assumed in testing the present data by the com­
puter code, with the result that the fit of calculated 
to observed n values was not significantly im­
proved and the corresponding formation quotient 
Q, . value was virtually zero. 

Thus it appears that the mechanism of hydrolysis 
is influenced by the medium. In nitrate and per­
chlorate (from a computer-code test of Ahrland's 
data' by Rush et a / . ' ' ) the hydrolysis products are 
evidently the 1 :1 , 2 : 2 , and 3 :5 species. In chlo­
ride (and perhaps in sulfate, from the appearance 
of recent results of Peterson'2) they are probably 
1 :1 , 2 : 2 , 3 :4 , and 3: 5. The neutral and anionic 
trimeric products also proposed by Sutton have not 
been confirmed, because later workers have en­
countered precipitation of UO3 at lower n values 
than Sutton was able to reach. 

S. Ahr land , S. He i tanen , and L. G. S i l l en , Acta 
Chem. Scand. 8, 1907 (1954). 

' S . Ahr land , Acta Chem, Scand, 3, 374 (1949). 

^ ° J . Sutton, / . Chem, Soc. 1949, suppl 2, p S-275. 

" R . M . Rush, J . S. Johnson, and K. A . Kraus, " H y ­
d ro l ys i s of U (V I ) ; U l t racen t r i fuga t ion and Ac id i t y Meas­
urements in Chlor ide S o l u t i o n s , " paper presented at the 
140th Annual Meet ing of the American Chemica l Society, 
Ch icago , September 1961. Paper submi t ted for pub l i ca ­
t ion in the Journal oj Inorganic Chemistry. 

' 2 A . Pe terson, Acta Chem, Scand. 15, 101 (1961). 

W. L. Marshal l and R. Slusher, Reactor Chem, Div. 
Ann. Progr. Rept, Jan. 31. 1961. ORNL-3127 , p 47. 

Hydrolysis of Uranium(YI) and the Solubility 
Behavior of U03(s) in HNO3 at Elevated 

Temperatures 

The uranium(VI) hydrolysis results should pro­
vide an increased understanding of the observed 
solubility behavior of uranium trioxide in nitric 
acid at elevated temperatures. '̂  Interpretation 
of high-temperature phase behavior in terms of 
ionic species and equilibria in solution has, from 
the outset, been a primary objective in this pro­
gram of hydrolysis measurements. In terms of the 
hydrolysis reactions shown in Table 8.1, the fol­
lowing dissolution equilibria may be written for 
uranium: 

UO^is) + 2 H ^ ^ U022" + H j O , Q^o = C , / [ H 1 2 , 

U03(5) + H + ^ U 0 2 0 H ^ 2 ^ , = C , / [ H 1 , 

2U03(s) + 2H* ^ 

( U 0 2 ) 2 ( O H ) 2 2 \ Q ^ 2 = C 2 2 / C H 1 2 , 

3 U 0 3 ( s ) + H ^ + 2 H 2 0 ^ 

( U 0 2 ) 3 ( 0 H ) / , Q - 5 = C 3 / [ H 1 . 

The quotients 0^ are related to Q^ in Table 8.1 

as follows: 0 , , ^Q^^/Q^^^ ' 

222 = 2 ^ 2 / ( 2 f o ) ' ' 

635 = S^5/(2To)' • 

From these it is seen that the concentration of 
monovalent cations should vary directly as the 
first power of the acidity and that of divalent 
cations as the second power of the acidity. Thus 
it is to be expected that at low total nitrate con­
centrations (lower acidity) the predominant cations 
wi l l be H ^ UOjOH^ and (U02)3(OH) ^ while at 
high total nitrate concentrations (higher acidity) 
the predominant cations wi l l be UO, and 

(U02)2(OH)2^*. Assuming that the above equi­
libria are the only important ones in the dissolution 
of UO3 in nitric acid solutions (i.e., neglecting 
nitric acid association and UO. —NO." associa­
tion), then it may be shown that 

^u 2; , + 3e^3 + (e^o + 2Q^2)tHl 
— = . (1) 
^No, i + 2 ^ + e^s + (2efo + 2e^2)tH"] 
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At present i t can be said only that the observed 

phase behavior is in qual i ta t ive agreement wi th 

th is re la t ion , the pr inc ipal consistency being that 

the observed rat io of uranium to ni t rate ( 'M. . /M^„ ) 
U NO3 

is found to be nearly constant in d i lu te saturated 

so lu t ions , wherein the above relat ion reduces to 

= . (2) 

^ N 0 3 1 + 2 t , + 2 ^ 5 

Since Q|^ and Q^^ are formal ly independent of 

ionic strength, th is ratio is expected to be con­

stant. A more quant i tat ive comparison of Eq. (1) 

wi th the so lub i l i t y data is now in progress. If 

success fu l , th is analys is not only w i l l provide a 

better understanding of the phase behavior in th is 

system but a l so should extend the temperature 

dependence of Q^^, Q^^, and Q35 (Tab le 8.1) to 

temperatures higher than 94°C. 

OSMOTIC BEHAVIOR OF AQUEOUS 

E L E C T R O L Y T E S AT 1 4 0 T 

B. A . Soldono 

As a cont inuat ion of a general program of in­

ves t iga t ing the osmotic behavior of aqueous elec­

t ro ly tes at elevated temperatures, represent­

a t ive sa l t so lut ions were studied as a funct ion 

of concentrat ion at 140.3°C. Design deta i ls of 

the equipment and i ts modi f icat ion for the present 

work are recorded elsewhere. ' In br ief , a mag­

net ic balance is operated in a vapor chamber 20 in. 

in diameter. Th is arrangement permits the weigh­

ing , in s i t u , of aqueous solut ions contained in 16 

t i tanium d ishes . The tota l weight of each dish 

plus solut ion approximates 11 g. The design a l ­

lows a l l t ransfers of d ishes, var iat ions in vapor 

pressure, e tc . , to be performed wi thout exposing 

the internal system to outside cond i t ions . In 

B. A. Soldono et al., pp 224—35 in The Structure oj 
Electrolytic Solutions, Wiley, New York, 1958. 

C. S. Pa t te rson , L. 0 . G i l pa t r i c k , and B. A. Soldono, 
/ . Chem. Soc. 1960, pp 2 7 3 0 - 3 4 . 

B. A . Soldono and C. S. Pa t te rson , " T h e Osmot ic 
Behavior of Aqueous Salt Solut ions at E levated Temper­
a tures , Port I I , " to be publ ished in the Journal oj the 
Chemical Society. 

' ^ R . P. Smith, / . Am. Chem. Soc. 6 1 , 500 (1939); 
R. P. Smith and D. S. H i r t l e , J. Am, Chem. Soc. 61 , 
1123 (1939). 

pr inc ip le , therefore, the accuracy in determining 

the osmotic coef f ic ients is essent ia l l y contro l led 

by the accuracy of weighing at elevated pressures, 

temperatures, and var iable humid i t ies . 

The experimental part of th is study was con­

cerned w i th the osmotic behavior of a var iety of 

aqueous sal t so lut ions over a concentrat ion range 

from 9.8 m to approximately the l im i t of so lub i l i t y . 

In add i t ion , comparisons wi th previous work • 

at 25, 100, and 121°C were made. 

Experimental 

Dupl icate solut ions of seven sa l ts were s imul ­

taneously equi l ibrated wi th a pair of sodium chlo­

ride so lut ions and a 20(3-ml reservoir of sodium 

chlor ide so lu t ion . 

From an operational standpoint , the use of an 

air thermostat at ~140°C placed a considerable 

strain on the present heat ing output of the system. 

The resul tant temperature excurs ions, although 

minute, reduced the overa l l prec is ion of the data 

to approximately 1%. There i s , however, reason 

to bel ieve that an increase in the power output 

of the present system should improve i ts long-term 

s tab i l i t y . Furthermore, since the balance system 

operates wi th greater sens i t i v i t y at higher tempera­

tures, i t is not unreasonable to ant ic ipate prec i ­

sions better than 0.5% at temperatures above 140°C. 

Results 

In the absence of avai lab le reference standard 

data at temperatures above 1(X)X, the experimental 

data are presented. Table 8.2, as i sop ies t i c rat ios 

re la t ive to NaCI . 

The isop ies t ic rat io at f ixed water ac t i v i t y is 

def ined as 

'^ " > " " s t d / > " " ' H ) 

where y is the ideal ized number of ions formed per 

mole of sa l t in the assumed standard state ( i . e . , 

y = 3 for NOjSO^) and m is the mola l i ty of the 

so lu te . The experimental rat ios (Table 8.2) for the 

1-1 e lec t ro ly tes at 140.3°C were smoothed by read­

ing values at rounded concentrat ions from large-

sca le graphs represent ing isop ies t ic ra t ios R vs mo­

l a l i t y . For comparison wi th 25, 100, and 121.1°C 

va lues, osmot ic coef f i c ien ts for 140.3°C were c a l ­

cu la ted, Eq . (2), on the basis of est imated (JmaC\ 

values obtained by extrapolat ion of Smith's 

bo i l ing-po in t data for N a C i : <fi^ _ . x i? = <f>.. 
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Table 8.2. Isopiestic Ratios at 140.3 C 

Molality of 

Each Salt 
^NaCl 
(estd) 

Isopiestic Ratio,/?, Eq. (1), with NaCl as Standard 

LiCl KCl CsCl BaCI MgSO, UOjSO^ 

0.70 
0.75 
0.80 

1.00 

1.25 

1.50 

1.75 

2.00 

2.16" 

2.20'' 

2.50 
3.0 
3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

9.0 

10.0 

11.0 

12.0 

0.914 

0.915 

0.917 

0.923 

0.934 

0.945 

0.957 

0.967 

0.977 

0.980 

0.998 

1.026 

1.051 

1.075 

1.049 

1.046 

1.050 

1.058 

1.067 

1.067 

1.095 

1.115 

1.140 

1.166 

1.240 

1.282 

1.31 

0.969 

0.962 

0.958 

0.955 

0.952 

0.949 

0.945 

0.941 
0.939 

0.937 

0.934 

0.933 

0.932 

0.9315 

0.931 

0.929 

0.935 

0.934 

0.934 
0.935 

0.925 

0.910 

0.913 

0.935 

0.820 

0.787 

0.760 

0.815 

0.437 

0.442 

0.462 

0.480 

0.490 

0.502 

0.513 

0.524 

0.533 

0.542 

0.551 

0.560 

0.568 

0.402 

0.412 

0.427 

0.440 

0.450 

0.460 

0.468 

0.476 

0.483 

0.490 

0.497 

0.504 

0.510 

0.523 

0.536 

0.548 

0.560 

Experimental values. Others at rounded concentrations. 

These estimated values are reasonably consistent 

w i th the comprehensive, exce l len t , primary stand­

ard NaCI data for temperatures of ~100 to 260°C, 

present ly being obtained by deNordwall and Glue-

kauf. The ca lcu lated values of ^ are shown in 

F igs . 8 . 2 - 8 . 4 . 

F igure 8.5 shows the temperature dependence 

of (f> at an arb i t rar i ly chosen concentrat ion of 

2.4 m. No new trends in the temperature depend­

ence are introduced for the chlor ide sal ts by the 

140''C data. The two su l fa tes , however, show a 

marked decrease in the rate of decrease of 96 wi th 

increasing temperature. Uranyl sul fate appears to 

have a minimum (p at about 130''C, and magnesium 

sul fa te appears to be approaching a minimum at a 

temperature above 140°C. The l i th ium ch lor ide 

curve cont inues to decrease almost l inear ly wi th 

increasing temperature. Th is is not surpr is ing if 

i t is recal led that the l i th ium ion is a very strong 

s tab i l i zer of the ice structure of water. If, there­

fore, the major temperature features of the behav­

ior of sa l ts in the range of 0 to ~140°C are con­

nected wi th the structural propert ies of water, i t 

should be expected that the l i th ium ion would be 

one of the very last ions to reverse th is washing 

out of the structural features in aqueous so lu t ions. 

Th is interpretat ion is consistent w i th the resul ts 

of the energy-densi ty measurements of G ibson, 

18 
19 

H. J . deNordwall, private communication. 
R. E. Gibson and A. Loeffler, Ann. N.Y. Acad. Sci. 

51, 727 (1949). 
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Fig. 8.5. Temperature Dependence of ^ at 2.4 : 
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who noted that the structural features of water 

appeared to be e l iminated at about 150°C. Th is 

general pattern tends to indicate that beyond 

'^140°C, water is a more nearly ideal solvent and 

that sa l t ef fects in solut ions above th is tempera­

ture w i l l not have a c lose re lat ionship w i th the 

ice-making and -breaking features of water. Con­

verse ly , the l inear re la t ionsh ip previously noted 

in osmot ic rat ios as a funct ion of temperature 

20 

21-
Consultant. 

'Temporary employee, 1960, Institut fur Physik-
olische Chemie und Elektrochemie, Karlsruhe Tech-
nische Hochschule, Karlsruhe, Germany. 

22 
E. U. Fronck, J . E. Savolainen, and W. L. Marshall, 

Rev. Sci. Instr. 33, 115-17 (1962). 

may be due pr imar i ly to the ef fect of temperature 

on the structural character is t ics of the solvent 

water. 

ELECTRICAL-CONDUCTANCE MEASUREMENTS 

FROM 25 TO BOC^ AND AT PRESSURES 

UP TO 4000 BARS 

A. H. Quist H. R. Jo l ley20 

Savolainen 

W. L . Marshal l 

E. U. Franck2l J . E. Sc 

A deta i led paper appears elsewhere descr ib ing 

the construct ion of on e lect r ica l -conductance cel l 

for use at extremes of temperature and pressure; 

F i g . 8.6 i l lus t ra tes i ts construct ion. By use of 

UNCLASSIFIED 
ORNL LR DWG 61772A 

PRESSURE TUBE LINING ELECTRODE ASSEMBLY 

1 
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6 

7 

8, 
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11, 
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Main body (constructed from Udimet a l loy ) 

Caps (Udimet a l loy) 

Tungsten carbide reta in ing r ings 

Copper packing r ings 

Pressure tubes 

Sta in less steel clamps 

Copper coo l ing jockets 

Metal r ings (Udimet) 

Neoprene pocking ring 

Closure seals and p lugs 

13 

14 
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16 
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Upper and lower c los ing p is tons 

Sta in less steel cone 
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Threaded p la t inum t i p 

Te f lon plug 

Pt - l r cy l inder (electrode) 

Nonporous, s intered A\J^2 'ns^'^^ting tube 
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Spl i t , ceramic plugs 

Fig. 8.6. Conductance Cell Assembly. 
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th is c e l l , measurements of the e lec t r i ca l conduct iv­

i ty of d i lu te aqueous solut ions of inorganic com­

pounds up to temperatures of 800°C and pressures 

of 60,000 psi were cont inued. In order to make cor­

rect ions for the ef fects of electrode po lar izat ion, 

the apparatus was modi f ied so that conduct iv i ty 

measurements could be made at several frequencies 

over the range 500 to 20,000 cps to permit extrap­

o lat ion to an in f i n i te frequency. 

Some of the resul ts of measurements on solut ions 

of potassium sul fate are shown in F i g s . 8.7—8.9. 

F igure 8.7 permits a comparison of the ef fect of 

pressure on the speci f ic conduct iv i t ies of 0.005 m 

solut ion of potassium sul fate and sul fur ic acid 

near room temperature. Exploratory measurements 

w i th su l fur ic acid at higher temperatures did not 

g ive acceptably reproducible values of conduc­

t i v i t y . The presence of corrosion products in the 

solut ions remaining after a run is bel ieved to ac­

count for the irreproducible resu l ts , and modi f ica-

UNCLASSIFIED 
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3( 
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"• 

t ions of the equipment and measuring procedures 

are necessary to reduce these e f fec ts . The 

changes include construct ion of a separator un i t 

incorporat ing a f loa t ing p is ton to iso la te parts of 
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Fig. 8.7. Comparative Effect of Pressure on the 

Specific Conductance of H^SO. and ^ 2 5 0 . Solutions. 

Fig. 8.9. Relative Effect of Pressure on the Con­

ductance of a 0.0005 m KjSO^ Solution, 2 5 - 6 1 9 ^ . 
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the high-pressure assembly from corrosive solu­

t ions , and retention of the so lut ions in the conduc­

t i v i t y ce l l for minimum lengths of t ime. 

A systematic determination of the speci f ic con­

duc t i v i t i es of pure water at the various tempera­

tures and pressures is in progress. Complet ion 

of these measurements w i l l permit the accurate 

ca lcu la t ion of equivalent conductance for the 

various solutes under inves t iga t ion . 

REACTIONS OF AQUEOUS THORIUM N I T R A T E 

SOLUTIONS WITH HYDROGEN PEROXIDE^^ 

M. J . Ke l l y D. R. Cuneo G. L . Johnson 

React ions of thorium ion w i th hydrogen peroxide 

hove been studied since s imi lar thorium ion—deu­

terium peroxide react ions would occur in a solut ion 

blanket for breeder-type reactors. 

The interact ion between the thorium ion and the 

peroxide may not be simple s ince Th is suscep­

t ib le to complexing by anions and undergoes ex­

tensive hydro lys is (see " H y d r o l y s i s of Uranium 

and Thorium Compounds in Aqueous So lu t i ons , " 

th is chapter). The pr inc ipal reported2^»2° hydro­

ly t i c species is Th(OH)22* (or Th02+) . Kraus and 

Holmberg confirmed the ex is tence of the former in 

later work2' ' and also establ ished evidence for 

T h 2 ( 0 H ) / ^ 

Cha in l i ke complexes of formula Th(Q|.Th) '* " 

have been reported by Lundgren and Si l ien,2° 

Lundgren ,2 ' and Derby et al.^^ in the crysta l 

structures of thorium hydroxide and basic thorium 

chromote. Hietanen^^ has reported an equi l ibr ium 

constant equal to l O " ^ * ^ " for success ive steps 

(w = 0 , 1, 2, 3, . . . ) for 

T h [ ( 0 H ) 3 T h ] ^ * " + T h " * + 3H20 = 

Th[(OH)3Th]5+« + 3 H + . 

Such chain species hove been proposed to pre­

dominate in the latter stages of hydro lys is in 

so lu t ion . 

Kraus' '2 and Kilpatrick'^'^ have pointed out that 

other anions in solut ion w i l l compete w i th water 

and O H " for pos i t ions in the coordinat ion sphere 

of the metal ion, thus destroying the bridges and 

reducing the degree of po lymer izat ion. These 

conc lus ions , by others, strengthen observations 

by Hamaker" ' " '^^ that the re la t i ve ly inso lub le 

peroxy compounds show stoichiometry which is 

dependent on the anions present and the ac id i ty 

of the so lu t ion . 

The decomposit ion studies u t i l i zed equipment 

and techniques previously described.'^ The so lu­

t ions were prepared from Baker and Adamson cp 

n i t r i c ac id , Mol l inckrodt analy t ica l reagent-grade 

30% hydrogen peroxide, and Baker and Adamson 

reagent-grade thorium ni t rate (crys ta l ) . The tho­

rium content of each solut ion was determined by 

ign i t ion to ThO^. To ta l ac id i ty was determined 

by the method of Day et al.^^ Iron and copper 

values were ca lcu la ted on the basis of addi t ions 

of prev ious ly analyzed stock so lu t ions . 

A chosen quanti ty of 30% H . O , v/as added to 

the sample so lu t ion , after which successive sam­

ples were withdrawn and t i t ra ted for peroxide. 

These data a l lowed determination of the rate of 

disappearance of the peroxide. 

Paper presented December 1961, Combined Regional 
Meet ing , Amer ican Chemical Society , New Or leans. 

24 

25 
Research par t i c ipan t , Duke Un i ve rs i t y . 

E. Chauvenet and J . Tounet , Bull. soc. chin 
France 47(4), 701 (1930). 

26 E. Chauvenet and Souteyrand-Franck, Bull. soc. 
chim. France 47(4), 1128 (1930). 

27 K. A . Kraus and R. W. Holmberg, / . Phys. Chem. 58, 
325 (1954). 

28 

(1949). 
G. Lundgren and T. G. Sillen, Arkiv Kemi 1, 277 

29 

30 
G. Lundgren, Arkiv Kemt 2, 535 (1953). 

A. Derby, S. Guinand, and A. Math iew-S icaud, / . 
chim. phys. 50, 501 (1953). 

31 S. Hietanen, Acta Chem. Scand. 8, 1626 (1954). 

K. A. Kraus et al., paper No. P / 7 3 1 , Proc. Intern. 
Conj. Peacejul Uses Atomic Energy, Geneva, 1955 7, 
245 (1956). 

M. Kilpatrick, "Polynuclear Complexes Formed in 
the Hydrolysis of Metal I o n s , " p 76 in Proceedings oj 
the Symposium on Coordination Chemistry, Copenhagen, 
August 1953. 

^ " j . W. Hamaker and C. W. Koch, "A Study of Tho­
rium P e r o x i d e s , " sec 7.2, part 1, Production and Sepa­
ration oj U^^^. Collected Papers, TID-5223 (1952). 

•^^J . W. Hamaker and C. W. Koch, " A Study of Tho­
rium Perox ide S u l f a t e , " sec 7.3, part 1, Production and 

Separation oj (7^^^, Collected Papers, TID-5223 (1952). 

•''^M. J . Kelly et al., HRP Quart. Progr. Rept. Oct. 30. 
1960, ORNL-3061, pp 4 3 - 4 4 . 

^^H. 0 . Day, Jr. , et al.. Anal. Chem. 26, 611 (1954). 
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The so l id thorium peroxide ni t rate was prepared 

by adding on excess of 30% H . O j to bo i l ing tho­

rium ni t rate so lu t ion , f i l t e r ing the rapid ly formed 

slurry, and washing the residue wi th bo i l ing water 

and then w i th acetone. The f loccu lent residue 

was then vacuum-dried for several days at room 

temperature. The thorium content was determined 

by i gn i t i on , the peroxide by t i t ra t ion wi th Ce(SO . ) . , 

the n i t ra te by Ni t ron reagent, and the water by 

d i f ference. 

The stoichiometry of thorium peroxynitrate pre­

pared in solut ion was studied by vary ing, over a 

wide range, the concentrat ion of peroxide in sev­

eral so lut ions 0.1 M in T h ( N O , ) . . A react ion t ime 
o 4 

of 24 hr at room temperature produced a so l id 

phase which was eas i ly centr i fuged. The super­

natant f lu id from each solut ion was analyzed by 

previously descr ibed methods for peroxide, tho­

r ium, and hydrogen ion; the composi t ion of the 

so l id phase was determined by d i f ference. 

Thorium concentrat ion appeared to have l i t t l e 

ef fect on the decomposit ion rate; the ef fects ob­

served could be due to impuri t ies in the thorium 

n i t ra te . The cata ly t ic ef fect of ferr ic ion is shown 

in F i g . 8.10. It is seen to be neg l ig ib le when 

compared w i th iron ca ta lys is in other systems, 

one example being uranyl peroxide in uranyl n i ­

t rate so lu t ions . ' ' ^ Figure 8.11 shows the cata­

ly t ic e f fect of cupric ion in the presence of ferr ic 

UNCLASSIFIED 
ORNL-LR-DWG 63882R 

(2 

n \ \ \ 
20-ml SOLUTION INITIALLY CONTAINING 

1 8 4 5 M Th(N03)4 
1 28 M FREE HNO3 

DESIRED QUANTITY OF Fe^""" 

ADDITION TO INITIAL 20-ml SOLUTION -
2 5 0 / i l OF 9 7 7 M H2O2 
TEMPERATURE, 55°C 

10 15 20 

[Fe "̂"] (g/ml) 

Fig. 8.10. Catalytic Effect of Ferric Ion. 

(xlO 

i on . Th is ef fect continued to increase wi th in­

creasing cupric ion concentrat ion. Th is is contrary 

to data reported for uranium so lu t ions, where 

no further enhancement of rate was observed above 

30 ppm of added cupric ion. The ef fect of tempera­

ture on peroxide decomposit ion in the thorium 

system was previously repor ted" " and has been 

confirmed as corresponding to an ac t iva t ion en­

ergy of about 22 kco l /mo le . 

Resul ts of analys is of the thorium peroxyni­

t ra te, prepared at the bo i l ing point, are shown in 

Table 8.3. Other preparations prepared at room 

temperature, both from sto ichiometr ic solut ions 

and those w i th added ac id , gave s imi lar resu l ts , 

perhaps because the precip i tate washing process 

removes excess acid and peroxide wh i le the so l id 

mater ial may s t i l l undergo change. It has not been 

poss ib le t o prepare a c rys ta l l i ne so l id su i tab le for 

x-ray ana lys i s . It may be surmised that water 

•̂ ^M. J. Kelly et al., HRP Quart. Progr. Rept. Apr. 30. 
1960. ORNL-2947, p 50. 

• " M . J. Kelly et al., HRP Quart Progr. Rept. Apr. 30, 
1960. ORNL-2947, p 52. 

""M. J. Kelly et al.. Reactor Chem. Div. Ann. Progr. 
Rept. Jan, 31, 1961, ORNL-3127, p 57. 
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Fig. 8.11. Catalytic Effect of Copper with Ferric 

Ion Present. 
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Table 8.3. Results of Analysis of Thorium Peroxy­

nitrate Prepared at the Boiling Point 

UNCLASSIFIED 
ORNL-LR-DWG 63863R 

Th" + 

°2^-
NO3-

H jO* 

H'^ (formed) 

Solids 

Analysis 

1 

1.65 

0.65 

1.68 

Solution 

Analysis 

1 

1.73 ±0.1 

3.4 ±0.1 

Th eoretical 

1 

1.67 

0.67 

1.67 

3.33 

m 
2 

S i 
i ° 
0 >-
L L " 

, , ' J 
+ 1 

CC 
1 -

< 
g 

FI 

«Th^(00) ,o(N03) , .10H20. 

H „ 0 by difference. 

molecules form a hydrat ion sheath that precludes 

c rys ta l format ion. The ana ly t i ca l data are in 

agreement wi th the formula 

T h , ( 0 0 ) , o ( N 0 3 ) 4 . IOH2O. 

There ore some physical indicat ions that the 

chain length decreases wi th added free ac id . For 

instance, a c rys ta l l i ke sol id appears in a re la­

t i ve ly c lear l iqu id at higher acid concentrat ions as 

opposed to a mi lky s lurry, very s low to se t t le , a t 

lower acid concentrat ions. The end molecules of 

the chain structure are bel ieved to be anions from 

the or ig ina l system. (Some work has been done 

wi th the SO, and C I " anions as we l l as the 

N O 3 - . ) 

Data from the solut ion system tend to conf irm 

resul ts from the sol ids ana lys is . Figure 8.12 

UNCLASSIFIED 
ORNL-LR-DWG 63884R 
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Fig . 8.12. Peroxide vs Thorium Precipitated. 
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Fig. 8.13. Hydrogen Ion Formed vs Thorium Ion 

Removed. 

shows the rat io of peroxide removed from solut ion 

to thorium removed from solut ion over a wide range 

of peroxide add i t ions . It is seen that th is ra t io , 

1.73 ± 0 . 1 , is the some as that determined from 

the sol ids ana lys is . 

F igure 8.13, which shows the H formed vs the 

Th removed from so lu t ion , gives a value for 

[ H V [ T h ' » " 1 of 3.4 ± 0 . 1 . Th is is compatible wi th 

the ca lcu lated value for the proposed structure. 

From these studies i t was found that the rate of 

decomposit ion of thorium peroxyni t rate is l i t t l e af­

fected by i ron, normally an exce l len t ca ta lys t , at 

so lu t ion concentrat ions acceptable for thorium 

breeder blanket use. This surpr is ing resul t , cou­

pled with the ca ta ly t i c behavior found for the 

cupric ion , indicates that the mechanism of de­

composi t ion is not the some as that found for 

uranyl so lu t ions . 

REACTIONS AND SOLUBILITY OF 

PROTACTINIUM IN AQUEOUS SOLUTION 

C. J . Barton 

J. E. Strain'' ' 

M. J. Kelly 

D. R. Cuneo 
G. L. Johnson''^ 

Stability of Protactinium in Thorium Nitrate—Nitric 
Acid Solutions at 21 to 200°C 

A practical method for removing protactinium 
from thorium nitrate-nitr ic acid solutions was re­
ported in the previous annual report. A con-

A n a l y t i c a l Chemistry D i v i s i o n . 
42 

43i, 
Research par t i c ipan t , Duke Un i ve rs i t y . 

M. J. Kelly et al.. Reactor Chem. Div. Ann. Progr. 
Rept. Jan 31, 1961, ORNL-3127, pp 5 6 - 5 8 . 
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current engineering study by L indsey indicated 

that a thorium ni t rate solut ion blanket would be 

economical ly at t ract ive for breeding if cheap N ' ^ 

were ava i lab le and the protact inium formed could 

be kept below ~50 ppm by continuous removal. 

These resul ts encouraged a prel iminary inves t i ­

gat ion to provide data on the s tab i l i t y of protac­

t in ium in thorium nitrate—nitr ic ac id solut ions at 

temperatures to 200°C. 

Six experiments were performed in which thorium 

n i t r a t e - n i t r i c ac id solut ions contain ing P a ^ ^ ' and 

Pa tracer were heated in a s ta in less steel bomb 

(8-ml capac i ty ) . The apparatus was enclosed in 

a negat ive-pressure glove box for safety. The 

solut ion samples were passed through a s intered 

s ta in less steel f i l t e r d isk , maintained at approxi­

mately the same temperature as the bomb, to re­

move suspended mater ia l . 

In the f i r s t four experiments the bomb and f i l te r 

uni t were immersed in a so l id heat -conduct iv i ty 

medium (sand for experiment No. 1 and aluminum 

powder for Nos. 2, 3, and 4) contained in a beaker 

heated by a hot p late. Th is resulted in a large 

ver t ica l temperature gradient and therefore con­

s iderab le uncertainty regarding the solut ion tem­

perature. The most s ign i f i can t observat ions from 

these four experiments [contain ing 2 M T h ( N 0 3 ) . 

and 3 M HNO3 plus P o ^ ^ ' ] were: (a) when the 

solut ion was heated to a temperature (above 200°C) 

where thorium prec ip i ta ted, almost a l l the protac­

t in ium was also precip i tated (experiment 1); (b) a 

f ract ion of the protact inium or ig ina l ly in solut ion 

in the f i r s t two experiments was lost regardless 

of temperature, probably to the wal ls of the s ta in ­

less steel bomb; (c) after the wa l l s of the bomb 

became saturated w i th protact in ium, so lu t ion con­

ta in ing 109 ppm of P a ^ ' " showed no change in 

protact in ium concentrat ion at room temperature or 

when heated to 130 to 1 5 5 t for about 90 hr (ex­

periment 3); (d) in the fourth experiment a solut ion 

containing 2.5 M Th(N03)4 and 0.5 M HNO3 wi th 

on in i t i a l concentrat ion of 23.7 ppm of protact in ium 

showed a loss of about 5% of the protact in ium when 

heated for 82 hr at 140 to 160^^. 

The f i f th experiment was started by using the 

powdered-aluminum heating bath, which was then 

changed to a mercury bath to obtain uni formity of 

E. E. Lindsey, Thorium Nitrate as a Breeder Blan­
ket, ORNL CF-60-8-150 (Aug. 8, 1960). 

temperature. The in i t ia l so lut ion contained 2.5 Al 

Th (N03 )^ , 0.5 M HNO3, and 104 ppm of protac­

t in ium. The solut ion stood in the 8-ml bomb for 

19 hr at room temperature in contact w i th several 

lengths of Z i rca loy-2 rod; some of these hod been 

heated quite hot w i th a burner in a i r , and the re­

mainder were used as received. The bomb was 

then heated in the powdered-aluminum bath for 

55 hr at approximately 1 2 5 X , during which t ime 

the protact in ium concentrat ion dropped to 92 ppm. 

The heat ing bath was then changed to mercury, 

and the protact in ium concentrat ion dropped to 

73 ppm after a short heat ing period at 181°C; fur­

ther heat ing at th is temperature for 18 hr resul ted 

in a protact in ium concentrat ion of 67 ppm. When 

the temperature was raised to 200°C for 3 hr, the 

protact in ium concentrat ion dropped sharply to 

29 ppm. 

In experiment 6 the bomb and f i l te r unit was 

heated by a tubular furnace w i th a neg l ig ib le tem­

perature. Short lengths of Z i rca loy -2 rod, hal f 

of which had been del iberate ly ox id ized (as above), 

were placed in the solut ion to determine the ef fect 

of th is material on protact in ium solut ion s tab i l i t y . 

There was no s ign i f i can t change in the in i t ia l 

protact in ium content of the solut ion (81 ppm) on 

standing for 25 hr at 24°C, but 5 hr heat ing at 

175°C resulted in a drop to 30 ppm. Subsequent 

samples taken during further heating for 48 hr at 

temperatures ranging from 175 to 210°C gave er­

ra t ic protact in ium concentrat ion values ranging 

from 7 to 33 ppm, but analys is of the f ina l so lu t ion , 

sampled after cool ing to room temperature, gave 

a protact in ium concentrat ion of 27 ppm, ind icat ing 

that there was probably l i t t l e change in the protac­

t in ium concentrat ion in solut ion after the in i t i a l 

drop, in spi te of the large temperature f luctuat ion 

and long heating period. The in i t i a l and f ina l 

so lut ions (experiment 6) were analyzed for thorium 

and to ta l n i t rate content, w i th the fo l low ing resu l ts : 

Solution Initial Solution Final Solution 

Component Concentration (M) Concentration (M) 

Thorium 2.10 2.06 

Total NO3 8.64 8.40 

Free ac id 0.24 0.16 

(ca lcu la ted) 

The free-acid concentrat ion was only 50% of the 

intended in i t i a l va lue, which may account for the 
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sharp drop in protact in ium concentrat ion when the 

solut ion was heated to 175 '^ . 

The Z i rca loy specimens were r insed in 1 :1 

H N O , , removed from the bomb, dr ied, and counted 

ind iv idua l l y to determine the amount of adherent 

protact in ium. There was no s ign i f i cant di f ference 

between ox id ized and unoxidized specimens. The 

total protact inium found on the Z i rca loy rods repre­

sented only 18% of the amount lost from so lu t ion. 

One may conclude from these experiments that 

protact in ium is su f f i c ien t ly stable in thorium 

n i t r a t e - n i t r i c acid solut ions (especia l ly w i th 

higher acid concentrat ion; in 0.5 M H N O , , the 

steady-state concentrat ion of protact in ium is seen 

to be some 67 ppm at 181°C as opposed to 30 ppm 

at 175°C in 0.24 M HNO3) in contact w i th sta in less 

steel and Z i rca loy-2 to permit the protact in ium to 

be ava i lab le for removal by continuous processing 

of a f ract ion of the blanket solut ion if the blanket 

temperature does not exceed the temperature of 

thorium ins tab i l i t y . 

Protactinium Solubility in Specific 
Aqueous Systems 

Removal of tracer protact inium from thorium 

ni t rate—nitr ic ac id solut ions has been previously 

demonstrated.'* To ver i fy these resul ts wi th 

measurable quant i t ies of protact in ium, a so lu t ion 

conta in ing 2 M T h f N O j ) ^ , 3 M HNO3, and 109 ppm 

of Pa^^^ previously heated at 130 to 155°C for 

90 hr, and then cooled to room temperature, was 

prepared. A 500-/xl port ion of th is solut ion was 

added to 200 [A of 30% H . O , , s t i r red , and cent r i -

fuged. The supernatant f lu id was sampled and 

analyzed. A concentrat ion of 2.94 //g of Pa 

per m i l l i l i t e r was found; 96% of the protact in ium 

had been removed from the solut ion w i th the pre­

c ip i ta te . Agreement wi th previous tracer work 

was exce l len t . 

A 500-/xl port ion of th is same so lu t ion , together 

wi th 2 ml of 2 M T h ( N 0 3 ) 4 - 3 M HNO3 and 5 ml of 

d i isobuty l carbinol in xy lene, was placed in a 

30-ml separatory funne l , shaken for 7 min, and 

sampled the fo l lowing day. Seventy-f ive percent 

of the Pa^ '^ ' had been extracted into the organic 

phase, ind icat ing that the protact inium was in 

true so lu t ion . 

Protact in ium, precipi tated as the hydrox ide, was 

found to be soluble in 1.95 M HNO3 to the extent 

of 8.21 ± 0.9 f tg /m l , in good agreement w i th the 

resul ts of Thompson. No prec ip i ta t ion of protac­

t in ium peroxide was observed upon the addi t ion 

of 1 ml of 30% peroxide to 4.5 ml of th is so lu t ion. 

Conversely , the precip i tate formed by the addi t ion 

of peroxide to a sul fur ic acid solut ion of protac­

t in ium was found to be soluble in 1.95 M H N O , to 

the extent of only 2.29 ± 0.75 /xg/ml. 

R. C. Thompson, "Solubil i ty of Protactinium in 
Common A c i d s , " sec 6.7, port 1, Production and SepU' 

ration of V'^^^, Collected Papers, TID-5223 (1952). 
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9. Chemical Aspects of Corrosion of Zircaloy-2 

EXAMINATION OF HRE-2 CORROSION 
SPECIMENS 

G. H. Jenks J . E. Baker 
M. D. Silverman 

Examination of corrosion specimens which had 
been exposed in various locations in the HRE-2, 
and for various operating periods, is continuing 
in the postirradiation examination facil i ty and 
other remote-examination services at this Labora­
tory. Several groups of these specimens were 
removed prior to run 20. The results of exami­
nations of one group were reported in detail in 
1961; the results of examinations of others had 
been reported previously. ' Another group of 
specimens, mainly those removed after completion 
of reactor operation, is under examination. Al l 
specimens were removed from the reactor by the 
Reactor Operations Group. 

A summary of the latest examinations of speci­
mens removed prior to run 20, showing specimen 
materials and locations, exposure schedules, and 
examinations performed, is given in Table 9 .1 . 

With a few exceptions, the results were in near 
agreement with predictions from in-pile loop tests, 
indicating comparable corrosion behavior between 
the in-pile loop and the reactor, or were explicable 
in terms of poor quality of material, as determined 
in out-of-radiation tests. The areas of agreement 
and the exceptions for the principal materials ex­
amined are summarized below. 

J . E. Baker et al., HRT Corrosion Samples — Addi­
tional Data on Specimens Removed Prior to Run No. 20, 
ORNL CF.61.2.95 (Feb. 2, 1961). 

2 
A. R. Olsen, HRE'2 Corrosion Specimens — Blanket 

Region of Pressure Vessel (Loading No. 1) — Weight 
Data and Scale Analysis, ORNL CF-58.10-83 (Oct. 31 , 
1958). 

G. H. J enks et al., Examinations of Specimens and 
Scales Taken from the HRT Following Runs 13 and 14, 
ORNL CF-58.9.37 (Sept. 11, 1958). 

Scale Deposits. — In-pile loop results had shown 
that most of the scale formed by corrosion in the 
core or elsehwere is transported to and deposited 
on surfaces outside the core. The behavior in 
the HRT was apparently similar. During run 17, 
there was extensive corrosion in the core and 
overheating of a core specimen array associated 
with uranium deposition during power operation; 
however, examination of specimens recovered from 
the core indicated that only thin films were on the 
undamaged surfaces. Specimens exposed at very 
low fission power densities in the core outlet re­
tained large amounts of scale, which ranged in 
weight from 3 mg/cm nearest the core to about 
25 mg/cm farthest from the core. Specimens ^rom 
the blanket array which were in contact with solu­
tion generating appreciable fission power den­
sities retained l i t t le scale (< 1 mg/cm^). Other 
specimens recovered from various parts of the 
circulating systems showed considerable scale 
deposits, 5 to 10 mg of oxide per cm^. 

Type 347 Stainless Steel. - Average corrosion 
rates of about 2.5 mpy (based on 890 hr of ex­
posure) for annealed blanket specimens were with­
in the range expected from in-pile loop results. 
Welded specimens of this material were corroded 
at about 5 mpy. The core-outlet specimens showed 
some acceleration of corrosion over that expected 
during out-of-pile exposures or during exposure 
at comparably low power densities in in-pile 
loops (3 -5 mg/cm weight losses compared with 
1 mg/cm^ or less^ for no radiation effect). The 
specimens exposed in the core and blanket cir­
culating lines showed no acceleration of corrosion 
over that expected in the absence of radiation. 

G. H. Jenks et al., HRP Quart. Progr. Rept. July 31, 
1957, ORNL-2379, p 103. 

G. H. Jenks and J . E. Baker, In-Pile Loop Corrosion 
Experiments with Vranyl Sulfate Solutions at 235 and 
250°C, ORNL-3131 (In preparation). 
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Table 9 . 1 . Summary of Exposure History ond Examination of Some HRT Specimens Removed Prior to Run 20 

Exposure History 

Approximate . • x -r » i ir. . n 
Approximate Total r iss ion rower 

Examinations 

rveatror Specln 
Installed Removed rveatrur Exposure at 250°C Density Near . . . , ,,, . , . 

AU o At. o Energy (Mwhr) „ • i- c • ^ ' ^ " ° ' '^^ 
After Run: After Run: "' or Higher Specimen r~i 

Core Blanket (hr) (w/mi) 

Specimens Examined i ^ ii j D J Reactor r- . ocnOr- n •• M C i c i 
•̂  Installed Kemoved Exposure at 25U C Density Near . . . , ,,, . , . Scale Sea e 

' Visual Weight 
or Higher Specimen - , Weight Analyses 

Changes * ' 

Core loading No. 1 (core outlet) 

Core loading No. 1 (core) 

Blanket loading No. 2 

Solution-circulating-line arrays 

No. 103 (pump outlet — core 

s ide)" 7 13 49 0 737 • X X X X 

No. 103.A (pump outlet - core 13 19 2997 1805 2898 X X X X ' 

slde)*^ 

No. 203 (pump outlet — blanket 

side) 

No. 125 (pump surge — core 

side)^ 

No. 125 (pump surge - blanket d 19 3039 1812 4968 

16 

16 

16 

d 

7 

13 

d 
7 

d 

17 

17 

17 

7 

13 

19 

7 
19 

19 

1504 

1504 

1504 

0 

49 

2997 

0 

3039 

3039 

922 

922 

922 

0 

0 

1805 

0 

1812 

1812 

890 

890 

890 

1333 

737 

2898 

1333 

3635 

4968 

0.01-0.10 

5-6 

0.4-0.5 

X 

X 

X 

X 

X 

X 

X 

sidi .)f 

"Twenty-four tensile and impact specimens of various stainless steels and of zirconium and titanium al loys. 

