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KINETICS OF THE MACTION 

BETWEEN THOBIUM AND WAIER VAPOB* 

by 

Bruce E. Deal and Harry Svec 

ABSTMCT 

An examination of the reaction between thorium metal and water vapor 
has been made between the tenperatures of 200° to 6QQ° C. and at water 
vapor pressures of l;0j 70 and 100 mm. Hg. Analyses of the products have 
Indicated that !niO« and Hp are the main species formed during the 
reaction with thorium hydride as a possible side-reaction product. Two 
methods^, gravimetric and manometric, were used successfully to deter
mine the rates of reaction. During these rate studies three variables 
were examined! time, temperature and pressure. The reaction data were 
found to obey the logarithmic rate law w » k log(l + 0.i45t), where 
w = weight of water reacted per unit area of thorium surface^ t - time 
and k is the rate constant. 

Three temperature regions have been examined in which different-
appearing oxides were observed? 200° to 275°? black| 300° to l4.50°, gray 
or whitei and I|.50° to 550°, metallic^ The rate constants were found to 
be first order in dependence on water vapor pressure. The Arrhenius 
equation In k = -E/RT + C, where k ^ rate constant., E = activation energy, 
T = absolute temperature and R and C are constants, has been used to 
determine the activation energy. An average value of S^hh t 0.75 kcal./mole 
was calculated for the activation energy of the thorium-water vapor 
reactions. Several experiments were carried out in order to determine 
the reaction mechanism, and it has been postulated that inward diffusion 
of water molecules or a species thereof is the rate-determining step of 
the reaction. 1 value for the diffusion coefficient of water in ThOp was 
estimated to be approximately 10"''' cm.2/sec« Other experiments have 
shown hydrogen^ produced by the reaction, to have diffused into the 
metal at the higher temperatures and lower pressures, thus causing 
erroneous results for rate constant values at those temperatures. 

*This report is based on a Ph.D. thesis by Bruce E. Deal submitted 
J-une, 1955 to Iowa State College, Ames, Iowa. This work was done under 
contract with the Atomic Energy Coiimission. 
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INTRODUCTION 

Thorixm was discovered by Berzelius in 1828, in the mineral thorite, 
the name of which was derived from Thor, a god of Scandinavian n̂ t̂hology. 
Little use was found for the element until I880, when its demand by the 
incandescent gas mantle industry prompted a search for mineral sources 
of thorium and led to extensive research of its chemistry. However, the 
mantle industry has since declined to practically nothing, and it was 
not until the nuclear energy