Twenty-four tensile and impact specimens of various stainless steels, of Incoloy, and of zirconium and titanium al loys. 

'^Elght coupons, two each of T I -75A, Z l rca loy-2 , 347 SS, and 309 SCb. 

Before shakedown run. 

^Scale scraped from titanium holder was analyzed. Scale from coupons not analyzed. 

'Four coupons: Haynes Stell ite No. 12, Haynes Stell ite No. 19, Graphltar No. 14, A I . O , . One beam-type stress specimen: 347 SS. 
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I t is noteworthy that the low corrosion rates for 

type 347 s ta in less steel specimens from the c i r ­

cu lat ing system showed that the high i n i t i a l rate 

of steel corrosion in run 13 (about 20 mpy overa l l 

rate in the core system, based on the amount of 

n icke l in solut ion) was not uniform over the 

surfaces of the high-pressure system and that, 

therefore, some surfaces, at present ly unknown 

locat ions, corroded at greater rates than the 

average. 

Zircaloy-2. — Corrosion rates of 3 to 4 mpy 

(based on 890 hr of exposure) for specimens in 

the blanket array and neg l ig ib le rates for the 

core ou t le t and c i rcu la t ing l ine specimens were 

w i th in the range of expected va lues. 

Titanium Alloy. — Corrosion rates of a few 

tenths mi l per year or less for a l l specimens for 

which weight data were obtained were as ex­

pected. 

A U T O C L A V E TESTS OF Z IRCALOY-2 

CORROSION 

G. H. Jenks H. C. Savage 

R. J . Dav is T . H. Mauney 

An in -p i le autoclave experiment was designed 

pr imar i ly to provide information on the radiat ion 

corrosion of Z i rca loy -2 by a uranyl su l fa te fuel 

solut ion at temperatures to 360°C. A leak caused 

terminat ion of the in -p i le exposure before any 

360°C operat ion. However, data of in terest were 

obta ined, and they are summarized here. These 

inc lude: out -o f -p i le corrosion at 360°C, out -o f -p i le 

sorption of uranium on specimen surfaces, and 

in -p i le recombination of rad io ly t ic gases. 

The source of the leak was shown to be a 

loosening of the autoclave c losure, probably 

from y ie ld ing of mater ia ls (bronze and Zi rca loy-2) 

due to d i f ferent ia l thermal expansion in the 

screw arrangement by which pressure was appl ied 

to ef fect the i n i t i a l c losure. A dupl icate exper i ­

ment leaked during in -p i le exposure, before 360°C 

J . R. Engel et al.. Summary of HRE-2 Run No. 13, 
ORNL CF.58.10-115 (Oct. 29, 1958). 

G. H. J enks , Review and Correlation of In-Pile 
Zircaloy-2 Corrosion Data and a Model for the Effect 
of Irradiation, ORNL.3039 (July 6, 1961). 

o 
G. H. Jenks and J . E. Baker, In-Pile Loop Investi­

gation of Corrosion of Zircaloy-2 and Other Reactor 
Materials in 0.04 m VO^SO^ at 280°C, ORNL-2962 (In 
p ress ) . 

was reached, because of fa i lu re of a plat inum 

capi l lary tube. The cause of the tube fa i lure was 

not es tab l ished. 

The autoclave was fabr icated of Z i rca loy -2 

and contained f i ve Z i rca loy-2 corrosion tes t 

specimens. The autoclave was charged wi th a 

solut ion of 0.08 m UO2SO4, 0.02 m CuSO^, and 

0.24 m D j S O . in D.O and wi th oxygen gas under 

pressure. The excess ac id was required to 

maintain the chemical s tab i l i t y of the solut ion 

at 360°C. 

Before in -p i le operat ion, the autoclave was op­

erated at 360°C for 350 hr out -o f -p i le to obtain 

corrosion data for comparison wi th that observed 

under i r rad ia t ion . Af ter 124 hr at 360°C, the 

autoclave was opened and the amount of uranium 

sorption in the surface f i lm on the test specimens 

was determined by alpha count ing. 

The in -p i le tes ts completed were concerned wi th 

a determination of the ac t i v i t y of the copper 

ca ta lys t for recombination of rad io ly t i c gases. 

Recombination rates at temperatures of 230, 250, 

and 280°C were obta ined. 

Out-of-Pile Corrosion 

The average overa l l penetration of the Z i rca loy-2 

during 350 hr at 360°C was 0.07 to 0.08 m i l . For 

the last 300 l ir , the corrosion rate was about 1.3 

mpy, based on oxygen uptake; th is is in l ine wi th 

an extrapolat ion of rates for Z i r ca loy -2 in a 

previous autoc lave experiment w i th uranyl 

su l fa te solut ion at 290°C. However, i t i s con­

siderably below the 8 mpy obtained on Z i rca loy-2 

weld metal w i th a s imi lar solut ion in a pump-loop 

test .^^ 

Uranium Sorption on Specimen Surfaces 

Af ter 124 hr of out -o f -p i le operation at 360°C, 

the quant i ty of uranium sorbed on the water-

washed Z i r ca loy -2 specimen surfaces averaged 

0.24 /xg/cm . Values for the ten surfaces (two 

sides of f i ve specimens) ranged between 0.19 

and 0.29 f ig /cm . These values are low compared 

' w , L. Marshall et al., HRP Progr. RepU Nov. 30, 
1960, ORNL-3061, p 53 . 

G. H. J e n k s , Effect of Radiation on the Corrosion 
of Zircaloy.2, ORNL CF-57-9.11, p 14 (Sept. 30, 1957). 

^ ' j . C. Griess , HRP Progr. Rept. May 31, 1961, 
ORNL-3167, p 6 2 . 
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with a few tens of micrograms per square cen­
timeter previously found ' on specimens irra­
diated in solutions containing about one-tenth as 
much excess acid as that in this test. Corre­
lations of the in-piie corrosion data and out-of-
pile tests of uranium sorption on hydrous zir-
conia also indicate marked reduction of uranium 
sorption with increased excess-acid concentration. 

G. H . Jenks et al., HRP Quart. Progr. Rept. Jan. 
31, 1958, ORNL-2493 , p 125. 

13 
G. H. Jenks et al, HRP Quart. Progr. Rept. Apr. 

30, 1959, ORNL.2743 , p 162. 
14 

R. J . Davis et al., unpubl ished work . 

Rotes of Recombination of Radiolytic Gases 

Recombination-rate constants as a function of 
temperature for the copper-catalyzed recombina­
tion of radiolytic gas were estimated by analyses 
of the rate of pressure increase following initiation 
of irradiation. The values obtained at 230, 250, 
and 280°C are shown in Fig. 9.1. The analysis 
does not require a knowledge of GQ , but does 

include the solubility of D-. Values used for 
Dj solubility were 0.454, 0.377, and 0.283 psi 
CC-' liter (volumes at STP) at 230, 250, and 
28CPC respectively. 

The values in Fig. 9.1 are lower by about one-
third to one-half than those predicted for uranyl 

280 
8 0 0 0 

7000 

6000 
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4 0 0 0 

3 0 0 0 

S? 2 0 0 0 
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9 0 0 

8 0 0 

7 0 0 

6 0 0 
1.80 

TEMPERATURE (°C) 
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ORNL-LR-DWG 60149 

230 

. 
^8 

• ^ V 

\ 

1 

\ 
^« 

t 

\ ^ 
\ ^ 

\ 

1.85 1.90 1.95 2 00 

Fig . 9 . 1 . Values of K^ In 0.08 m UOjSO^, 0.02 m CuSO^, 0.24 m Excess DjSO^, In D j O Solution. 
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sulfate solutions (D.O solvent) with lower acid 
concentrations. Thus it appears that the 
results are in agreement with rates obtained in 
other tests, which indicate a decrease in KQ 
with increased excess-acid concentrations. ^ • ' ' 

OXIDE GROWTH AND CAPACITANCE ON 
PREIRRADIATED ZIRCALOY.2 

R. J. Davis G. H. Jenks 

Fission fragments or reactor radiations greatly 
increase the rate of corrosion of Zircaloy-2 in 
aqueous solutions. One mechanism for the ra­
diation effect which is considered possible is 
that radiation damage in the metal leads to an 
increased reaction rate through an increase in 
the metal reactivity or through the formation of 
oxide with poor protective qualities. In a study 
of the effects of damage in the metal, growth rate 
and protective qualities of oxide formed on pre-
irradiated Zircaloy-2 wil l be investigated. The 
qualities of the oxide wil l be gaged by capaci­
tance measurements. 

The 3^-in.- long, /w-in.-diam specimens to be 
used wil l be machined, mechanically polished, 
and irradiated in an inert environment. They wil l 
then be oxidized, with unirradiated controls, in 
300°C steam plus oxygen. Periodically the speci­
mens wil l be removed for weight-gain and capaci­
tance measurements. Variations in the penetration-
time behavior and capacitance-penetration behavior 
are expected to give good clues to the mechanism 
of radiation corrosion. 

R. J . Davis et al., Autoclave Studies of Radiation 
Corrosion of Zircaloy-2 in UO2SO, Solution (in p ress ) . 

M. J . Kelly et al.. The Effectiveness of Cupric Ion 

as a Homogeneous Catalyst in the UO ^-HNO.,-H-0 

Systems for the Recombination of Hydrogen and Oxygen 

Produced by Radiolytic Decomposition, ORNL CF-

59-9-15 (Sept. 3, 1959). 

G. H. Jenks and J . E. Baker, Apparent Copper Rate 
Constants in In-Pile Loop Experiment L-2-22, ORNL 
CF-60-3-88 (Mar. 23, 1960), 

'^M. J . Kelly et al, HRP Progr. Rept. Oct. 31, 1959, 
ORNL-2879, p 94. 

19 
H. F. McDuffle et al.. The Radiation Chemistry of 

Homogeneous Reactor Systems. III. Homogeneous 
Catalysis of the Hydrogen-Oxygen Reaction, ORNL 
CF-54-1-122 (Jan. 26, 1954). 

^ ° J . N. Wanklyn and D. R. Silvester, / . Electrochem. 
Soc. 105, 647 (1958). 

The vacuum system for evacuating the irradia­
tion capsules and f i l l ing them with helium has 
been built. The steam-oxygen furnace, which oxi­
dizes up to four specimens at a time, has been 
built and tested. Specimens can be heated in the 
furnace to 300 ± 5°C in 30 sec, which wil l enable 
meaningful exposure for 5 min or longer. A micro-
balance has been set up and is apparently capable 
of measuring specimen weight changes to a few 
micrograms. A General Radio Company No. 1750-A 
impedance bridge, a Hewlett-Packard model 200 
CD wide-range oscillator, an oscilloscope, and an 
appropriate cell have been set up for the capaci­
tance measurements. All of the equipment has 
been tested. 

Preliminary experiments with unirradiated speci­
mens are planned to demonstrate possible effects 
of exposure schedule on subsequent corrosion 
and/or capacitance values and of the capacitance 
measurements on subsequent corrosion. The first 
exposures wil l be of freshly machined and abraded 
specimens to reactor irradiation in a helium at­
mosphere. 

SORPTION ON HYDROUS ZIRCONIA IN 
UOjSO^ SOLUTION AT ELEVATED 

TEMPERATURES 

R. J . Davis G. H. Jenks 
S. H. Wheeler 

Investigation of the sorption of uranium and 
other solutes on hydrous zirconia in uranyl sul­
fate solutions continued, with the immediate 
objective of characterizing uranium and sulfate 
sorption with respect to oxide surface area, con­
centrations of UO.SO, and excess acid, and 
temperatures in the range 100 to 300°C. A more 
distant objective was the determination of the 
effects on sorption of other solution additives, 
such as lithium, copper, and nickel sulfates. 
The work was discontinued before the latter 
objective was reached. The status of the work 
directed toward the first objective is summarized 
here. The results of previous investigations of 

some features of the sorption have been re-
ported.2^22 

G. H. Jenks et al., Reactor Chem. Div. Ann, Progr. 
Rept. Jan. 31, 1961, ORNL-3127, pp 9 0 - 9 3 . 

^^G. H. Jenks et al., HRP Quart. Progr. Rept. Aug. 1 
to Nov. 30, 1960. ORNL-3061, pp 6 9 - 7 3 . 
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With D.O solutions of uranyl sulfate plus DjSO., 
110 experiments were performed. Uranyl sulfate 
and DjSO. init ial concentrations were varied 
respectively from 0.02 to 0.17 M and from 0.02 
to 0.2 M. Exposure temperatures were 100, 200, 
250, 280, and 300°C, and the exposure time was 
3 hr in each cose. ' The methods were similar 
to those previously reported for experiments with 
light-water solutions. The zirconia was the 

same as that used previously, hydrous oxide from 
City Chemical Company which was preheated for 
2 hr at 100°C in air before storage in capped 
bottles. The three batches of this material, 
designated AF oxide, contained 36 to 44% HjO 
and 1.4 to 2% SO^. Previous work indicated that 
the sulfate is present as H-SO, and as alkali-metal 
and alkaline-earth sulfates and that these ma­
terials are mobile during high-temperature ex­
posure. The surface area before use was 275 
to 383 m per g of ZrOj by nitrogen adsorption. 

Surface Areas After Solution Exposure 

Surface areas of the residual oxides were meas­
ured by nitrogen adsorption. The primary purpose 
of these measurements was to provide a possible 
basis for correlation of the uranium and other 
sorption data. The experimental spread of the 
data was quite large, but general correlations 
between surface area and temperature of ex­
posure and between surface area and sulfate ion 
concentration were noted. The areas ranged from 
545 to 100 m per g of ZrOj , with the lowest 
values produced by solutions of high sulfate 
concentration, and the highest at the two lowest 
temperatures in solutions in which the final con­
centrations of excess acid were near or below 
zero. Other variables, such as the excess-acid 
concentration and differences in the kinetics of 
the surface area changes, probably influenced the 
relative areas also. 

Several analyses for zirconium in solution after 
250°C exposures showed a regular increase in 
dissolved zirconium with increasing sulfate con-

J . C. Banter and S. H. Wheeler, Adsorption of 
Uranium on Hydrous Zirconium Oxide from Uranyl 
Sulfate Solution at Elevated Temperatures, ORNL C F -
61-3-94 (Mar. 1, 1961). 

Gerald Goldstein, Sorption of Uranium on Zirconium 
Oxide, ORNL-3177 (Aug. 28, 1961). 

centration, which suggests that the final surface 
areas are inversely related to the amounts of 
zirconium dissolved. 

Total Sulfate Sorption 

The total amount of sulfate sorbed was evalu­
ated as the sum of that sorbed from solution, as 
shown by analysis before and after equilibration, 
plus that init ial ly in the zirconium oxide. For 
low excess-acid concentrations, which varied 
with temperature, the amounts of sulfate sorbed 
at all temperatures fell within the same range, 
mostly between 0.004 and 0.007 millimole/m at 
sulfate concentrations ranging from 0.02 to 0.33 M. 
Marked increases in sulfate sorption above these 
values, due to increased acid sorption, occurred 
at final acid concentrations greater than about 
0.01 M at 100°, 0.03 to 0.06 M at 200°, or 0.05 
to 0.07 M at 250°, but did not occur at concen­
trations up to 0.15 M at 280 or 300°C. The 
sorption at these higher acidities did not exceed 
0.028 millimole/m . The results of analyses for 
zirconium in final solutions, mentioned in the 
preceding paragraph, indicated that the increases 
were not a result of dissolution of ZrO,-

The sorption of 0.006 millimole/m corresponds 
to about 4 X 10 ^ ions/cm , about that estimated 
for sulfate monolayer formation, with an average 
area of 23 A per sulfate ion. Thus it is con­
cluded that sulfate adsorption in the low-acid 
solution may be explained as monolayer or near-
monolayer formation. Some form of multilayer 
adsorption probably occurred in the solutions of 
higher acidit ies. 

Uranium Sorption 

With solutions init ial ly containing 0.02 M acid 
and =0.08 M uranium, sorption of uranium did 
not change appreciably in the temperature range 
100 to 300°C. However, at 0.17 M UOjSO^ the 
250°C data scattered appreciably, and at 280 and 
300°C marked increases in uranium sorption 
occurred. It is believed that these changes are 
related to the formation of the concentrated second 
liquid phase near these temperatures and solution 
concentrations. This is borne out by the fact 
that at higher initial acidities (0.06 to 0.2 M), 
which raise the temperature of second-liquid-
phase formation, the uranium sorption showed no 
irregularities of the types observed at the lower 
acidity. The sorption increased with increasing 
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uranium concentration, as reported previously 
for HjO solutions at 250 to 300°C. The amounts 
sorbed from the solutions with 0.02 M init ial 
acid were also in rough agreement with those 
found in the studies with water solutions. 

At higher init ial acidities (0.06 to 0.2 M) the 
uranium sorption was lower in most cases by 
factors of about 2 to 3 or more. There were no 
definite correlations between amounts sorbed 
and init ial excess acid in this range of acidit ies. 
Comparisons of bands drawn to encompass the 
data show that there was l i t t le effect of tem­
perature on the sorption in the range 100 to 
300°C. 

The final acidities were generally much lower 
than the init ial ones. Preliminary considerations 
have indicated a correlation between uranium 
sorbed and the estimated final hydrogen ion con­
centration at the temperature of exposure. More 
accurate estimates of the hydrogen ion concentra­
tion, as well as the concentrations of other 
species at temperature, appear worthwhile as a 
basis for correlation of the results with respect 
to solution composition and for evaluation of the 
adsorption mechanisms. 

ELECTROCHEMICAL STUDIES OF 
ZIRCALOY-2 CORROSION 

A. L. Bacarella 

It has previously been demonstrated ^ that 
electrochemical measurements could be performed 
on a corroding specimen at high temperatures 
(200 to 300°C) and pressures (1000 to 2000 psi). 
In view of this success it was considered of 
interest to extend the program and measure other 
electrochemical parameters. Potentiostatic (con­
stant potential) and galvanostatic transient tech­
niques are employed to obtain these data. It is 
true that the same information is obtained from 
the potentiostatic measurements as from the pre­
viously performed galvanostatic measurements. 
However, potentiostatic experiments are much 
easier to interpret, and in some cases (as used 
here) easier to perform. 

A Zircaloy-2 electrode was chemically polished 
(100 cc HjO, 100 cc HNO3, 16 cc 4% HF) and 
then passivated at 293°C in oxygenated 0.05 M 

HjSO.. The electrode was exposed for 13 days 
at these conditions, after which corrosion currents 
were measured potentiostatically as a function 
of potential ( - 1.400 to +0.300 v vs Pt) and tem­
perature (150 to 300°C) in the same oxygenated 
aqueous acid solution. 

The measurements were carried out in a titanium 
reaction cell designed to contain approximately 
50 cc of aqueous acid at 30CFC and 2000 psi . 
The reaction cell contained five ports, four at 
the top and one at the bottom. Solution entered 
through the bottom port and exited from one of 
the top ports. The other three ports contained a 
titanium thermocouple wel l , the platinum ref­
erence electrode, and the Zircaloy-2 test elec­
trode. Teflon cones were used to insulate these 
electrodes from the reaction cell and to provide 
a pressure seal. At the temperatures used it 
v«is necessary to air-cool the Teflon cones to 
maintain the pressure seals. This was accom­
plished with two titanium-tube extensions which 
were air-cooled at a rate such that the tempera­
ture at the Teflon seal positions was about 
30°C and independent of the temperature of the 
reaction cel l . 

Potentiostatic measurements require the ref-
ference potential to be independent of any tem­
perature or solution composition changes in the 
reaction cel l . To effect this the platinum ref­
erence electrode was situated entirely in the 
air-cooled titanium-tube extension of the reaction 
cel l . The temperature at the platinum reference 
position was therefore constant, and, thus, the 
potential also. The results of these measurements 
are shown in Figs. 9.2 and 9.3. 

These results can be interpreted according to 
Eq. (1):26 

/ * = ( / . - / c ) = ^ > ^ P 

K^ exp -

AH°+-(aX)„FE 

RT 

AW°* + (aX) FE c ^ c 

RT 
(1) 

Here / is the net current, / ^ and / are the 
anodic and cathodic partial process currents, the 
K'S contain the potential- and temperature-indepen­
dent portions of the specific rate constants of the 

^*A. L. Bacarella, / . Electrochem. Soc. 108, 331 
(1961). 

This equation assumes only one anodic and one 
cathodic partial process both under activation control. 
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Fig. 9.2. Logarithm of Current vs Reciprocal of Tem­

perature for Passivated Zircaloy-2 in Oxygenated 0.05 m 

H-SO. at Various Fixed Potentials. 

F ig . 9 .3 . Logarithm of Current vs Reciprocal of Tem­

perature for Passivated Zircaloy-2 in Oxygenated 0.05 m 

HjSO^ at Various Fixed Potentials. 

partial process and the concentration of the re-
actants, and AW°+ and AH°^ are the (standard) 
enthalpies of activation of the anodic and cathodic 
partial processes respectively. The (aA)'s and 
E have the usual meaning: (aJV) is the electro­
chemical transfer coefficient for the anodic and 
cathodic reaction, and E is the measured potential. 

The interpretation of the results reported here 
is considered tentative, because a visual examina­
tion of the specimen reveals small areas of non­
uniform corrosion. 

In Figs. 9.2 and 9.3 the measured currents are 
plotted as a function of the reciprocal of tempera­
ture for the various chosen constant potentials. 
The general interpretation of these data, based 
on the relationship shown in Eq. (1), is the 
following: At the more anodic potentials (E more 
positive) the contribution of the cathodic current 
becomes negligible; similarly, at the more cathodic 
potentials {E more negative) the contribution of 
the anodic current to the measured net current 
is negligible. At intermediate potentials, —0.700 v 
vs Pt (Fig. 9.2), for example, the contribution of 
the cathodic current to the measured net current 
is negligible from 300 to 240°C, but at lower 

temperatures the cathodic current becomes more 
and more significant, and at 212°C the anodic and 
the cathodic current are equal and / = 5 x 10 
amp, or nearly zero (this also implies that E = £ „ , 
the open-circuit potential). At potentials between 
-0 .700 to -1.200 V vs Pt, the measured net cur­
rent is a complicated function of temperature and 
is probably explained by contributions from 
several factors entering into Eq. (1). 

From the data in Figs. 9.2 and 9.3 it was found 
that the activation energy for the anodic partial 
process (oxidation of zirconium) is 31.1 kcal/mole 
and is independent of potential and temperature in 
the range studied. The activation energy for the 
cathodic partial process (reduction of oxygen) is, 
however, a function of potential and temperature, 
10.8 kcal/mole at -1.400 v vs Pt between 220 
and 3CX)°C, changing to 5.4 kcal/mole at tempera­
tures below 220°C. At -1.200 v vs Pt the activa­
tion energy is 5.4 kcal/mole over the entire 
temperature range. 

When the data are presented as in Table 9.2, 
it is seen that at positively increasing potentials 
(series 1 to 2 and 3 to 4) a steady-state rate. 
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Table 9.2. Current as a Function of Time and Potential for Zircaloy-2 in Oxygenated 

0.05 M H2SO4 at 298°C In the Passive State 

Measurement 

Series 

Time of Measurement 

(After 13 Days 

Prior Exposure) 

(hr) 

Potential vs Pt 

(v) 

/ , Steady-State 

Total Current 

(amp) 

0 

0 to 192 

216 to 336 

336 

336 to 358 

358 to 360.5 

360.5 to 363.5 

366 

376 

X 10 -6 

-0 .933 

-0 .200 

- 1.025 

+ 0.300 

-0 .200 

-0 .700 

-1.035 

-1 .023 

6.0" 

Init ial ly 25; decreases to 6.0* 

No measurements 

6.0" 

Initially 35; decreases to 6.0 

4.3 

3.4 

1.8" 

4.9" 

"These are open-circuit results; total current was obtained from small current polorizabil i ty, with 

S(aA) = 1/2, / = /?r /F [S(aX) ] , and ( A E / A / ) , ^ Q . 

Steady-state current. 

Temperature during this period was 24 C. 

6.0 X 10~° amp, independent of potent ia l is ob­

ta ined. Subsequent measurements at negat ive ly 

increasing potent ia ls (ser ies 5 to 7, 8) ind icate 

corrosion currents less than the steady-state va lue. 

It i s proposed that these resu l ts are not for 

steady-state cond i t ions , and that given suf f i c ien t 

t ime at these potent ia ls the rate should increase 

to the same steady-state va lue. That th is is so 

is ind icated by the resul ts at open c i r cu i t , (7) 

and (8), which show an increase in corrosion 

current wi th t ime. 

I t is suggested that the model proposed by 

Vetter for f i lm formation on pass ive iron can 

expla in these resu l ts . 

The essent ia l factors proposed by Vetter for 

f i lm formation on pass ive iron are: (1) ins ide the 

ox ide there is a f i e l d which pu l ls the ions through 

the f i lm , (2) the ionic current changes wi th the 

f i e l d in tens i ty , (3) these ions comprise the cor-

27 K. J . Vetter, Z . Elektrochem. 62 , 642 (1958). 

rosion current and may enter into f i lm formation 

or so lu t ion , (4) a potent ia l d i f ference at the 

ox ide-so lu t ion inter face is establ ished through the 

equi l ibr ium 0 + 2H ^=i H j O , (5) the ion ic 

current through ox ide-so lu t ion in ter face is de­

termined by the potent ia l d i f ference at th is inter­

face. 

The resu l ts are expla ined on the basis of th is 

model as fo l l ows : A t the potent ia ls —0.200 v vs 

Pt and +0 .300 v vs Pt the f i e l d strength in the 

ox ide is increased and, consequent ly, the ion ic 

current is increased (see factor 2 above). How­

ever, the ion ic current across the ox ide-so lu t ion 

inter face is unchanged ( factors 4 and 5) . Con­

sequent ly, s ince the ion ic current through the 

ox ide i s greater than the current from ox ide to 

so lu t ion , the excess goes into f i lm format ion. 

As the f i lm th ickness increases, the f i e l d strength 

and, therefore, the ion ic current through the 

ox ide decrease unt i l steady state is again estab­

l i shed, whereby the ion ic current through the 

ox ide is equal to the ion ic current across the 
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oxide-solution interface. Since the potential 
established at the oxide-solution interface via the 
0 ~ + 2H ^^ HjO equilibrium is a function of the 
temperature and pH (both constant), and since 
the current into the solution phase is controlled 
by this potential, the steady-state rate is a con­
stant and is independent of total potential. The 
thickness of the oxide is, however, a function of 
this potential. 

For measurements after that at +0.300 v vs Pt 
(series 5—8, Table 9.2), at less positive poten­

t ials, the field strength in the oxide is decreased 
and the ionic current through the film is less than 
the current from oxide to solution. Consequently, 
the net current is not at steady state; thus the 
film thickness decreases and the field strength 
increases until steady state is again established. 

These conclusions wil l receive further testing, 
particularly those relating to film dissolution. 
A most important test w i l l , however, involve the 
rate and potential dependence on pH through the 
equilibrium 0 ^ " + 2H*?=i HjO. 
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10. Corrosion 
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J . L. Engl ish 

L . L . Fa i rch i ld 

D. N. Hess 

T . H. Mauney 

CORROSION STUDIES FOR THE AQUEOUS 
HOMOGENEOUS REACTOR PROGRAM 

Stress>Corrosion Cracking of Type 347 Stainless 

Steel in Uranyl Sulfate Solutions 

During the past year a program to study the 

ef fects of several var iables on the st ress-corrosion 

crack ing behavior of type 347 s ta in less steel in 

s imulated chlor ide-conta in ing aqueous fuel so lu­

t ion (0.04 m UOjSO^, 0.02 m H j S O ^ , and 0.005 m 

CuSO.) was completed. Part of the data was 

reported prev ious ly . The fo l low ing paragraphs 

summarize the major resul ts derived from the 

ent i re invest iga t ion . 

Stressed specimens from two di f ferent heats of 

type 347 sta in less steel exh ib i ted fa i lu re rates 

of 48 and 85%, respect ive ly , in an air-aerated 

and bo i l ing solut ion conta in ing 50 ppm of ch lor ide , 

0.04 m UOjSO^, 0.02 m H jSO^ , and 0.005 m 

CuSO. . The di f ference in observed fa i lu re rates 

appeared to be related to minor var ia t ions in 

chemical composit ion and/or meta l lu rg ica l con­

d i t ion in the two heats. 

Summer research participant from the University of 
Arkansas, 

^J. C. Griess et al„ HRP Quart. Progr. Rept. Apr, 30, 
1957, ORNL-2331, pp 9 0 - 9 1 . 

• ' j . C. Griess et al., HRP Quart. Progr. Rept. Oct. 31, 
1957, ORNL-2432, pp 8 2 - 8 3 . 

J . C. Griess et al., HRP Quart. Progr. RepU Jan. 31, 
1958, ORNL-2493, p 92. 

^J. C. Griess et al., HRP Progr. Rept. Apr. 30 and 
July 31. 1958. ORNL-2561, pp 119-20 . 

' j . C. Griess et al., HRP Quart. Progr. Rept. Jan. 31. 
1959, ORNL-2696, pp 89-90. 

by Solutions 

H. C. Savage 

P. D. Neumann 

J . G. Rainwater 

L . R ice 

J . F. Winesette 

The crack ing frequency of both heats of steel 

was independent of ch lor ide concentrat ion between 

25 and 500 ppm in the bo i l ing so lu t ion ; no crack ing 

occurred at ch lor ide levels of 10 ppm or less . If 

cracking was observed, i t general ly took place 

during the f i r s t 500 hr. Cracks were t ranscrys ta l -

l ine in nature. 

The suscep t ib i l i t y to crack ing was markedly de­

creased, but not completely e l im ina ted , by removal 

of oxygen from the so lu t ion . Increasing the d i s -

solved-oxygen content increased the cracking 

frequency. 

Cracking in the ch lor ide-conta in ing uranyl su l ­

fate so lu t ion was observed at temperatures as low 

as 50°C (122°F) , al though the crack ing frequency 

was low. 

Add i t i on of mercuric ch lor ide to the bo i l i ng 

uranyl sulfate—chloride so lut ion great ly increased 

crack ing frequency and reduced the t ime required 

for crack i n i t i a t i on . However, when only mercuric 

ch lor ide was added to the uranyl su l fa te so lu t ion , 

c rack ing did not occur. Other add i t i ves such as 

z inc, arsenic, ant imony, and plat inum sal ts had 

no ef fect on cracking behavior. 

Sodium dichromate (~ 100 ppm) e f fec t i ve ly pre­

vented cracking in the bo i l ing uranyl sulfate— 

chlor ide so lu t ion . As expected, prec ip i ta t ion of 

ch lor ide ion from solut ion as s i lver ch lor ide 

produced the same ef fect . 

The data indicated that uranyl ion concentrat ion 

up to about 0.40 m enhanced the a b i l i t y of the 

so lu t ion to produce cracks, but no crack ing was 

experienced in bo i l ing uranyl sul fate—chlor ide so­

lut ions when the uranyl su l fa te concentrat ion was 

0.40 m or greater. 
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Residual stresses in specimens due to cold 

work were of suf f ic ient magnitude to promote 

crack ing in the absence of an appl ied s t ress . 

Anneal ing of the specimens e l iminated c rack ing . 

Substant ial reduct ion in crack ing frequency was 

rea l ized by exposure of specimens to the chlor ide-

free fuel so lut ion prior to immersion in the same 

so lu t ion conta in ing 50 ppm of ch lo r ide . Pre­

exposure t imes of 5 to 500 hr were equal ly ef fec­

t i ve , as were pretreatment temperatures of 100 to 

300°C. Similar resul ts were obtained whether the 

specimens were pretreated before or after stress­

ing. 

Corrosion Behavior of QMV Beryllium in Heavy 
Water at Elevated Temperatures 

Autoc lave tests were in i t ia ted to examine the 

corrosion behavior of hot-pressed QMV bery l l ium 

and that of bery l l ium oxide in heavy water at 

e levated temperatures. The tes ts were conducted 

to determine whether unclad bery l l ium or bery l l ium 

oxide could be used as a ref lector material in a 

replacement HRE-2 core assembly. 

The sintered and hot-pressed QMV bery l l ium 

specimens were representat ive of the qua l i ty of 

metal used for the ref lector in the MTR and were 

obtained from the Brush Bery l l ium Corporat ion. 

The bery l l ium ox ide, a commercial grade des ig­

nated as UOX mater ia l , was procured from the 

same source. Tests of 60 to 120 days in degassed 

and in oxygenated heavy water at 250 and 300°C 

were conducted. The oxygenated tests were run 

by pressur iz ing the autoclaves w i th 10 psi of 

oxygen at room temperature. The fo l low ing spec i ­

mens were exposed in each of the four envi ron­

ments: three bery l l ium coupons, two bery l l ium 

oxide wafers, and s ingle bery l l ium- to-bery l l ium, 

beryl l ium—to—Zircaloy-2, and beryll ium—to—type 

347 sta in less steel coup les. 

The resul ts of the invest igat ion thus far are 

summarized in the fo l low ing paragraphs. 

There was no apparent di f ference in corrosion 

behavior in degassed water at 250 and 300°C 

after 120 days; specimens exposed at both temper­

atures developed a t h i n , tenacious f i lm , which 

could not be completely removed by standard 

descal ing techniques, and exhib i ted small weight 

ga ins. Some p i t t ing was observed; pi ts ranged 

up to 1.6 mi ls deep at 250°C and up to 3.6 mi ls 

at 300°C. 

In the presence of oxygen, th icker f i lms were 

found on specimens both at 250 and 300°C; de-

f i lmed corrosion rates (not a l l scale removed) for 

120 days were 0.2 mpy or less . Some p i t t i ng 

at tack was experienced at both temperatures; the 

in tens i ty of the at tack was the same in both cases 

(2.4 mi ls maximum depth). 

The coupl ing of bery l l ium to bery l l ium in de­

gassed water at 250 and 300°C produced no 

adverse ef fects after 90 days. A l l specimens 

showed s l igh t weight gains and shal low p i t t ing 

attack (3.0 mi ls or less in depth). When oxygen 

was present, def i lmed corrosion rates between 0.2 

and 0.5 mpy were obta ined. P i t t i ng was s l i gh t l y 

more intense on contact surfaces (up to 4.1 mi ls) 

than on other surfaces. 

A t 250 and 300°C in degassed water, the 

coupl ing of Z i rca loy -2 to bery l l ium produced no 

major ef fect on either member of the couple. The 

beryl l ium specimens showed smal l weight in ­

creases and some shal low p i t t i ng (2.4 mi ls or less) 

on contact surfaces. However, in the presence of 

oxygen, at tack on the bery l l ium members was pro­

nounced. A t 250°C, the def i lmed rate was 1.1 mpy 

after 120 days; at 300°C, the rate was lower, 0.5 

mpy. P i t s up to 4.0 and 6.4 mi ls in depth were 

measured on contact faces at 250 and 300°C re­

spec t ive ly . 

Bery l l ium coupled w i th type 347 s ta in less steel 

in degassed water at both temperatures underwent 

l i t t l e attack after 60 days. Specimens exh ib i ted 

s l igh t weight gains and mi ld p i t t ing on contact 

sur faces. The addi t ion of oxygen to the system 

resul ted in near-catastrophic at tack on the beryl­

l ium members of the couples, par t icu lar ly at 

250°C. The at tack assumed the form of massive 

p i t s , approximately 100 to 125 mi ls in depth, over 

a l l sur faces. Heavy tuberc les of wh i te corrosion 

product were much in ev idence. 

Bery l l ium oxide corroded at rates of 1.0 and 

1.2 mpy in degassed water at 250 and 300°C 

respec t i ve ly . In the presence of oxygen, a rate 

of 1.5 mpy was obtained at both temperatures. 

The corrosion was uniform on al l specimens, and 

attack rates decreased w i th t ime during the 120-

day test per iod. 

Corrosion in the Steam Generator of the HRE-2 

Corrosion assemblies which were exposed in 

the steam generators of the HRE-2 for nearly 

three and one-half years were removed after the 
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f i na l shutdown of the reactor in May 1961. These 

specimens were examined for evidence of corrosion 

damage, and a report of the f ind ings has been 

prepared. 

Three sta in less steel a l l oys , three carbon steel 

a l l oys , and two t i tanium a l loys were fabr icated 

into simple-beam-type corrosion test assembl ies . 

One member of each assembly was stressed to 

approximately 70% of i ts annealed y ie ld stress 

for tes t ing . Two simulated tube-to-tube-sheet 

jo ints were also fabr icated from type 347 s ta in less 

steel for inc lus ion in the study. 

The weight - loss determinat ions and metal lo-

graphic examinations of these mater ials indicated 

that the sta in less steels (types 347, 309 SCb, and 

Croloy 16-1) and t i tan ium a l loys 55A and 75A 

were not corroded s ign i f i can t l y (<0.1 mpy) in the 

steam generators. The carbon steel a l loys (A212 

grade B, A105 grade 2 , and A106 grade B) showed 

average corrosion rates of approximately 0.3 mpy, 

wi th only scattered l ight p i t t ing and crev ice cor­

ros ion. 

The minor damage observed on these test spec i ­

mens indicates that many more years of useful 

serv ice l i fe could have been expected from the 

steam generators of the HRE-2 . 

These resul ts show that carbon steel components 

can give sat isfactory serv ice in homogeneous 

reactor steam generators, provided that good water-

treatment pract ices, inc luding the use of an 

oxygen scavenger such as hydrazine, are carr ied 

out. The absence of stress-corrosion cracking of 

the aus ten i t i c s ta in less steels indicates that 

chlor ide levels of 1 ppm or less , as maintained 

in the boi ler water, and the e l iminat ion of oxygen 

from the system w i l l e f fec t i ve ly prevent crack ing 

in high-temperature boi ler water. 

EFFECT OF HEAT FLUX ON THE CORROSION 
OF ALUMINUM BY WATER 

High Flux Isotope Reactor Tests 

The test ing program for determining the adequacy 

of aluminum cladding for fuel elements to be used 

P . D. Neumann, Examination of HRE-2 Steam Gener­
ator Corrosion Assemblies, ORNL TM-105 (to be 
issued) , 

p 
P . D. Neumann, Water Treatment in Aqueous Homo­

geneous Reactors, Experience in HRE-2, ORNL CF-
61-1-19 (Jan. 26, 1961). 

in the High F lux Isotope Reactor (HFIR) was com­

p le ted, and the experimental procedure and the 

resul ts were presented in deta i l in a series of 
o 

reports. 

The ef fect of very high heat f luxes on the cor­

rosion of types 1100 and 6061 aluminum a l loys 

was determined under a range of cond i t ions 

bracket ing those that w i l l ex i s t dur ing operat ion 

of the HF IR . A t heat f luxes between 1 x 10* 

and 2 x 10 Btu hr~ f t " and w i th coolant tem­

peratures and ve loc i t ies in the range 131 to 250°F 

and 31 to 51 fps , respect ive ly , a layer of boehmite 

( a - A l j O j ' H . O ) , which has a low thermal conduc­

t i v i t y , formed on the water-cooled aluminum sur­

faces. With constant cond i t ions, the oxide accu­

mulated at a constant rate during ten-day tes ts . 

The rate at which the boehmite formed on the 

surface (and consequently the rate at which the 

aluminum temperature increased) was a funct ion 

of the temperature at the specimen-water interface 

and the pH of the coolant . The lower the tempera­

ture and the lower the pH ( in the range 5.0 to 6.5 

w i th HNO, ) , the lower the rate of corrosion-product 

format ion. Within the ranges 300 to 900 psi and 

31 to 51 fps, pressure and f low rate were without 

e f fect . When only re la t i ve ly th in f i lms formed, 

the boehmite was nearly transparent and adhered 

t igh t l y to the aluminum. On the other hand, when 

the f i lms were re la t ive ly th ick (2 to 3 mi ls ) , some 

of the oxide spontaneously spo i led from the 

surface. 

In those cases where the pH of the coolant was 

5.0 or 5.3, corrosion penetrat ion was uniform and, 

even under the most severe cond i t ions , d id not 

exceed 1.5 mi ls in ten days. Where the rate of 

oxide formation was high and oxide spoi led from 

the surface, local ized at tack of the aluminum in 

the form of subsurface voids extending several 

mi ls into the metal was a lways observed. 

From the experimental data, f l u id - f i lm heat 

transfer coef f ic ients were ca lcu la ted and the 

thermal conduct iv i ty of the corrosion product was 

est imated. The f l u id - f i lm heat transfer coe f f i -

J. C. Griess , H. C. Savage, et al.. Effect of Heat 
Flux on the Corrosion of Aluminum by Water, Part 1. 
Experimental Equipment and Preliminary Test Results, 
ORNL-2939 (Apr. 29, 1960); Part II. Influence of Water 
Temperature, Velocity, and pH on Corrosion Product 
Formation, ORNL-3056 (Feb . 10, 1961); Part III. Final 
Report on Tests Relative to the High Flux Isotope 
Reactor, ORNL-3230 (Dec. 5, 1961). 
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cients were in good agreement w i th those deter­

mined by others under s imi lar cond i t ions , and 

a value of 1.3 ± 0 . 2 Btu h r " ' f t - ^ ( ° F ) - ^ f t was 

obtained as the thermal conduct iv i ty of the cor­

rosion-product f i l m . 

A l though 1100 and 6061 aluminum demonstrated 

ident ica l corrosion behavior, 6061 aluminum was 

the preferred a l loy because of its better me­

chanical properties at reactor operat ing tempera­

tures. The resul ts obtained from th is study ind i ­

cate that 6061 aluminum w i l l be a sat is factory 

c ladding material for the HFIR fuel p la tes , pro­

vided the pH of the coolant is maintained at 5.0 

or even 5.3 wi th n i t r ic ac i d . Corrosion damage, 

per se, does not appear to be a problem, and 

although somewhat excess ive temperatures are 

probable at the hot spots, the great major i ty of 

the fuel plates w i l l operate at reasonable tempera­

tures. 

Advanced Test Reactor Tests 

The Advanced Test Reactor (ATR) is a h igh-

performance reactor to be bu i l t by the A E C in 

Idaho. The reactor has many features s imi lar to 

those of the HFIR, inc luding fuel elements com­

posed of th in uranium-bearing p lates, which w i l l 

produce heat f luxes as high as 1.5 x 10 Btu hr~ 

f t " . Present est imates indicate fuel-element 

surface temperatures as high as 180 to 195°C at 

the start of a 17-day reactor cyc le . As wi th the 

HFIR, economic considerat ions make aluminum 

the most desirable c ladding mater ia l , provided 

adequate corrosion resistance can be demon­

st ra ted. Al though aluminum appears to be sui table 

for use in the HFIR, i ts use in the ATR is prob­

lemat ical because of the higher temperature (180 

to 195°C vs 173°C) and longer fuel cyc le (17 days 

vs 10 to 15 days) in the ATR than in the HFIR. 

Thus i t is necessary to determine the corrosion 

behavior of cer ta in commercial ly ava i lab le a lu­

minum a l loys under condi t ions approximating those 

that w i l l ex is t during operation of the A T R . Such 

a program has been star ted, and the resu l ts ob­

tained to date are summarized below. The test 

equipment and the procedures were the same as 

those used in the HFIR program. However, to 

expedite the acqu is i t ion of data a second test 

'"W. R. Gombill and R. D. Bundy, HFIR Heat-
Transfer Studies of Turbulent Water Flow in Thin 
Rectangular Channels. ORNL-3079 (June 5, 1961). 

f a c i l i t y , inc luding a type 347 s ta in less steel pump 

loop, power supply, and necessary instrumentat ion, 

was const ructed. 

Prel iminary tests conducted in the o ld loop 

y ie lded resul ts s imi lar to those expected from an 

extrapolat ion of the HFIR data; that i s , at the 

higher surface temperatures higher rates of oxide 

formation were observed. However, at the higher 

temperatures the rates of temperature increase 

were essent ia l l y parabol ic , rather than l inear as 

observed in most of the HFIR tes ts . When the 

corrosion-product f i lms became 2 to 3 mi ls th i ck , 

spa l la t i on of the oxide occurred on both 6061 and 

X8001 aluminum, the only two a l loys examined. 

When the condi t ions were the same, the rates of 

ox ide accumulat ion on the two a l loys were essen­

t i a l l y the same. One important d i f ference between 

the two a l l oys , however, was tha t , whenever oxide 

spoi led spontaneously from 6061 specimens, lo­

ca l i zed attack of the under ly ing metal was found, 

whereas wi th X8001 specimens, only very uniform 

corrosion was observed. 

Under ident ica l cond i t ions , tes ts conducted in 

the newly constructed loop cons is ten t ly showed 

s ign i f i can t l y lower rates of oxide accumulat ion 

than were observed in the old loop, even though 

no di f ference could be detected in the composi t ion 

of the coolant . Th is fact is i l lus t ra ted in F i g . 

10 .1 , where the temperature of an X8001 aluminum 

specimen from each loop is p lot ted against the 

exposure t ime. In both cases the operat ing con­

d i t ions were the same, and the temperature plotted 

is the average temperature determined by two 

thermocouples attached to the outs ide of each 

specimen at the ax ia l midpoint . 

V isua l examinat ion of the test specimens at the 

end of the two runs showed that the specimens 

from the old loop had a smooth, adherent black 

f i l m , whereas those from the new loop were a lso 

smooth and adherent but brownish. The appear­

ances of the specimens from each of the two loops 

were always the same. When metal lographic sec­

t ions of the specimens were prepared, a th in 

deposi t over ly ing the boehmite f i lm was a lways 

found on the specimens from the new loop, but 

never on the specimens from the old loop. F igure 

10.2 shows photomicrographs of t ransverse sec­

t ions taken from the specimens used to conduct 

the tes ts , the resul ts of wh ich are shown in F i g . 

10 .1 . The addi t ional phase on the surface from 

the new loop, although t h i n , is c lear ly v i s i b l e in 
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Fig. 10.1. Temperatures Observed at the Axial Midpoint on Test Specimens Exposed In the Old and New Test 

Loops. 

the bottom photomicrograph. Note that the mag­

n i f i ca t ion on the photomicrograph of the specimen 

from the new loop is three t imes that on the one 

from the old loop. The br ight par t ic les entrapped 

in the boehmite in the bottom photo are inter-

metal l ic compounds which are present in the a l loy 

and are not corroded in tes t . The metal lographic 

sect ion used for the upper photo was etched wi th 

1% H F , which d isso lved the in termeta l l ic phase, 

leaving only holes in the boehmite. 

A l though the material on the surface of the 

boehmite has not been iden t i f ied , i t appears to 

be r ich in i ron. Since the deposi t was associated 

only w i th the new loop, which had not been run 

at high temperature, i t seemed poss ib le that some 

component removed by the water from the new 

s ta in less steel surface was deposi ted on the 

boehmite and that th is f i lm was responsib le for 

the lower rate of oxide formation in the new loop. 

To invest igate the above poss ib i l i t y the new 

loop wi thout an aluminum specimen was operated 

for four days wi th deionized water conta in ing 2 

to 4 ppm oxygen at 275°C to develop a th in 

corrosion-product f i lm on a l l s ta in less steel sur­

faces, and a bed of new, type 347 s ta in less steel 

turnings was placed in the old loop. Then 

standard tests wi th X8001 specimens were started 

under condi t ions nearly ident ica l to those referred 

to in F i g . 10 .1 . The average temperatures meas­

ured on the outs ide of the specimens are shown 

in F i g . 10.3. (Note that the scale on the graph 

has been expanded over that in F i g . 10.1.) A l ­

though the tests were not run as long as were 

those shown in F i g . 10.1 , i t can be noted that the 

above experimental procedure resul ted in a re­

versal in behavior of the two loops; that i s , the 

rate of oxide accumulat ion on the specimen ex­

posed in the old loop w i th the large surface area 

of new sta in less steel was less than that in the 

new loop after pretreatment. 

The specimens have not yet been fu l l y examined, 

but the surface f i lms on both specimens were dark, 

OS has been the case w i th a l l X8001 specimens 

exposed in the old loop. There was no trace of 

the brownish surface deposi t , character is t ic of 

the specimens exposed in the new loop, on either 

specimen. 

A l though it is too early to draw de f in i te con­

c lus ions , i t appears that a large surface area of 

new sta in less steel exposed to the water used to 

cool the aluminum produced a benef ic ia l ef fect by 

reducing the rate at wh ich oxide formed on the 

surface of the aluminum and, presumably, by re­

ducing the corrosion rate. 

Future tests w i l l be concerned w i th the ver i f i ca ­

t ion of the above resul ts and, in general , w i th a 
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Fig. 10.2. {a) Transverse Section from X8001 Aluminum Specimen Exposed in the Old Loop; 250X; (6) Section 

From Specimen Exposed in New Loop; 750X; Note Presence of Additional Phase on Aluminum Oxide. 
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search for pract ical means by which ox ide accumu­

lat ion rates, and thereby fuel-element temperature, 

can be min imized. 

SERVICE CORROSION 

Corrosion Tests in Support of Power Reactor 

Fuel Element Processing 

These tests support the development programs 

concerned w i th the aqueous processing of spent 

power reactor fuel elements and w i th the treatment 

and storage of rad ioact ive waste so lut ions o r ig i ­

nating from such processes. The corrosion re­

s is tance of many metals and a l loys potent ia l ly 

su i table for containers for various d i sso lu t ion 

processes or for storage of waste so lu t ions has 

been determined under condi t ions s imula t ing those 

that would ex i s t in d i f ferent processing p lants . 

During the past year, tests have been carr ied 

out in support of the fo l low ing aqueous processes 

which are either developed or under development 

by the Chemical Technology D i v i s i on : Thorex, 

Sul fex, Darex, Perf lex, Z i r f l ex , and var ious modi­

f i ca t ions and combinat ions of these processes. 

Tests in simulated waste solut ions that would be 

stored as such, and experiments to determine the 

corrosion resistance of mater ia ls poss ib ly su i tab le 

for equipment used in the evaporat ion and ca lc ina­

t ion of cer ta in waste solut ions have been con­

ducted. A l s o , tests have been run in gaseous 

hydrogen chlor ide and carbon te t rach lor ide to 

determine the corrosion res is tance of several 

a l loys that might f ind use in the Z i r c e x process. 

The tes t ing program is an integral part of the 

development work on the var ious processes, and 

as such the pert inent resul ts obtained from the 

corrosion tests are included in the reports issued 

by the Chemical Technology D i v i s i o n . 

Corrosion Studies for the Transuranium 

Processing Facil i ty 

Exploratory corrosion tests have been started 

to evaluate the behavior of various potent ia l 

mater ia ls for use in the fabr ica t ion of process 

equipment for the transuranium processing fa­

c i l i t y , the major funct ion of which w i l l be the 

processing of i rradiated High F lux Isotope Reactor 

R. E. B lanco , Chemical Development Section B 
Monthly Progress Report, ORNL CF-61-2-61 (January 
1961); ORNL CF-61-3-50 (February 1961); ORNL C F -
61-4-108 (March 1961). Chemical Development Section 
B Quarterly Progress Report, ORNL TM-1 ( A p r i l - J u n e 
1961); ORNL TM-81 (Ju l y -Sep tember 1961). 
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target rods for recovery of Pu, Am, Cm, Bk, Cf, 

and Es. The separation of these elements from 

the rare earths and par t ia l ly from each other w i l l 

be made in solut ions conta in ing high concentra­

t ions of ch lor ide ions. 

A l i terature survey was made to select mater ials 

that offered promise of su i tab le corrosion res is t ­

ance to h igh-chlor ide-conta in ing so lu t ions . Cor­

rosion tests were then carr ied out w i th these 

mater ials in simulated process so lu t ions . Tab le 

10.1 l i s ts the more important resul ts obtained. 

Specimens were exposed in the so lu t ion , at the 

inter face, and in the vapor above the so lu t ion . 

The reported rates were the highest values 

Table 10.1. Summary of Corrosion Test Data for Transuranium Processing Facility 

Material Medium 
Temperature 

(°C) 

Time 

(hr) Corrosion Rate 

Hastelloy C 

Zirconium 

Hastelloy C 

Hastelloy C 

Haynes 21 

Haynes 25 

Zirconium ^ 

3 M HC I -O , 

3 M HCI-1 M HNO3-O2 

8 M HNO3-O2 

43 

43 

43 

336 

336 

336 

13 
<0.1 

1 

3 

0.1 

0.1 

Tantalum 

Zircaloy-2 

Zirconium 
6 M NCI (no Oj) 105 0.1 

<0.1 

Hastelloy B 

Molybdenum 

Zircaloy-2 

Zirconium 

6 M HCI-H2O2 105 

Niobium 

Zirconiun 6 M H C I - 0 , 
112 

105 

1 

<0.1 

Haynes 25 ^ 

Tantalum 

Titanium-55A 

Zircaloy-2 

Zirconium 

6 M HCI-8 M HN03(no O2) 105 

3 
nil 

3 

14 

165 

Chlorimet-2 

Hastelloy A 

Hastelloy B 

Tantalum 

10 M L iC I -0 .1 M H C I - 0 , 128 

5 

3 

3 

nil 

Hastelloy B 

Tantalum 

Niobium 

10 M L iCI -0 .1 M HCI-H2O2 

10 M L iCI -0 .5 M HCI2-O2 

128 

128 400 

44 

nil 

0.3 

Mils of penetration per month of exposure, calculated from weight losses of specimens. 

Flowing system. 

Specimens completely disintegrated. 
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observed, regardless of specimen position; usually 
the highest rates were obtained on the specimens 
exposed in the solution. 

Tantalum was the most resistant material tested; 
corrosion rates were negligible in all environ­
ments. Zircaloy-2 and zirconium were nearly com­
pletely resistant in either nitric or hydrochloric 
acid solutions but were unsatisfactory in mixtures 
of the two acids. Hastelloys B and C looked 
promising in certain of the solutions, as did 
niobium. 

Numerous other alloys were tested in the en­
vironments shown in Table 10.1; however, al l 
corroded at rates too high to permit serious con­
sideration. Even in less corrosive solutions such 
as the neutralized lithium chloride—aluminum ni­
trate systems, conventional materials such as the 
austenitic stainless steels exhibited either low 
corrosion rates with extensive pitting or high 
corrosion rates with no pitting. 

A joint effort with Chemical Technology Division 
personnel is in progress to examine the effect of 
high alpha radiation levels in solution on the 
corrosion behavior of prospective container ma­
terials such as Hastelloy B, Hastelloy C, tan­
talum, commercial-grade titanium, and Zircaloy-2. 
Preliminary results have been reported. 

Corrosion Studies in the Oak Ridge 
Research Reactor 

In a continuation of the service furnished to the 
ORR, some long-term corrosion tests were com­
pleted. A group of aluminum alloy test specimens 
was removed from the reactor core for evaluation 
after an 8712-hr exposure. During this period the 
reactor was at power for 6630 hr and produced a 
total of 120,217 Mwhr. No significant corrosion 
was observed on any of the aluminum alloys (1100, 
3003, 5052, 5154, and 6061). Corrosion rates were 
all below 0.1 mpy. 

Similarly, aluminum test specimens exposed in 
the core cooling-water strainer for 10,600 hr re­
vealed no change in corrosion behavior from that 
observed after shorter exposures. Corrosion rates 

R. D. Boybarz, Corrosion of Metals Exposed to 
Chloride Solutions Containing High Alpha, ORNL TM-
100 (to be issued) . 

of less than 0.1 mpy were measured on all alu­
minum alloys (1100, 3003, 5154, 6061) at this 
location. 

Another group of aluminum specimens (1100, 
3003, 5154, 6061) was removed from the secondary 
cooling water for the pool heat exchanger after 
13,440 hr. As in tests for shorter periods, cor­
rosion rates of less than 0.1 mpy were observed. 

In view of the results obtained during the past 
year and those previously reported, it is con­
cluded that the structural material in the ORR 
should give many years of service free from major 
corrosion problems, provided current water-treat­
ment practices are continued. 

Acceptance Tests 

Considerable effort was expended in conducting 
various material acceptance tests for a number 
of ORNL and Y-12 programs. Approximately 475 
boiling 65% HNO3 tests (ASTM:A262-55T) were 
run on austenitic stainless steels. Nearly 75% 
of these were for the High-Radiation-Level Ex­
amination Laboratory (HRLEL). In addition, 510 
electrolytic oxalic acid tests (ASTM:A262-55T) 
were made; the majority of these were on type 
304L stainless steel for the HRLEL. 

Miscellany 

Short corrosion tests on materials used in 
specific applications were conducted for various 
divisions and projects. These included a deter­
mination of the corrosion of the stainless steel 
cladding on UO2 fuel rods and the leaching of 
uranium by high-temperature water from defective 
rods; a demonstration of the susceptibility of the 
type 304 stainless steel pipe used in the NS 
"Savannah" to stress-corrosion cracking in 
aqueous environments containing low concentra­
tions of chloride ions; tests to show the beneficial 
effect of a proprietary surface coating in mini­
mizing corrosion of the EGCR pressure vessel in 
marine atmospheres during shipment; and static 
and dynamic tests with several materials for 
specific applications in the High Flux Isotope 
Reactor. 

P. D. Neumann, Corrosion of Aluminum Alloys in 
the ORR, ORNL-3151 (May 18, 1961). 
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11. Surface Chemistry of Thoria in Dilute 
Aqueous Electrolytic Solutions 

C. H. Secoy F. H. Sweeton H. F. Holmes 

IONIC ADSORPTION EQUILIBRIA 

A method for determining the adsorption equ i l ib ­

rium between T h O j and e lec t ro ly t i c solut ions has 

been studied. The general approach has been to 

determine the amount of e lec t ro ly te lost from an 

e lec t ro ly t i c solut ion equi l ibrated wi th spec ia l ly 

prepared T h O j - The composi t ion of the equ i l i ­

brated solut ion has been fo l lowed by ac id i ty 

measurements supplemented by e lec t ro ly t i c con­

duc t i v i t y measurements. The tests so far have 

been confined to n i t r ic acid at room temperature. 

The adsorption ce l l used to equi l ibrate the so l id 

and the solut ion is shown in F ig . 11 .1 . The 

Mi l l i pore f i l te r is mounted as shown on top of a 

Tef lon supporting d isk having t iny radial and 

c i rcumferent ia l grooves so arranged that the f i l ­

t rate can f low out the bottom f i t t i n g . Th i s arrange­

ment lets the f i l t ra te out w i th a minimum of holdup 

volume and supports the f i l te r adequately, even 

wi th 1 atm of pressure across i t . The f i l t ra t ion 

pressure is suppl ied by pur i f ied compressed air 

admitted through an a l ternate plug in the top of 

the c e l l . 

Two pH ce l ls were used. The f i rs t had a poly­

styrene body holding the g lass electrode and a 

glass attachment which could form a f lat l iqu id 

junct ion with the saturated KCI solut ion of the 

calomel e lectrode. The second cel l consisted of 

a Tef lon block wi th machined f i t t ings seal ing the 

glass and calomel electrodes in a stream of the 

solut ion f lowing through the b lock. 

The f i rs t of two conductance ce l l s was con­

structed of machined Tef lon and plat inum parts 

clamped together to form a ce l l w i th a volume of 

about 0.4 ml and a ce l l constant of about 2.6 c m " . 

The second cel l was constructed of Pyrex wi th 

UNCLASSIFIED 
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5cm 

ALTERNATE PLUG FOR 
Ng ADDITION (ALL METAL) 

TEFLON PLUG 

TEFLON END SEAL 

BRASS PLATE 

BRASS BOLT 

PYREX PIPE 

MILLIPORE FILTER 

RADIAL AND CIRCULAR 
GROOVES FOR FILTRATE FLOW 

Fig. 11.1. Adsorption Cel l . 

th in sealed-in plat inum elect rodes. I ts volume 

was about 0.2 ml , and i ts ce l l constant was about 

50 c m - ' . 

The T h O j used had been prepared by chemi­

ca l l y breaking up par t ic les of T h O , prepared from 

F. H. Sweeton and C. H. Secoy, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127 , pp 7 0 - 7 1 . 
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the oxalate. The par t ic les in the sample were 

between 2000 and 3000 A in e f fec t ive diameter. 

The spec i f ic surface area, as measured by nitrogen 

adsorpt ion, was 6.87 m / g . Th is sample, amount­

ing to 7 g, was used in i ts ent i rety in each of the 

tes ts ; a total of about 6.3% of i t was lost in the 

course of the whole ser ies. 

In the f i rs t runs the sol id and the solut ion in 

the adsorpt ion ce l l were mixed by mounting the 

ce l l on a 60-rpm motor-driven shaft in such a way 

that the ce l l rotated end-over-end. In each case 

the sample was treated tw ice wi th d i lu te KOH 

(1 to 10 mM) in the adsorpt ion cel l to free the 

T h O j of adsorbed C02- Then, after the sol id was 

washed wi th several batches of d i s t i l l ed water to 

remove the KOH, known amounts of n i t r ic acid and 

water were added. The slurry was mixed for at 

least 20 min and then a sample of f i l t ra te was 

transferred through glass and Tef lon tubing to the 

Tef lon conductance ce l l and the polystyrene pH 

c e l l . Addi t ional values were determined by re­

peating wi th more water and ac id . 

The resul ts of runs 2A and 28 can be seen in 

F ig . 11.2. The equi l ibr ium concentrat ion of HNO3 

in solut ion was taken as equal to the ant i log of 

the negative pH reading. The fract ion of coverage 

was obtained by d iv id ing the equivalents of ac id 

016 
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adsorbed by the to ta l absorbable, assuming that 

complete adsorption would amount to 21.3 x 10~ 

moles/m (ref 2). The chronological sequence 

of the plotted points is indicated by the arrows on 

the l ines connecting the po in ts . The large incre­

ments in pH represent addi t ions of both ac id and 

water; the points c lose together were obtained 

after adding water alone or just further mix ing. 

Two main changes in technique were introduced 

wi th run 3 to see whether the apparent adsorption 

would change. The T h O j was pur i f ied outside 

the adsorpt ion ce l l wh i l e in the form of a f i l te r 

cake, and a commercial paint shaker was used to 

mix the s lurry. The shaker was used for only 2 to 

10 min at a t ime, since i t was very e f fec t ive . At 

th is some time the g lass conduct iv i ty ce l l and the 

Tef lon pH cel l were inc identa l l y subst i tuted for 

the previously used c e l l s . 

The data of run 3 di f fered great ly from the 

previous data, as is evident from the f igure. The 

primary ef fect was a great decrease in apparent 

adsorpt ion. A lso , the f i rs t part of the new curve 

was more errat ic , wh i le the last part was more 

se l f -cons is tent . V isua l observat ions indicated 

that the paint shaker great ly improved the mix ing. 

However, c leaning the T h O j surface wh i le the 

T h 0 2 was outs ide the adsorpt ion cel l was not 

sat is factory , because the method was too slow and 

required more care to prevent CO2 contaminat ion. 

Runs 4 and 5 u t i l i zed the paint shaker as in 

run 3 and the ThOj -c lean ing methods of runs 2A 

and 2B. As can be seen in the f igure, the data 

for these last two runs fe l l between those of the 

earl ier one. The new data form two curves which are 

much smoother; in the region of 3 to 5 pH uni ts 

these two curves are mutual ly consistent to w i th in 

0.005 unit on the f ract ional coverage scale and to 

w i th in 10% of their own va lues. L i k e l y explana­

t ions can be made of why the data from the ear l ier 

runs dif fer from these last two. The apparent ad­

sorption of runs 2A and 2B could have been high 

because the mixing was inadequate for complete 

removal of the a lka l i during the washing steps. 

The apparently low adsorption data of run 3 might 

have been caused by CO2 contaminat ion of the 

treated T h O j f i l ter cake, which had been held for 

about a month before the adsorpt ion tests were 

made. 

Fig. 11.2. Adsorption of HNO3 on ThOj. 

This is compatible with the absorbability of four 
monovalent groups on one face of the ThO- face-cen­
tered unit ce l l . 
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The last two runs appear to indicate a reason­

ably sel f -consistent method for the desired study 

of ionic adsorption on T h O j - Th is consis tency 

having been achieved, the next step is to look 

further into the adequacy of T h 0 2 samples for such 

adsorpt ion tes ts . It is necessary that the adsorp­

t ion measured be related to the outside surface of 

the part ic le and not to any internal surface. 

Work is in progress to prepare T h 0 2 samples 

which are expected to have l i t t l e or no internal 

surface. The f i rs t such effort is w i th arc-fused 

Th02- A sample of the fused material has been 

obtained by hand separation of p ieces in a par­

t i a l l y crushed sample of mixed fused and unfused 

T h O j . The selected material is being crushed in 

a bal l m i l l w i th steel ba l l s , and the product after 

separation of iron impuri t ies is being c lass i f i ed 

by e lu t r ia t ion methods. 

HEAT OF WETTING OF THORIUM OXIDE 

Work on the adiabot ic calorimeter for use wi th 

aqueous systems up to 250°C is cont inu ing. Sev­

eral important modi f icat ions have been made in 

the or ig inal des ign. The creep strength of copper, 

which had been neglected in the in i t ia l design 

ca lcu la t ions , is such that i t w i l l be impossible to 

construct a copper calorimeter vessel which would 

have the desired thermal charac ter is t i cs . Ac­

cord ingly , the calorimeter vessel is to be fabr i ­

cated from Inconel X. The exterior w i l l be given 

a th ick p lat ing of copper, which w i l l be covered 

by a t h in , h ighly re f lect ing gold p late. The in­

terior of the calorimeter vessel w i l l be covered 

wi th a nonporous plat inum coat ing obtained by the 

vapor-phase decomposit ion of plat inum chloro-

corbonyl . The material used in the reference 

block to provide thermal damping w i l l be a pott ing 

compound. S i las t ic R T V 5 0 1 , rather than the 

or ig ina l l y intended mater ia l . Te f lon . The thermal 

propert ies of S i las t ic RTV501 are, for a l l pract ical 

purposes, as good as those of Te f l on . The use of 

th is pott ing compound in place of Tef lon w i l l 

make construct ion of the reference block more 

economical and less d i f f i cu l t . Samples of Si last ic 

The cooperation of R. A. McNees of the Metallurgy 
Division in providing the ball-milling service is grate­
fully acknowledged. 

H. F. Holmes and C. H. Secoy, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127, pp 7 2 -
73. 

RTV501 have been tested for thermal s tab i l i t y at 

250°C, and construct ion of the reference block is 

in progress. 

The e lec t r i ca l ca l ibra t ion console has been 

constructed and is in use wi th the room-tempera­

ture calor imeter. The power source for the elec­

t r i ca l ca l ib ra t ion is four 6-v lead storage bat ter ies 

in para l le l . The vol tage drops across the standard 

resistor and the calorimeter heater ore measured 

with a Leeds and Northrup type K-3 potentiometer 

and an e lect ron ic nul l detector. Heating current 

can be var ied w i th a Dekastat var iable resistor in 

series wi th the vol tage source. The durat ion of 

the heating cyc le is measured wi th a s ix -d ig i t 

e lectronic counter having on accuracy of ±2 

counts in the last d i g i t . Th i s counter has been 

checked against the NBS standard frequency broad­

cast . Its tr igger c i r cu i t is connected across the 

calorimeter heater and the vol tage source; the 

counter is act ivated by the pos i t i ve pulse and is 

stopped by the negat ive pulse. Th is arrangement 

provides exact synchronizat ion of the counter and 

the calorimeter heater. At present th is counter is 

used on a range which g ives a t ime interval meas­

urement accurate to ±0.002 sec. The ca l ibra t ion 

console has given trouble-free service s ince i ts 

i n i t i a l use. 

One of the most important changes in the ad ia­

botic calorimeter has been the decis ion to return 

to the use of glass sample bulbs. The most im­

portant heat ef fect in using on evacuated sample 

container in an aqueous system at 250°C is the 

comparat ively large quant i ty of heat required to 

vapor ize enough water to f i l l the void space in 

the sample container. Th is ef fect w i l l be com­

pensated by the use of a f l ex ib le metal bel lows 

to break the sample bulb and exact ly compensate 

for the previously determined void volume in the 

sample bulb. In ef fect , th is w i l l amount to a 

constant-volume experiment. The convenience of 

glass sample bulbs and the ab i l i t y to compensate 

for the heat of vapor izat ion of water prompted the 

dec is ion . 

Work on the remaining phases of the adiabot ic 

calorimeter is cont inu ing. With the except ion of 

the control system for the o i l bath, a l l of the 

required instrumentat ion is on hand. Figure 11.3, 

a sect ion v iew of the assembled calorimeter bomb, 

shows a l l of the important ports, w i th the excep­

t ion of the vacuum va lve and the hydraul ic l ine to 

the metal be l lows. The thermocouple junct ions 
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Fig. 11.3. Section View of Assembled Calorimeter 

Bomb. 

w i l l be attached to the outs ide of the calorimeter 

as an integral part of the mechanical support. 

Figure 11.4 is a block diagram showing the rela­

t ionsh ip of the instrumentat ion required for the 

adiabot ic calor imeter. 

Several prel iminary measurements of the heat of 

wett ing of thorium oxide in water at 25°C have 

been mode w i th a re la t i ve ly simple calor imeter. 

The basic part of th is calor imeter is a 265-ml 

Dewar f lask connected to a brass p la te . Th is 

is suspended ins ide a jacket by nylon rods. Th is 

ent ire assembly is immersed in a thermostat ic 

water bath. The calorimeter contains a st i r rer , a 

cool ing c o i l , a heater w e l l , a thermometer w e l l , 

and a sample holder capable of holding f ive sample 

bulbs. The sample bulbs are broken against the 

bottom of the st irrer, which is dr iven by a syn­

chronous motor. 

The temperature-sensing device is a 100-ohm 

thermistor enclosed in a g lass probe. The thermis­

tor is used as a three-lead res is tance thermometer 

in conjunct ion wi th a Leeds and Northrup type 

G-2 Mueller br idge. The unbalance potent ia l of 

the bridge is ampl i f ied by a Ke i th ley model 149 

dc ampl i f ier . The output of th is ampl i f ier is fed 

to a zero-center str ip-chart recorder operating at a 

chart speed of 30 i n . / h r . In normal use the ampl i ­

f ier is operated at a gain such that fu l l sca le on 

the recorder is approximately 2 x 10" ' ' degree. 

Th is resul ts in a sens i t i v i t y of approximately 20 

microdegrees, which could be increased by one 

order of magnitude before the thermal noise of the 

e lec t r i ca l c i rcu i t would become object ionable. 

However, the present calorimeter is not capable 

of such extreme sens i t i v i t y . The e lec t r ica l c a l i ­

bration has been covered in a previous paragraph, 

as a l l of the instruments necessary for the opera­

t ion of th is calorimeter hove been ava i lab le from 

the instruments required for the adiabot ic ca lor im­

eter. 

Three samples of thorium oxide were prepared 

by the oxalate prec ip i ta t ion process and subse­

quent thermal decomposit ion (ORNL lot No. DT-

37-100). The samples were f i red for 4 hr at 650, 

1000, and 1400"C. Surface areas corresponding 

to the di f ferent f i r ing temperatures were 14.7, 

5.64, and 0.99 m / g , as determined by the BET 

nitrogen-adsorpt ion method. Water used for the 

wet t ing process was prepared by passing d i s t i l l ed 

water through a mixed-bed ion exchange column. 

Th is water had a pH of approximately 6.9 and on 

e lec t r ica l conduct iv i ty of 4.5 x 10~ ohm~ c m " 

or less . 

Samples were prepared by evacuat ing at a pres­

sure of 1 X 10~ mm Hg or less for 24 hr at 

temperatures of 200, 300, 400, and 500°C. The 

samples were contained in th in-wal led g loss 

sample bulbs and were sealed off under vacuum. 

The sample bulbs were blown from 5-mm-OD Pyrex 

tubing and had a wal l th ickness of 0.003 to 0.006 

in . and a diameter of 2 cm. They were shaped by 

being blown in a hemispherical graphite mold. 

Vo id volumes in the bulbs were determined by 

weighing in air and in water. 

The correct ion for the heat of bulb breaking was 

determined by breaking empty sample bulbs in 

the calor imeter. The mean obtained by breaking 

s ix evacuated sample bulbs was 0.554 joule wi th 

a standard deviat ion of 0.035 joule. In contrast , 

the value obtained by breaking three sample bulbs 

which had been sealed at atmospheric pressure 

was 0.123 joule w i th a standard dev iat ion of 0.034 

jou le . The value obtained for the evacuated 

bulbs agrees w i th in the experimental uncertainty 

wi th the value obtained by Mokrides and Hacker-

man. The di f ference between evacuated and non-

A. C. Mokr ides and N. Hockerman, / . Phys, Chem. 
6 3 , 594 (1959). 
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evacuated bulbs has been noted by others. The 

uncertainty associated w i th th is correct ion is 

annoying; i t amounts to only about 0 . 1 % in the 

case of the higher-surface-area samples, but can 

be as high as 2% in the case of the low-surface-

area samples. It was also found necessary to 

apply a small correct ion for the heat produced by 

manipulat ing the sample holder during the bulb-

breaking process. 

Resul ts of the measurements to date are sum­

marized in Table 11 .1 . The absolute values of 

the resul ts are probably correct to ±30%. Th is 

large uncertainty is due to the uncertainty in the 

absolute value of the surface area. Rela t ive 

values are probably cons is tent to a few percent. 

Al though the prec is ion of the resu l ts leaves 

l i t t l e to be desi red, the accuracy of the ca lo r i ­

metric measurements is probably no better than 4 

or 5%. Although th is is comparable wi th the 

calor imetr ic accuracy of the major i ty of reported 

measurements of heats of wet t ing, i t is not suf­

f i c ien t to enable accurate determination of tem­

perature coef f i c ien ts , heats of ionic adsorpt ion. 

and heat of wett ing as a funct ion of surface cover­

age. As a part ia l check on the calor imetr ic re­

su l ts , the heat of solut ion of barium chlor ide in 

water to give a 0.01 m solut ion was determined. 

The mean of three measurements was 3112 ca l /mo le 

wi th a standard deviat ion of 79 ca l /mo le . Cr iss 

and Cobble have reported a value of 3037 ± 19 

ca l /mo le for th is same react ion. The heat of so lu ­

t ion of barium chlor ide also provided a check on 

the thermal character is t ics of the calor imeter. 

From the shape of the t ime-temperature curves i t 

is bel ieved that the most ob ject ionable feature of 

the present calor imetr ic apparatus is the slow rate 

of at ta in ing thermal equi l ib r ium after a react ion 

per iod. It w i l l be necessary to reduce th is in 

order to invest igate the poss ib i l i t y of a slow heat 

evolut ion in the wet t ing process. An increase in 

the rate of at ta in ing thermal equi l ibr ium should 

also resul t in more accurate calor imetr ic measure­

ments. Present work is directed toward reducing 

the t ime necessary to at ta in thermal equi l ibr ium 

and toward complet ion of the study of the ef fect 

of pretreatment on the heat of wet t ing of thorium 

oxide. 

F. E. Bortell and R. M. Suggitt, / . Phys. Chem. 58, 
36 (1954). 

' p . H. Emmett, / . Phys. Chem. 63, 449 (1959). 
C. M. Criss and J. W. Cobble, / . Am. Chem. Soc. 83, 

3223 (1961). 

Table 11.1. Heat of Wetting of Thorium Oxide in Water at 2 S t 

Firing 

Temperature 

650 

1000 

1400 

Surface Area 

(mVg) 

14.7 

5.64 

0.99 

Heat of We 

200"C 

718, 716 

711, 720 

698, 688 

tting 
2 

(ergs/cm ) at Spec 

300"C 

795, 801, 796 

809, 790 

782, 743 

ified Outgassing 

400"C 

928 

989 

867 

Tei mperature 

500"C 

950, 949 

805, 832 
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12. Investigation of the Compatibility of 
Coated Fuel Particles and Coated 

Matrices with Liquid Coolants 

An investigation of the compatibility of coated 
fuel particles and coated matrices with liquid 
coolants has been initiated. The study was 
prompted by the encouraging results of investiga­
tions related to gas-cooled reactor systems, which 
have demonstrated that fissionable materials such 
as UOj and UC, may be given coatings which 
protect them from reaction with the environment 
and, moreover, retain the fission products for 
reasonably long periods. Such coated fuel 
particles incorporated into a graphite or ceramic 
fuel element which could be cooled by conventional 
liquid coolants (such as pressurized water, organic 
liquids, molten salts, or liquid metals) might offer 
several important advantages over metal-clad 
fuels; examples are improved heat transfer, lower 
maintenance costs, and more economical fuel 
reprocessing. 

The init ial phase of the investigation is the 
out-of-pile evaluation of unclad graphite matrices 
in which are incorporated spherical particles of 
Al jOj-coated UOj or pyrolytic-carbon-coated UCj 

from commercial vendors. Comparison tests are 
being conducted with unfueled matrix materials. 

One lot of 150-/i spherical UC2 particles coated 
with ~70 pt of pyrolytically deposited carbon was 
procured from National Carbon Company (NCC), 
and a batch of '^200-^ spherical UOj particles 
coated with ~40 (i of A L O , was purchased from 
Nuclear Materials and Equipment Corporation 
(NUMEC). Both types were obtained for incorpora­
tion in graphite matrices. They were examined 
for surface contamination by alpha assay, for 
coating integrity by leaching in nitric acid and 
thermal cycling, and for uniformity of coating 
thickness by microscopic examination after cross-
sectioning. Results of the examinations are shown 
in Table 12.1. Both materials are regarded as 
satisfactory. 

Major work during the period was directed toward 
modification of existing equipment and procure­
ment of new equipment and materials for initiating 
the test programs. 

Table 12 .1 . General Information on As-Received Coated Part icles 

A l j O 3-Coated 

Spherical U 0 _ 

Py ro l y t i c -Carbon-

Coated Spherical U C , 

Supplier 

L o t No. 

V isua l appearance 

Nature of coat ing 

Nominal coat ing t h i c kness , fj. 

Nominal core-par t ic le s i ze , fl 

NUMEC 

915 

Gray, sur face knobby 

T rans lucen t , cont inuous 

40 

200 

NCC 

NCC-201 

D u l l , smooth 

Duplex, uni form 

70 

150 
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Table 12.1 (continued) 

Al_0,-Coated Pyrolytic-Carbon-

Spherical UO. Coated Spherical UC 

Surface contamination. None detected 6 

alpha counts/min per g of particles 

Uranium removed by HNO- leach, 

mg of U per g of particles 

A. New particles None detected 0.17 

B. After thermal treatment None detected* 0.0008"^ 

"Leached 8 hr in 1:1 HNO3 at 95°C. 

*Heated at 650°C for 48 hr. 

"^Thermal cycled between 1800°C and room temperature, three times. 

Coupon and rod-type specimens were fabricated 
of standard grades of nuclear graphite, AGOT, 
TSX, CEQ, ATJ, and special grades (TS-148, 
TS-160, FE-3, FE-4) of matrix graphites suitable 
for supporting coated fuel particles. Each special 
grade was baked at 1400, 2000, and 2800°C. 
Similar fueled specimens as well as unfueled 
controls are being prepared by Speer Carbon 
Company. 

PRESSURIZED WATER AND 
ORGANIC COOLANTS 

The above specimens are to be exposed in a 
pump loop capable of long-term operation at 360°C 
with pressurized water. The effects of coolant 
flow velocity, operating temperature, cover gas, 
and grain orientation in the graphite on matrix 
integrity and particle stability wi l l be determined. 
Similar tests w i l l be performed in a second pump 
loop with organic moderator-coolants at tempera­
tures up to ~700°F. Santowax R (Monsanto 
Chemical Company) has been chosen as the first 
organic coolant to be tested. The effects of fouling 
the graphite due to thermal and/or chemical 
polymerization of the organic liquids wi l l also be 
considered. The effects of heat flux wi l l be tested 
in both coolants in separate dynamic experiments 

National Carbon Company designations. 

using rod-type samples with electrical resistance 
heating. 

The use of electrical resistance heating for 
making such tests was successfully demonstrated 
with a A-in.-diam rod of spectrographically pure 
graphite placed axially in a stream of deoxygenated 
water flowing at 0.2 fps in a forced-flow test loop. 
The rod, with an effective surface area of 0.05 
ft , was heated to estimated surface temperatures 
of 300 to 370°C at bulk coolant temperatures of 
250 to 305°C; calculated heat fluxes were 135,000 
to 236,000 Btu hr-^ f f ^ 

MOLTEN FLUORIDE SALT COOLANTS 

Graphite or carbon matrix elements containing 
dispersed, coated fuel particles are attractive for 
use in high-performance power reactors cooled by 
molten fluoride salt. The excellent compatibility 
of fueled molten fluoride salt and 100% graphite 
has been reported in connection with the Molten-
Salt Reactor Experiment. 

Further compatibility studies are in progress at 
500 to 1000°C with barren fluoride melts. Various 
grades of graphite and carbon matrix materials. 

R. J. Sheil, R. B. Evans, and G. M. Watson, Molten 
Salt-Graphite Compatibility Test. Results of Physical 
and Chemical Measurements, ORNL CF-59-8-133 (Aug. 
31, 1959). 
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0AI2O3 and pyrolytic-carbon coating materials, 
alumina-coated UOj spheres, pyrolytic-carbon-
coated UCj spheres, and fueled compacts of these 
materials w i l l be tested. Cover gas wi l l be hy­
drogen, helium, or vacuum. 

Sapphire (A l jG j ) spheres (1000-fi diam) were 
exposed at 800°C for 1 hr to a water-contaminated 
NaF-KF mixture of nominally eutectic composition 
in a nickel crucible under vacuum in a torch-fired 

furnace. An init ial rapid reaction and gassing 
were observed. After posttest dissolution of the 
frozen salt in methanol, it was found that about 
20% of each sapphire single-crystal microsphere 
had been etched off. 

A similar test was made with LiF-NaF eutectic 
salt, believed free of water. In a test for 1 hr at 
800°C, and also after 1 hr at 900°C, no dimen­
sional change was found in the sapphire micro­
sphere specimens. 
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13. Hydriding of Zirconium-Base Alloys 

OUT-OF-PILE TESTING IN TOROIDS 

The toroid test program concerned with the 
variables associated with hydriding of zirconium 
alloys during exposure to circulating aqueous 
slurries of ThO, and Th-U oxides was completed, 
and a final report of the investigation is in pro­
cess. 

It was concluded that the rate and extent of 
hydriding of zirconium and zirconium-base alloys 
during exposure to circulating aqueous thoria and 
thoria-urania slurries at 200, 280, and 330°C were 
primarily dependent upon the type and overpressure 
of the gaseous atmosphere. Thus hydriding did 
not occur, even in toroids under oxidizing atmo­
spheres, and did not occur in the presence of 
dissolved hydrogen or oxygen when the specimens 
were continuously immersed in slurry in a dynamic 
loop, for example. The alternate fluid and gas 
exposure caused by the slug flow in a toroid was 
important in promoting hydriding. 

Other significant factors were temperature, flow 
velocity, exposure time, slurry type, and hydrogen 

E. L. Compere et al,, Reactor Chem, Div. Ann. 
Progr. Rept. ]an. 31. 1961. ORNL-3127, pp 103 -5 . 

2 
S. A. Reed et al., Hydndmg of Zirconium-Base 

Alloys During Exposure to Circulating Aqueous Thoria 
and Thoria-Urania Slurries (io be published a s an ORNL 
report). 

pressure. The temperature effect seemed to be 
maximum at about 280°C, less hydriding being 
observed at 330°C and none at 200°C. The rate 
and severity of hydride formation increased with 
flow velocity, exposure time, and hydrogen pres­
sure. Also, increased U/Th ratio drastically 
increased hydriding; Zircaloy-2 exposed to a 
slurry containing an oxide with U/Th = 0.13 under 
100 psi D, pressure hydrided catastrophically in 
300 hr at 280°C. 

Reaction of hydrogen with the alloys was 
initiated at localized areas of bare metal which 
had resulted from erosion of surface f i lm by the 
slurry. Hydriding progressed due to intergranular 
diffusion of hydrogen. Depending on conditions, 
the gaseous hydrogen as well as hydrogen from 
corrosion could participate in the hydride formation. 

Of the conventional al loys, coarse-grained 
Zircaloy-2 was most susceptible to hydriding. 
Fine-grained Zircaloy-2 and Zircaloy-3 were 
moderately hydrided. Only localized areas of 
zirconium hydride needles were observed in 
Zircaloy-4 and pure zirconium. Experimental 
binary alloys of zirconium with palladium (1 and 
0.1%) were grossly hydrided; similar alloys with 
platinum were only moderately hydrided. The 
alloy Zr—15% Nb was not detectably hydrided, 
although it was severely eroded under hydrogen 
atmosphere. 
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14. Thoria Pellet Test Program 

A test program was continued in cooperation 
with the Metallurgy and Chemical Technology 
Divisions to evaluate experimental preparations 
of pellets and sol-gel fragments of thoria. These 
materials are being considered for potential appli­
cation as blanket materials in a two-region breeder 
reactor. Standardized attrition tests with ball 
mil ls, spouted beds, and autoclaves were em­
ployed to determine the relative integrity of 88 
different experimental batches of ThO, pellets 
and of 27 samples of thoria sol-gel fragments. 

Data obtained during routine testing of the var­
ious samples have been reported in detail to the 
groups concerned with preparation of the materials, 
and results of many of the test series have been 
reported in HRP progress reports; consequently 
they wi l l not be reported here. However, following 
is a brief summary of test data obtained with one 
batch of pellets, designated code P-82, which 
have displayed a high degree of resistance to 
attrition and which consequently have been tested 
more extensively out-of-pile as well as in-pile. 

Techniques of fabrication of code P-82 pellets, 
which were developed by the Ceramics Group of 
the Metallurgy Division, have been reported 
previously. Physical properties of the pellets 
are shown in Table 14.1, and results of routine 
laboratory attrition tests are presented in Table 
14.2. 

^1. Spiewak et al., HRP QuarU Progr. Rept. Apr. 30, 
1960. ORNL-2947, p 32. 

2 
E. L. Compere et al.. Reactor Chem. Div. Ann. 

Progr. Rept. Jan. 31. 1961, ORNL-3127, p 96. 

' ' E . L . Compere et al., HRP Progr. Rept. Dec. 1. 
1960. to May 31. 1961, ORNL-3167, p 84. 

•̂ J. P . McBride et al., HRP Progr. Rept. Dec. 1. 
1960, to May 31. 1961, ORNL-3167, p 73. 

^R. A. McNees et al., HRP Progr. RepU Aug. 1 to 
Nov. 30, 1960, ORNL-3061, p 101. 

In addition to the routine evaluation tests, a 
series of laboratory fluidized-bed tests was con­
ducted at room temperature in 1- and 2-in.-ID 
glass columns with water as the fluidizing medium. 

Table 14 .1 . Physical Properties of 

Code P-82 T h 0 2 Pel lets 

Right Cylinders with Hemispherical Ends 

0.219- in. Diam X 0.205- in. Length 

Calcined at 1650°C for 2 hr 

Surface area ( B E T , krypton) 

Average pore radius 

(Hg intrusion, 760—770 mm) 

Pore volume (Hg intrusion) 

Density (Hg immersion) 

0.011 m V g 

0.964 fi 

0.0055 cc /g 

or 5.1 vol % 

9.49 g/cc 

Table 14.2. Attrition Rates of Code P-82 T h O j Pel lets 

in Various Accelerated Tests 

Test 

Average Weight 

Loss Rate 

(Vhr) 

Spouted bed (10 pellets); superficial 

velocity, 0.37 fps; two 1-hr 

exposures: 

Before autoclaving 

After autoclaving in water 

at 260°C 

at 350°C 

Ball mill (10 pel lets); 3 .75- in. - ID 

rubber-lined mil l , 150 rpm; 

twenty 1-hr exposures 

0.27 

0.49 

0.51 

1.12 
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Fluidization might well serve as one means of 
mixing the pellets, either continuously or inter­
mittently in a blanket system. Further, small 
fluidized beds could be used for in-pile testing 
of pellets to determine the combined effects of 
agitation and irradiation. Test data are presented 
in Figs. 14.1 and 14.2. Tests were limited by the 
availabil ity of pellets. 

UNCLASSIFIEIED 
ORNL-LR-DWG 66953 

0 ( 0 

UNCLASSIFIED 
ORNL-LR DWG 66952 

UNEXPANDED BED, ( x l in 

0.04 

0.02 

I 1000 

800 

600 

400 Q 

0 0 5 t o ( 5 2 0 

SUPERFICIAL WATER VELOCITY ( fps) 

F ig . 1 4 . 1 . Pellet Weight Loss Rates and Fluidized 

Bed Expansions at Various Superficial Ve loc i t ies . 

At a bed expansion of 30%, al l pellets were 
being uniformly agitated, and each pellet con­
tacted its neighbors almost continuously. Between 
impacts, acceleration of pellets by water to maxi­
mum velocities did not appear to be fully de­
veloped. As superficial flow velocity was 
increased, bed expansion increased, and pellets 
collided more violently. At a bed expansion of 
900%, pellets contacted one another only inter­
mittently except when occasional gluts were 
formed in the columns. Higher velocities would 
have resulted in bed elutriation. Bed expansions 
of 30, 100, 200, 400, and 900% were used (Fig. 
14.1). 

Attrit ion rates of pellets increased with super­
ficial water velocity up to 200% bed expansion, 
apparently due to increasing violence of collisions. 
As the velocity was increased, however, the 
increase in bed expansion resulted in less frequent 
coll isions, and the drag of the water on the pellet 
limited the maximum velocity. Consequently an 
inhibiting effect on attrition rate resulted, and the 
rate at 400% bed expansion was not much higher 

1.0 

0 5 

/ / 
1 

/ / 
/ 

> 
/ 

/ 
/ 

/ 

0 * ^ 

0.017o/hr GUIDELINE 

• 1x1 in BED; EXPANSION, 9 0 0 % ; 2.2fps 

A 2x2m BED, EXPANSION, 307o; 0.6 fps 

200 4 0 0 

TEST TIME (hr) 

6 0 0 800 

F ig . 14.2. Attrition of P-82 Pel lets in Fluidized 

Bed Tests as a Function of T ime. 

than the rate at 200%. Further increase in flow 
velocity to a bed expansion of 900% resulted in a 
decrease in attrition rate, in accordance with the 
above. 

Doubling the bed diameter and height had l i t t le 
effect on the wear rate of the pellets, the con­
trolling factor being flow velocity and resultant 
bed expansion. 

In two extreme cases, long-term tests (760 hr) 
were carried out (Fig. 14.2). A 2 x 2 in. bed 
expanded 30% (flow velocity 0.6 fps) gave an 
average wear rate at 760 hr which agreed with 
those observed at 6 and 12 hr (slightly above 
0.01%/hr). A bed expansion of 900%, developed 
in a 1 X 1 in. bed at 2.2 fps, gave a generally 
constant wear rate, somewhat above 0.04%/hr, 
over the 760-hr period. Thus wear rates appear 
to be linear with time. 
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In the operation of f lu id ized-bed blankets of 

reactors, a bed expansion of 30% could be of 

interest for cont inuous or semicontinuous operation 

at minimum a t t r i t i on . 

A thermal-convect ion tes t of 2500 hr was per­

formed in a loop which contained a stat ic bed of 

randomly packed pel lets heated to 260°C, through 

which oxygenated water c i rcu la ted in an upward 

d i rect ion at a super f ic ia l ve loc i t y of 0.4 fps . A 

schematic diagram of the test loop and the average 

temperature d is t r ibu t ion in the system are shown 

in F i g . 14.3. 

While the pel lets were not detectably af fected 

as a resul t of exposure in the loop test , as 

evidenced by weight change or by physical 

examinat ions, i t was found that a thorium-decay 

product, the Ra daughter, had been preferen­

t i a l l y leached from the pe l le t bed and had been 

deposited on the loop p ip ing , apparently as a 

funct ion of the temperatures across the system. 

At the complet ion of the tes t , the loop was 

disassembled and was examined for residual 

thorium ac t i v i t y w i th a gamma spectrometer. 

Residual thor ium ac t i v i t y and Ra ac t i v i t y , 

each expressed as the ra t io of ac t i v i t y to the 

ac t i v i t y of one thor ia pel le t (0.8 g Th02) i °'^ 

shown in Table 14.3. Areas A through E in the 

table are indicated in F i g . 14.3 by shading. Each 

area corresponds to a 12-in. length of pipe. It 

w i l l be noted tha t , w i t h the except ion of the pe l le t 

bed container, the d is t r ibu t ion of residual ac t i v i t y 

in the system fo l lowed the temperature prof i le of 

the loop, wi th ac t i v i t y levels highest in the 

coolest port ions of the system and lowest in the 

hottest sect ions, ind icat ing preferent ial deposi t ion 

of material downstream from the heated areas. 

HEATER 

216°C 

HEATER 

248''C 

HEATER 

UNCLASSIFIED 
ORNL-LR-DWG 66954 

THERMOCOUPLE WELL 

PRESSURIZER 

260°C 

50 in 

223° C 

F ig . 14.3. Thermal Convection Loop Used for Test ing 

Code P-82 Pel le ts . 

228 
Table 14.3. Distribution of Residual Thorium and Ra Act iv i t ies in Thermal-Convection-Loop Piping 

Approx imate 

Temperature (°C) 

Thor ium 

A c t i v i t y 

Ra 228 

A c t i v i t y 

A(bed) 

B (heater) 

C (heater out le t ) 

D (cooler top) 

E (cooler center) 

260 

255 

261 

256 

204 

10 

None detected 

<1 

1 

1 

60-70 

None detected 

2 

10 

15 

Ratio of ac t i v i t y to the a c t i v i t y of one ThO.^ pe l l e t . 
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15. Examination of In-Pile Slurry Loop 

During the past year the examination of materials 
from the first irradiated in-pile slurry loop experi­
ment, L-2-27S, has been largely completed. 
Satisfactory operation of the loop in-pile for 2220 
hr after 895 hr of preirradiation slurry circulation 
has been reported. ~ Prior to insertion in the 
reactor, the circulating slurry contained 980 g of 
Th per liter at 280°C (1350 g of Th per kg of 
DjO), with an enriched-uranium/thorium ratio of 
0.004, and 0.019 m palladium. The circulating 
concentration was reduced during operation by 
removal of six samples and subsequently by six 
terminal samples. 

LOOP CUTUP OBSERVATIONS 

After irradiation was completed and the loop 
was drained, it was transferred to the post-
irradiation examination facil i ty for cutup, 
examination of components, and removal of cor­
rosion specimens. Virtually al l regions of the 
loop have been examined to some extent for 
evidence of slurry caking or localized erosion, 
with particular emphasis on the irradiated regions. 
No erosion or deposition of slurry was found. 
Sections of core piping, coupons, and coupon 
holders were carefully inspected. No nonrinsable 
solids were found, and no evidence of localized 
attack was seen. Coupon surfaces were covered 

E. L. Compere, H. C. Savage, et al.. Reactor Chem. 
Div. Ann. Progr. Rept Jan. 31, 1961, ORNL-3127, 
pp 105-10. 

^E. L. Compere, H. C. Savage, et al., HRP Progr. 
Rept. Dec. 1, 1960, to May 31, 1961, ORNL-3167, 
pp 9 2 - 9 7 . 

3 
H. C. Savage et al., In-Pile Loop Irradiation of 

Aqueous Thona-Urania Slurry at Elevated Tempera­
tures. Design and In-Pile Operation of Loop L-2-27S. 
ORNL-3222 (in press) . 

E. L. Compere, H. C. Savage, et al., Trans. Am. 
Nuclear Soc. 4(1), 57 (1961). 

by corrosion films which appeared perhaps less 
polished than those developed in unirradiated 
regions. 

Visual examination of the internal parts of the 
circulating pump, including the scroll, impeller, 
and ALOg bearings, showed no undue wear an 
surfaces exposed to turbulent slurry flow. No 
deposition or caking of slurry was observed. The 
pump appeared to have been in excellent condition 
and capable of continued operation for an in­
definite period. 

The sintered-metal f i l ter tube had broken loose 
at the rigidly attached end, and quantities of 
slurry were found in the fi lter annulus and in the 
pressurizer. The loss of solids through the cracked 
filter is believed to have occurred shortly after 
shipment of the loop to the X-10 area, and before 
the loop had been irradiated long. This view is 
supported by changes in concentration of samples 
of circulating slurry during this part of the run, 
and by the examination of material recovered from 
the filter annulus and pressurizer. Surface area, 
particle size, crystall ite size, and fission- and 
neutron-activation-product activity of the material 
recovered from these regions showed levels 
characteristic of samples withdrawn near the 
beginning of the irradiation. 

SLURRY FILTRATION 

The availabil i ty in circulating slurry systems of 
clean water free of solids is important in the 
operation of both the slurry loop experiment and 
large-scale slurry systems. Consequently the 
development of the slurry f i l tration system used 
in the experiment is of general interest. 

A thorough visual and metallographic examina­
tion of the sintered stainless steel filter has been 
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made. Two types of deposi ts were noted on the 

f i l te r : granular material on the f i l te r wa l l s and 

in some in ters t ices , presumably ThOj , ' and a f i lm 

deposit (corrosion product) on the s ta in less steel 

gra ins. The deposi t var ied great ly from one region 

to another. Pressure-drop f low tests across the 

f i l te r tube removed from the loop showed easy 

f low through the f i l t e r ; thus reduct ion in f low rate 

through the pressurizer c i r cu i t observed in the 

loop experiment was not a resul t of f i l te r p lugging. 

It is at t r ibuted to near blockage of the pressurizer 

out let l ine , wh ich contained a 50-mi l - ID cap i l la ry 

sect ion, by slurry that leaked through the cracked 

f i l te r tube. 

sample purges and s lurry discharged at the 

terminat ion of the experiment. Weights of material 

ac tua l ly recovered in samples and weights of 

material recovered dur ing cutup from the pres­

surizer and f i l te r annulus were determined sepa­

ra te ly . The material balance obtained is shown 

in Tab le 15 .1 . 

Caking Implications. — The high recovery shown 

in Tab le 15.1 impl ies very strongly that no ap­

preciable loss of so l ids by deposi t io j i or caking 

remains undetected. Since no cakes have been 

found, i t is inferred that no noteworthy so l ids 

deposi t ion occurred in the experiment. 

MATERIAL BALANCE 

Complete recovery of s lurry sol ids from the 

slurry holdup tank enabled an accurate material 

balance of slurry so l i ds . The slurry holdup tank 

received a l l s lurry drained from the loop, including 

E. J. Manthos and E. H. Lee, Metallographic Ex­
amination of a Sintered 347 SS Filter from In-Pile Slurry 
Loop L-2-27S, ORNL Metallography Report No. 411 
(Nov. 30, 1961). 

CORROSION 

Corrosion specimens of Z i r ca loy -2 , type 347 

sta in less s tee l , and t i tan ium a l loys 45A and 

l l O A T were exposed at three f lux levels and at 

two ve loc i t i es , 8 and 22 fps . Each specimen 

holder contained an ident ica l array of coupons. 

Observat ions of the specimens and adjacent 

internal surfaces of the loop pip ing w i th stereo-

opt ics d id not show any marked accumulat ions of 

so l ids . Besides the normal oxide co lorat ion, a 

number of specimens showed l ighter shaded 

Tab le 15 .1 . Slurry-Sol ids Mater ia l Ba lance 

Input (g) Recovery (g) 

Y.12 

DT-22 thor ia -uran ia 

Ca ta l ys t sol ids 

Corrosion products 

/ Y-12 subtota ls 

\ Net t ransferred to X-10 

1395.4 

167.3 

5 

1567.7 

1116.6 

Samples 451.1 

451.1 

X-10 

Cata lys t so l i ds 

Corrosion products 

Tracer so l ids ( i us t before shutdown) 

6.6 

7 

9.0 

F i l t e r assembly 86 

Pressur izer 268 

Samples 293.5 

Slurry holdup tank 481 

Totals 1590.3 1579.6 
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regions, which might have been very th in deposi ts 

of thoria so l i ds . Several Z i rca loy -2 specimens 

showed markings having the appearance of str inger-

corrosion s t r ia t ions across the length of the 

specimens. These markings were present in the 

specimens o r ig ina l l y , their v i s i b i l i t y apparently 

being somewhat enhanced as a resul t of the in-

p i le exposure. 

Table 15.2 shows the weight-change data ob­

ta ined. The f low of the slurry was from the lower 

Table 15.2. Weight Changes of Corrosion Coupons from In-Pile Slurry Loop 

Pos i t ion 

Weight Removed 

by Scrubbing (mg) 

8 fps 22 fps 

Weight Removed 

by Def i lming (mg) 

8 fps 22 fps 

Weight Change of Scrubbed (or 

Scrubbed and Defi lmed) Specimens (mg) 

8 fp 22 fps 

Z i rca loy-2 

Unirradiated 

f l ux " 

High f l u x ' 

5.4 

5.9 

4.2 

5.0 

3.7 

4.0 

4.0 

5.0 

2.3 

4.7 

3.8 

3.6 

4.2 

3.4 

3.7 

3.1 

2.3 

1.7 

2.4 

0.4 4.8 

0.7 1.2 

0.9 0.4 

+ 1.2 

+0.7 

+ 0.3 

+0.8 

+ 3.7 

+ 4.0 

+ 3.0 

+ 3.9 

- 3 . 5 

+ 5.0 

+ 3.9 

- 2 6 . 1 

- 2 8 . 5 

- 2 9 . 3 

- 5 0 . 4 

- 1 7 . 8 

+ 1.5 

+0 .8 

+ 3.1 

1 mpy a 9 mg metal lost or 3 mg oxygen pickup in 3115 hr of slurry c i rcu la t ion 

T i ton ium- I IOAT 

Unirradiated 

Low f lux 

High f l u x * 

Ti tanium-45A 

Unirradiated 

Low f l u x " 

High f l u x * 

2 

2 

2 

7 

7 

7 

33.4 

3.8 

1.4 

26.3 

4.3 

3.3 

4.1 

2.2 

3.6 

4.7 

+ 7.8 

- 0 . 4 

- 1 . 0 

+ 5.5 

+ 0.5 

+0 .7 

- 1 7 . 6 

- 7 . 9 

- 1 4 . 5 

+ 0.5 

1 mpy = 7 mg metal los t or 4 mg oxygen pickup in 3115 hr of slurry c i rcu la t ion 

347 Stainless 

Unirradiated 

Low f l u x " 

High f l ux * 

Steel 

3 

6 

3 

6 

3 

6 

3.8 

4.8 

2.2 

1.8 

3.4 

4.2 

5.8 

2.1 

1.6 

2.5 

0.7 

25.6 

2.8 

75.0 

+ 1.3 

- 1 . 9 

+0 .5 

-25 .1 

+ 0.3 

153.1 

- 3 9 . 5 

- 3 6 . 9 

- 1 0 . 1 

- 8 0 . 0 

153.6 129.0 

1 mpy i= 12 mg metal los t or 2 mg oxygen pickup (net w i th C r O , loss) in 3115 hr of slurry c i rcu la t ion 

At core-rear posi t ion ('^ 10 nv). 

* A t core-front posi t ion C^ 10 nv). 
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to the higher pos i t ion number. The to ta l area of 

the /^- by Z - by / j g - in . coupons was 2.7 cm , 

and the exposed wetted area was 1.6 cm . Weight 

change data were not obtained for specimens in 

the h igh- f lux 22-fps holder, as the specimens were 

s l i gh t l y damaged during recovery. 

Corrosion of Z i r ca loy -2 was not great, and l i t t l e 

or no radiat ion ef fect is revealed. A t low ve loc­

i t i es , s l ight weight gains were predominant; at 

high ve loc i t i es , par t icu lar ly in the unirradiated 

region, weight losses amounting to as much as 

5.5 mpy were noted. It is concluded that under the 

condi t ions of the experiment no enhancement of 

corrosion by radiat ion was revealed. However, 

data from the high- f lux 22-fps posi t ion to support 

th is conclus ion were not ava i lab le . 

No substant ia l radiat ion ef fect is seen for the 

t i tan ium a l l oys . Corrosion was most severe in 

the unirradiated 22-fps holder, s imi lar to the case 

of Z i rca loy -2 . 

Stainless steel appears to exh ib i t both a sub­

stant ia l ef fect of i r radiat ion and a substant ial 

ef fect of ve loc i t y . Whether the effects are simply 

add i t ive or are synerg is t ic is not resolved, since 

data from the high-f lux 22-fps holder is not com­

plete. However, the major port ion of the corrosion 

products was removed by def i lming in the major i ty 

of cases. The amount of f i lm removed from the 

h igh- f lux 22-fps specimen is s l i gh t l y lower than 

that from the 8-fps h igh- f lux specimen. Assuming 

that the f i lm value is representat ive of corros ion, 

the radiat ion ef fect does not appear to have been 

increased at the higher ve loc i t y . The maximum 

observed corrosion rate corresponded to about 

13 mpy. 
The general ized corrosion rate of the stain less 

steel in the loop main stream, as indicated by the 

rate of decrease of O j pressure and the rate of 

accumulat ion of iron in the s lurry, was 0.4 mpy. 

RADIOCHEMICAL CONSIDERATIONS 

The radiochemical examinat ion of terminal and 

other slurry samples enabled ca lcu la t ion of f i ss ion 

dose, burnup, and average f lux and observation of 

the d is t r ibu t ion of f i ss ion and ac t iva t ion products. 

The ca lcu la t ion of to ta l f i ss ions was based on 

Zr and Ce . Cesium-137 was regarded as a 

less re l iab le nuc l ide for t h i s purpose, since it 

part i t ioned between so l id and l iqu id phases in an 

inadequately def ined way. As shown in Tab le 

15.3, 7 X 10 f i ss ions per gram of slurry so l ids 

resul ted during the 1839 hr of net i r radiat ion 

exposure developed during the 2220-hr in-p i le 

period. 

A conversion of 4.0 x 10 atoms of Th per 

gram of sol ids was ca lcu la ted from Pa count ing, 

during the exposure of 1.6 x 10 nvt. An ap­

parent e f fec t ive thor ium cross sect ion of 10.9 

barns is est imated from these data. 

Table 15.3. Radiochemical Data from In-Pile 

Slurry Loop L-2-27S 

(Irradiated 1839 hr) 

Fissions per gram 

of solids 

Burnup 

Average flux 

nvt 

Di stribution of 

fission products, 

K (solids/l iquid) 

137 

7 x 10 16 

,235 0.9% of orig. U 

0.003% of metal atoms 

,12 2.4 X 10' 

1.6 X 10 19 

Cs 

95 

144 

Pa 233 

M O ­

ID^ 

10^ 

EFFECTS ON SLURRY PARTICLES ' 

The effects of irradiation and circulation on the 
properties of the slurry particles developed pro­
gressively as the experiment continued. As is 
shown in Fig. 15.1, particle size continued to 
degrade throughout most of the run. The original 
average particle diameter was 1.7 fi; the final 
diameter was 0.3 fi. As much as 25% by weight 

E. L. Compere et al., HRP Progr. Rept. Aug. 1 to 
Nov. 30. 1960. ORNL-3061, p 90. 

E. L. Compere, A. J . Shor, L. F . Woo, and H. C. 
Savage, "Irradiat ion Effects on Thoria-Urania Slurries," 
paper 27 in Nuclear Reactor Chemistry. Second Con­
ference, Gatlinburg, Tenn., Oct. 10-12, 1961, TID-7622 
(in press) . 
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Fig. 15.1. Effect of Irradiation and Circulation on Slurry Porticle-Size Distribution and Surface Area. 

of the material was reduced to below 0.087 ^ 

(870 A ) . A regular increase in surface area, from 

2—4 m / g to over 40 m / g , occurred as i r radiat ion 

cont inued. 

Crys ta l l i t e s ize was determined on four-month-

cooled samples by x-ray l ine broadening tech­

niques. These data are compared wi th the 

corresponding surface-area measurements in F i g . 

15.2. An inverse re la t ionsh ip is indicated, s imi lar 

to that suggested for thor ia preparations f i red at 

d i f ferent temperatures. However, surface areas 

of i rradiated material cons is ten t ly ran above the 

maximum theoret ica l value (sphere or cube) for a 

given c rys ta l l i t e s ize . 

8 V. D. A l l r e d , S. R. Bux ton , and J . P. McBr ide , / . 

Automatic techniques of pore-volume deter­

mination recent ly developed at the Oak Ridge 

Gaseous D i f fus ion Plant were appl ied to sam­

ples from the experiment. 

D is t r ibu t ion of pore volume as a funct ion of pore 

radius is shown in F i g . 15.3. The pore-area 

d is t r ibu t ion ca lcu lated from these data is pre­

sented in F i g . 15.4. It may f i r s t be noted that the 

Phys. Chem. 6 1 , 117 -20 (1957). 

P. G. Dake, E. A . Woy, and H. A. Ke rm ic le , Routine 
Automatic N Adsorption-Desorption Measurements, 
paper 48, F i f t h Conference on Ana l y t i ca l Chemist ry in 
Nuclear Reactor Techno logy , Gat l inburg , Tenn . , Oct . 
1 0 - 1 2 , 1961. 

' ° E . P. Barre t t , L . G. Joyner, and P. P. Halenda, 
/ . Am. Chem. Soc. 73, 3 7 3 - 8 0 (1951). 

A computer code developed by Barton Roberts of 
the Reactor Chemis t ry D i v i s i o n was used. 
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integrated pore and surface areas agree reasonably 

wel l w i th BET monolayer determinat ion. The 

lower curve is for the or ig inal thoria-urania powder; 

the intermediate curve is for the mixture of th is 

powder w i th the low-f i red thor ia-supported pal­

ladium cata lys t , after 831 hr of c i r cu la t ion , and 

the upper curve is for the fu l l y irradiated s lurry. 

More than hal f the area of the i rradiated material 

is associated wi th pores of radius below 45 A; a 

substant ia l f ract ion is assoc ia ted w i th pores of 

radius below 10 A . 

The poss ib i l i t y of evaporat ion of thoria by 

f i ss ion fragments in aqueous systems has been 

noted by Sowden, who reported evaporation of 

5000 or more atoms per f i s s i o n . In the case of 

the loop experiment, i t has been est imated that 

a l l f i ss ion fragments escape the or ig ina l par t ic le 

and about 10% of them enter another par t ic le . 

Assuming that a l l energy below 116 kev d i rec t l y 

resul ts in knockons, and using 6.9 ev as the 

energy of evaporat ion of tho r ia , then about 3500 

thorium atoms per f i ss ion might be evaporated. 

In the course of the experiment about 10% of the 

thorium atoms in the slurry would have been 

evaporated. In the f loccu la ted slurry system these 

12r 
F. C. Lap teva and B. V. Ershler, Atomnaya Energ. 

4, 6 3 - 6 6 , (1956). 

13 

R. G. Sowden, B. R. Harder, and A. E. T ruswe l l 

( A E R E , H a r w e l l , England) , and H. S. G. Slooten ( N . V. 

KEMA, Arnhem, The Nether lands) , " I r r a d i a t i o n Exper i ­

ments w i t h Aqueous Suspensions of PuO^ and ThO~-

U O . , " paper 26 in Nuclear Reactor Chemistry, Second 

Conference, Gatlinburg. Tenn.. Oct. 10—12. 1961, T I D -

7622 ( in press) . 
G. J . Dienes and G. H. V ineyard , Radiation Effects 

in Solids, p 9, In te rsc ience , New York , 1957. 
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F ig . 15.4. Distribution of Surface Area as a Function of Pore Radius. 

finely colloidal thoria particles would be gathered 
to existing slurry particles in the same fashion as 
corrosion products, catalyst-thoria preparations, 
and fission product oxides have been observed 
to do. A more flocculated slurry should result 
and has been observed. 

Electron microscope photographs of samples of 
the irradiated circulated slurry from various stages 
of the experiment are shown in Fig. 15.5. The 
original particles were somewhat cubic and fairly 
regular in size. As irradiation time became 
greater, particle edges became more irregular and 
the proportion of fines steadily increased. A few 
larger masses, possibly agglomerates, are seen, 
which may have resulted from the gathering of 
fines of various types on larger particles as cir­
culation was continued. 

The relative influences of irradiation and pump 
circulation on the particle-size degradation were 
of interest. Autoclave experiment L5Z-155S, 

described subsequently, was carried out, irra­
diating slurry and catalyst from the same batches 
used in the loop experiment to similar fission 
doses, at similar temperatures, concentrations, 
etc. The results are shown in Table 15.4. 

Table 15.4. Effects of Irradiation and Circulation 

on Part icle Properties 

Or ig ina l Loop Au toc lave 

F i s s i o n s per gram of 

so Ii d 5 

Surface area, m / g 

0 4 x 1 0 ^ * 4 x 1 0 ^ * 

4 - 8 25 30 

C r y s t a l l i t e s i ze , A 1800 300 220 

Average pa r t i c l e s i i e , fi 1.7 0.3 1.6 

The loop sample corresponded to 1460 hr of i r r ad ia t i on . 
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U N C L A S S I F I E D 
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F i g . 15.5. Electron Photographs of Slurry from In-Pi le Loop L-2-27S. 

As may be seen, similar effects on surface area 
and crystall ite size were found, but no effect at 
all on particle size resulted during the autoclave 
experiment. The combined action of circulation 
and fissioning in the slurry appears required to 
bring about the observed reduction in particle size. 

Implications Regarding Reactor Applications. — 
The successful trouble-free operation of the loop 

demonstrated an effective tool for the examination 
of irradiation effects on slurries of interest for 
thorium power-breeder reactors. The lack of 
handling problems with the irradiated slurry in the 
loop experiment has indicated that the irradiation 
effects reported above do not necessarily preclude 
the util ization of thorium oxide slurries in breeder 
reactors. 
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16. Second In-Pile Loop Experiment 

Following satisfactory completion of the first 
in-pile thorium oxide slurry loop experiment/'^ 
design and construction of a second in-pile loop 
experiment were initiated. 

The primary ob|ective of this loop experiment 
IS to determine the combined effects of pumping 
and reactor irradiation on a pure thorium oxide 
slurry (ThOj dispersed in DjO) in which a signi­
ficant quantity of Th^' '^ is converted to U^^ in 
a manner simulating that for a thoria slurry circu­
lated in an aqueous homogeneous breeder reactor. 
To meet this objective in a reasonable time, the 
loop was designed for operation in an experimental 
facility (beam hole HN-1) of the ORR, where the 
neutron flux is greater than that in the LITR. 

Design, construction, and out-of-pile operation 
of the loop, as well as modifications to the experi­
mental facil ity in the ORR, have been completed, 
and in-pile operation of the loop is scheduled to 
begin early m 1962. 

LOOP DESIGN, CONSTRUCTION, AMD TESTING 

The second in-pile slurry loop, designated 
0-1-28S, IS shown m Fig. 16.1. Although its 
design is similar to that of the first slurry loop, 
L-2-27S,^ several important modifications were 
made, based on experience gamed from in-pile 
operation of L-2-27S and also because of the 
substantial increase in the radiation dose required 
to meet the objective of the second experiment. 

The volume of the loop core section, which is 
closest to the lattice, was increased from 300 to 

H. C. Savaga et al., In-Ptle Loop Irradiatton of 
Aqueous ThoTia-Urania Slurry at Elevated Temperature. 
Design and In-Ptle Operation of Loop L-2-27S, ORNL-
3 2 2 2 l i n p re s s ) . 

E. L . Compere, H. C. Savage, et al.. Reactor Chem. 
Div. Ann. Progr Rept. Jan. 31. 1961. 0RNL.3127 , 
PP 105-8 and F tg . 16 2. 

r 1 

r r t 

800 ml to increase from 35 to 60% the fraction of 
thoria exposed to the highest neutron flux. This 
was done by fabricating the core of concentric 
coils of /^-in.-OD X 0 049-in.-wall tubing, as 
shown in Fig. 16.2. 

Because of the mechanical failure of the sintered-
metal filter in loop L-2-27S, two expansion bel­
lows, one at each end of the filter tube, are used 
in the filter assembly of loop 0-1-28S. Only one 
bellows was used in L-2-27S, and the failure 
occurred at the fixed end of the filter. The 
sintered-metal filter {8-^ mean pore diameter) of 
type 347 stainless steel is used to provide a 
thona-free filtrate as a pressurizer feed ond as a 
pump-bearing purge. Satisfactory performance of 
this filter has been demonstrated in out-of*pile 
tests. 

Changes to the horizontally mounted pressurizer 
included an increase in volume from 520 to 930 ml 
for additional expansion volume required when 
heating the larger loop slurry charge to operating 
temperature {280°C). In addition, the pressurizer 
was inclined slightly so that the outlet line is the 
lowest point in the pressurizer. This was done to 
minimize the possibility of gas entramment into 
the pump purge in the event of low pressurizer 
liquid level. 

Thirty-two corrosion test specimens of Zircaloy-
2, titanium, and type 347 stainless steel are 
exposed to the circulating slurry in the loop mam 
stream. These specimens are so located in the 
loop that duplicate specimen arrays are exposed 
at two flow velocities, 11 and 21 fps, and at two 
neutron flux levels. 

Loop temperatures are monitored by 36 thermo­
couples, double the number m the previous loop. 
This wi l l provide a great deal more information 
and knowledge about the performance of the loop 
and behavior of the slurry during in-pile operation 
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PERIOD ENDING JANUARY 31, 1962 

EXPERIMENTAL F A C I L I T Y IN THE ORR 

Slurry loop 0-1-28S is to be operated in beam 

hole HN-1 of the ORR. Th is experimental f a c i l i t y 

was previously used for in-p i le loop experiments 

w i th uranyl sul fate so lu t ions . However, several 

changes in the ex is t ing equipment were required 

for the shi f t to a s lurry- loop experiment. 

The sta in less steel beam-hole l iner was removed 

and replaced w i th a new l iner of increased diameter 

(4/2 in. to 8 in.) at the end adjacent to the reactor 

la t t ice . Th is increase in diameter was required 

to accommodate the enlarged core sect ion of the 

loop, described above. 

The loop w i l l be charged w i th pure thoria rather 

than the thor ia-urania ( ~ 0 . 4 wt % U^'^^) used in 

H. C. Savage et al., In-Pile Corrosion Test Loops 
for Aqueous Homogeneous Reactor Solutions, ORNL-
2977 (Nov. 10, I960), 

the f i rs t slurry loop experiment. To reach at least 

the f i ss ion fragment exposure of 7 x 10 f i ss ions 

per gram of so l ids at ta ined in the previous exper i ­

ment, the reactor fuel conf igurat ion in the v i c i n i t y 

of beam hole HN-1 w i l l be rearranged to increase 

the neutron f lux in the forward posi t ion of th is 

beam hole. The best fue l arrangement was arr ived 

at by f lux-mapping experiments w i th var ious fue l 

loadings. 

Other modi f icat ions to the f a c i l i t y included the 

slurry sampling system, s lurry addi t ion system, a 

slurry dump tank equipped w i th a sintered-metal 

f i l te r to re ta in a l l so l ids in the dump tank, and 

upgrading of the instrumentat ion to provide in­

creased safety. 

A. J. Shor and T. H. Mauney, Neutron Flux and Cd 
Ratio Measurements m the HN-1 Beam Hole for Three 
Fuel Loadings of the Oak Ridge Research Reactor, 
ORNL TM-44 (Oct. 10, 1961). 
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17. In-Pile Slurry Autoclaves 

In-pi le slurry autoc lave experiment L5Z-155S 

was performed to compare the radiat ion effect of 

thoria-urania par t ic les gent ly suspended in a 

rocking autoclave wi th that observed in slurry 

pumped in the in-p i le s lurry loop experiment 

L-2-27S. The Z i rca loy -2 autoclave contained a 

thoria-urania s lurry ("^0.4 wt % U ) prepared 

from the same batch (DT-22) used in the in-p i le 

slurry loop experiment. The autoc lave, loaded 

wi th slurry at a concentrat ion of 996 g of thorium 

per kg of D-O which was 0.014 m in Pd and w i th 

an oxygen overpressure, was operated for a to ta l 

of 770 hr at 280°C. The autoc lave was irradiated 

for 453 hr in the HB-5 f a c i l i t y of the L I T R , 

achieving an e f fec t i ve f u l l - f l ux t ime of 87% of 

t h i s . Based on an average f lux in the autoclave 

of 6.7 X 10 thermal neutrons cm~ sec ~ 

(corresponding to an nvt of 9.6 x 10 ), obtained 

from an ac t i va t ion of a cobal t f lux monitor located 

inside the autoc lave, the slurry part ic les de­

veloped 4.4 X 10 f i ss ions per g of so l ids . 

Neutron captures by thor ium, based on Pa 

count ing, were 1.7 x l O captures per g of so l ids , 

leading to an est imated thorium cross sect ion of 

8.5 barns, which agrees favorably w i th the ac t i ­

vat ion cross sect ion of 7.7 + 0.4 barns c i ted by 

Weinberg and Wigner. 

The autoclave was equipped w i th an A l j O g 

f i l te r to protect the cap i l l a ry l ine to the pressure 

instrument. No ind icat ion of plugging of th is l ine 

was noted during in-p i le operat ion. However, a 

vent ing lag was encountered, and when the auto­

c lave was later opened, the f i l te r was found 

cracked off. 

E. L, Compere et al,, HRP Progr. Rept, Dec, 1, 
1960, to May 31, 1961, ORNL-3167, pp 87 -91 . 

2 
A. M. Weinberg and E. P. Wigner, The Physical 

Theory of Neutron Cham Reactors, p 83, University of 
Chicago Press, Chicago, 1958. 

R A D I O L Y T I C GAS 

Due to aberrat ions in temperature readings, 

caused by a fau l ty instrument cab le , knowledge of 

the rad io ly t i c gas generated was not very we l l 

def ined. Some few observat ions which appear to 

be re l iab le ind icate the absence of any rad io ly t ic 

gas. It is bel ieved that the ca ta l y t i c and the 

gamma recombinat ion were su f f i c ien t in the exper i ­

ment to prevent the development of observable 

rad io ly t ic -gas pressures. 

CORROSION 

General ized corrosion was fo l lowed in the usual 

manner, by measuring the decrease in oxygen 

OUT-OF PILE 

L5Z I55S 996 g OF Th PER kg OF Dp 
(FROM BATCH DT- 22) 

0 4 7. U BASED ON Th 

0 014 m Pd 

280 =C OpOVERPRESSURE 

25°C DATA OUT OF-P LE 

25°C DATA N-PILE 

200 300 400 500 
TIME AT TEMPERATURE (hr) 

Fig. 17.1. Generalized Corrosion in Experiment L5Z-

155S, Autoclave Control for Jn-Plle Slurry Loop L-2-27S. 
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pressure at periodic shutdowns. As indicated in 

F i g . 17 .1 , an out-of-p i le corrosion rate of 4.4 mpy 

was observed for the f i r s t 48 hr. The rate de­

creased to 1 mpy for the remaining period out-of-

p i l e . Upon i r radiat ion the corrosion rate remained 

essent ia l l y constant at 1 mpy. Thus no effect of 

i r radiat ion on the general ized corrosion was ob­

served in th is experiment. 

Corrosion of coupon specimens (Table 17.1), 

determined from weight changes, was less than 

that indicated by oxygen measurements, poss ib ly 

due both to the small amount of corrosion which 

ac tua l ly occurred and to an inadequate technique 

for completely removing the Z i rca loy-2 corrosion 

f i lm from specimens for an accurate weight - loss 

determinat ion. Stainless steel coupon corrosion 

was h igh , as in the loop experiment. 

RECOVERY OF T H E IRRADIATED SLURRY 

A primary purpose of the experiment was the 

recovery of as much of the irradiated slurry as 

possib le for the assessment of radiat ion e f fec ts . 

Table 17.1. Radiation Corrosion of Coupon Specimi 

Temperature, C 

Concentration of slurry, g of Th per kg of D»0 

Enriched U, with respect to Th, wt % 

Concentration of Pd catalyst, m 

Atmosphere 

Type of autoclave 

Total hours at temperature 

Hours irradiated 

Effective full-f lux irradiation time, fraction of 

— 2 — 1 

Flux, thermal neutrons cm sec" (in the ful l 

Maximum power density, w/ml, at 280°C 

Average power density while irradiated, w/ml , 

Autoclave generalized corrosion, ^ in . 

Coupon-specimen corrosion, /xin. 

ZircaIoy-2 

Ti-75A 

Type 347 stainless steel 

Zircaloy-2 corrosion based on 0 . measurements after 
corrosion coupon. 

PERIOD ENDING JANUARY 31, 1962 

Since the i rradiated s lurry had sett led for 30 days 

wh i le i ts rad ioac t i v i t y decayed, resuspension was 

attempted by invert ing the autoc lave 100 t imes . 

The autoclave head was then removed and a 4.5-ml 

port ion of the s lur ry was removed w i th a p ipet te. 

The autoclave was f i l l e d w i th d i s t i l l e d water, and 

its remaining contents were mixed by repeatedly 

drawing the s lurry into the pipette and forc ing it 

back into the autoc lave. The autoclave was sub­

sequently inverted over a funne l , and slurry re­

maining on the ins ide wa l l s was r insed wi th jets 

of water from smal l holes in a copper tube. A 

small amount of th ickened slurry was noted on 

the autoc lave head as it was removed. 

A l l the recovered s lurry was composited in a 

s ingle beaker, and the water volume was reduced 

under a heat lamp. Whi le the s lurry was thoroughly 

ag i ta ted , two samples were removed for par t ic le-

size ana lyses. Then dried samples were removed 

for determinat ion of surface area, c r ys ta l l i t e s ize 

by x-ray d i f f rac t ion , and pore-size d is t r ibu t ion . 

3ns in Zircaloy-2 Autoclave Experiment L5Z-1S5S 

280 

996 

0.4 

0.014 

Excess On 

Zircaloy-2 

770 

453 

453 hr 0.872 
12 y inserted position) 6.7 X 10 

0.9 

at 280°C 0.9 

92 

3, 4, 10, 3 

5 

434 

rrection for oxygen uptake by type 347 stainless steel 
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E F F E C T OF IRRADIATION ON 

P A R T I C L E I N T E G R I T Y 

The surface area of the or ig ina l thoria-urania 

(92%) was 2 m / g , and that of the f ine ly d iv ided 

pal ladium-thor ia ca ta lys t (8%) was 53 m / g . The 

surface area of the unirradiated mixture (control) 

was 8 m / g . Af ter i r rad ia t ion, the surface area 

of the slurry was 30 m / g . Thus irradiat ion re­

sulted in an increase in surface area s imi lar to 

that shown by loop samples at an equivalent nvt. 

Crys ta l l i t e s ize of the slurry in the unirradiated 

mixture determined by x-ray d i f f rac t ion was 1800 

A . After i r radiat ion the c rys ta l l i t e s ize of the 

slurry had d iminished to 220 A , indicat ing radia­

t ion ef fects s imi lar to those shown by loop 

samples. 

30 

20 

The resul ts of the par t ic le -s ize analyses of the 

irradiated slurry and an unirradiated repl icate 

mixture (control) are shown in F i g . 17.2. Al though 

some agglomerat ion of f ines was indicated in the 

irradiated s lurry, as compared w i th the unirradiated 

mater ia l , no part icular degradation of the slurry 

was seen. 

In F igs . 17.3 and 17.4 the pore-size d is t r ibu t ion 

of the slurry irradiated in autoc lave L5Z-155S is 

compared w i th the d is t r ibu t ions for the slurry 

c i rcu la ted in loop L-2-27S for 831 hr wi thout irra­

d ia t ion and for that c i rcu la ted in the loop for 3092 

hr and i r radiated for 1839 hr. The pore-s ize d is ­

t r ibut ions of the s lurr ies i r radiated in the loop and 

autoclave are s imi la r , in that both s lurr ies showed 

a marked increase in the number of pores of small 

radi i as compared w i th the unirradiated s lurry. 
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From the results of the physical measurements 
it is inferred that irradiation does indeed cause 
defects in the slurry particles, as observed by an 
increase in surface area, an increase in number 
of small pores, and a decrease in crystall ite size, 
but that particle agitation more severe than that 
experienced in a rocking autoclave is necessary 
to break up the slurry particles. 

SIMULATION OF FISSION DAMAGE TO Th(U)02 
BY CYCLOTRON IRRADIATION 

In an attempt to simulate fission damage to 
thoria-urania powders of interest in in-pile irra­
diation experiments, bombardments of dry targets 
of pure thoria (batch DT-46, to be used in in-pi le 
slurry loop experiment 0-1-28S) and thoria—0.4% 
enriched urania (batch DT-22, used in in-pile 
slurry loop experiment L-2-27S) have been made 
with the 28-Mev 63-in. nitrogen (3+) particle 
cyclotron and the 22.4-Mev 86-in. proton cyclotron. 
Because of the small size of the irradiated region 
(3 X 13 mm in the 63-in. cyclotron), crystall ite 

size change was to be used as the criterion of 
irradiation degradation effects similar to those 
observed in in-pile experiments. Targets (both 
before and after irradiation) were transferred, 
without any disturbance of the thoria powder, to 
the x-ray diffraction apparatus, where x-ray line 
broadening was determined. Observation of line 
broadening in pressed targets before irradiation 
led to the adoption of slip casting and drying as 
the common preparation technique. 

Targets were irradiated to achieve energy ab­
sorptions of (1.5-6) X 10 w-sec per g of solids. 
The fission-energy absorption by slurry particles 
in in-pile slurry loop experiment L-2-27S is esti­
mated to have been 2 x 10 w-sec per g of solids. 
Irradiation of the pure thoria target changed the 
color of the target region from white to robin's-
egg blue. Irradiation of the thoria—0.4% urania 
changed the color of the target region from tan-
white to gray. 

In no case was any significant change in crystal­
lite size observed in the dry thoria targets as a 
result of irradiation. 
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18. Transport of Noble Gases in Graphites 

J. Truitt N.V.Smith G.M.Watson R. B. Evans III E.A.Mason 

Gas-cooled reactors wi l l benefit markedly if the 
ceramic fuel elements can be operated without 
impervious cladding and if, at the same time, the 
coolant (helium) stream can be kept relatively free 
of radioactive fission products. A possible con­
figuration to achieve these contradictory require­
ments maintains the fuel elements within porous 
graphite sleeves through which helium bleeds 
from the main coolant stream to purge the radio­
active gases into a side stream. Flow mechanisms 
and the applicability of various flow theories 
have, accordingly, been investigated for "back-
di f fusion" against a stream of helium flowing 
through porous materials. 

The theoretical studies have advanced from 
isothermal uniform-pressure conditions to iso­
thermal conditions where the pressure is non­
uniform and, more recently, to conditions where 
the temperature is nonuniform. The experimental 
work has progressed at a somewhat slower pace 
than in the past, as the experiments are currently 
being carried out with low-permeability graphites 
which are slightly more diff icult to handle than 
the highly permeable materials used in the initial 
experiments. ~ A detailed report of the theoreti­
cal and experimental progress attained during the 
last year is beyond the scope of the present 
report, and only the highlights are covered in the 

Consultant, Institute for Molecular Physics, Univer­
sity of Maryland, College Park. 

^R. B. Evans I I I , J. Truitt, and G. M. Watson, 
Superposition of Forced and Diffusive Flow in a Large 
Pore Graphite. ORNL-3067 (Feb. 24, 1961). 

3 
J. Truitt, Interdiffusion of Helium and Argon in 

Speer Moderator No. 1 Graphite (A Terminal Report on 
Large Pore Graphites — Experimental Phase), ORNL-
3117 (June 6, 1961). 

•*R. B. Evans I I I , J. Truitt, and G. M. Watson, ]. 
Chem. Eng. Data 6(A), 522 (1961). 

sections to follow. However, a special progress 
report, which is detailed and complete, has been 
issued. 

THEORETICAL STUDIES OF DIFFUSION 
MODELS APPLICABLE TO POROUS MEDIA 

A model was derived for the diffusion of gases 
in porous media in the absence of temperature and 
pressure gradients, in which portions of the 
medium are visualized as a collection of uniformly 
distributed "dust particles" (giant molecules) 
which are constrained to be stationary. Thus it 
was possible to derive all the desired results 
very simply from rigorous kinetic theory as special 
cases of multicomponent mixtures. The results 
apply over the entire pressure range from the 
Knudsen region to the normal diffusion region. 
This model permits the first satisfactory theoreti­
cal derivation of the experimentally discovered 
fact that the flux ratio for binary mixtures in a 
steady-state experiment is equal to (ra./ra.) ' 
at all pressures (not just in the low-pressure 
region) when pressure gradients are absent. 

The effect of nonzero pressure gradients on the 
diffusion equations is to introduce into the 
fundamental kinetic-theory equations both a pres­
sure diffusion term and an external force term. 
Somewhat surprisingly, there is a considerable 
cancellation of terms, and the final diffusion 

J. Truitt et al., Transport of Noble Gases in 
Graphites (A Progress Report for the Period Jan. 31, 
1961, to Jan. 31, 1962), ORNL-TM (in press) . 

' R . B. Evans I I I , G. M. Watson, and E. A. Mason, 
; . Chem. Phys. 35(12), 2076 (1961), 

R. B. Evans I I I , G. M. Watson, and E. A. Mason, 
"Gaseous Diffusion in Porous Media. I I . Effect of 
Pressure Gradients," J. Chem. Phys. (in press). 
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equation has the same form as that for the uniform-

pressure case. No addi t ional parameters beyond 

those necessary to def ine a d i f fus ing system at 

uniform pressure are thus required to compute the 

d i f fus ion rates when pressure gradients are 

present. 

A complete solut ion for the nonuniform-pressure 

case requires also a forced-f low equation g iv ing / 

(the net f lux) as a fuct ion of the pressure gradi­

ent. A forced-f low equation was der ived on the 

basis of the " d u s t y g a s " model, but one parameter 

must be made disposable in order to compensate 

for the fact that the model permits only a d i f fus ive 

and not a v iscous mechanism for f l ow. Good 

agreement was found between the model and 

ava i lab le experimental data for h ighly permeable 

graphi tes. The model g ives no quant i ta t ive a 

pr ior i character izat ion of the porous medium i tse l f , 

but i f one gas mixture is measured in a given 

medium, then the behavior of other gas mixtures in 

the same medium can be predic ted. 

SUPPORTING EXPERIMENTAL WORK 

Two sets of d i f fus ion experiments were com­

pleted during the report period. The experiments 

involved the d i f fus ion of hel ium and argon in two 

low-permeabi l i ty graphi tes. Insofar as poss ib le , 

the to ta l pressure of the gases was maintained 

constant along the d i f fus ion paths w i th in the 

graphite pores. A diagram of the experimental 

apparatus is shown in F i g . 18 .1 . As opposed to 

our ear l ier experiments w i th h igh-permeabi l i ty 

graphi tes, appreciable Knudsen ef fects were ob­

served, not only in the permeabi l i ty resu l ts but 

a lso in the d i f fus ion resu l ts . These d i f fus ion 

resul ts have offered the f i rs t opportunity to test 

the v a l i d i t y of the rate equation developed through 

the model s tud ies. The app l icab le rate equation 

[ i n terms of the atom f lux / (atom c m " s e c " ), 

the d i f fus ion coef f ic ient D (cm / s e c ) , the super­

f i c i a l d i f fus ion length in the graphite L (cm), the 

gas densi ty n = p/kT (atom/cm ), the concentrat ion 

at the boundaries x . (0 ) and x (L) (atom f ract ion) , 

and a new quant i ty 8] i s : 

UNCLASSIFIED 
ORNL-LR-DWG 57904 

nD 
} = 

H a A r 
In 

A ^ - 5 H J - H , ( 0 ) 

Fig. 18.1. Diagram of Steady-State Counter-Diffusion 

Experiment. 

/here 

D 

= 1 + 
H e A r 

K^^{p-*0) 

(2) 

(3) 

(1) 

Although K^^(/) -• 0) , which is the intercept of 

the permeabi l i ty coef f ic ient versus p curve, and 

nD^ A ^ ° " ° * "̂̂ "̂ y ^ ' * ^ pressure, ^ 1 ^ , ; ^ ^ does; 

thus S|. var ies w i th pressure. The 8^, incorpo­

rates the contr ibut ion of the Knudsen ef fects on 

the d i f fus ion behavior. It is interest ing to note 

that t h i s is the same equation (with Sj. = 1) 

which was used to correlate the data for h igh-
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permeabi l i ty graphi te. With K^^{p ^ 0) determined 

through permeabi l i ty measurements and wi th inter-

d i f fus ion data for two gases, one may determine 

^ H e A r t^"'°"Jg^' Eqs. (1), (2), and (3). Having 

determined these parameters, i t is then possib le 

to compute predicted curves for the d i f fus ion be­

havior over a wide range of pressures under 

dp/dz - 0 cond i t ions. A comparison of predicted 

and exper imental resul ts for one of the low-

permeabi l i ty graphi tes studied is shown on F i g . 

18.2. The theoret ica l curve shows good agreement 
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wi th the experimental data. Our current d i f fus ion 

studies involve an extension of the low-

permeabi l i ty-graphi te experiments from uniform-

pressure to nonuniform-pressure condi t ions. The 

object ive of these experiments is to determine the 

correct pressure dependence of the disposable 

parameter mentioned prev ious ly . In add i t ion , the 

ef fects of graphite nonuniformity are under study. 

CONCLUSIONS 

A combinat ion of the resul ts of previous exper i ­

ments w i th very permeable graphites and the 

resul ts of c l ass i ca l treatments of k inet ic theory 

of gases has led to the formulat ion of a gaseous 

d i f fus ion model which is appl icable to porous 

media in the absence of total-pressure grad ients . 

App l i ca t i on of the model to ear l ier studies reveals 

that a l l conc lus ions made and equations used 

prev ious ly regarding uniform-pressure measure­

ments remain v a l i d . More important, the model 

appears app l icab le to a l l porous materials w i th a 

cont inuous porosi ty and over wide pressure ranges. 

The broad app l i cab i l i t y of the model is suggested 

by theory and was ver i f ied recent ly by experiments 

w i th low-permeabi l i ty mater ia ls . The interdi f-

fus ion character is t ics of a given graphite can be 

read i ly def ined by three parameters, D , , , S , , and 

S j . In add i t ion to O , . , only one value of 8 

(actua l ly D^.,) must be determined exper imenta l ly , 

and th is can be done through permeabi l i ty meas­

urements. Recent ly , the theoret ica l treatment has 

been extended to cover nonuniform-pressure con­

d i t i ons . The resul ts indicate that addi t ional 

experimental data w i l l be required to obtain com­

plete ve r i f i ca t ion of the extended theory. 
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19. Diffusion of Fuel and Nonvolatile Fission 
Products in Fuel-Graphite Systems 

C. M. Blood R. B. Evans III 

The proposed use of fuel elements composed 
of solid uranium dicarbide in contact with graphite 
in gas-cooled power reactors (operating at 800 to 
1200°C) suggests interesting solid-state diffusion 
problems. A knowledge of the rates of diffusion 
of nonvolatile solid fission products and of 
uranium through graphite would be useful infor­
mation for the design of such a reactor. For this 
purpose, experimental solid-state diffusion studies 
have been started, with initial emphasis on porous 
AGOT graphites and with ultimate emphasis to be 
on pyrolytic carbon and/or graphites. 

The diffusion of uranium for the UCj—AGOT 
graphite system has been studied by Loch and 
co-workers. This work has been examined to 
determine whether or not additional verification 
of the results is required and the advisability of 
applying the results to pyrolytic-carbon systems. 
It should be noted that a radical difference be­
tween the two carbon systems is not necessarily 
expected, and it has been deemed advantageous 
to review the older work in the light of recent 
reactor concepts. 

The experimental work of Loch et al. covered a 
temperature range of 3300 to 4350°F. These inves­
tigators analyzed the concentration-penetration 
data on the basis of the equation: 

C ( x , r ) = C g e r f c ^ , (1) 

A. P . Fraas etal.. Preliminary Design of a 10-Mui(T) 
Pebble-Bed Reactor Experiment, ORNL CF-60-10-5 
(Revised) (May 8, 1961). 

\ . D. Loch, J . R. Gambino, W. H. Duckworth, 
"Dif fusion of Uranium Through Graphite," p 145 in 
Selected Papers from First Nuclear Engineering and 
Science Congress, ed. by D.J. Hughes e< al., Pergamon 
Press, New York, 1957. 

where 

X - penetration distance in centimeters, 

/ ' = exposure time in seconds for a fixed 
time interval, 

C(x, i ' ) = concentration of uranium in graphite 
as a function of x and / ' 

Cg = 2̂ *^u c at X = 0 and t = 0, 

ẑ  = x / [2 (D / ' ) ^ ' ' ^ ] , where D is the dif­
fusion coefficient in square centi­
meters per second. 

Such a treatment of the experimental data contains 
an anomaly; that is, the diffusion rates of uranium 
and carbon into graphites and UCj , respectively, 
are assumed equal, though this equality is unlikely 
to exist. 

The reported diffusion coefficients were ob­
tained from the experimentally determined uranium 
concentration profiles. The concentration profiles 
were determined by assigning the uranium concen­
tration for a given Ax volume increment to the 
midpoint of the increment; that is, the average 
uranium concentrations were assigned to the mid­
points of Ax increments. This assignment of 
concentration values differs somewhat from the 
integral of the concentration profile. The values 
of D obtained by the method above ranged from 
2.4 X 1 0 " ' ^ to 1.0 X 1 0 " ' cmVsec at 3300 and 
4250°F respectively. 

Since there are some questions concerning the 
previous methods of correlation, these data have 
been reanalyzed by the present investigators on 
the basis of the fraction remaining which involves 
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the integral of the concentrat ion prof i le as f o l l ows : 

c{x,ndv{x), (2) 
X 

I 

where M ^_ is the amount of uranium remainina 
I 

after M. -* x has been removed, C is a funct ion 

of X and a f i xed t ime ( / ' ) , and dV = Adx is the 

volume OS a funct ion of x which is the linear dif­

fus ion d i rec t ion normal to a constant area A. 

Subst i tut ion of Eq. (1) into Eq. (2) for the semi-

in f in i te case gives 

/ . oo 

'^x-.oo= C j 2 ( D r ) ' / 2 ] A erfc udu 

= (CpAzer fc z.) [ 2 ( 0 ; ' ) ^^^j ^ ^ ^ 

where « is that funct ion in Eq. (1) referred to a 

f ixed t ime t', and i represents the integral w i th 

the l imi ts ind icated. 

It is desirable to rearrange Eq. (3) in some sort 

of d imensionless quant i ty in order to use ava i lab le 

tabulated funct ions of erfc u versus u from which 

experimental values of « = x / [ 2 ( D / ' ) ' ' ' ^ ] can be 

used to obtain D. For the se l f -d i f fus ion of chro­

mium in n ickel -base a l loys employing Cr t racer, 

i t was possib le to use the dimensionless group 

y = '^jc^oo/'^o-»<xj °'' f ract ion of the or ig ina l to ta l 

chromium, M, remaining from x to oo. Ca lcu la t ions 

have shown that th is f ract ion remaining became 

equal to z erfc u, which has been tabulated by 

Carslaw and Jaeger.'* The quant i ty M^^^ could 

be determined by counts before the in i t i a l e lect ro-

pol ish ing step, after which var ious Al were 

obtained. The merit of th is technique is that a 

determinat ion of the concentrat ion of chromium at 

the interface where x = 0 and t - 0 (and ac tua l l y 

i ts precise locat ion) is completely avoided. It 

would be somewhat d i f f i cu l t to obtain a value for 

the chromium concentrat ion at the interface, s ince 

it depends on a determinat ion of the locat ion of 

X = 0. In s imi lar ca lcu la t ions for the g r a p h i t e -

uranium carbide couple, the concentrat ion of 

^R. B. Evans 111, J. H. DeVan, and G. M. Watson, 
Self-Diffusion on Chromium m Nickel-Base Alloys, 
ORNL-2982(Jan. 20, 1961). 

H. S. Carslaw and J. C. Jaeger, Conduction of Heat 
in Solids, Clarendon Press, Fair Lawn, N. J. , 1947. 

uranium at the interface must be est imated; one 

would not expect that the two layers could be 

separated at x = 0, where C(x, t') = C . . 

In order to obtain a d imensionless term l i ke y = 

'^x->oo/'^0-»oo' ' ' ° * ^ sides of Eq. (3) may be d iv ided 
by C . A x , forming the term w = M /C.Ax. 

' 0 ' ^ X ~*oo Q 

The re la t ionsh ip between w and the experimental 

data is shown as f o l l ows : 

M^ ^^/C Ax = - ( z e r f c z / ) ^ w. (4) 
I u 

The values for D ca lcu lated from th is r igorous 

treatment were found to correlate we l l w i th those 

reported by Loch et al. For example, t reat ing the 

data for specimen No. 20 at 4200°F (12 hr) , a 

rev ised va lue of 6.9 x 1 0 " for D was obtained 

(based on the second and th i rd cu ts ) , compared 

w i th the reported value of 7.4 x 10~ cm / s e c . 

The predicted values for the groups C{x, t')/C^, 

y, and w have been plotted vs u on F i g . 19.1 in 

terms of semilog coordinates. These plots show 

that the treated experimental data should be nearly 

a straight l ine analogous to that of a respect ive 

d imensionless group. 

It is concluded that ve r i f i ca t ion of the reported 

volume d i f fus ion of uranium from U C j into AGOT 

graphite does not appear jus t i f i ab le . A dec is ion 

as to whether these resul ts can be appl ied to 

pyro ly t ic-carbon systems w i l l require an exper i ­

mental inves t iga t ion . 

Loch et al. a lso reported that the depths of 

penetrat ion of uranium by pore migrat ion were 

' ^100 t imes greater than those for the volume 

d i f fus ion ; however, the concentrat ions were very 

smal l . Th i s k ind of d i f fus ion is not we l l under­

stood, but may be possible in AGOT graphi te . 

Further invest igat ion of th is phenomenon might 

be needed in v iew of problems related to so l id 

f i ss ion products re leased. If migrat ion of th is 

type ac tua l l y occurs in h igh ly permeable mater ia ls , 

the use of h igh ly permeable graphi te even in 

fueled graphite bodies would be d i f f i cu l t to jus t i f y . 

Consider ing the experimental technique of 

Loch and co-workers (where the concentrat ion-

penetrat ion data were obtained by cutt ing depth 

increments of constant area normal to the inter­

face) , i t becomes evident that amp l i f i ca t ion of the 

data would be very desi rable. In their technique 

the interface was damaged in separating the com­

ponents of the couple for the sampling procedure. 
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The first cut was of no value and, generally, only 
the second and third cuts provided meaningful 
data. 

In order to amplify the concentration-penetration 
data, the wedge technique (details shown in Fig. 
19.2) was selected for use in the present experi­
mental investigation. This technique, for an 
angle of 1 to 2° with the interface plane (which 
is parallel to the base plane), wi l l provide a 
50-fold amplification for the penetration distances. 
The amplification is obtained by measuring the 
length of parallel increments taken along the 
length of the couple and normal to the base plane. 
The concentration-penetration data obtained in 
this manner wi l l require a similar dimensionless 
group like w for the calculation of D. A suitable 
solution for this method is being developed. 

To verify this technique, the experimental work 
was begun with the diffusion of uranium from 
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F ig . 19.2. Detai ls of the Wedge Technique for 

Diffusion Couples. 

uranium carbide into AGOT-type graphite. A 
convenient experimental diffusion couple was 
designed, although considerable diff iculty was 
encountered in the fabrication of the couples. 
The first couples were designed such that the 
infinitely thin layer method for linear diffusion 
might be employed. Uranium dicarbide was 
suspended in a molten paraffin solution and was 
then painted on the surface of a machined piece 
of graphite. Two such pieces were placed face 
to face, and the paraffin was removed by heating. 
Subsequent tests indicated that a uniform layer 
could not be placed on the face of the couple by 
using this technique. The next approach involved 
uranium metal, since it was decided that a uniform 
surface concentration was more important than the 
advantages offered by the infinitely thin layer. 
Two machined pieces of carbon separated by a 
uniform strip of uranium metal foi l (as shown in 
Fig. 19.3) were heated in a small resistance-type 
vacuum furnace (see Fig. 19.4). The specimen 
was heated slightly below the melting point of the 
uranium, and then the temperature was raised to 
1350°C. The resultant couple was completely 
welded together as shown in Fig. 19.3, and uni­
form distribution of uranium was ascertained by 
chemical and activation analyses. X-ray analysis 
of the carbide layer formed by this technique 
detected only the presence of UC. At higher 
annealing temperatures the conversion of UC to 
U j C j and UCj might be expected according to the 
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Fig. 19.3. Uranium Carbide—AGOT Graphite Diffusion Couple Fabricated at 1100 to 1350 C from Uranium 

Metal Foil Placed Between Two Graphite Sections. 
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phase studies of Mallet et al. and the thermo-
chemical properties of uranium compounds tabu­
lated by Rand and Kubaschewski. 

Experimental results for the UC—AGOT graphite 
couple annealed at 1680°C for 120 hr have yielded 
a tentative diffusion coefficient of 3.0 x 10" 

^ M . W. Ma l l e t , A . F. Gerds, and H. R. Ne lson , / . 
Electrochem. Soc. 99, 197(1952) . 

M. H. Rand and 0 . Kubaschewsk i , The Thermo-
chemical Properties of Uranium Compounds, A E R E - R -
3487 (1960). 

cm /sec based on UC- at the interface. Metallo-
graphic examination of the uranium carbide layer 
detected that the carbide species present after 
annealing had the physical appearance of nearly 
pure UCj (see Fig. 19.5). This evidence confirms 
the expected conversion of UC to UCj . The 
tentative value of D con be correlated with the 
results obtained at higher temperatures by Loch 
et al, for the UC.-AGOT system, as shown by 
the temperature-dependence plot in Fig. 19.6. 
Whether this correlation is meaningful or not wi l l 
depend on more experimental results; however, 
the method employed appears satisfactory. 

UNCLASSIFIED 
PHOTO 5 6 6 4 7 

OAK H l O a N A I I . N A l 1 ABOHATaRV 

Fig. 19.4. Graphite Resistance Vacuum Furnace Showing the Relative Loading Position of the Uraniun 

Carbide-Graphite Couple Within the Cylindrical Heating Element, Which Is Surrounded with a To Heat Reflector. 
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20. Compatibility of Special Fueled Graphites 
with Water Vapor 

L. G. Overholser J. P. Blokely N. V. Smith 

Reactor cores containing only ceramic materials 
with high-temperature stability are being con­
sidered in advanced designs of gas-cooled reactors 
in order to uti l ize coolant temperatures consider­
ably above those imposed by the fuel or other core 
components in current use. A fuel body containing 
fuel particles (UCj core coated with pyrolytic 
carbon) in a graphite matrix has been proposed 
for use in the Pebble-Bed Reactor Experiment. 
Fission product retention is to be attained through 
use of the pyrolytic-carbon coating on the fuel 
particle and a siliconized silicon carbide or 
pyrolytic-carbon coating on the fuel body. The 
latter wi l l also afford protection against oxidizing 
contaminants (HjO, COj , Oj) present in the 
coolant (He). The coated particles, which are 
prepared by various procedures, have a nominal 
core size of 150 to 500 p. and a nominal coating 
thickness of 40 to 150 /x. The pyrolytic-carbon 
coating is usually deposited in either a laminar 
or columnar form, but can also occur as a com­
posite of the two. 

Inleakage of water from a ruptured tube in a 
steam generator may result in catastrophic attack 
of the hot-fuel body by water vapor if the fuel 
body is not coated or if the coating fai ls. In 
either case, water vapor would contact the fuel 
particles, and if the pyrolytic-carbon coating also 
fails fission products would be released into the 
main coolant stream. 

Experimental studies to determine the integrity 
of the pyrolytic-corbon-coated fuel particles in 
contact with water vapor at various partial pres­
sures in the temperature range 800 to 1200°C have 
been started. A nitric acid leach of the particles 
after exposure to water vapor and the subsequent 
determination of uranium in the leach solution are 
used to measure failure of the coating. The 
reaction rate of water vapor with the coating is 
obtained from the loss in weight of the particles 
and from the composition of the effluent gas. 
Uncoated fuel bodies are to be examined similarly 
to establish the reactivity of the graphite matrix 
with water vapor and the fate of the particles in 
the matrix. 

Limited data' obtained at 900°C for two lots of 
coated particles by using helium containing 2.5 
vol % of water vapor indicate that these two lots 
behave quite differently under comparable con­
ditions. For example, an average reaction rate 
of 0.1%/hr was measured for one lot over a period 
of 100 hr, compared with 0.4%/hr for the other lot. 
This behavior undoubtedly arises from differences 
in fabrication methods. 

L. G. Overholser, J. P. Blakely, and N. V. Smith, 
"Compatibi l i ty of Special Fueled Graphites with Water 
Vapor," GCR Quart. Progr. Rept. Dec. 31, 1961, 
ORNL-3254 (in press). 
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21. Gas-Graphite Reactions 

L. G. Overholser J . P. Blakely 

Oxidation of the graphite components of a re­
actor by such oxidants as 0 , , H.O, and COj , 
which may be present as contaminants in the 
helium coolant, can result in serious operating 
diff icult ies. Burnout of the graphite may lead to 
deleterious effects on the mechanical properties 
and may increase the permeability of low-
permeability graphite designed to contain fission 
products. The resulting CO may decompose to 
produce carbon deposits on the cooler surfaces of 
the reactor, particularly in the heat exchanger. 
Advancements in the technology of gas-cooled 
reactors have resulted in projected graphite 
temperatures of 1000°C or higher. The reaction 
rates of the oxidants with graphite at these 
temperatures are sufficiently high that in order 
to use graphite under these conditions the graphite 
must be protected either by an inert coating or by 
maintaining the concentration of the oxidants in 
the helium at very low levels through the use of 
a properly designed purification system. Since 
the design of such a purification system depends 
primarily on the reaction rates of the oxidants 
with graphite at some specified temperature, it is 
necessary to have suitable data relating the re­
action rates to such variables as graphite tem­
perature, partial pressure of the oxidant, flow 
rate, geometry of the system, and the effect of 
other gases, particularly reductants such as CO 
and H j , in the system. 

Although a large amount of data on oxidation of 
charcoal, coke, etc., is available, the results of 
only a few studies of the reaction of relatively 
pure graphites with HjO and COj at low partial 
pressures have been reported at temperatures 
around 1000°C. ~ The data given indicate that 

the reaction rates may vary markedly for various 
graphites and that the effect of pressure on the 
reaction rate is not clearly defined. Out-of-pile 
experiments appear to be justified by the general 
belief that in the temperature range of interest 
the rates of the thermal reactions are sufficiently 
higher than those of the radiation-induced reactions 
to make the latter unimportant. 

An experimental program is being initiated to 
study the reactivity of oxidants such as CO, and 
HjO present at low partial pressures (10 to 1000 
volumes/million) in flowing helium with various 
grades of graphite in the temperature range of 
800 to 1200°C. The reaction rates wi l l be de­
termined by measuring the change in weight of 
the graphite specimen and by analyses of the 
effluent gas. Spherical graphite specimens of 
various sizes cut from different grades of graphite 
wi l l be used. The grades of graphite wi l l include 
highly oriented pyrolytic types, graphitized re­
actor types, and poorly graphitized types, as 
found in the fuel bodies likely to be used in the 
Pebble-Bed Reactor Experiment. A single con­
taminant (COj or HjO) wi l l be used in the init ial 
studies; mixtures consisting of COj + CO and 
H,0 -I- H , wi l l be studied later. 

R. F. Strickland-Constable, Trans, Faraday Soc. 
43, 769 (1949). 

F. Boulangier, Universite de Nancy Thesis, July 
1956. 

^G. BIyholder and H. Eyring, / . Phys. Chem. 63, 693 
(1959). 

' *J. E. Anti l l and K. A. Peokal l , AERE-M/M-201 
(August 1958); AERE-R-3070 (September 1959). 

144 



PERIOD ENDING JANUARY 31, 1962 

An A inswor th semi-micro recording vacuum 

balance, model R V - A U - 1 , has been insta l led and 

checked out and w i l l be used for measuring weight 

changes of the graphite specimens. A Burrel l 

Kromo-Tog ion izat ion model K-7 chromatograph is 

being checked out. It is ant ic ipated that the use 

of t h i s chromatograph w i l l permit the measurement 

of very low concentrat ions of H , , CO, and C O , 

in the ef f luent gas. The aux i l ia ry equipment has 

been par t ia l l y assembled. 
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22. Evolution of Gas from Graphite 

L . G. Overholser J . P. B lake ly 

Add i t i ona l studies were made of the degassing 

behavior of several commercial reactor-grade 

graphi tes. Deta i led resul ts of these studies are 

presented in several reports and pub l i ca t ions . 

Samples of berated graphites (5 wt % B^C) were 

found to evo lve large volumes of gas [~ 150 cm 

(STP) per 100 cm of graphite] when heated to 

1800°C. 

Add i t iona l samples of EGCR graphite cut from 

monol i th ic columns were degassed to further 

character ize th is moderator graphi te. The release 

of sul fur compounds as a funct ion of temperature 

and the volume-t ime re lat ionships at temperatures 

not prev ious ly studied were of part icular in terest . 

It was demonstrated that SO, is evolved at tem­

peratures as low as 200°C, but does not appear 

in the desorbate above 600°C. Small amounts of 

H j S and C S j are evolved at temperatures ranging 

from 300 to 1400°C and above. The data g iven in 

F i g . 22.1 were obtained by degassing a s ingle 

specimen of EGCR graphite at success ive ly higher 

temperatures in the range 500 to 1000°C. A plot 

of volume vs log of time gives an essen t ia l l y 

l inear re la t ionsh ip at both 500 and 600°C. A 

L. G. Overholser and J. P. Blakely, GCR Quart. 
Progr, Rept, Mar. 31, 1961, ORNL-3102, pp 216-24. 

•^L. G. Overholser and J. P. Blakely, GCR Quart. 
Progr. Rept, June 30, 1961, ORNL-3166, pp 169-77. 

• ' L . G. Overholser and J. P. Blakely, GCR QuarU 
Progr, Rept, Sept. 30. 1961, ORNL-3210, pp 61-64. 

L. G. Overholser and J. P. Blakely, "The Degassing 
Behavior of Commercial Graphites," Proceedings of 
Fifth Biennial Conference on Carbon, Pennsylvania 
State University, June 19-23, 1961 (in press). 

s imi lar re la t ionsh ip was reported for 300°C. The 

nonl inear i ty of the curves reported for temperatures 

above 600°C indicates that a change in the de-

sorpt ion mechanism occurs upon increasing the 

temperature from 600 to 700°C. A marked in­

crease in the H j concentrat ion in the desorbate 

a lso occurs in th i s temperature range. The in­

creases in the slopes w i th t ime observed at 700, 

800, 900, and 1000°C are cons is tent w i th the 

behavior noted at 1000°C for many other grades 

of graphi te. It appears to be connected w i th an 

increase in the H , / C O rat io in the desorbate, 

wh ich occurs wi th prolonged degassing at constant 

temperature. The data i l l us t ra te the changes in 

the character of the degassing behavior which 

may occur when a s ingle specimen of graphite is 

degassed at various temperatures for prolonged 

periods of t ime. Not only may the evolut ion proc­

ess change wi th temperature, but a lso wi th t ime 

at a constant temperature. A l though the rate of 

release is not completely descr ibed by the ex­

pression V ^ A log t + B, i t is useful for various 

t ime intervals at temperatures above 600°C. Plots 

of volume vs t , which were made for a number 

of cases, a lso resul ted in curves w i th changing 

s lopes, indicat ing that the rate of release a lso 

cannot be described by a simple d i f fus ion mechan­

ism. The ef fect of geometry appears to be re la­

t i ve l y unimportant. No s ign i f i can t di f ferences in 

the re lease rates were found for cy l inders of 

EGCR graphite vary ing from 1 in . to 4 in . in 

length and from 1 in . to 2 A i n . in diameter. 

L. G. Overholser and J. P. Blakely, "Evolut ion of 
Gas from High-Purity Graphites," Proceedings of 
Second Conference on Nuclear Reactor Chemistry, 
Gatlinburg, Tenn., Oct. 10-12, 1961, TID-7622. 
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F i g . 2 2 . 1 . Vo lume-T ime Plots 

for EGCR Graphi te in the Tem­

perature Range 5 0 0 - 1 0 0 0 ° C . 
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23. Measurement of Temperature in 
Reactor Environments 

W. T . Rainey, Jr. R. L . Bennett H. L. Hemphi l l 

BEHAVIOR OF BASE-METAL THERMOCOUPLES 

The spec i f i ca t ion of Ch rome l -P -A lume l thermo­

couples for use as temperature sensors in the gas 

c i r cu i t of the EGCR has resul ted in an extensive 

thermocouple research program. As previously 

reported, ' large negat ive emf dr i f ts hove been 

observed when Chromel-P is used as a thermo­

couple leg in stagnant hel ium or air atmospheres 

at about 1000°C. The pr inc ipa l mechanism in­

vo lved in the negat ive-emf-dr i f t phenomenon has 

been shown to be the se lec t ive ox idat ion of 

chromium in the Chromel-P leg w i th resul tant 

decrease in concentrat ion of meta l l i c chromium 

in the a l loy . Such preferent ial ox idat ion occurred 

in a l imi ted temperature range (700 to 900°C) and 

in atmospheres conta in ing only t race quant i t ies 

of oxidants (water or oxygen). 

Add i t iona l tes ts have been conducted wi th a 

group of base-metal a l loys which have been 

recommended as being more res is tant than 

Chromel-P to se lect ive ox ida t ion . The test thermo­

couples were prepared from 24-gage br ight wi re 

and were tested in unpurged thermocouple pro­

tec t ion tubes w i t h a stagnant hel ium atmosphere 

at 1000°C. The several combinat ions tested are 

shown, along w i th a l loy composit ion and mean 

dr i f ts observed after an exposure of 600 hr (Table 

23.1). 

The comparat ively large temperature dr i f t of the 

Ch rome l -AA-o l l oy 875 thermocouple for a s l ight 

G. W. Keilholtz et al.. Reactor Chem. Div. Ann. 
Progr. Rept. Jan. 31, 1961, ORNL-3127, p 128. 

^R. L. Bennett, W. M. McClain, and W. T. Rainey, 
Symposium on Temperature. Its Measurement and Con­
trol in Science and Industry, Columbus, Ohio, March 
1961, paper B-3-10. To be published by Reinhold 
Publ ishing Co. 

emf d r i f t is due to the very low thermoelectr ic 

power of th is couple at temperatures near 1000°C. 

When coupled w i th plat inum, the Chromel-A and 

Chromel-AA showed about the same temperature 

dr i f t (+4.0 and + 6 . 0 ° C respect ive ly ) . 

Thermal-gradient emf prof i les of the wires were 

p lot ted by slowly wi thdrawing the wi res from an 

isothermal tube furnace. The prof i les of the 

Chromel-A and Chromel-AA were s imi lar and 

indicated only very smal l composi t ion changes. 

Special and regular Chromel-P showed large 

negat ive emf errors in the sect ions exposed to 

the furnace thermal gradient . Th i s type of prof i le 

has been associated w i th select ive chromium 

oxidat ion in past exper iments. The Special 

Chromel-P wire has been recommended as being 

more sat is factory than the regular Chromel-P in 

reducing and marginal ly ox id iz ing atmospheres. 

The Special A lumel wires showed only s l ight 

pos i t i ve emf errors in pro f i le , and the wires ap­

peared to be phys ica l ly sound. The regular Alumel 

wi res were severely ox id ized , even though they 

showed only s l ight pos i t ive emf errors in prof i le . 

The ins ign i f i cant emf dr i f ts are to be expected, 

because the emf output of A lumel is a lmost the 

same as that of pure n i cke l . 

The a l loy 875 was recommended as the negative 

leg w i th Chromel-A and Chromel-AA under reducing 

atmospheric condi t ions. It appeared phys ica l l y 

sound after use in the dr i f t tests descr ibed. Emf 

error prof i les showed that no appreciable com­

pos i t ion changes occurred. 

Bare, du l l Chromel-P wires have been studied 

in the same assembl ies as used in the 1000°C 

Chromel-Alumel Thermocouple Alloys, Catalog 
M-61-Ca, Hoskins Manufacturing Co. (1961). 
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Table 23.1. Emf Drift Data in Stagnant Helium Atmospheres After 600 hr of Exposure 

Thermocouple Al loys 
Average Drift 

Regular Chromel-P 

(90 Ni , 10 Cr) 

Special Chromel-P 

(Chromel-P + Nb) 

Ciiromel-A 

(80 Ni , 20 Cr) 

Chromel-AA 

(68 N I , 20 Cr, 8+ Fe) 

Geminol-P 

(80 Ni, 20 Cr) 

Regular Alumel 

(94 Ni , 3 Si, 2 A l , 1 Mn) 

Special Alumel 

(Ni + 1-2 Si) 

Al loy 875 

(72 Fe, 23 Cr, 5 Al) 

Al loy 875 

(72 Fe, 23 Cr, 5 Al) 

-1.76 

-2.33 

f0.05 

+ 0.07 

-58 

+ 25 

No data avai lable 

t es ts , but w i th hot- junct ion temperatures as indi ­

cated in F i g . 2 3 . 1 . In a l l cases negat ive emf 

dr i f ts were measured during exposure of the 

couples. In each case the nonhomogeneous sec­

t ion developed in the thermal-gradient region of 

the furnace. For the upper three temperatures the 

maximum error developed w i th in a 29°C range 

(781 to 810°C). In the 770°C test the se lec t ive 

ox idat ion occurred even deep in the isothermal 

region of the furnace. 

These tests substant iate data obtained pre­

v ious ly , which indicated that the se lec t ive ox i ­

dat ion of chromium occurred predominantly in 

sect ions of wi res exposed to stagnant hel ium 

atmospheres between 700 and 900°C. The selec­

t i ve oxidat ion of chromium occurred mainly in the 

thermal-gradient region of the assembly whenever 

the isothermal region was kept above 750°C. 

Otherwise, part ia l ox idat ion occurred even in the 

isothermal region. Th is pattern of behavior has 

been predicted by means of thermodynamic ca lcu­

lat ions on a s imp l i f ied system conta in ing ox id iz ing 

and reducing impuri t ies at equ i l ib r ium wi th Ni-Cr 

so l id so lu t ions . 

It is concluded that the 80 N i - 2 0 Cr type a l loy 

(Chromel-A and -AA, Geminol-P) is a more sui table 

type than the 90 N i - 1 0 Cr (regular and Special 

Chromel-P) type for use at temperatures above 

700°C under marginal ly ox id iz ing cond i t ions . 

Th is is espec ia l l y important when the system 

geometry a l lows development of atmospheric 
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gradients around the w i re , as in long protect ion 

tubes of small bore. It is a l so concluded that the 

Special A lumel a l loy was much more res is tant to 

ox ida t i ve at tack than the regular A lumel under 

these tes t condi t ions. 

BEHAVIOR OF SHEATHED THERMOCOUPLES 

IN VARIOUS ATMOSPHERES 

Chrome l -P-A lume l thermocouples sheathed in 

s ta in less steel have been speci f ied for measure­

ment of temperature in the EGCR. Therefore such 

assembl ies have been tested ex tens ive ly under 

condi t ions approaching those expected in EGCR 

operat ion. 

As previously reported, abnormal emf outputs 

were obtained when these thermocouples were 

exposed at high temperatures to hel ium contami­

nated wi th gases desorbed from graphi te . The 

emf errors were the resul t of se lec t ive ox idat ion 

of chromium in Chromel-P wires and appeared to 

G. W. Keilholtz et al,. Reactor Chem, Div, Ann. 
Progr. Rept. Jan, 31. 1961, ORNL-3127, p 131. 

be dependent upon the source of the thermocouple 

stock material as we l l as the external atmosphere. 

F igure 23.2 is a composite of resu l ts from 

several series of experiments carr ied out in 

graphi te-hel ium atmospheres at 870°C. The 

sheathed thermocouples were inserted into holes 

d r i l l ed into an AGOT graphi te cy l inder contained 

in a s ta in less steel pressure can. A stat ic pres­

sure of 7 psig hel ium was maintained in the can 

during the tes ts . The complete assembly was 

ins ta l led in a Marshal l tube furnace before heat 

was app l ied . Therefore a l l gaseous products 

desorbed from the graphite were lef t in contact 

w i th the couples during the tes t . Curve 1 is 

t yp i ca l of a l l thermocouples protected from the 

graphi te-hel ium atmosphere by s ta in less steel 

tubes open to air but mounted in the same test 

assembly. Thermocouples represented by curves 

1, 5, and 6 were ins ta l led a t the start of the tes t . 

Rapid negat ive emf dr i f t was noted w i th couples, 

from vendor A , sheathed in type 304 s ta in less 

s tee l . A fresh group of these couples, curve 4, 

was inserted into the assembly after thorough 

outgassing of the graphi te. During about three 

UNCLASSIFIED 
ORNL-LR-DWG 58439R 

CURVE 

1 
2 

3 

4 
5 
6 

TYPE OF SHEATH 
ON THERMOCOUPLE 

TYPE 3 0 4 STAINLESS STEEL 
TYPE 347 STAINLESS STEEL 
TYPE 3 0 4 STAINLESS STEEL 
TYPE 3 0 4 STAINLESS STEEL 
TYPE 304 STAINLESS STEEL 
TYPE 310 STAINLESS STEEL 

THERMOCOUPLE 
VENDOR 

A 
C 
B 
A 
A 
B 

TEST 
ENVIRONMENT 

AIR 
GRAPHITE-HELIUM 
GRAPHITE-HELIUM 
GRAPHITE-HELIUM 
GRAPHITE-HELIUM 
GRAPHITE-HELIUM 

Fig. 23.2. Drift Data for Stainless-Steel-Sheathed Thermocouple. 
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weeks of exposure these couples showed only a 

s l igh t pos i t i ve emf d r i f t . 

Af ter 82 days at temperature, a fresh AGOT 

graphite cy l inder was ins ta l led . Couples repre­

sented by curves 1, 4 , and 5 were reinserted along 

wi th two new sets , curves 2 and 3. The fresh 

graphite block resulted in (1) temporary increased 

rate of dr i f t in curve 5, (2) start of negat ive dr i f t 

in curve 4 , and (3) no change in rate of dr i f t in 

curve 1. It was interest ing to note that couples 

sheathed in type 347 sta in less steel (vendor C) 

and type 304 sta in less steel (vendor B) indicated 

much less error at the end of the test than did 

those from vendor A after corresponding t imes. 

Metal lographic sect ions and thermal-gradient 

emf prof i les proved that se lec t ive ox idat ion of 

chromium in the Chromel wires occurred in those 

port ions of wi re exposed at about 750°C. The 

A lumel wires showed only s l ight surface ox idat ion. 

Resul ts to date indicate that the negat ive emf 

dr i f t is c losely associated w i th the desorpt ion of 

gases from the graphite and w i th the source of 

thermocouple stock mater ia l . Under the condi t ions 

of these tes ts , hydrogen and carbon monoxide are 

the main desorbed gases. F igure 23.3 and ref 6 

g ive data obtained from tests in which pure hy­

drogen and carbon monoxide atmospheres (7 psig) 

were maintained around type 304 sta in less steel 

sheathed couples (vendor A) at 865°C. The 

couples exposed to hydrogen developed a total 

error of - 3 . 8 4 mv ( -96°C) after 155 days of ex­

posure. Those exposed to carbon monoxide were 

-t-0.28 mv (7°C) in error after 194 days of exposure 

at 870°C. There was no tendency toward negative 

emf dr i f t at any t ime during the tes t . However, 

recent thermal-gradient emf prof i le data have 

shown nonhomogeneous areas in these thermo­

couples near the hot junct ions. It is probable 

that these composit ion changes were due to 

carbur izat ion of the Chromel w i re . It is not un­

reasonable to expect carbur izat ion, w i th resultant 

d i f fus ion of carbon through the sheath mater ia l , 

during such long t imes at high temperature. 

F igure 23.4 shows a port ion of the data obtained 

in the above cases, as w e l l as data obtained to 

date in the high-pressure hydrogen and low-

temperature graphite tes ts described below. 

W. T. Rainey and R. L . Bennet t , GCR Quart. Progr. 
Rept. Sept. 30, 1961, ORNL-3210 , p 215. 
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F i g . 23 .3 . EMF Drift Tests with Chromel-Aiumel 

Sheathed Thermocouples in Hydrogen and Carbon 

Monoxide. 

A set of type 304 sta in less steel sheathed 

couples (vendor A) was ins ta l led as in previous 

tes ts , but was maintained at 700°C. After 98 

days these couples averaged —0.08 mv (—2°C) 

error. The small dr i f t in th is tes t was not ent i re ly 

unexpected, since temperatures in the range of 

700°C were known to be on the border l ine of 

detectable se lect ive ox ida t ion . 

A set of type 304 s ta in less steel sheathed 

couples (vendor A) was a lso ins ta l led in a h igh-

pressure hydrogen assembly. These couples were 

exposed to 150 psig hydrogen pressure at 870°C 

for 64 days and showed an average emf dr i f t of 

0.00 mv. It is probable that hydrogen di f fused 

through the sheath so rapid ly that the inner 

atmosphere became strongly reducing before 

se lec t ive ox idat ion could occur. 

Hel ium d i f fus ion data indicate that the magnesia 

insu la t ion is less densely packed in the product 

manufactured by vendor A than in those by vendors 

B and C. Th is may resul t in greater longi tudinal 

d i f fus ion of gases such that concentrat ion 

gradients conducive to se lec t i ve ox idat ion con 

be more eas i ly formed. In add i t ion , pur i ty of 
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magnesia^ inclusion of air or moisture, presence 
of metal oxides, and method of fabrication may 
have influenced the results. Preliminary gas 
analyses have therefore been performed to de­
termine whether gas or moisture content of the 
stock from vendor A differed markedly from the 
other stock. Results indicate that the total gas 
content of stock from vendor A is about three 
times that from vendor B. Quantitative composition 
of the gas has not been established, but nitrogen 
and hydrogen were the predominant components in 
both cases. 

The presence of nitrogen might have been due 
to its use as an inert atmosphere for storage of 
magnesia before assembly of the stock. The lack 
of argon in the desorbed gases precludes the 
explanation that nitrogen was from air inclusion 
only. It is possible that the hydrogen was present 
as a result of reaction of moisture with metal 
during annealing and analytical outgassing. 
Recent incomplete gas analyses substantiate 
such an idea. Gases desorbed from the thermo­
couple stock at 600°C showed much higher per­
centages of hydrogen, water, and carbon dioxide 
than did those gases desorbed from the stock at 
1200°C. 

It is concluded that hydrogen penetration of the 
sheath was responsible for modifications of the 
atmosphere that resulted in selective oxidation. 
The variations in rate of drift were undoubtedly 
due to the differences in internal gas composition 
present when the assemblies were sealed at the 
factory. The results indicate that it is extremely 
diff icult to write specifications for purchase of 
thermocouple stock with the complete assurance 
that such stock wi l l perform satisfactorily under 
all kinds of operation conditions. In general, 
satisfactory operation can be expected from 
Chromel-P—Alumel thermocouples when used in 
oxidizing atmosphere. However, when used in 
atmospheres likely to contain hydrogen gas, 
Chromel-P-Alumel thermocouples sheathed in 
metal may give erroneous emf indication after use 
at temperatures over about 700°C. For use under 
such reducing conditions, it is recommended that 
a very tightly packed magnesia insulation be 
specified. In addition, manufacturing techniques 
should be rigidly controlled in order that as l i t t le 
moisture, air, and carbon oxide as possible be 
enclosed in the sheath before swaging. As indi­
cated by the results from the bare-wire thermo­
couple test, the use of such alloys as Chromel-A 
or Geminol-P in place of the Chromel-P leg might 
be advisable under such conditions. 

A complete discussion of the programs described 
above is to be found in a recent report. 

W. T . Rainey, Jr . , and R. L . Bennett , Thermocouple 
Research Under EGCR Conditions, ORNL CF-61-12-54 
(Dec. 20, 1961). 
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24. Beryllium Chemistry Studies 

REFRACTIVE INDEX OF BeO AS A FUNCTION 
OF RADIATION DAMAGE^ 

T. N. McVay^ H. Insley^ 
R. E. Thoma H. A. Friedman 

C. F. Weaver 

Specimens of BeO irradiated at 120°C for a total 
of 1.5 X 10 nvt showed the largest change in 
refractive index of all specimens exposed recently 
in the Engineering Test Reactor. Hexagonal 
beryllium oxide is normally uniaxial positive with 
refractive indices N, = 1.719, N,, = 1.733. The 
refractive indices of specimens irradiated to 
1.5 X 10^^ nvt at 120°C were N , = 1.700 ±0.003, 

Co ' 

N^ = 1.712 ±0.003. Annealing experiments were 
conducted which reversed the radiation effects on 
the refractive indices of BeO at temperatures as 
low as approximately 650°C. The results of these 
experiments show that the determination of re­
fractive indices with the petrographic method 
affords a rapid, quantitative, inexpensive, non­
destructive method of measuring the extent of 
radiation damage to beryllium oxide and the extent 
to which thermal annealing effects a recovery of 
this property. 

Summary of published paper: J. Am. Ceram. Soc. 
45, 48-49 (1962). 

2 
Consultant. 

R. P. Shields, J . E. Lee, Jr., and W. E. Browning, 
Jr., Effects of Past-Neutron Irradiation and High Tem­
perature on Beryllium Oxide, ORNL-3164 (Mar. 19, 
1962). 

EXPERIMENTAL ATTEMPTS TO STABILIZE 
A CUBIC FORM OF BeO^ 

R. E. Thoma H. A. Friedman 
T. N. McVay^ 

Binary mixtures of BeO with the oxides A l j O , , 
CaO, L i j O , MgO, Sc jOj , T i O j , Y j O j , and ZrOj 
were fired at temperatures above 2050°C in an 
attempt to produce a stabilized solid having the 
cubic crystalline modification of the BeO structure 
suggested by Rothman and Smith. No evidence 
was observed in microscopic and x-ray-diffraction 
analyses of the cooled specimens that a cubic 
form of BeO had been produced in any of the 
experiments. 

PREPARATION OF KILOGRAM QUANTITIES 
OF HIGH-PURITY BERYLLIUM OXIDE 

R. E. Moore J. H. Shaffer 
H. F. McDuffie 

The availabil ity of very nearly pure beryllium 
oxide is highly desirable for two principal rea­
sons. First, it would permit the preparation of 
low-impurity-level spectrograph ic standards for 
analyzing beryllium and its compounds. Second, 
it would make possible an evaluation of the ef­
fects of small quantities of impurities and specific 

^Abstract of published report: ORNL TM-94 (Dec. 
22, 1961). 

^A. J. Rothman and D. K. Smith (UCRL), unpublished 
work. 
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additives on sintering characteristics and irra­
diation behavior of BeO moderator material. The 
acetylacetone-EDTA solvent-extraction process 
for making high-purity beryllium oxide ' has 
been developed to the point where a small-scale 
production operation has been demonstrated. In 
essence, this process, previously reported to be 
useful in analytical separations and decontamina­
tion procedures, consists in extracting a 
solution of Be(CH3COCHCOCH3)2, beryllium 
acetylacetonate, in carbon tetrachloride with an 
aqueous solution containing ethylenediaminetetra-
acetic acid (EDTA). Beryllium is largely retained 
in the organic phase, while most metallic im­
purities are complexed with EDTA in the aqueous 
phase. The beryllium is subsequently back-
extracted into nitric acid, precipitated as hydrox­
ide with ammonia, and calcined to purified 
beryllium oxide at 600 to 1000°C. 

Altogether, a quantity of about 1280 g of high-
purity oxide has been prepared in 24 batches. 
If all 24 batches were blended, the result would 
be a composite containing less than 10 ppm each 
of Ca, A l , Fe, and Si and less than 5 ppm each 
of Mg and Cu. A l l other metallic impurities were 
below the quantitatively detectable limit (5 or 10 
ppm for most elements) in each of the 24 selected 
batches. A few of the batches contain a con­
siderable amount of carbon as judged by a grayish 
coloration; most are definitely white, however, 
containing only a very few visible dark particles. 

Several batches have already found use in the 
preparation of spectrographic standards. Other 
batches are scheduled for use in making sintered 
BeO bodies for irradiation experiments. Cracking 
and powdering of sintered BeO have been found 

R. E. Moore, Reactor Chem. Div. Ann, Progr, Rept. 
Jan. 31, 1961. ORNL-3127, pp 159-60. 

_^ ' 'R . E. Moore, J. H, Shaffer, and H. F. McDuffie, 
"Preparation of High-Purity Beryllium Oxide," paper 
presented at the Second Conference on Nuclear Reactor 
Chemistry, Gatlinburg, Tenn., Oct. 10-12, 1961. 

^ J . A. Adam, E. Booth, and J. D. H. Strickland, 
Anal. Chim. Acta. 6, 462 (1952). 

o 
I. p. Alimarln and I, M. Gibalo, / . Anal. Chem. 

U.S.S.R. {English Translation) 11, 405 (1956). 

J. D, Buchanan, / . Inorg, Nuclear Chem. 7, 140 
(1958). 

to occur at low temperatures and high neutron 
dose. The BeO used in these radiation studies 
was the best available commercial material, but 
it contained a total of 1200 ppm impurities (100 Al , 
50 Co, 20 Cr, 20 Fe, 100 K, 110 Si, and 800 S). 
The results of tests with material of higher purity 
wi l l be useful in determining whether the radiation 
damage observed with the commercial-grade BeO 
is intrinsically characteristic of BeO or whether 
it may be attributed to the presence of impurities. 
The reports that the tensile strength of beryllia 
increases remarkably as the purity and crystal 
perfection are improved suggest that ultrapure 
BeO might display greater resistance to radiation 
damage. 

Solubilities in the Extraction System 

The solubility information in Table 24.1 was 
obtained to a id in the design of an efficient purifi­
cation process. The data permit a wide choice of 
compositions which may be used in contact with 
an aqueous EDTA phase in a purification process. 
Compositions containing only a small amount of 
acetylacetone may be preferred in order to minimize 
the loss of this reagent to the aqueous phase. 
The pH of a saturated solution of beryllium 
acetylacetonate in water is approximately 7.1. 
The distribution coefficient (aqueous/organic) for 
beryllium at this pH, estimated from the ratio of 
solubilities in HjO and CCI^, is 0.0092. 

Results of Batch Purification Process 

The spectrographic analyses and percentage 
recoveries of purified oxide prepared in the pro­
gram are given in Table 24.2. 

Discussion of Results 

The results of spectrographic analyses of the 
products show that in nearly every preparation 
there are certain elements reported to be present 
which should have been removed completely as 
judged by their distribution coefficients. There 
appears to be no correlation with the purity of the 
starting material or with washing procedures. In 
general, the impurities reported to be present are 
those expected as a result of dust and reagent 
contaminations, which are diff icult to eliminate 
completely. 
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Toble 24 .1 . Solubi l i t ies in the Extract ion System 

/ - I *- 1 T e m p , i . f 
C-ompound Solvent ^ (g per l i ter ot 

Solubi l i ty 

per l i ter o 

saturated solution) 

Be(CH3COCHCOCH3)2 CC i^ 27 530 

CH3COCH2COCH3 27 405 

50 vol % CCI^ in 27 508 

CH3COCH2COCH3 

H jO 27 4.9 

EDTA H jO 22 0.4 

CH3COCH2COCH3 CCI^ 27 ~ 

H2O 25 173° 

' 'Th is value reported by J . F. Steinbach, thesis . Univers i ty of P i t tsburgh, NYO-6347 (1953). 

Table 24.2. Preparations of Pur i f ied Bery l l ium Oxide 

Preparation Weight of BeO Percent Spectrographic Ana lys i s ' ' 
Color 

No. (g) Recovery Reported Impurit ies (ppm) 

A l 51.2 28.6 White None 

A2 49.2 28.3 Slight ye l low Mg <5 T, Na <10 T 

A3 21.3 11.9 Slight gray Si <25 FT , Mg 6, Fe 10 

A4 53.3 31.4 Slight ye l low Mg <5 F T , Na <10 T 

A5 40.9 22.9 Slight yel low Si 10, Co 10, Al 5, Mg 5, Fe 5 

A6 56.5 31.9 White Al <5 T, Ca 5, B < 1 T 

J A l 33.3 14.2 White L i 30, Cu 2 

JA2 67.9 29.2 Gray Cu 2 

JA3 73.8 31.7 Gray Cu 2 

JA4 72.9 31.3 Gray Si 20, Mg 5, Cu 5 

JA5 74.8 33.7 White Al 7, Si 10, Mg 8, Cu <5 T 

JA6 75.8 32.4 White Al 5, Si 20, Mg 5, Cu 18 

JA7 78.4 34.4 White Al 5, Si 10, Mg 5, Cu 5, Ca < 10 T 

JA8 54.5 23.7 White Al 5, Si 10, Mg 5, Cu 5, Ca <10 T 

JA9 91.6 39.4 White Si 15, Mg 5, Ca < 10 T, B 2, Pt F T 

JAIO 59.8 25.9 White Al 10, Si 10, Mg 5, Pt T 

J A l l 67.7 28.8 White Si 10, Mg <5 T, Pt T 

JA12 78.1 33.7 V/hite Si < 10 T, Mg 5, Pt F T 

JA13 37.6 16.3 White Al 10, Si <10 T, Mg <5 T, Pt T 

The spectrographic analyses were reported by J . A. Norr is, Z. Combs, and co-workers. Ana ly t i ca l Chemistry 
D iv is ion , ORNL. A l l impuri t ies except those l is ted were not detected and were below the quant i ta t ive ly detectable 
leve l , which was 5 or 10 ppm for most elements. The symbols T and FT. referr ing to trace and fa int trace, mean that 
the element was detected but was present below the level ind icated. 
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BERYLLIUM EXTRACTION STUDIES; 
ANALYTICAL METHOD 

C. E. L. Bamberger C. F. Baes, Jr. 

To expedite further examination of the solvent-
extraction process for the purification of beryl­
lium, a spectrophotometric method "̂  has been 
developed for the simultaneous analysis of 
beryllium acetylacetonate [Be(Ac)2] and acetyl­
acetone (HAc) (the extractant) in carbon tetra­
chloride (the organic diluent). These compounds 
exhibit absorption peaks in the ultraviolet [294 
and 272 m/z for Be(Ac)2 and HAc respectively] 
which were found to obey Beer's law. The peaks 
are sufficiently separated so that measurement of 
sample absorbancy at two wavelengths (260 and 
301.5 m/i) permits the determination of the con­
centration of each component by simultaneous 
solution of the following equations: 

^^260 "̂  ( '^Be,260^ ^ B e "̂  ( '^Ac,260^ ^ A c ' 

''so 1.5 ^ ( ' ^ Be,30 1.5̂  *^Be + ^"^AcSOl.s) ^Ac ' 

where 

'^260' ' 'soi 5 ='"^' 'sured absorbancies at 
the two wavelengths. 

IAEA Fel low, Argentine Atomic Energy Commis-
11 

sion. 

'^R. E. Moore, J . H. Shaffer, and H. F. McDuffie, 
"Preparat ion of High-Purity Beryllium Ox ide , " paper 
presented at the Second Conference on Nuclear Reactor 
Chemistry, Gatlinburg, Tenn. , Oct. 1 0 - 1 2 , 1961. 

13 
Suggested by a spectrophotometric method for the 

analysis of beryllium alone, described in ref 8. 

'^Ac,260' '^Ac,301.5 

^Ba,260' ^Be,301.5 = ' ^ ° ' ' " ' extinction coeffi­
cients of Be(Ac)2 at the 
two wavelengths (found to 
be 230 and 1493, respec­
t ively, for a 0.05-cm path 
length), 

molar extinction coeffi­
cients of HAc at the two 
wavelengths (found to be 
403 and 63.5, respectively, 
for a 0.05-cm path length), 

Cn and C. = molar concentration of 
Be Ac 

Be(Ac)2 and HAc respec­
tively. 

For mixtures in which one component concentra­
tion exceeds the other by less than a factor of 10, 
both concentrations could be determined with an 
accuracy of ±5% in the concentration range 
5 x 1 0 - 5 to 10-3 ^_ 

Appreciable absorption in this region of the 
ultraviolet was attributable to impurities in the 
solvent, the amount varying considerably for dif­
ferent brands and different batches of carbon 
tetrachloride. Also, a small but increasing ab­
sorption was noted to result from prolonged con­
tact of the solvent with polyethylene containers. 
When care was taken to ensure that the reference 
solvent and the solutions were prepared from the 
same batch of carbon tetrachloride by similar 
treatments, these effects did not interfere with 
the method. Similarily no interference was found 
from the possible presence in the sample of varying 
small amounts of water, nitric acid, or EDTA. 
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25. Effect of Radiation on Beryllium Oxide 

G. W. Ke i lho l tz J . E. Lee, Jr. W. E. Browning, Jr . R. P. Shields 

The BeO irradiat ion program at ORNL has 

y ie lded s ign i f i can t information during the past 

year. Experiments 1 through 5 are now complete, 

experiment 6 has been removed from the reactor 

for examinat ion, and experiment 7 is in the ETR. 

Experiments 8 and 9, which are combined, are 

scheduled to begin about Ap r i l 1, 1962. The 

status of the program is shown in Tab le 2 5 . 1 . 

In experiments 1-5 ' a to ta l of 57 cy l indr i ca l 

BeO specimens were irradiated in the ETR from 

10^° to 2.6 X 10^^ nvt (>1 Mev) over the tempera­

ture range 100 to 1025°C. The specimens were 

encapsulated in sta in less steel and insta l led 

w i th in an annulus through which an argon-helium 

mixture was c i rcu la ted to achieve temperature 

cont ro l . Two types of specimens were used: 

(1) hot-pressed samples w i th a densi ty of 2.9 

g /cm made from oxide conta in ing some impuri t ies 

(spectrographic analys is showed the fo l lowing 

composi t ion, in percent: Si 0.6; Fe 0 . 1 ; Ca <0.08; 

Ni <0 .09 ; and P, Cu , Cr, and A l <0 .05) ; (2) co ld-

pressed and sintered samples w i th a densi ty of 

2.65 to 2.70 g /cm made from Brush UOX grade 

BeO (spectrographic ana lys is , in ppm: A l and K 

100; Si 110; Ca 50; Cr and Fe 20; Mg <70 ; Mo 

<50 ; and Mn and Ni <20). 

Af ter i r radiat ion the specimens were observed 

by x-ray d i f f rac t ion , petrographic microscopy, 

e lectron microscopy, and metal lography; some 

G. W. Keilholtz et al., Reactor Chem. Div. Ann. 
Progr. Rept. Jan. 31, 1961, ORNL-3127, pp 153-54. 

2 
R. P. Shields, J. E. Lee, Jr., and W. E. Browning, 

Jr., Effects of Fast-Neutron Irradiation and High Tem­
perature on Beryllium Oxide, ORNL-3164 (Mar. 19, 
1962). 

R. P. Shields, J, E. Lee, Jr., and W. E, Browning, 
Jr., "Irradiation Effects on BeO," in Transactions of 
the American Nuclear Society, 1961 Winter Meeting, 
November 7 - 9 , vol 4(2), 

specimens were d isso lved for determinat ion of 

hel ium and t r i t i um . Severe damage occurred to 

specimens irradiated to high neutron dose at low 

temperatures. Specimens rece iv ing as much as 

1.5 X 1 0 ^ ' rivi at about 1 lO'^C d is integrated to 

powder. Fractures were observed in specimens 

i rradiated at 2.6 x 1 0 ^ ' nvt at 800 to 950°C. 

Some specimens remained intact after exposure 

to intermediate doses and intermediate tempera­

tures. Increases in l inear dimensions from 0.5 to 

4% were observed. Th is ef fect increases w i th 

neutron dose and decreases w i th temperature. 

X- ray-d i f f rac t ion examinat ions ' of both types 

of specimens after i r radiat ion show anisotropic 

la t t i ce expansion rat ios ( A c / c . ^ A a / f l . ) of 

approximately 9. X-ray patterns of BeO irradiated 

at 120'^C resemble those of i rradiated graphi te. 

The data may be interpreted as showing, in add i ­

t ion to isolated point defec ts , the presence of 

small d isks of 10 to 20 in te rs t i t i a l atoms (such 

as Be, He, 0 ) in semiregular array between 

c lose ly packed planes. The strain energy in such 

a la t t i ce should be h igh. 

Petrographic examinat ions of the irradiated 

specimens showed a decrease in the ref ract ive 

index corresponding to the decrease in densi ty 

(see " R e f r a c t i v e Index of BeO as a Funct ion of 

Radiat ion Damage, " th is report) . It was found 

that specimens irradiated in the 10 nvt range, 

having a ref ract ive index of 1.70, begin to anneal 

at 700°C, w i th complete anneal ing to the standard 

index of 1.72 at 1050°C. 

H. L. Yokel, Metallurgy Division, personal communi­
cation. 

R. E. Thoma, Reactor Chemistry Division, personal 
communication. 

*T. N. McVoy et al., J. Am. Ceram. Soc. 45, 4 8 - 4 9 
(1962). 
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Experiment 

No. 

ORNL-41-1 

2 

3 

4 

5 

6 

7 

8-9 

Estimated vo 

Proposed val 

Number of 

Specimens 

lue. 

ue. 

3 

9 

3 

3 

6 

12 

21 

6 

40 

8 

120 

196 

24 

10 

Type of 

Material 

Hot pressed 

Hot pressed 

Hot pressed 

Hot pressed 

Hot pressed 

Cold pressed 

and sintered 

Cold pressed 

and sintered 

Cold pressed 

and sintered 

Cold pressed 

and sintered 

Hot pressed 

Cold pressed 

and sintered 

Cold pressed 

ond sintered 

French 

French 

Table 2 5 . 1 . B 

Nominal 

Diom ( in.) 

0.636 

0.636 

0.428 

0.636 

0.800 

0.800 

0.800 

1.180 

0.800 

0.800 

0.500 

0.250 

0.250 

0.250 

ery 

D 

I l ium Oxide 1 

mensions 

Length (in.) 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

3.000 

0.500 

0.500 

0.500 

0.250 

0.250 

0.500 

rradiation Experiments 

Density 

(g/cm 2) 

2.9 

2.9 

2.9 

2.9 

2.9 

2.65 - 2.70 

2.65 - 2.70 

2.65 - 2.70 

2.65 - 2.70 

2.9 

2.7 and 2.9 

2.7 and 2.9 

2.95 

2.95 

Exposure 

{nvtx 10^^ 

0.14 

0.11 - 0 . 3 5 

0.11 - 0.45 

0.11 - 0 . 4 5 

0.11 - 0 . 4 5 

1.8 - 2.4 

1.1 - 2.3 

0.2 - 0 . 5 " 

0.5 - 1.0" 

0 . 5 - 1.0 

1.0 - 10.0* 

1.0 - 10.0 

1.0 - 10.0 

1.0 - 10.0 

Temp 

(°C) 

722 

219 - 500 

120 - 1025 

120 - 1025 

120 - 1025 

120 

1 1 0 - 9 5 0 

500 - 950 

550 - 1000 

550 - 1000 

650 - 1100 

650 - 1100 

650 - 1100 

650 - 1100 

State of 

Completion 

Complete 

Complete 

Complete 

Complete 

Complete 

Complete 

Irradiated and re­

moved from ETR 

In progress 

Not started 

70 

2 
o 
- .1 3 
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-1 
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o 
m 
to 

70 

o 



PERIOD ENDING JANUARY 31, 1962 

The preparation of metal lographic specimens 

revealed the presence of extensive intergranular 

fracture in the 10 nvt range as evidenced by 

excess ive pul lout of material during po l ish ing. 

E lect ron microscopic examinat ions of irradiated 

BeO showed that voids 0.1 to 0.3 fi in diameter 

were present in the inter ior of the grains and at 

grain boundaries; these voids were not present in 

the or ig inal mater ia l . The voids were sometimes 

found in paral le l a l ignment, suggesting a c rys ta l -

lographic re la t ionsh ip to the d i rect ion of hel ium 

d i f fus ion . Heat treatment of the samples caused 

the voids to coalesce to form b l i s te rs . 

The thermal conduct iv i ty of the samples de­

creased substant ia l l y as exposure progressed, as 

indicated by 50 to 100% increases in radia l tem­

perature d i f ferences. However, since there were 

no sudden changes in the temperature gradient 

and s ince more than 25 samples surv ived thermal 

cyc l ing without c rack ing , thermal stress seems 

un l i ke ly as a sole cause of f a i l u re . 

Gas analyses of i rradiated BeO show that 

in ternal ly generated hel ium is retained even at 

high temperatures up to a fast-neutron dose of 

1.6 X 10 nvt. The scatter among the points 

plot ted in F i g . 25.1 above th is dose is probably 

caused by the release of hel ium by fracture of the 

pe l l e t s . Hel ium is produced through two nuclear 

react ions: (1) the {n,2n) react ion in which the 

y ie ld is proport ional to nvt, and (2) the («,a) re­

act ion in which the y ie ld is approximately pro­

port ional to (nvt) . The linear re la t ionsh ip seen 

in the plot indicates that the (n,2n) react ion pre­

dominates over the {n,a) react ion, as is expected 

from the known cross-sect ion va lues. The slope 

of the l ine in F i g . 25.1 g ives a y ie ld of 205 / i l of 

He per g of BeO per 10 nvt, wh ich agrees we l l 

w i th the range 250 to 269 fi\ per g per 10 nvt 

based on the data of Rich and Walters for metal­

l ic bery l l ium but not w i th data reported by E l l i s , 

wh ich shows a higher y ie ld of 460 /xl per g of BeO 

per 10^^ nvt. 

Since t r i t ium is generated en t i re ly through the 

{n,a) react ion, the y ie ld should be approximately 

proport ional to (nvt) . Gas analyses of t r i t i um 

content plot ted in F i g . 25.2 agree w i th the 

theoret ica l expectat ion at 120°C, but show that 

J . C. White and A. S. Meyer, Jr., Analytical Chemis­
try Division, personal communication. 

^J . B. Rich and G. P . Walters, The Mechanical 
Properties of Beryllium Irradiated at Various Tempera­
tures. AERE-R-3684 (1961). 

o 
C. E. El ls , The Swelling of Beryllium from Neutron 

Induced Gases, CrMet-809 (1958). 
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tritium is lost to an increasing degree at higher 
temperatures. Tritium content is very low in 
specimens irradiated at temperatures above 450°C. 

Two processes which have been proposed to 
explain the failure of pellets under irradiation are 
(1) displacements of beryllium and oxygen atoms 
within the crystals (based on x-ray data indicating 
the formation of interstitial atoms between planes 
in the lattice) and (2) forces resulting from gas 
generation and formation of voids. Other experi­
ments are designed to permit a better separation 
of variables in order to determine the relative 
importance of these and other possible processes. 
The experiment currently under irradiation con­
tains samples which are being irradiated at high 
neutron dose at lower temperatures and at lower 

dose at higher temperatures, thus separating the 
competing dose and temperature factors. The 
next experiment (No. 8) is statistically designed 
to provide information on the following variables: 
exposure time, f lux, temperature, pellet size, 
density, and grain size. The effect of density on 
irradiation damage, for example, may help to 
establish the importance of gas generation. Dif­
fusion of generated gases from low-density pellets 
may be so rapid that there wi l l be l i t t le or no 
retention and void formation. Under consideration 
for the future is a study of the effect of sample 
purity, in which irradiated pellets made from 
commercial BeO would be statistically compared 
with those made from ultrapure BeO, with sintering 
temperature also included as one of the variables. 
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26. Phase-Equilibrium Studies of the 
System U02-Th02-02 

H. A. Friedman R. E. Thoma 

The equilibrium-phase relationships in the sy­
stem UOj-ThOj-Oj are being studied because of 
their relevance to chemical factors involved in 
the preparation, performance, and processing of 
solid fuel elements based on thorium and uranium 
oxides. These elements can be in the form of 
massive shapes, pellets, or even slurry particles 
as small as fractions of a micron in diameter. 

The experimental techniques involve heating 
coprecipitated oxides in air or in sealed systems 
in which the oxygen partial pressure can be 
measured; the oxygen contents of the products 
are determined by chemical analysis, and the 
crystallographic a- values are determined by 
x-ray diffraction. 

EQUILIBRATION OF Th02-U02 +^ 
SOLID SOLUTIONS IN AIR 

Specimen powders of compositions fixed at 10 
mole % intervals from ThO, to UO, were prepared 
by coprecipitation, sintered in air at 1500°C to re­
duce their oxygen contents, and then allowed to re-
oxidize in air at temperatures from 200 to 1500°C. 
Periodic interruptions were made to remove sam­
ples for oxygen analysis. The oxygen/metal 
ratios found after equilibrium had been attained 
are shown in Fig. 26.1. The values for low-
temperature equilibration are in some disagreement 
with results recently reported by Lynch, who 
perhaps failed to reach equilibrium at these tem­
peratures in the 48-hr test periods which he used; 
the present work involved equilibration periods 
up to 100 days. 

E. D. Lynch, "Oxidation and Phase Stabilities in 
Solid Solution Systems Containing Uranium Dioxide,' 
presented at the Symposium on Characterization of 
Uranium Dioxide, ORNL (Dec. 13-14, 1961). 
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Measurements of the unit-cell parameter, a., for 
the equilibrated samples, when plotted vs the 
oxygen/uranium ratio, revealed discontinuities 
in the a^ values at uranium oxidation numbers 
between 4.0 and 5.0, as shown in Fig. 26.2. These 
are tentatively interpreted as indicating phase 
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INTRODUCTION TO PART V 

A reactor containment shel l is a very prominent and rather expensive feature of 

large power-producing reactors. These she l ls are used in an effort to provide assurance 

that large amounts of rad ioact ive mater ia ls , which are a lways present in operat ing 

reactors, w i l l not endanger the health or wel fare of people near the reactor in the event 

of a reactor accident . Lack of adequate information on the amounts and on the form of 

rad ioact ive species that can be released by such accidents has led to the adoption of 

conservat ive hazards est imates which have an adverse ef fect on reactor costs and 

impose rest r ic t ions on reactor loca t ions . The resul ts of some types of nuclear excur­

sions are being examined in experiments conducted elsewhere. 

The purpose of a major part of the nuclear safety program descr ibed in th is report 

is to provide data needed to assess the consequences of loss-of-coolant accidents in 

which overheated reactor fuel elements release f i ss ion products to the environment as 

the resul t of mel t ing, d i f fus ion , or react ion wi th components of the atmosphere to which 

they ore exposed. Most of the at tent ion is present ly devoted to U O , fue ls , s ince the 

major i ty of the newer power reactors are using th is type of fue l . Information on the 

behavior of f i ss ion products after they are released and methods of co l l ec t ing them is 

very pert inent to reactor hazards evaluat ions and is a lso needed in connect ion with the 

rout ine operat ion of some types of reactors. Studies of th is type are included in th is 

report. 



27. Fission Product Transport Evaluations 

C. J. Barton G. W. Parker 

There is a lack of understanding of many factors 
which may affect the sedimentation of released 
fission products within reactor containment ves­
sels and the fraction of these that may escape to 
the environment, A small-scale program to study 
some of these factors was initiated quite recently, 
but no data are available at present. 

A large settling chamber (37 ft ) is being con­
structed to study the sedimentation of radioactive 
particles emitted when irradiated UO, fuel speci­
mens are melted in a hot cell by use of a dual-
frequency generator. Particles collected in trays 

covering the floor of the chamber wi l l be examined 
to determine their particle size and identify radio­
active species present. The results wil l be com­
pared with data from the examination of similar 
samples taken very near the emission point. 
Initial studies to establish proper operating con­
ditions for the meltdown experiments wil l be 
performed with unirradiated particles of UO, or 
ThO, having a known size distribution. Methods 
are not presently available for direct identification 
of the chemical compounds in which the various 
fission-product species exist; development of such 
methods is one of the goals of this program. 
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28. Influence of Irradiation Level on Fission Product 
Hazards Associated with UO2-Fueled Reactors 

G. W, Parker G, E, Creek W. J , Martin 

Laboratory measurements of f i ss ion product re­

lease have been performed in a cont inuing program 

sponsored by the Reactor Safety Sect ion of the 

A E C D iv i s ion of Reactor Development, As a part 

of th is study, f i ss ion product release from i r rad i ­

ated U O , has been examined under out -of -p i le 

condi t ions to permit maximum freedom in de­

signing and conduct ing exper iments, (Release 

studies performed under in -p i le condi t ions are 

descr ibed in Chap. 29,) Studied so far have been 

d i f fus ion of f i ss ion products into hel ium from 

so l id materials at high temperature, release of 

f i s s i on products on ox idat ion of fuel material in 

air, release of f i ss ion products on mel t ing of fuel 

in various atmospheres, and, f i na l l y , the ef fect 

of f i ss ion densi ty or burnup on f i ss ion product 

release by each process. The ef fect of other 

var iab les, such as specimen s ize , environment, 

durat ion of heat ing, and overpressure, on the 

release of f i ss ion products during the mel t ing of 

i r radiated U O , w i l l be considered in future 

s tudies, 

RELEASE OF FISSION PRODUCTS ON 

OXIDATION OF UO2 TO UjOg 

A previous report describes early resu l ts ob­

tained in f iss ion product release experiments per­

formed wi th irradiated U O , . Some of the prev ious ly 

reported data are included in the present report 

for ready comparison wi th more recent data. The 

percent of f i ss ion product ac t i v i t i es released from 

G, W. Parker, G, E, Creek, and W. J , Martin, Chem. 
Div. Ann. Progr. Rept. June 20, 1961, ORNL.3176, 
pp 68-72. 

PWR-type U O j (93% of theoret ica l dens i ty ) , ir­

radiated at tracer leve l , is p lot ted in F i g , 28,1 

as a funct ion of temperature. Note that a d i s t i nc t 

d iscont inu i ty is observed at intermediate tempera­

tures (800 to 900°C) , which is a lso the tempera­

ture range in which the minimum oxidat ion rate for 

U O , in a i r occurs. Th is anomalous behavior is 

bel ieved to be associated wi th the occurrence of 

the maximum degree of p last ic deformation of the 

U,Og ox idat ion product at th is temperature, 

thereby affording a maximum degree of surface* 

layer protect ion against further ox ida t ion . 

Release data obtained when U O , i r radiated to 

1000 Mwd/ ton was heated in air to 1100°C and 

when U O , irradiated to 4000 Mwd/ ton was heated 

to a maximum temperature of 900°C are shown in 

F i g . 28 .2 . Comparison of these release values 

wi th the data obtained wi th U O , irradiated at 

tracer level ( F i g , 28,1) shows that, in general , 

release-rate values increase wi th increasing ir­

radiat ion leve l . Data not reported here indicate 

that i r radiated U O , ox id izes faster than uni r rad i ­

ated mater ial under the same cond i t ions . Since 

a l l the highly i r radiated U O , mater ial was re­

ce ived in the form of small fragments, these 

samples were made up of several small p ieces 

having irregular shapes, wh i le the t racer- leve l 

samples were s ingle cy l inders having smooth 

sur faces. The d iscont inu i ty observed at inter­

mediate temperatures in F i g , 28,1 is miss ing in 

most of the release curves shown in F i g , 28,2, 

but i t is s t i l l observable in the curve showing 

behavior of iodine. It is probable that f i ss ion 

product impuri ty defects in the U O , and the 

greater surface area of i r radiated samples led to 

a higher ox idat ion rate and thus to higher release 

va lues. 
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RELEASE OF FISSION PRODUCTS FROM UO2 

BY HIGH-TEMPERATURE DIFFUSION 

Rates of f i ss ion product release by d i f fus ion 

from so l id U O , at high temperatures should prob­

ably increase w i th increasing burnup in a manner 

s imi lar to rates of release on ox idat ion of U O , . 

A series of d i f fus ion experiments was conducted 

in which irradiated U O , specimens were heated 

in a stream of pur i f ied hel ium for 5,5 hr. An 

increase in i r radiat ion level was found to be 

accompanied by an increase in f i ss ion product 

re lease. Data from a PWR-type compact (93% of 

theoret ical densi ty) and an EGCR-type compact 

(97% of theoret ical dens i ty ) , both i r radiated to 

1000 Mwd/ ton , and s imi lar data obtained at the 

tracer i r radiat ion level and at the 4000-Mwd/ton 

level for PWR-type compacts are i l lus t ra ted in 

F i g s . 28.3 and 28,4, The data in Tab le 28.1 

permit a more direct comparison of the actual 

release values at a given temperature. The burnup 

effect is shown to be quite marked for a l l f i ss ion 
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from Highly Irradiated PWR-Type U O j Heated 5.5 hr in 

Purified Flowing Helium. 

F ig . 28.4, Fission Product Release from Highly 

radiated EGCR U O j and from T 

U O j by Diffusion into Pure Helium. 

Irradiated EGCR U O j and from Trace-irradiated PWR 

products except perhaps ruthenium; the greatest 

effect is found in cesium release where di f ferences 

of an order of magnitude ore observed. Di f ferences 

between the two types of fuel at the 10CX)-Mwd/ton 

level are not pronounced in sp i te of the densi ty 

var ia t ion , 

RELEASE OF FISSION PRODUCTS FROM UO2 

M E L T E D IN HELIUM, AIR, AND CO^ 

The usual hazards ana lys is for a loss-of-coolant 

accident to any large water-cooled reactor postu­

lates melt ing of much of the fuel loading by decay 

heat. These hazards analyses unfortunately do 

not usual ly take into considerat ion the durat ion 

of the molten per iod, the ve loc i ty of movement of 

the gas c loud formed in the acc ident , or the 

composi t ion of the gaseous atmosphere present 

dur ing mel t ing . It seems logical to assume that 

a large mass of U O , probably would not remain 

molten long. The material would probably f low 

out of the region of highest temperature under the 

inf luence of grav i ty , and i t would soon so l id i fy 

and entrap the remaining f i ss ion products. The 

mel t ing experiments have accordingly been de­

signed to maintain U O , in the molten condi t ion 

for short periods in various atmospheres such as 

hel ium, air , and C O , , The most important con-
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d i t ion for which no data have yet been obtained is The data in Tab le 28.2 show the ef fect of at-

a simulated meltdown in a steam atmosphere; how- mosphere and burnup on release of f i ss ion products 

ever, it is fe l t that the release resul ts obtained during the melt ing of U O , . Since the release 

in steam would not d i f fer greatly from those ob- values for the vo la t i l e f i ss ion products are or-

tained in hel ium or C O j - d inar i ly qui te high even on melt ing t racer - leve l -

Toble 28.1. Effect of Burnup Level and Density on Diffusion of Fission Products 

from Irradiated UO, Into Pure Helium at Various Temperatures 
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Includes that portion adsorbed on crucible and reflector parts. 

Table 28.2. Effect of Burnup Level and Atmosphere on the Release of Fission Products During the Melting of UO2 

. . . . . I , , - Percent of Individual Fission Products Released 
Irradiation bampie M L / Uu« 

. . . "̂  Number of 2 
Atmospiiere ^evel Weight „ ,̂  Vaporized Rare 

(Mwd/ton) (g) ' " " ' ^ ^ (%) X - ^ - ' ^ - ^ - '^" '' ^ ° Earths 

Helium Tracer 0.22 2 99,5 89,7 92.0 91,3 61.0 2,1 4,6 2,2 

(impure) 2,800 0,03 3 

2 

2 

3 

3 

C O j Tracer 0,2 3 

3 

11,000 0,05 3 99,9 99.9 99,0 96,6 79,1 0.6 2.9 2,3 

" E G C R U O , with an 0 / U ratio of 2.04 and an average density of 95% of theoret ical . 

2,800 

11,000 

Tracer 

2,800 

11,000 

Tracer 

2,800 

0,03 

0.03 

0,2 

0.04 

0,04 

0,2 

0,02 

21,2 

18,0 

24,7 

14,1 

99.9 

100,0 

98,4 

100,0 

100 

80,6 

99.9 

92,2 

99,7 

94,9 

99.7 

99,8 

76,8 

98,7 

98.2 

99,6 

79,1 

93,6 

99.3 

71,2 

98,6 

98,5 

98,7 

37,7 

92,5 

97,4 

60,9 

90,2 

90,4 

88,1 

67,7 

95.0 

92,5 

44.9 

74,3 

2,1 

1.7 

0.2 

0,4 

0,4 

0,3 

0,5 

6,6 

6,5 

0,5 

1,8 

1,8 

1,1 

2,5 

5,1 

4,1 

0.5 

3.0 

3,9 

0,85 

2,8 
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i r radiated U O , , the burnup effect is not espec ia l ly 

not iceable in these data, 

PRODUCTION AND DEPOSITION OF 

PARTICLES ON MELTING OF U O j 

The s ize of par t ic les released in a reactor 

accident af fects the f ract ion of the released 

ac t i v i t y which w i l l be deposited w i th in the reactor 

containment shel l before it reaches holes m the 

shel l and the f ract ion of the remaining ac t i v i t y 

which w i l l be deposi ted during passage through 

the opening. In F i g . 28,5 a par t i c le -s ize ana lys is 

IS given for the released uranium oxide par t ic les 

vo la t i l i zed m di f ferent atmospheres. Most of the 

part ic les had diameters ranging from 0,01 to 0,1 fi. 

An electron-microscope photograph of some of 

these par t ic les is found in a previous report. 

An ind icat ion of the range in quant i ty of material 

wh ich may be plated out (before reaching an 

absolute f i l te r ) as a funct ion of the ve loc i ty of 

air passed over the sample during melt ing is 

g iven by the data in Table 28,3, Of part icular 

interest is the range m quant i ty of iodine found 

to pass through the apparatus and f i l te rs and to 

be co l lec ted f ina l l y in ac t iva ted charcoa l . The 

data demonstrate that wh i le most of the refractory 

f i ss ion product oxides are d is t r ibu ted to some 

extent in proport ion to the amount of uranium 

oxides deposi ted, the more vo la t i l e icxJine may be 

carr ied considerable d is tances by a rapid f low 

of gas. Up to 10% of the uranium may v o l a t i l i z e 

m a typ ica l mel t ing experiment, wh i le an average 

of less than 1% of the stront ium is vo la t i l i zed in 

the process. Th is fact is very encouraging from 

the reactor hazards v iewpoin t . 

UNCLASSIFIED 
ORNL-LR-DWG 54423R2 
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Table 28,3, Effect of Furnace Air Velocity on Deposition of Fission Products Released by 

Melting Modified UOj Specimens at 2650°C 

Percent of Total Activi ty and Its Location, with Velocity of 

Furnace Air as Indicated (lln ft/min) 

Gross gamma 

Rare gases 

Iodine, y 

Tellurium, [3~ 

Cesium, y 

Ruthenium, y 
Cerium, /3"" 

Strontium, fi~ 

Barium, |S~ 

Zirconium, y 

Uranium 

Furnace 

0,3 

10,1 

62,3 

66,8 
34,5 

63,6 

0,24 

0,1 

0.55 
0,02 

6,4 

Tubes 

5,0 

8,8 

12,1 

28,6 

18,3 

33.0 

0,17 

0,05 

0,08 
0,02 

Fi 

0.3 

1.2 

5.4 

8.3 

15.6 

0.8 

0.11 

0.01 

0.01 

0,01 

1.4 

liters 

5,0 

6,2 

9,8 

43.2 
30.9 

24.6 

0,37 

0,07 

0,01 

Charcoa 1 

0.3 

0.4 

77.1 

11.3 

Trap 

5.0 

3.4 

69.5 

56.9 

Tota 

0.3 

11.7 
77.1 

79,0 

75,1 
50,1 

64.4 

0.35 

0.11 

0.56 

0,03 

7.8 

1 

5,0 

18,4 
69,5 

78.8 

71.8 
49.2 

57.6 

0.54 

0.05 

0.15 

0.03 

Air flow = 200 cc/mIn or 0.3 lin ft/min or 3000 cc/min or 5 lin f t /min across sample; heating time = 90 sec. 

Vaporized as UO,, 



29. Release of Fission Products by the 
In-Pile Melting of Reactor Fuels 

W, E. Browning, Jr, C, E, Miller, Jr, 
R, P, Shields B. F, Roberts 

W, H, Montgomery 

A series of in-pile experiments in which minia­
ture UO, fuel elements are melted by fission heat 
and the amounts of various fission products re­
leased are determined is being conducted in on 
effort to simulate a reactor accident in which the 
fuel elements are destroyed by melting or vapori­
zation as a result of uncontrolled heat generation 
or loss of coolant in the reactor. Since heat is 
produced in the fuel specimens employed in these 
experiments by fission and gamma heat, as in a 
reactor, these experiments provide more realistic 
reactor accident conditions, in this respect, than 
can be furnished in out-of-pile experiments. 

Miniature fuel elements are supported by a ThO, 
holder in a helium-filled ThO, cylinder. Thermal 
insulation surrounding the chamber consists of 
porous zirconium oxide, which is contained in two 
concentric vessels of stainless steel. The outer 
wall of the furnace assembly is cooled by reactor 
cooling water, A slow stream of helium is passed 
over the specimen during melting and is swept 
through filters and adsorbers to determine the 
amounts and forms of fission products released. 
The furnace and reactor focil i ty have been de­
scribed elsewhere in detai l , ' 

Uranium dioxide, clad in stainless steel, was 
selected for the first series of experiments be­
cause it is so widely used in present-day power 
reactors and because it is diff icult to melt in 

R. P, Shields et al.. Reactor Chem. Div. Ann. 
Progr. Rept. Jan. 31, 1961, ORNL-3127, pp 149-52, 

2 
R, P, Shields et al., "Release of Fission Products 

on the In-Pile Melting of Reactor Fuels," Proceedings 
of the Second Conference on Nuclear Reactor Chem­
istry, Gatlinburg, Tenn,, Oct, 10-12, 1961, TID-7622, 

out-of-pile experiments. Two experiments have 
been performed in the ORR by using specimens 
of UO,, 0.210 in, in diameter by 1 in, long, clad 
in stainless steel. 

In the first experiment the UO, was 3% enriched 
and had a density of 94% of theoretical. It was 
irradiated (to accumulate tracer quantities of 
fission products) for 52 hr at a position in the 
reactor which produced a cladding temperature 
just below the melting point of stainless steel. 
The specimen was then further inserted into the 
lattice to a point of maximum flux, held at this 
point approximately 20 min, and retracted. Ex­
amination of material from this experiment in hot 
cells showed the UO, specimen to be intact 
(Fig. 29.1), but to contain a large central void 
over three-fourths of its length. The outer surface 
of the specimen consisted of pyramidal crystals, 
shown in more detail in Fig, 29.2, Figure 29.3 

UNCLASSIFIED 
R6841 

'n' 

Fig, 29,1, Segment of UO2 Specimen from Experiment 

1 After Being Internally Heated to Melting Point of 

UO,. Central void and crystalline surface Indicate 

vaporization of UO,. 
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UNCLASSIFIED 
R 5 4 5 5 

Fig. 29.2. Crystalline Outer Surface of UO2 Specimen from Experiment 1. 
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UNCLASSIFIED 
R 6 5 i 9 

UNCLASSIFIED 
R 6 5 2 0 

Fig . 29 .3 . Photomicrograph of Section of UO2 Specimen from Experiment 1, The dashed line Indicates the 

original surface of the specimen. 
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is a photomicrograph of a pol ished piece of the 

U O j , The dashed l ine shows the est imated 

pos i t ion of the or ig ina l c ircumference of the 

specimen. There are large grains and voids 

v i s i b l e , but the columnar growth often observed 

in U O , which has been subjected to high-tempera­

ture gradients is miss ing . The sharp wel l -def ined 

crysta ls on the surface indicate that a consider­

able quant i ty of the U O , has passed through the 

vapor phase. Th is vapor, formed by the high 

temperature inside the specimen, migrated through 

the pores and cracks to the outs ide, where it 

c rys ta l l i zed on the cooler surface. The tempera­

tures required to produce the ef fects d isp layed in 

the foregoing f igures are cons is tent w i th the 

temperatures found by ext rapolat ion from the 

temperature observed during i r rad ia t ion. 

In the second experiment a 25% enriched speci ­

men of U O , was i r radiated at 1200°C for 24 hr 

and then inserted to a pos i t ion where the heat 

generation was est imated to be tw ice that required 

to melt the specimen. The experiment was re­

tracted after 10 min. Examinat ion of material from 

th is experiment in the hot ce l l showed the fuel 

specimen to have completely vaporized or melted 

and to have co l lec ted as crysta ls throughout the 

inside of the T h O , cy l inder , A considerable 

amount of material was deposi ted in the exi t -gas 

tube. One wa l l of the T h O , holder apparently 

melted (see F i g , 29,4), 

The f i rs t two experiments were intended to test 

the adequacy of the design and to reveal opera­

t ional problems. They have shown that the 

furnace design is capable of carry ing U O , spec i ­

mens wel l above the melt ing point wi thout over­

heating container mater ia ls . Temperatures ob­

served agreed wel l w i th those ca lcu lated from 

f lux and gamma-heat measurements. It is es t i ­

mated that a temperature in excess of 3300°C 

was achieved in the second experiment. The 

reactor f ac i l i t y performed sa t i s fac to r i l y in posi ­

t ion ing the experiment and in prevent ing release 

of f i ss ion products to the atmosphere. 

These two experiments showed that U O , heated 

to i ts melt ing point or higher for only a few min­

utes is extensive ly transported by vapor izat ion 

rather than co l lec ted in a compact mel t . Th is 

behavior may have profound ef fects on the amounts 

and forms of f i ss ion products released during a 

F ig , 29,4. Photograph of T h 0 2 Holder from Experi­

ment 2 Showing Hole Where T h 0 2 Melted or Dissolved 

in UO,. 

reactor accident . Under such condi t ions f i ss ion 

products may be carr ied into the gas phase wi thout 

regard to v o l a t i l i t y . As the U O , vapor condenses 

it may scavenge f i s s i on products from the gas 

phase to deposi t them on surfaces inside the 

reactor. On the other hand, the f i ss ion products 

may be carried in a form d i f f i cu l t to remove from 

gases. A further consequence of vapor izat ion of 

UO- is the increased access ib i l i t y of f i ss ion 

products for chemical react ion wi th mater ials in 

the environment. Radioassay of various parts of 

the furnaces and their off-gas systems is being 

conducted to obtain information as to the amounts, 

nature, and behavior of f i s s ion products re leased. 

In the f i rs t experiment the f i ss ion product nuc l ides 

C e ' ' * ^ Z r ' ^ Y " , and S r ' ° were for the most part 

retained in the U O , , wh i le Xe and Ru were 

largely re leased. Par t ly released from the U O , 

were B a ' ' ' ° , S r ^ ' , and C s ^ " , a l l of which have 

vo la t i l e precursors. These resul ts must be con­

sidered prel iminary because they are based on 

only one experiment. Ana lys i s of the second 

experiment is in progress. 
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Further experiments wi l l be conducted to de­
termine the effects of various conditions on fission 
product release. Among the variables to be in­
vestigated is fission product concentration, since 
the tracer concentrations of fission products in 
the present experiments are much lower than those 
that exist in reactors. Toward this end, a facil i ty 
has been designed and is being fabricated for long 

irradiation of fuel specimens to accumulate large 
concentrations of fission products prior to melting. 
This facil i ty, which accommodates eight speci­
mens, wi l l occupy the F-3 position in the ORR, 
Meanwhile, several identical experiments are 
being run to establish reproducibility of operation, 
sampling, and analysis. 
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30. Removal of Radioactive Fission Products 
from Air and Other Gases 

W. E. Browning, Jr. R. D. Ack ley R. E. Adams 

In the study of the removal of radioact ive f iss ion 

products from air and other gases, the rad ioact ive 

materials considered inc lude the gases krypton 

and xenon, iodine vapor, and f ine ly d iv ided par­

t i cu la te matter, which may consis t pr imar i ly of 

f i ss ion products or which may be nonradioact ive 

but may serve as a carr ier for f i ss ion products 

and may promote or hinder their depos i t ion . 

REMOVAL OF RADIOIODINE VAPOR FROM 
GASES 

Removal of Iodine from High-Temperature Helium 

A study of the removal of iodine vapor from h igh-

temperature hel ium streams was cont inued in 

support of the experimental loop program of the 

Gas-Cooled Reactor Pro ject . The purpose of th is 

study was to determine the feas ib i l i t y of removing 

radio iodine vapor, by adsorpt ion, from rec i rcu la t ing 

hel ium streams wi thout reducing the temperature 

of the he l ium. 

Previous study revealed that one of the several 

types of charcoal tested exhib i ted markedly su­

perior adsorpt ion and retent ion of iodine vapor 

at elevated temperatures. Th is charcoal , Whet-

ler i te ASC, is prepared commercia l ly by im­

pregnating Pi t tsburgh B P L charcoal with sal ts 

of s i l ve r , copper, and chromium. Efforts during 

the period covered by th is report were directed 

toward study of the migrat ion of iodine through 

W. E. B rown ing , J r . , R. D, A c k l e y , and R. E. Adams, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1961, 
O R N L - 3 1 7 1 , pp 1 4 2 - 4 3 . 

re la t ive ly deep beds (~4 in,) of Whetler i te char­

coal as a funct ion of temperature to provide data 

more d i rec t ly app l icab le to the EGCR loop cond i -

t i ons . Iodine vapor conta in ing I was in jected 

for a short t ime, and then the d is t r ibu t ion of I 

in the tes t bed was monitored cont inuously over 

the durat ion of the run by a gamma sc in t i l l a t i on 

crysta l mounted on a t rave l ing p lat form. Tab le 

30,1 contains the resul ts of th is study. A t tem­

peratures up to 550°C the movement of iodine was 

hardly detectab le. A t 650°C the iodine was more 

mobi le , but the 4 .25- in . bed of Whet ler i te char­

coal delayed the iodine penetration for approxi ­

mately s ix days. Whetler i te charcoal appears we l l 

sui ted for iodine vapor removal in the EGCR ex­

perimental loops wi thout the necessi ty of reducing 

the temperature of the hel ium coolant . 

Removal of Iodine from Steam-Air Mixtures 

The removal of iodine from steam-air mixtures 

is being studied in support of the Mari t ime Re­

actors Program, spec i f i ca l l y the NS Savannah 

Pro jec t . To provide control of radio iodine which 

may be evolved wi th in the reactor containment 

vessel (and subsequently leak into the reactor 

compartment of the ship), an act ivated-charcoal 

iodine-adsorpt ion un i t w i l l be used in the aux i l ia ry 

vent i la t ion system of the reactor compartment. 

While the ex is t ing experimental data are suf­

f i c ien t to demonstrate the feas ib i l i t y of a design 

u t i l i z i n g act iva ted charcoal for the removal of 

iodine vapor from moist air streams near 100°C, 

addi t ional study is needed to ensure that the 

R. E. Adams and W. E. B rown ing , J r . , Removal of 
Radioiodine from Air-Steam Mixtures, ORNL C F . 6 0 -
11-39 (Nov. 14, 1960). 
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Table 30.1. Retention of iodine Vapor by Whetlerite Charcoal in High-Temperature Helium Systems 

Temperature 

(°C) 

325 

425 

550 

650 

He lium Vel 

(fpm) 

38.8 

53.0 

53.7 

60.2 

ocity Duration of 

Test (hr) 

468 

897 

602 

220 

Tot al Migration 

Iodine (in.) 

0.06 

0.07 

0.15 

>4.25' ' 

of Retention of 

Iodine (%) 

99.99f 

99.99+ 

99.99f 

86.73 

A small portion of the iodine content emerged from the 4.25-in.-deep trap at "^ 143 hr. 

iodine adsorbers as specified for the reactor-
compartment ventilation system wil l provide the 
efficiency needed under the proposed operating 
conditions. 

The experimental techniques being used in this 
study are essentially identical to those of pre­
vious iodine studies, with two exceptions: (1) 
iodine vapor injection is continuous rather than 
the pulse type used previously and (2) the mass 
concentration of iodine in the steam-air mixture 
is several orders of magnitude lower. Radio­
chemical analysis of the system after termination 
of the experiment provides the necessary informa­
tion for computing the iodine vapor adsorption 
efficiency. 

The program of study is divided into three 
phases. One phase involves small-scale testing 
of a sample of the charcoal (Pittsburgh BPL, 
12/30 mesh) used in producing the full-size char­
coal fi lters presently installed on the NS "Savan­
nah," The purpose of these tests is to determine: 
(1) the iodine vapor removal efficiency under 
specified operating conditions, (2) ultimate iodine 
capacity under the stated operating conditions, 
and (3) the sensitivity of items (1) and (2) to 
changes in the operating conditions. If BPL 
charcoal does not perform satisfactorily, other 
types of activated charcoal are to be tested to 
ensure that the more efficient iodine vapor ad­
sorbent be used in the shipboard iodine f i l ters. 
The results of init ial testing of Pittsburgh BPL 
charcoal ("Savannah" type) are in Table 30,2. 
Since the efficiencies observed were low, tests 
were run on Pittsburgh PCB charcoal. It appears 
from these few tests that the PCB is superior to 
the BPL type. Details of the tests are as follows: 

(1) continuous injection of iodine vapor at an 
estimated concentration in the steam-air mixture 
of 10"'* to 10"^ mg/m^ of gas, (2) test duration 
of 5 hr, and (3) charcoal test bed 1 in, in diameter 
by 1,125 in, deep. Additional tests are in prog­
ress. 

The second phase is concerned with larger-
scale iodine tests involving charcoal units 
(11 X 11 X 1.125 in,) produced by the manu­
facturer with the same techniques which produced 
the full-scale iodine adsorber units installed on 
the NS "Savannah," Results from the small-
scale tests wi l l guide the experiments in this 
phase. The experimental faci l i ty for testing 
these prototype units under conditions of elevated 
temperatures (~100°C) and high humidity ('^90%) 
is complete, and shakedown runs using radio­
active I are in progress. The efficiency of 
the prototype units wi l l be determined both by 
complete I analysis and by withdrawing gas 
samples before and after the charcoal unit. It 
is anticipated that some degree of correlation 
between the two techniques wil l be achieved. 

The third phase concerns the development of a 
method for " in -p lace" testing of the installed 
shipboard charcoal units. This test (with 1 
or a suitable substitute) wi l l be designed to 
indicate (1) that the iodine unit is effectively 
mounted, with no bypass leakage occurring, and 
(2) when an iodine unit should be removed from 
service due to excess iodine penetration or 
lowered residual capacity for iodine. Experience 
gained with sampling apparatus and techniques 
during the tests involving the 11 x 11 in. prototype 
units wi l l be useful during the " in -p lace" testing 
program. 
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Table 30.2. Retention of Iodine Under Simulated NS "Savannah" Conditions 

Charcoal Type 

Pittsburgh BPL 
12/30 mesh 

Pittsburgh BPL 

12/30 mesh 

Pittsburgh BPL 

12/30 mesh 

Pittsburgh BPL 

12/30 mesh 

Pittsburgh PCB 

12/30 mesh 

Pittsburgh PCB 

12/30 mesh 

Pittsburgh PCB 

12/30 mesh 

Temperature 

(°C) 

98 

98 

99 

97 

99 

97 

98 

Steam 

(% saturated) 

71.1 

77.3 

70.7 

83.8 

73.2 

86.9 

79.2 

Gas 

Velocity 

(fpm) 

21.3 

21.8 

22.8 

33.8 

24.8 

33.6 

28.4 

Efficiency 
(%) 

84.4 

93.7 

97.5 

97.0 

97.6-99,3" 

99,86 

99,71 

Amount of I very small. Most downstream samples below limit of analytical sensit iv i ty; efficiency is within 
this range. 

Environmental Air Monitoring for Iodine Vapor 

Environmental monitor ing for the presence of 

radio iodine in the var ious inhabited compartments 

of the NS "Savannah " w i l l be accompl ished by 

passing a measured volume of air through an 

act ivated-charcoal car t r idge. Iodine rad ioac t iv i ty 

in the cartr idge w i l l then be determined by one 

of several types of radiat ion detect ion instruments 

such as a G-M survey meter, G-M scaler, or mu l t i ­

channel gamma spectrometer, lodine-131 ' stand­

a r d s " were fabr icated at ORNL and suppl ied to 

New York Shipbui ld ing Corporat ion for determining 

the response of these instruments to amounts of 

l ' ^ ^ equivalent to 0 . 1 , 1,0, 10, and 100 t imes the 

MPCg for continuous exposure to 1 . The mul t i ­

channel gamma spectrometer was able to detect 

1 MPC whi le the G-M survey meter and scaler 
a ' 

were appl icable to the 10 to 100 MPC range. 
To accompl ish successful iodine monitoring by 

using the act ivated-charcoal car t r idge, i t is 

necessary to know the adsorpt ion or co l lec t ion 

e f f i c iency under condi t ions of high gas ve loc i ty 

through the charcoal mass and at very low mass 

concentrat ions of iodine in a i r , A l - in. -d iam 

1.25-in.-deep column of P i t tsburgh PCB charcoal , 

6 /16 mesh, was studied at 24°C wi th a l inear air 

ve loc i ty through the charcoal of 298 fpm. For a 

test period of 40 min, the iodine co l lec t ion e f f i ­

c iency was determined to be 99,4%, Th is test 

was operated w i th iodine concentrat ions much 

larger than des i red . Several methods are being 

considered for producing a concentrat ion of iodine 

in a i r , equivalent to MPC cond i t ions , for labora­

tory study. 

TRANSPORT AND DEPOSITION OF 

RADIOACTIVE AEROSOLS 

When radioact ive mater ials appear in gases as 

gaseous components or true vapors, they can be 

removed by adsorbers, as described elsewhere 

in th i s report. When the rad ioact ive burden of 

gases takes the form of par t ic les 0.3 ft or larger 

in diameter, i t can be removed by absolute 

f i l t e r s . There is a range of par t ic le s izes , how­

ever, smaller than 0.3 ft, where d i f fus ion processes 

are too slow for e f f i c ien t deposi t ion on surfaces 

and par t ic le masses are too small for e f f i c ien t 
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f i l t ra t ion by iner t ia l impact ion. Par t i c les of th is 

s ize occur natural ly in the atmosphere and may 

be produced by several processes, inc lud ing the 

passing of gases over heated surfaces, a con­

d i t ion prevalent in nuclear reactors. These 

par t ic les are usual ly of only indirect importance, 

for example, as condensation nuc le i , but may 

s t i l l play an important role in the behavior of 

rad ioact ive mater ia ls , because s ign i f i cant quan­

t i t i es of rad ioact iv i ty may be associated wi th 

them. F iss ion products may form small par t ic les 

d i rec t ly or deposit on pre-exist ing par t ic les and 

exh ib i t apparently anomalous behavior, penetrat ing 

both adsorbers and f i l t e r s . Such anomalies have 

been observed and may be at t r ibuted to the 

presence of f ine par t i c les . 

To character ize rad ioac t iv i t y carr ied in gases 

as to the par t ic le s ize w i th which it is assoc ia ted, 

measurements based on the radioact iv i ty of the 

par t ic les are necessary rather than those based 

on l ight scat ter ing, condensat ion of supersaturated 

vapors, or opt ica l or e lectron microscopy. The 

re la t ive ef fect iveness of par t ic les of d i f ferent 

s izes and kinds for carrying rad ioac t iv i t y may 

differ from that indicated by other methods of 

measurement. Accord ing ly , an invest igat ion con­

cerned w i th the transport and deposi t ion of f ine 

par t ic les has recent ly been undertaken. A l so , 

considerat ion of the behavior of accompanying 

vapors such as iodine is included in the study 

(which is thus c lose ly re lated to the preceding 

invest igat ion on "Remova l of Radioiodine Vapor ), 

An important mechanism in aerosol transport 

and deposi t ion is that of d i f fus ion , and an im­

portant character is t ic of an aeroso l , i ts par t ic le 

diameter, is re lated to the d i f fus ion constant , 

Townsend measured the d i f fus ion coef f ic ients 

of ions in gases, and Nolan and Guerr ini and 

Thomas adapted th is method to determine the 

d i f fus ion coef f ic ient for a monodisperse aerosol . 

The in i t i a l emphosis in th is study has been given 

to the app l ica t ion of d i f fus ion as a means for 

determining the par t ic le-s ize d is t r ibu t ion of aero-

J , S, Townsend, Phil. Trans. Roy. Soc. London 
193A, 129-58 (1900). 

J . J . Nolan and V, H. Guerrini, Proc. Royal Irish 
Acad. 43A, 5-24 (1935). 

J. W. Thomas, The Diffusion Battery Method for 
Aerosol Particle Size Determination, ORNL-lo48 
(Dec, 14, 1953). 

so ls . At the same t ime, information helpfu l in 

understanding the mechanism i tse l f is obta ined, 

Particle-Size Distribution of Aerosols by Diffusion 

Coefficient Measurements 

Various invest igators have derived expressions 

for the f ract ion of the enter ing pa r t i c les , assumed 

uniform and in a f lowing gas stream, penetrat ing 

rectangular or cy l i nd r i ca l channels. As the 

equations are rather cumbersome, only the func­

t iona l re la t ionships w i l l be ind icated. For rectan­

gular geometry 

N^/N^^f{D,Q,Z,a,b), (1) 

where N is the number of par t ic les remaining in 

the gas; Ng , the number enter ing; D, their di f ­

fus ion coef f i c ien t ; 0 , the volumetr ic f low rate; 

Z , the channel length; and a is one-half the 

distance between para l le l wa l l s of height b. For 

a cy l i nd r i ca l tube, the diameter, in e f fect , cancels 

i t se l f so that the corresponding equation for 

N /NQ does not include diameter (or, of course, 

a or b). However, for the work described herein, 

these equations are not d i rec t ly app l i cab le , s ince 

the procedure being employed is to pass an 

aerosol through channels and then to determine 

the amount of deposi t ion on def in i te increments 

of length of the inside wa l l s of the channel as 

a funct ion of channel length. Consequent ly , 

le t t ing n represent the number of par t ic les of 

a given species per unit length and le t t ing N 

represent the cumulat ive number, the equations 

were modif ied to y ie ld 

dN dN 

« = — ^ = - = -NJ(Z). (2) 
^ dZ dZ 01 z^ ' 

For a spectrum of par t i c les , having di f ferent d i f ­

fusion coe f f i c ien ts , thei r d is t r ibu t ion on the wa l l 

of a channel would be 

2n^ = - S/Vg 4(D, ,Z) , (3) 
I I 1 1 

The actual equations which have been employed 

are those of DeMarcus and Gormley and Kennedy 

W, DeMarcus and J , W, Thomas, Theory of a Dif­
fusion Battery, ORNL.1413 (Oct, 13, 1952), 

P. G, Gormley and M. Kennedy, Proc. Royal Irish 
Acad. 52A, 163-69 (1949), 
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after modi f icat ion as indicated above. For a 

rectangular channel , a s ingle species, and a suf­

f i c ien t degree of deposi t ion, 

- / ^ ( Z ) = 0 . 9 1 5 i 3 e - ^ ^ 

+ 0.696i3e-' '-8^^ + 2.08i3e-80^2 , (4) 

where 

3.77 bD 
fi 

aO 
(5) 

The corresponding equat ion for a cy l i nd r i ca l 

channel is simi lar to Eq . (4), except that the 

numerical coef f ic ients are d i f ferent , and now 

P 
3.66 TTD 

O 
(6) 

The approximate d i f fus ion coef f ic ient range of i n ­

terest , for molecules or par t ic les in air at normal 

condi t ions, is from 0.085 cm / s e c for molecular 

iodine down to approximately 3 x 10 " cm / s e c for 

par t ic les 1 fi in diameter. A c lose examination of 

Eqs. (4), (5), and (6), along wi th a considerat ion 

of the experimental factors invo lved, indicates 

that a cy l ind r i ca l geometry would be convenient 

for the smaller par t i c les , but that , for the larger 

ones, a rectangular geometry would be more 

usefu l . An IBM nonl inear regression code was 

u t i l i zed for processing the data in order to supply 

the D 's and re la t i ve /Vg 's in Eq. (3), weighted 

for rad ioac t i v i t y . ^ 

The more important experiments thus far per­

formed have consisted in essence of pass ing 

air through a chamber in which an aerosol is 

being generated, then through I vapor, and 

next through one or two d i f fus ion channels. Ra-

d io iod ine was used because of i ts important role 

in nuclear safety problems and as a means of 

label ing par t ic les to s imulate other f i ss ion 

products. The par t ic les used were formed by 

slow combustion of tobacco and/or by high-

frequency discharge (4 Mc, 50 kv) across a spark 

gap made from aluminum wire. The est imated 

diameter for these par t ic les is 0.25 n for the 

tobacco smoke, from the value l i s ted by Cadle, 

and 0.004 fi for the aluminum ox ide par t ic les ob­

ta ined by sparking aluminum wi re , from a study 

by Dearth and Van den Akker. A diagram i l l u s ­

t rat ing one of the experiments is shown in F ig . 

30 .1 . in another experiment, m which the spark 

Q 

R. D. Cadle, Particle Size Determination, p 1, Inter-
sc l ence . New York, 1955. 

9 
L. R. Dearth and J . A. Van den Akker, A Study of 

the Filtration and Permeability Characteristics of IPC 
1478 Filter Paper, DASA.1168, pp 37 -38 (Feb . 13, 
1960). 
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gap was employed, the rectangular channels were 
replaced by a single copper tube approximately 
60 cm long and having an inside diameter of 
about 0.8 cm. Transport of elemental iodine alone 
was similarly studied, with a copper tube, by 
omitting aerosol generation. After exposure of 
the diffusion channels for a few hours, the dis­
tribution of activity on their walls as a function 
of length was determined by means of a gamma 
spectrometer. Some samples of the data obtained 
are shown in Figs. 30.2 and 30.3, along with 
selected theoretical curves. Regarding the ex­
periment corresponding to Fig. 30.2 (and also 
Fig. 30.1), the IBM analysis of the data from the 
two channels actually gave a diffusion coefficient 
equivalent to the aforementioned value of 0.25 fi, 
although such agreement must be considered 
partially fortuitous. The deviation between ob­
served and calculated values for the 1-cm-spaced 
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channel is associated with low counting rates 
and thus may not be as serious as it appears. 
Neither of the two channels showed evidence of 
elemental iodine or the presumed 0.004-/X particles; 
this observation is a result of their deposition 
prior to entering the rectangular diffusion chan­
nels. Data in Fig. 30.3 for iodine alone show 
good agreement with theory, and data for the 
aluminum oxide particles appear satisfactory ex­
cept for an entrance effect, which may be a result 
of iodine vapor st i l l being deposited on the 
particles. It is of interest to note the profound 
effect of 0.004-fi particles on deposition of ra-
dioiodine. Future experimental and testing arrange­
ments wil l probably include a combination of 
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cy l indr i ca l and rectangular geometr ies, together 

wi th a more prec ise method for in t roduct ion of 

the air being sampled. 

In summary, the resul ts of the par t i c le d i f fus ion 

studies appear su f f i c ien t ly promising from the 

standpoint of character izat ion of radioact ive aero­

sols and vapors to warrant cont inued inves t iga­

t i on . 

REMOVAL OF RADIOACTIVE NOBLE GASES 

FROM CARRIER GASES 

Work on removal of krypton and xenon from other 

gases has cont inued, but at a lower level of 

ef for t . The method of removal receiv ing most of 

the at tent ion is that based on phys ica l adsorpt ion; 

that i s , an adsorber may delay the noble gases 

re la t ive to the moving carr ier gas, w i th resul tant 

rad iooct ive decay and disappearance of short­

l i ved isotopes, or the adsorber may act as a 

concentrator or co l lector . 

Equilibrium Adsorption of Noble Gases 

While dynamic adsorpt ion measurements under 

proposed operat ing condi t ions are desirable for 

adsorber design, and much of the previous work 

on noble gases has consis ted of such measure­

ments, equi l ibr ium or s ta t ic adsorpt ion data, which 

are often more convenient ly obta ined, are also 

useful for th is purpose. Prev ious ly , equi l ibr ium 

krypton and xenon adsorpt ion isotherms for four 

var ie t ies of charcoal and for L i nde molecular 

s ieves type 5A were measured at 0, 25, and60°C. 

Plans are being made to extend such measure­

ments to inc lude a greater variety of adsorbents, 

noble gases, and temperatures. Some addi t ional 

isotherms were recently obtained for one of the 

four types of charcoal mentioned above, and the 

deta i led resul ts w i l l be publ ished later. The 

isotherms inc luded krypton at - 4 5 and - 7 8 ° C ; 

xenon at —45 and —78°C; argon at 25, 0, and 

- 7 8 ° C ; and neon at - 7 8 and —196°C. Radioargon, 

although not a f iss ion product, can be a problem 

in the v i c i n i t y of reactors v^en air is i r rad iated; 

the interest in neon is mainly academic. 

W. E. Browning, Jr . , R. D. Ackley, and R. E, 
Adams, Reactor Chem, Div. Ann. Progr. Rept. Jan. 31, 
1961. ORNL.3127, pp 144-47 . 

R, D. Ackley and W. E, Browning, Jr , , Adsorption 
of Krypton and Xenon on Activated Carbon and Linde 
Molecular Sieves, ORNL CF-fi 1-2.32 (Feb. 14, 1961). 

Thermal Conductivity of Charcoal-Gas Systems 

In the design of adsorbers for use in s i tuat ions 

in which the heat from rad ioact ive decay of ad­

sorbed f i ss ion product gases is appreciable, the 

thermal conduct iv i ty of the charcoa l -car r ie r -gas 

system is an important parameter, s ince the de­

sign must provide for d iss ipat ion of the heat 

produced. Previous measurements on one type 

of charcoal have been extended through use of 

the Northrup method, by members of the M. I .T. 

Pract ice School, to four addi t ional types of 

charcoal wi th hel ium, n i t rogen, and carbon d i ­

ox ide, separately, in the vo ids . No pronounced 

di f ferences in thermal conduct iv i ty were observed 

among the f i ve var ie t ies of charcoal ( inc lud ing 

the one studied ear l ie r ) . The apparent thermal 

conduct iv i ty of charcoal-gas systems decreases 

in the order He, N j , and CO2, in accordance wi th 

the behavior of the pure gases. These recent re­

sul ts have been reported, both br ie f ly and in 

de ta i l . ^ ' ' 

Dynamic Krypton Retention at the Temperature 

of Liquid Nitrogen 

Operat ion of adsorbers a t l iqu id-n i t rogen tem­

perature, approximately — 196°C, is frequently of 

in terest , s ince equ i l ib r ium or s ta t ic adsorpt ion 

data ind icate that dynamic holdup t imes for 

krypton or xenon would be extremely long. There­

fore, s ince app l icab le dynamic data for tempera­

tures in th is region are very sparse, the experiment 

to be descr ibed was in i t i a ted . The adsorbent is 

40 g of Columbia HCC, 12/28X, ac t iva ted carbon, 

occupying 8.25 i n . of length in a trap wi th an i n ­

side diameter of 0.95 i n . , at a temperature of about 

- 1 9 6 ° C . The carr ier gas is hel ium at 1 atm 

f lowing at a rate of 360 cm (STP) /m in . The 

amount of krypton in jected was about 7.5 cm 

(STP) and inc luded 800 mc of Kr^^ to provide 

high count ing sens i t i v i t y . The test has now been 

in progress for e ight months wi th no evidence of 

breakthrough of Kr . For comparison, the average 

W. E. Browning, Jr . , R, D. Ackley, and R. E. 
Adams, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 
1960. ORNL-2931, pp 173-74 . 

^^GCR Quart Progr. Rept. Mar. 31, 1961, ORNL-
3102, p 234. 

P . M. Roth and C, R. Wunderlich, Determination of 
Effective Thermal Conductivities of Charcoal Beds, 
KT-564 (Feb. 23, 1961). 
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krypton holdup time at room temperature for such 
a trap and flow rate would be 5 min. However, 
this result does not necessarily imply that traps 
for noble-gas fission products should usually 
be designed for a temperature as low as that of 
liquid nitrogen, since there are a number of dis­
advantages inherent in such operation. 

Diffusion of Krypton and Xenon in Adsorbents 

The importance of transport of radioactive kryp­
ton and xenon by longitudinal diffusion, in ad­
sorbers where the carrier gas is moving at low 
velocity, has been mentioned previously. In 
addition, experimental diffusion coefficients have 
been presented for krypton diffusing through char­
coal with helium in the voids. A theory to 
account for these data has since been developed, 
resulting in the following equation, which is also 
regarded as applicable to the case of xenon dif­
fusion: 

^ . = D I 2 « D E D ' (7) 

where D is the effective diffusion coefficient, 
e 

D^2 's the gas-phase diffusion coefficient for the 
noble gas in the carrier gas, Rp is the ratio of 
gaseous noble gas to that adsorbed, and £ „ is 
an efficiency factor which allows for tortuosity 
and the lower diffusivity in small pores. Verif i­
cation of the theory was provided by a successful 
correlation of the aforementioned experimental 
diffusion coefficients which ranged from 0.0021 
cmVsec at 0°C to 0.0141 cm^/sec at 60°C. Equa­
tion (7) should permit, in the majority of situa­
tions, sufficiently accurate estimates to be made 
of effective diffusion coefficients for krypton and 
xenon, in adsorbers, uti l izing available data and 
theory. Constants for the equations, together 
with certain restrictions and other details, have 
been reported elsewhere. 

^^W. E. Browning, Jr . , R. D. Ackley, and R. E. 
Adams, Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 
1961, ORNL-3127, p 146. 

^^GCR Quart. Progr. Rept. June 30, 1961, ORNL. 
3166, pp 182-84 . 
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31. Preparation of Pure Materials 

PREPARATION OF SINGLE-CRYSTAL LiF 

C. F. Weaver B. J. Sturm R. E. Thoma 

Single crystals of lithium fluoride with differing 
isotopic abundance for the Li are of considerable 
interest for a variety of solid-state researches. 
Accordingly, as part of a program for study of the 
properties of pure materials at the Oak Ridge 
National Laboratory and elsewhere, a program to 
produce large (>4-cm-diam) ultrapure crystals of 
L i ^F and L i *F has been initiated. A slight modifi­
cation of the Stockbarger technique,' "• ' in which 
the molten salt in a specially shaped crucible 
(of nickel in this case) is slowly lowered through 
a furnace containing a sharp thermal gradient, was 
applied in this study. 

Preparation of LiF 

Preparation of single crystals of L iF with mini­
mum lattice distortion requires very pure starting 
material.^ ~^ While many ions are rejected by the 
slowly growing crystal, Mg and 0H~ ions are 
accepted by the lattice with marked alterations 
of its properties. Therefore MgFj and LiOH must 
be reduced to low levels in the starting material. 
In addition, low sulfur content is desirable, even 
though S^~ is effectively excluded from the crys­
tal , to avoid embrittlement and possible corrosion 
of the nickel container. 

D. C. Stockbarger, "Improved Crystall ization of Li th­
ium Fluoride of Optical Qual i ty , " Discussions Faraday 
Sac. No. 5, 299-306 (1949). 

D. C. Stockbarger, " T h e Production of Large Single 
Crystals of Lithium Fluor ide," Rev. Sci. Instr. 7, 133— 
36 (1936). 

M. A. Vasi lyeva, "Growing Lithium and Sodium Fluo­
ride Single Crystals of High Transparency in the Ultra­
violet and Infrared," p 191-96 in Growth of Crystals, 
vol . I, ed. by A. V. Shubnikov and N. N. Sheftal, trans­
lated from Russian, Consultants Bureau, New York, 
1959. 

The raw material for studies to date has been 
L iOH.H jO in which the Li"^ is 99.99% Li^ and 
with the impurities shown in Table 31.1. This 
very pure material was dissolved in doubly dis­
t i l led deionized water and was treated by extrac­
tion with perfluorooctanoic acid in diethylether to 
remove Mg^ and other polyvalent cations by a 
modification of the method of Apple and White.^ 
Lithium fluoride was precipitated in a 500-g batch 
by addition of this solution to a solution of HF 
prepared by dissolving HF gas in doubly disti l led 
deionized water. The precipitate was recovered by 
filtration and dried in an oven at 115°C. Analysis 
of the product is shown in Table 31.1. This ma­
terial was dehydrated by melting in a nickel con­
tainer under a flowing mixture of anhydrous H . 
and HF. The melt was slowly cooled under dry 
helium. The clearest portions of the resulting 
crystalline aggregate were selected (in a helium-
fi l led dry box) and were stored under dry helium 
until used. Impurities in the product material used 
for the single-crystal preparation are also shown 
in Table 31.1. 

Preparation of Crystals from Melt 

In a preliminary trial a crystal (1 in. in diam) of 
L iF was grown under an atmosphere of helium in 
a sealed nickel crucible with a relatively crude 
version of a Stockbarger furnace. For this trial 
the L iF was commercial material (of normal iso­
topic abundance) which had been treated in the 
molten state with HF and H , to remove sulfur, 
moisture, and hydroxide ion, but not otherwise 
purified. The crucible and melt were moved 

R. F. Apple and J . C. White, Preparation of Essen­
tially Pure Lithium Fluoride: Removal of Magnesium, 
ORNL CF-61-6-31 (June 5, 1961). 

Preliminary work performed by J . E. Eorgan and 
B. F. Hi tch. 
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Table 31 .1 . Spectrographic Analysis of Li -Containing Materials 

Element (ppm) 
Mater ia l 

A l B Bo Ca K Mg Mn No Si 

Start ing L i O H . H j O 200 150 <200 200 

Oven-dr ied L i F p rec ip i ta te 40 < 100 

Dehydrated L i F c rys ta l s 

Re jec ted 20 100 100 1000 500 100 2000 

Used for runs 100 

through the furnace at 2 m m A r , and the resul t ing 

crysta l was removed from the system after a short 

anneal ing per iod. 

The resul t ing s ingle crystal contained some 

cloudy areas and some inc lus ions but was color­

less throughout most of i ts volume. Ana lys is by 

emission spectroscopy showed less than 200 ppm 

ca lc ium, less than 500 ppm magnesium, and less 

than 100 ppm sodium; ana lys is for sulfur by a tu rb i -

dimetr ic method indicated less than 3 ppm. Strain 

was evident in some port ions of the crys ta l under 

polar ized l ight . The crysta l had a ref ract ive index 

of 1.393 ± 0 . 0 0 1 in sodium-D l igh t , and the infrared 

and u l t rav io le t cutoff values were about 6.5 and 

0.12 (1, respect ive ly , wi th a few percent of the 

incident radiat ion transmit ted at 8.0 and 0.11 ji. 

Th is crysta l compared favorably wi th commercial 

L i F s ingle crys ta ls from the v iewpoin ts of pur i ty , 

s t ra in , and l ight t ransmiss ion. It appeared, how­

ever, that an improved furnace, slower growth rate, 

and longer anneal ing period would be benef ic ia l . 

The Stockbarger furnace shown in F i g . 31.1 was 

constructed and used for a l l tests wi th the L i ^ F . 

Stockbarger^ and Vas i l yeva ' ' recommend growth 

of L i F crys ta ls under pressures of 1 0 " ' ' to 10" ' * 

mm Hg. Th is low pressure is supposed to permit 

easy vo la t i l i za t i on of impur i t ies such as A I F , 

and SiF^ and to minimize inc lus ion of O H " in the 

la t t i ce by promoting the react ion 

2 L i O H - L i 2 0 + H 2 0 . 

An attempt to prepare a crysta l under pressure 

carefu l ly held in th is range fa i led completely, how­

ever, and resulted in evaporation of a l l the charged 

L i F from the cruc ib le . It condensed as a granular 

mass on a n icke l surface the temperature of which 

was a few degrees below the mel t ing point of L i F . 

A modi f icat ion of th is technique, which out-

gassed the sample at 1 0 " ^ mm Hg and then main­

tained the melt under a hel ium pressure of 1000 

mm, was sat is factory . The 300-g charge was 

lowered at a rate of 0.5 mm/hr through a thermal 

gradient of '^7°C/cm at the crysta l face; the crystal 

was annealed for s ix days in a thermal gradient 

of 0 to l ° C / c m . The resul t ing mass, see F i g . 31.2, 

contains two c rys ta ls , which are clear except for 

the top 3 mm and which are strain free except near 

the interface between the two. These crysta ls 

have been sent elsewhere for c leav ing and sample 

preparat ion. 

The furnace is being al tered to permit observa­

t ion of the melt and to a l low use of a control led 

atmosphere of hel ium at pressures near 250 mm Hg. 

Single Crystals of L i F from the Vapor Phase 

The fa i lure descr ibed above d isc losed the pos­

s i b i l i t y of d i s t i l l i n g large quant i t ies of L i F under 

eas i ly at ta inable experimental condi t ions. A t ­

tempts to accompl ish such d i s t i l l a t i ons have 

y ie lded small s ingle crys ta ls of L i F condensed 

on surfaces of n i cke l . Figures 31.3 and 31.4 show 

such crysta ls grown at hel ium pressures of 1000 

to 1300 mm Hg, L i F temperatures from 900 to 

1000°C, and wi th natural convect ion of the he l ium. 

Crys ta ls of 0.1 x 0.1 x 5 mm have been obtained. 

Emission spectroscopy detects less than 100 ppm 

of magnesium in these c rys ta ls , which are strain 

free under polar ized l ight . The crys ta ls d isplay 

very wel l formed (100) faces as ident i f ied by use 

of a precession x-ray-d i f f ract ion apparatus. At ­

tempts to determine the Mi l le r indices of the faces 

by cleavage were unsuccessfu l , because the crys­

ta ls bent rather than c leaved. However, they 

provide (100) faces wi thout the c leavage operation 

required for melt-grown c rys ta ls , and they may 
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Fig. 31.2, Lithtum-7 Fluoride Ingot Grown from Melt. 

Fig. 31,3. Lithium Fluoride Crystal Grown fror 

Vapor (Showing 100 Planes). 
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Fig. 31.4. Lithium Fluoride Crystals Grown from Vapor (in Place) . 

provide useful comparative material to evaluate 

the surface damage which occurs in the c leaving 

operat ion. 

These c rys ta ls , which can be produced easi ly in 

a state of high purity and per fect ion, are now being 

used in x-ray photography as a standard to ca l i ­

brate f i lm shrinkage. 

Growth of Refractory Compounds from Solutions 

C. F. Weaver B. J . Sturm R. E. Thoma 

Large pure single crysta ls of many compounds 

are normally prepared by s lowly growing them from 

saturated solut ions at modest pressures and tem­

peratures. Refractory compounds — that is , those 

having qui te high melt ing points - cannot be pre­

pared by such methods because of their exceed­

ingly low so lub i l i t y in the solvents general ly used 

at these pressures and temperatures. The exper i ­

ence obtained by ORNL m the study of phase 

equ i l ib r ia invo lv ing high-temperature reactor ma­

ter ia ls suggested that valuable nonaqueous high-

temperature solvent media for growth of s ingle 

crysta ls of refractory compounds could be chosen 

from avai lab le phase-equi l ibr ium informat ion. With 

these nonaqueous, or molten sal t , so lvents, the 
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crys ta ls would be grown at temperatures which are 

s t i l l far below the melt ing points of the pure com­

pounds. Such growth of s ingle crysta ls from a 

solvent requires: 

1. a system in which adequate amounts of the 

solute can d isso lve and from which i t w i l l 

prec ip i ta te on cool ing as the uncomplex (pure) 

primary phase, and 

2. experimental apparatus in which temperature, 
pressure, and atmosphere con be precisely 
cont ro l led. 

Growth from Oxide Solvents 

Molybdenum t r iox ide , which has a convenient 

melt ing temperature {ca. 750^C), has been br ie f ly 

examined as a poss ib le solvent for preparation of 

oxide crys ta ls of in terest . It has been shown, 

however, that BeO, MgO, and T h O j form inter­

mediate compounds with MoO^. The existence of 

the compounds 2M0O3 • T h O j (ref 6) and M0O3 • MgO 

(ref 7) has been conf irmed, and tentat ive opt ica l 

and x-ray d i f f ract ion propert ies have been obtained 

for them. Both these compounds melt at tempera­

tures higher than 814°C. In the system MoO^-ThOj 

a eutecti c invariant point ex is ts at 782 ± 4°C and 

at less than 10 mole % ThO, * It involves MoO^ 

and 2M0O3 • T h O j as the two sol id phases. 

The ceramic oxides U O j , T h O j , Z r O j , and T i O j 

are appreciably soluble in , and form simple eutec-

t i c systems w i th , N a j B ^ O ^ . Bard has shown that 

U O j c rys ta ls up to 100 ft tn diameter can be grown 

from th i s solvent . Some success wi th single crys­

ta ls of each of these oxides has been achieved in 

prel I mi nary experiments with less than optimum 

temperature cont ro l . 

Crysta ls of T h O j about 1 mm on each edge and 

which appear to be op t i ca l l y perfect (see F ig . 31.5) 

hove been grown by s lowly cool ing ( lO'^C/day) 

solut ions of th is compound. Larger crysta ls (up 

to 3 mm) have been ootained in some attempts, 

but these are quite imperfect. It appears, however, 

that considerable improvement m the temperature 

I den t i f i ca t i on by J . H. Burns. 

Data on chemicals for ceromrc use from Bu l l e t i n No. 
118 of the Nat iona l Research Counc i l , pub l ished by the 
Un ive rs i t y of P i t t sbu rgh , p 137. 

R. J . Bord, The Preparation of Uranium Dioxide Crys­
tals, LA-2076 (1957). 

Fig. 31.5. Thorium Oxide Crystols Grown from So­

dium Tetraborate. 

control w i l l permit growth of large h igh-qual i ty 

c rys ta ls from th is system. 

Pronounced dendri t ic growth was observed in 

simi lar attempts wi th Z r O . , though monocl in ic 

crysta ls of th is material (F ig . 31.6) have been 

obtained in s izes up to 0.1 x 0.1 x 1.5 mm. 

Both ZrO^ and ThO^ seed crysta ls have been 

grown on plat inum st i r r ing rods at temperatures 

between 700 and 1200^C. This behavior may 

el iminate the substant ia l d i f f i cu l t y in mechanical 

at tachment of very small c rys ta ls for use as seeds. 

Rut i le (T iO^) needles several mi l l imeters long 

hove been grown (see F ig . 31.7). In some cases 

these were color less and typ ica l of the s to ich io­

metric compound, wh i le in others the crysta ls were 

brown. This color is probably, but not cer ta in ly , 

caused by iron acc identa l ly introduced into the 

melt, s ince natural ly occurr ing ru t i le is brown when 

contaminated by i r o n . ' - ' ^ 

^A. N. Winchell and H. Wmchell, Elements of Optical 
Mineralogy, p 66, Wiley, New York. 

T. N. McVay, persona! communica t ion . 
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UNCLASSIFIED 
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Fig. 31.6. Monoclinic Zirconium Oxide Crystali Grown from Sodium Tetraborate. 

UNCLASSIFIED 
PHOTO 56703 

Fig. 31.7. Rutfte Crystals Grown from Sodium Tetraborate. 
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Growth from Fluor ide Solvents 

Several ceramic oxides (monocl in ic Z r O - , U O , , 

ThO BeO) have been produced from mixtures of 

several f luor ides to moke use of the lower l iquidus 

temperatures near eutect ic composi t ions. A survey 

is being made to determine i f the binary combina­

t ions expected to be stable diagonals are indeed 

so, and i f intermediate compounds are formed. It 

has been found that the systems U F . - U O ^ , L i F -

U O j , L i F - T h 0 2 , L i F - Z r 0 2 , L iF-MgO, and L i F -

T i O - are stable and that they do not form inter­

mediate compounds or so l id so lu t ions. The poss i ­

b i l i t y of growing crys ta ls of these oxides from a 

l i th ium f luor ide solvent is a t t rac t ive , since L i F 

is ava i lab le in a h ighly pur i f ied form which w i l l 

not act as an impuri ty source. 

Truncated octahedral c rys ta ls of MgO up to 0.35 

mm on an edge (see F ig . 31.8) hove been grown 

from L i F . Rut i le grown from L i F was found to be 

dark b lue, typ ica l of on oxygen-def ic ient structure. 

Studies of these systems contain ing mixed oxides 

and f luor ides may be of value in descr ib ing the 

behavior of MSRE fuels and coolants wi th s i gn i f i ­

cant oxide contaminat ion, in addi t ion to their value 

for the product ion of pure c rys ta l l i ne substances. 

EXTRACTION OF METAL IONS BY D I A L K Y L 

PHOSPHORIC ACIDS^i 

C. F. Baes, Jr. 

The extensive l i terature on extractants of the 

general formula ( R 0 ) 2 P ( 0 ) 0 H , HX, has been re­

v iewed. Their extract ion behavior, osmotic be­

havior , and infrared spectra have shown that they 

are usual ly present in organic solvents as hydro­

gen-bonded dimers H j X . wh ich , at low loadings, 

extract metal cat ions M^ to form complexes of the 

type M(X-H)^ . The demonstrated wide occurrence 

of th is simple cat ion-exchange mechanism — often 

11 Summary of a paper presented at the 140th Annual 
Meet ing of the American Chemica l Society , Ch icago, 
September 1961. Submitted for pub l i ca t ion in Journal of 
Inorganic & Nuclear Chemistry. 
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Fig. 31.8. Magnesium Oxide Crystals Grown from L i F . 
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free from compl icat ing extensive assoc iat ion or 

anion extract ion — offers an exce l len t opportunity 

to examine the effects of so lvent , reagent struc­

ture, ion charge, ion s ize, and ion coordinat ion 

propert ies on ext rac t ion. 

The var ia t ion of the est imated equi l ibr ium quo­

t ient 

•K = 

[ M ( X 2 H ) , ] „ , g [ H ^ ] : ^ 

[^^'la,W,X2]:,, 

for extract ion of various cat ions at low loadings 

by di (2-ethylhexyl)phosphor ic ac id in toluene is 

shown OS a funct ion of the reciprocal of the ionic 

radius (r) in F i g . 31.9. In general , ( log ^K)/z in ­

creases fa i r ly uniformly wi th z/r as one proceeds 

from the a lka l i -meta l cat ions, through the a lka l ine-

earth ions, to the t r iva lent ions of group I I I , the 

lanthanides, and the act in ides. The M O . ^ ^ ac-

t in ide ions are the most strongly extracted d ipos i -

t i ve ions. TheM02(X2H)2 complexes which these 

ions form may involve covalent bonding and/or a 

more h ighly coordinated structure than that (struc­

ture I) assumed for the other cat ions. 

M ' 

y 
( 0 R ) 2 

P. 

X. 

0 
I 
H 
r 
I 

0 

P 

(OR) 

The Be and Fe show lower ex t rac tab i l i t y than 

expected; th is may be caused by the small s ize of 

these cat ions, which should resul t in oxygen-

oxygen contact in tetra- and hexacoordinat ion of 

the phosphate groups respect ive ly . 

Systems at high loading have shown more var ied 

and compl icated behavior invo lv ing polynuclear 

complex formation (UO,^ -HX) and anion extract ion 

(Fe'^ -HX) . The se lec t ive synerg is t ic enhancement 

of uranium extract ion found when d ia l ky l phosphoric 

ac ids are used in combinat ion wi th neutral organo­

phosphorous compounds is not su f f i c ien t l y under­

stood, espec ia l ly in v iew of the much more general 

synergism which occurs when HX is replaced by 

T T A ( thenoyl t r i f luoroacetone). 

UNCLASSIFIED 
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Fig. 31.9. Effect of Ion Charge and Ion Size on Extraction by Dialkyl Phosphoric Acids. 
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32. Radiation Chemistry of Organic Moderators 

W. T. Rainey, Jr. L. B. Yea t ts , Jr. 

The state of knowledge on the thermal and radia­

t ion s tab i l i t y of organic molecules is inadequate 

at th is t ime to permit the best choice of avai lab le 

organic mater ials as reactor moderators or cool ­

ants. Chemical k inet ic studies of the pyro ly t ic 

and rad io ly t ic decomposit ion of these materials 

should provide a better understanding of the rela­

t ionsh ip between molecular structure and chemical 

stability. 

At th is stage of development of organic nuclear 

reactors, i t appears that, as a c lass of compounds, 

the polypheny Is offer the most promise as moder­

ators and coolants. Spec i f i ca l l y , biphenyl and the 

isomeric forms of terphenyl are of part icular inter­

est. Upon i rradiat ion these compounds undergo 

pyro lys is and rad io lys is s imul taneously, thus 

compl icat ing the chemical k ine t ic p ic ture. There­

fore research on the pyro ly t ic decomposit ion of 

biphenyl has been made the i n i t i a l ef for t . 

Samples of chromatographical ly pure biphenyl 

have been pyrolyzed in evacuated ampoules. V i s i ­

ble signs of decomposit ion occurred after exposure 

for 48 hr at 500°C (932°F). The samples at 300 

and 400°C (572 and 752°F) showed no evidence of 

decomposit ion after 718 and 1212 hr, respect ive ly , 

and were therefore heated at 525 and 550°C to de­

crease the t ime required for py ro lys is . Approx i ­

mately 3.5 hr was suf f ic ient t ime to produce de­

composit ion in both instances, wi th a dark-brown 

to black tar forming after 4.75 hr at 550°C. 

A vacuum l ine has given sat is factory separation 

of the pyro ly t ic products into three f ract ions: (1) 

low boi lers , permanent gases and hydrocarbons 

bo i l ing below room temperature; (2) intermediate 

bo i lers , hydrocarbons wi th bo i l ing points between 

room temperature and the bo i l ing point of biphenyl 

(256°C); and (3) high boi lers , hydrocarbons bo i l ing 

above 256°C. 

An F and M Scient i f ic Corporation model 500 

chromatographic uni t has been used for the iden t i f i ­

cat ion of the pyro ly t ic products. The low boi lers 

resul t ing from heat ing pure biphenyl at 490°C for 

48 hr were analyzed on a 6-ft column of a molec­

ular s ieve (L inde No. 5A, 6 0 - 8 0 mesh) at room 

temperature wi th a hel ium f low rate of 37 m l / m i n . 

Only two components, hydrogen and methane, 

e luted during an analys is period of 40 min. 

Dodecyl phthalate and s i l i cone rubber columns 

proved unsat is factory due to the formation of un-

symmetr ical chromatographic peaks caused by 

t a i l i ng . A 12-ft column of 30 wt % Apiezon L wi th 

2 wt % Carbowax 20 M on Chromosorb P (35 -80 

mesh) showed excel lent resolut ion of a seven-

component mixture of benzene and i ts der ivat ives 

d isso lved in acetone. At a hel ium f low rate of 

29 m l /m in wi th temperature programming between 

125 and 250°C, only one pyro ly t ic product was 

eluted w i th in 32 min. Th is product had a retention 

time of 4.1 min and was ident i f ied as benzene. 

The retention t imes of other mater ia ls fa l l i ng 

w i th in th is bo i l ing range and which might be an­

t ic ipated upon pyro lyz ing biphenyl are 

Compound Retention Time (min) 

Benzene 4.2 

Toluene 6.2 

Pheny lcyc lohexane 20.0 

B ipheny l 22.7 

The high-temperature column, cons is t ing of a 

eutect ic composi t ion of l i th ium, sodium, and po­

tassium ni t rates on Chromosorb P, was found to 

produce an unstable basel ine during ana lys is . 

A l s o , at the higher temperatures required for an 
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ana lys is , i t underwent decomposi t ion, evo lv ing 

N j O ^ fumes. Therefore the components of the 

high-boi ler f ract ion in benzene solut ion were 

resolved and, in some cases, ident i f ied through 

the use of a 12-ft column of 20 wt % l i th ium chlo­

ride^ on Chromosorb P (35 -80 mesh). The chro-

matogram produced at a hel ium f low rate of 29 

m l /m in wi th temperature programming between 200 

and 350°C is shown in F i g . 3 2 . 1 . Ident i t ies of 

peaks in the chromatogram were estab l ished by 

addi t ion of internal standards. From the chro­

matogram i t can be seen that nine components were 

present in addi t ion to the benzene solvent and 

residual b iphenyl . The component having a reten­

t ion time of 5.5 min has been ident i f ied as b i ­

phenyl ; 10.4 min, o- terphenyl ; 13.7 min, m-ter-

pheny l ; 14.8 min, /7-terphenyl. The last three 

compounds make up more than hal f the quant i ty 

of high boi lers formed. Although the f ive addi­

t ional compounds have not been de f in i te ly ident i ­

f i ed , they are al l higher bo i l ing than the terphenyls 

and are l i ke ly to be isomeric forms of quarter- and 

quinquephenyl . 

The resul ts thus far obtained ind icate that the 

react ion mechanism for the pyro lys is of biphenyl 

must invo lve the rupture of the bond between 

phenyl groups, resu l t ing in the formation of ben­

zene and polymeric mater ia ls . The presence of 

methane further suggests the degradation of the 

benzene r ing . 

P. S. Hudson and A. J . Moffat, Organic Coolant Re­
actor Program Quarterly Report, Sept. 1—Dec. 31, 1960, 
1 DO-16675, pp 20 -24 . 
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Fig. 32 .1 . Gas Chromatogram of Biphenyl High-Boiler Fraction with Temperature Programming. 
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33. Sherwood Project Chemistry 

The program of chemical support at ORNL for 
the Sherwood Project is one of materials research 
in a somewhat broadened sense. The basic 
"mater ia l " required by the plasma physics re­
searches at present is excellent vacuum in large 
systems. Accordingly, studies of vacuum in­
strumentation, diffusion-pump fluids, and vapor-
deposited titanium films have been conducted in 
order to assist in the meeting of current vacuum 
requirements. Initial information is presented 
concerning one set of experiments on the effect 
of bombardment of titanium by energetic deuterium 
ions. In addition, a summary of materials con­
siderations pertaining to blankets for controlled 
thermonuclear reactors is given which outlines 
some of the functions that such a blanket may 
be expected to fu l f i l l . 

CALIBRATION OF ION GAGES 

R. A. Strehlow J . D. Redman 

A study of the response at very low pressure of 
ion gages without glass envelopes has been 
initiated. For this investigation a Veeco type 
RG-75 ion gage was modified by removal of the 
glass envelope and tubulation and by substitution 
of a copper screen of a geometry similar to that 
of the former envelope. The gage was mounted 
on a flange for insertion into a vacuum system 
of 4-in. glass piping in a manner such that the 
copper screen could be grounded or biased in 
voltage. Response and operating characteristics 
of the gage with the copper screen floating 
(electrically) were similar to those of the original 
enveloped gages; in such tests the copper as­
sumed a potential of about +30 v. 

Gage response with the screen grounded was 
similar to that of a conventional nude gage in 
metal vacuum system. Figure 33.1 shows the 
collector current as a function of collector volt­
age for this grounded-screen assembly in a system 

UNCLASSIFIED 
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COLLECTOR VOLTAGE (v) 

Fig. 3 3 . 1 . Response of Unshielded and of Grounded-

• Screen Gages at 1.8 X 1 0 " torr. 

at 1.8 X 10~° torr. The similar behavior of a 
conventional gage and that for the assembly with­
out the screen are shown for comparison. The 
drop in current with decreasing negative potential 
for the unscreened assembly is probably a con­
sequence of decrease in collector efficiency. 
When the grounded screen is added, positive 
ions are probably removed less effectively from 
the gage region; this difference appears to com­
pensate to a considerable extent for the reduced 
collector efficiency, and response remains nearly 
independent of collector potential over a wide 
range. 

A comparison of the collector current vs emis­
sion current at constant pressure (9.5 x 10" 
torr) and at constant collector potential ( -30 v) 
has been made for a grounded-screen and a 
floating-screen assembly. In these tests, which 
produced the data shown in Fig. 33.2, the screen 
was of stainless steel. The superior linearity in 
response of the grounded-screen assembly is 
evident. 

199 



REACTOR CHEMISTRY PROGRESS REPORT 
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Fig. 33.2. Response of Grounded-Screen and Float­

ing-Screen Gages at —30 v Collector Voltage and 9.5 x 

1 0 " ^ torr. 

Figure 33.3 shows typical plots of pressure 
read with conventional glass-enveloped ion gages 
vs those obtained with the floating-screen gage 
after 30 days in systems pumped with diffusion 
pumps using various oi ls. Such comparisons 
show, in general, the effect of conditioning of 
the vacuum system, the presence of grounded 
surfaces near the screened gage, and other 
factors. In this study, in which the influence 
of such other factors was minimized, it is apparent 
that the (decomposition products of) pump oil 
affects the relative calibrations. 

Each curve such as those of Fig. 33.3 can 
generally be fitted by an expression of the form 
P = AP^ + B, where P and Pg are pressures 
read by the screened and the enveloped gages, 
respectively, and A and B are constants. The 
pressure-insensitive term, B, which accounts 
for curvature of the log-log plots, appears (see 
Fig. 33.4) to diminish with decreasing emission 
current; a control unit, which wi l l permit use of 
emission currents of about 2 fia and which may 
eliminate the curvature from these plots, is under 
examination. The pressure-sensitive factor. A, 
which obviously varies with pump oil composition, 
is not well understood. 

Polyphenyl ethers, which have vapor pressures 
of 2 X 10" mm Hg at 25°C, have been shown 

The data for Convo iU20 is from C. E. Normand, 
Calibration of Nude Ionization Gauges, ORNL C F - 6 1 -
5-109, suppi 2 (Nov. 24, 1961). 
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Fig. 33.3. Relat ive Pressure Readings from Enve­

loped and Floating-Screen Gages in Systems Pumped 

30 Days with Various Diffusion-Pump Oi ls . Convo i l -20 

data were taken from Thermonuclear Div. Progr, Rept, 

Feb. 1. 1961, to Oct. 31, 1961, ORNL-3239 , pp 8 5 - 9 5 . 

ENVELOPED GAGE (torr) 

Fig. 33.4. Relative Pressure Readings from Enve­

loped and Floating-Screen Gages at Controlled Emis­

sion Current. 
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(see sect ion below) to be s ign i f i can t ly more 

stable to thermal decomposit ion than other common 

o i l s . Comparative tests wi th polyphenyl ether and 

wi th Octo i l in a Consol idated Vacuum Company 

pump PMC-720 (unmodif ied but wi th a s l igh t ly 

higher wa l l temperature necessary wi th the 

polyphenyl ether) y ie lded data on pressure vs 

t ime shown in Tab le 3 3 . 1 . It is clear that lower 

pressures can be obta ined w i th the better o i l at 

a l l t imes; the optimum pressure at ta inable after 

condi t ion ing of the o i l has been reached in a few 

days wi th the O c t o i l , but may not have been 

rea l ized after 90 days wi th polyphenyl ether. 

Table 3 3 . 1 . Pressures Attainable In Unmodified 

PMC-720 Pump with Octoil and with Polyphenyl Ether 

Pumping 

Time 

(days) 

( torr) 

Oc to i l Po lypheny l Ether 

1 

2 

9 

29 

60 

1.2 X 10 

2 x 10 

1.2 X 10 

1.2 x 10" 

- 5 

- 6 

- 6 

1.4 X 1 0 " * 

1 X 1 0 " * 

8.4 X 1 0 - ^ 

7 x l O " ' ' 

4 x 1 0 " ^ 

EVAPORATIVE PUMPING 

R. A . Strehlow J . D. Redman 

Removal of gases at low pressure by sorption 

on vapor-deposited f i lms of t i tan ium is under 

cont inued study by personnel associated with the 

Thermonuclear Program. The status of these 

studies, only a port ion of which were done by 

the Reactor Chemistry D i v i s i on , was recently 

descr ibed in some de ta i l . • 

Experiments have been performed in the smal l -

scale (6-in.-diam) test f ac i l i t y to estab l ish 

sorption rates (pumping speeds) for H j on t i tan ium 

f i lms deposi ted on water-cooled copper substrates. 

C. E. Normand et al.. Thermonuclear Div. Progr. 
Rept. Feb. 1. 1961, to Oct. 31, 1961, ORNL.3239, 
pp 8 5 - 9 5 . 

3 
R. E. Clausing, A Large-Scale Getter Pumping Ex­

periment Using Vapor Deposited Titanium Films, 
ORNL-3217 (Oct. 24, 1961). 

I t was shown that f i lms deposited in the presence 

of He or Ar at a pressure of 2 to ]0 fi Hg gave 

sorption rates higher by about threefo ld than 

s imi lar f i lms deposited under high vacuum. The 

sorpt ion rates, however, in these experiments 

did not exceed about 15% of the theoret ical va lue. 

Larger-sca le studies by other invest igators in 

the ORNL program have shown much higher 

(0.8 X theoret ica l ) i n i t i a l values for t i tan ium 

f i lms deposited in the presence of low pressures 

of inert gas on substrates held at l iqu id-n i t rogen 

temperature. 

BOMBARDMENT OF T I T A N I U M BY D^ 

R. A . Strehlow 

Eleven samples of t i tanium (6 x 3.5 x 0.125 in. ) 

were separately bombarded wi th D ions acce l ­

erated to 10—25 kv. Background pressure of 

D j was 2 to 3 x 10 " mm Hg during these tes ts . 

The to ta l dosage was about 1.7 x 10 par t ic les 

to each target . Data from these tests , given in 

Tab le 33.2, show that a substant ia l f ract ion of 

the bombarding beam entered and was retained 

by the target . In agreement wi th previous ob­

servat ions, no sputter ing of the t i tan ium could 

be observed. Some unknowm part of the target 

weight increase can be at t r ibuted to p ickup by 

the specimen after the beam was turned off . 

Assuming a value of 1 0 " ' * ev cm a t o m " for 

the stopping cross sect ion of t i tan ium for deu-

terons, one would expect the d i rec t penetrat ion 

to be of the order of 300 A . Figure 33.5 shows 

a cross-sect ional v iew of a d i f ferent t i tan ium 

specimen, which had been bombarded for 2500 

ma-hr at 25 kev at a current of 50 to 60 ma. 

Deuteride formation is apparent. X-ray d i f f ract ion 

patterns y i e l d peaks character is t ic of T i D , ^ ._> 

with very l i t t l e d iscrepancy. The T iD_ extends 

to a maximum depth of about 0.04 i n . The th ick­

ness of the two-phase region, based on micro­

scopic examinat ion, is c lose to 0.01 cm. A 

di f fusion constant of 1 0 " ° cm / s e c and a con­

centrat ion di f ference of 10 atoms of D per cm 

lead to a f lux of 10 ' atoms c m " s e c " . The 

bombarding beam at even 150 ma is but 1.5 x 10 

atoms c m " s e c " and for the present experiment 

is no more than 3 x 10 ' ° atoms c m " s e c " . 

0 . C. Youn ts , Thermonuclear D i v i s i o n . 
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Table 33.2. Absorption of Energetic Deuterons by Titanium 

Current 

(ma) 

28 

55 

48 

27 

48 

55 

90 

ISO 

94 

51 

74 

Energy 

(kev) 

10 

15 

15 

20 

20 

20 

20 

25 

25 

25 

20 ( D / 

ma-hr 
Power Densrty 

(w/cm^) 

15 

34 

30 

22.5 

40 

45.5 

75 

150 

97 

54 

36 

nput Beam 

Accounted for by 

We ight Increase 

(%) 

IS 

24 
93 

45 

80 

85 

86 

57 

78 

92 

69 

829 

897 

721 

854 

717 

844 

1132 

905 

1099 

807 

813 

UNCLASSIFIED 
0372 

,'<»' 
X 

- O -
o 

Fig. 33.5. Photomicrograph Showing the Formation of Titanium Deuteride at the Surface of a Titanium Specimen 
+ 

Bombarded with 25-kv D at 50 to 60 ma for 2500 ma-hr. 
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It seems that the process of bombarding the sur­
face allows the deuteron to penetrate the usual 
surface layer, thus allowing diffusion into the 
specimens. 

CONSIDERATIONS OF BLANKETS FOR 
THERMONUCLEAR REACTORS 

R. A. Strehlow C. J. Barton 

A survey was made of proposed blanket assem­
blies for thermonuclear reactors. Achievement of 
controlled thermonuclear power requires the solu­
tion of the very diff icult problem of confining 
a stable energetic plasma. Concentration of re­
search effort on this problem has resulted in the 
past in virtual exclusion of consideration of 
questions relating to energy extraction from a 
stable contained plasma. Although many un­
certainties exist regarding the design of a suc­
cessful thermonuclear reactor, the fact remains 
that some fraction of the energy of thermonuclear 
neutrons must be removed or recovered as heat. 
This consideration alone makes necessary the 
presence of a heat recovery or removal blanket 
surrounding the reactor, but the production of 
tritium is an equally necessary function of the 
blanket for a deuterium-tritium-fueled (D-T) re­
actor. 

A confined thermonuclear plasma wi l l yield 
energy in accordance with the following equations: 

The reactions in a deuterium-fueled (D-D) re­
actor can be described approximately by the sum 
of Eqs. (1) through (4), or by Eq. (5) if the in­
termediate 2He can be contained in the plasma 
long enough for the He {d,p)He reaction to take 
place. The difference of 0.9 Mev between 21.6 
Mev and the sum of these figures is the kinetic 
energy of the intermediate ^T and -He nuclei. 
The deuterium-tritium (D-T) reaction is described 
by Eq. (3) alone, and it is apparent that 80% of 

the total energy released in this type of thermo­
nuclear reactor accompanies the neutrons. In a 
D-D reactor, from 34 to 50% of the total energy 
released wi l l be in the form of energetic neu­
trons, depending on the fraction of He which 
reacts according to Eq. (4). Since in a D-D re­
actor the fraction of the total energy released 
which is associated with charged particles wi l l 
be much larger than for a D-T reactor, there is 
a greater incentive to exploit some, as yet un-
demonstrated, method for directly converting the 
energy contained in a D-D reactor plasma into 
electrical power. While it is obviously desirable 
to recover the neutron energy in a D-D reactor, 
it is clear that development of a method for re­
covering the neutron energy is essential for the 
success of a D-T reactor. 

Equations (1) and (2) occur at approximately 
equal rates over a wide range of deuteron en­
ergies, while Eq. (3) occurs at a much faster rote 
at all energy levels. The D-He reaction [Eq. 
(4)] is slower than the other three reactions at 
low energy levels, but its rate equals that of 
the D-D reactions at about 120 kev. The tech­
nological problems associated with the attain­
ment of a successful D-T reactor appear dis­
tinctly less formidable than for a D-D reactor. 
The neutrons liberated by the D-T reaction, 
after they have been slowed down to recover 

(1) 

(2) 

(3) 

(4) 

(5) 

most of their energy, must be employed as eff i­
ciently as possible to produce the tritium needed 
to provide fuel for the reactor. The most obvious 
method for doing this is by reaction with Li , 
which makes up 7.5% of naturally occurring 
lithium, according to the reaction 

^U^ + y ^^He*+ ^1^+ 4.8Mey . (6) 

Some neutron losses are considered inevitable, 
and it is therefore necessary to compensate for 

, D 2 + , D 2 - j H e ^ (0.82 Mev) + ^ (2.45 Mev) , 

, D 2 + , D 2 - , T 3 (1.01 Mev) + , H V 3 . 0 2 Mev), 

, D 2 + , T 3 - j H e ' * (3.5 Mev) + 0^2^14.1 Mev), 

iD^ + j H e ^ - j H e " (3.8 Mev) + ^H^ (14.7 Mev), 

3 , D^ - He'* (3.6 Mev) + n ̂  (8.3 Mev) + ,H ^ (8.8 Mev) 
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these losses by use of {n,2n) reactions. A number 
of these reactions (with lead, tungsten, or other 
materials with a Z greater than 40 or 50) are 
worthy of consideration, but the only material 
that has been discussed to any extent in the 
literature on this subject is beryllium. The 
nuclear reaction involved in tritium production 
from beryllium is 

^Be ' + y --2y + ,Be8 - 2 2 H e ' ' + 2 ^ . (7) 

Another reaction of neutrons with beryllium re­
sults in the production of L i * , which wi l l in 
turn produce tritium, but at a cost of two neutrons 
per atom of tritium produced. Fortunately, the 
cross section for reaction (7) is much larger than 
for the reaction producing either L i or Be . 

Since design details of a successful thermo­
nuclear power device are not known, i t appears 
advisable to consider only the two principal 
functions which a blanket assembly wi l l be called 
upon to perform and to discuss factors which are 
pertinent to the fulfil lment of the functions. The 
functions can probably be most readily performed 
by f luid blanket components which wi l l allow 
heat extraction at reasonably high temperatures. 
Some factors that must be considered in choosing 
a suitable breeding and heat removal blanket 
are: 

1. provision for neutron multiplication; 
2. moderation of neutrons to low energy and their 

adsorption in oLi ; 
3. small parasitic neutron capture; 
4. absorption of secondary gamma rays; 
5. extraction of heat at useful temperatures; 
6. recovery of tritium; 
7. stability and chemical compatibility; 
8. compatibility of the blanket with magnetic re­

quirements, small electrical loss; 
9. the pressure of the system, which should be 

low at the operating temperature; 
10. minimum induced radioactivity; 
11. minimum thickness. 

In addition to serving the function of providing 
a vacuum container, the wall exposed to vacuum 
wi l l have a significant effect on the neutrons that 

pass through it, and thus the basic longer-range 
vacuum problem is tightly coupled to blanketing 
considerations. 

THERMAL STABILITY OF VACUUM-PUMP OILS 

W. T. Rainey, Jr. L. B. Yeatts, Jr. 

The use of organic compounds as pumping oi ls 
in vacuum diffusion pumps has resulted in the 
development of a series of oils with reasonably 
satisfactory physical properties. Available oi ls 
have sufficiently low vapor pressure and adequate 
thermal stability for normal high-vacuum tech­
nology. However, in the ultrahigh-vacuum systems 
which are necessary in the controlled thermo­
nuclear experiments, the presence of any ex­
traneous molecules is extremely undesirable. It 
is especially important to avoid simple molecules 
such as carbon monoxide, hydrogen, methane, 
etc., which are difficult to adsorb in traps, in­
terfere in plasma studies, and are often formed 
in the pyrolytic decomposition of organic mole­
cules. 

Therefore, several series of tests have been 
carried out to determine the relative thermal 
stabilit ies of several diffusion o i ls . Samples of 
the oi ls were heated in evacuated Pyrex ampoules. 
The samples were inspected periodically, and 
samples were removed at the first visible signs 
of decomposition. Other samples were left at 
temperature for longer times, as indicated in 
Table 33.3. 

The decomposition products wi l l be analyzed 
for all gaseous or volatile liquid components. 
Such analyses are of utmost importance, since 
stability as measured by visible signs of de­
composition would not necessarily be the same 
as when measured by formation of gaseous 
products. 

It is concluded that the order of stability is: 
polyphenyl ether > esters > aliphatic hydro­
carbons. The purity of the crude polyphenyl 
ethers is not known, and thus it is not possible 
to suggest reasons for the apparent greater sta­
bi l i ty of the crude pentaphenyl ether. The ester 
oi ls were similar in stability, and the formation 
of solid decomposition products was not entirely 
unexpected. Formation of free acids and anhy­
drides has been noted in such cases. 
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Table 33.3. Qualitative Observations of Thermal Decomposition of Diffusion-Pump Oils 

Compound 
Temperature 

(°C) 
Time 

(hr) Results 

Aliphatic hydrocarbons 

Convoil-20 

Esters 

Di(2.ethylhexyl) phthalate, 

Octoil 

Di(2.ethyIhexyl) sebacate, 

Octoil-S 

Polyphenyl ethers 

m-Bis(m-phenoxy-phenoxy) 

benzene 

(a) Crude 

(b) Purified (by dis-

tributor) 

m,m -Bis(m-phenoxy-phenoxy) 

diphenyl ether, crude 

250 1.0 Light yel low" 

250 360 Light yellow 

400 1.0 Light yellow 

400 7.5 Brown 

250 360 No change 

400 3.3 No color; crystals at room temperature 

450 0.75 Yellow; crystals at room temperature 

450 2.3 Light brown; crystals at room temperature 

250 360 No change 

400 2.3 Light yellow; crystals at room temperature 

400 48 Light yellow; crystals at room temperature 

450 1.0 Light yellow; crystals at room temperature 

400 

400 

450 

450 

400 

400 

450 

450 

500 

500 

400 

400 

450 

450 

104 

424 

9.0 

360 

34 

475 

1.9 

7.5 

1.5 

3.3 

13 

232 

0.5 

15 

Faint yellow 

Deep yellow 

Faint yellow 

Light yellow 

Faint yellow 

Light yellow 

Faint yellow 

Yellow 

Light yellow 

Yellow-brown 

Faint yellow 

Light yellow 

Light yellow 

Light brown 

Intensity of yellow: faint yellow < light yellow < yellow < deep yellow. 
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Meriden, N .H . , Sept. 1 , 1961 

ORINS Lecture, Purdue Uni­

versity, Nov. 16, 1961 

Joint Nuclear Instrumentotion 

Symposium, Raleigh, N.C. , 

Sept. 6 - 8 , 1961 

Symposium on Temperature, 

Its Measurement and Control 

in Science and Industry, 3rd, 

Columbus, Ohio, Mar. 27—31, 

1961 

''Speaker. 
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AUTHOR(S) TITLE PLACE PRESENTED 

Kel ly,* M. J. , G. L. Reactions of Aqueous Thorium Solutions with 

Johnson, and D. R. Cuneo Hydrogen Peroxide 

Moore,* R. E., J. H. Shaffer, 

and H. F. McDuffie 

Overholser,* L. G., and 

J. P. Blakely 

Overholser,* L. G., and 

J. P. Blakely 

Parker, G. W., G. E. Creek,* 

and W. J. Martin 

Parker, G. W., G. E. Creek, 

and W. J . Martin* 

Parker,* G. W., G. E. Creek, 

and W. J. Martin 

Rainey,* W. T., R. L. 

Bennett, and W. M. 

McClaIn 

Shields,* R. P., C. E. 

Miller, Jr., R. A. Lorenz, 

and W. E. Browning, Jr. 

Shields, R. P., J. E. Lee, 

Jr.,* and W. E. Browning, 

Jr. 

Shor,* A. J . , and E. L. 

Compere 

Preparation of High-Purity Beryllium Oxide 

Evolution of Gas from Graphite 

The Degassing Behavior of Commercial Graph­

ites 

Release of Fission Products from Reactor-Grade 

UO^ by Diffusion, Oxidation, and Melting 

Fuel Element Decomposition Products 

Fission Product Release from Reactor-Grade 

UO. by Oxidation, Diffusion, and Melting 

Drift Studies on Chromel-P/Alumel Thermo­

couples In Helium Atmospheres 

Release of Fission Products on the In-Pile 

Melting of Reactor Fuels 

Irradiation Effects on BeO 

Corrosion In an In-Pile Aqueous Thorio-

Uronia Slurry Loop 

American Chemistry Society, 

Regional Meeting, New 

Orleans, La,, Dec. 7—8, 

1961 

Conference on Nuclear Re­

actor Chemistry, 2nd, Gatlin-

burg, Tenn., Oct. 10-12, 

1961 

Conference on Nuclear Re­

actor Chemistry, 2nd, Gatlin-

burg, Tenn., Oct. 10-12, 

1961 

Conference on Carbon, 5th 

Biennial, Pennsylvania State 

University, June 19, 1961 

Conference on Nuclear Re­

actor Chemistry, 2nd, Gotlln-

burg, Tenn., Oct. 10-12, 

1961 

Conference on Air Cleaning, 

AEC, 7th, Brookhaven Na­

tional Laboratory, Oct. 10— 

12, 1961 

IAEA Panel on Siting of Re­

actors, Vienna, Oct. 3—Nov. 

3, 1961 

Symposium on Temperature, 

Its Measurement and Control 

in Science and Industry, 3rd, 

Columbus, Ohio, Mar. 27—31, 

1961 

Conference on Nuclear Re­

actor Chemistry, 2nd, Gatlin-

burg, Tenn., Oct. 10-12, 

1961 

American Nuclear Society, 

Chicago, Nov. 7 -9 , 1961 

Corrosion Symposium, 10th 

Annual AEC, Son Diego, 

Calif., May 9 - 1 1 , 1961 

*Speaker. 
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PERIOD ENDING JANUARY 31, 1962 

AUTHOR(S) T ITLE PLACE PRESENTED 

Soldono, B. A. Is Planck's h Gravitational in Origin? American Physical Society, 

New York, Jan. 31-Feb. 4, 

1961 

Sturm, B. J. A Study of Phose Equilibria in the System Tennessee Academy of 

CrF_-CrF- Science, Martin, Tenn., Nov. 

24, 1961 

Thoma,* R. E., H. Insley, Phase Equilibria in the System NoF-ThF . -UF. American Ceramic Society, 

H. A. Friedman, and C. F. 63rd Annual Meeting, 

Weaver Toronto, Canada, Apr. 23— 

27, 1961 

Watson, G. M. The Chemistry and Problems Associated with Notional Science Foundation 

the Use of Molten Salts as Solvents Short Course for Teachers of 

Science, Butler University, 

June 29, 1961 

Watson,* G. M., R. B. A Diffusion Model for the Transport of Gases in Conference on Nuclear Re-

Evans I I I , and Jack Truitt Porous Media actor Chemistry, 2nd, Gotlln-

burg, Tenn., Oct. 10 — 12, 

1961 

*Speaker. 
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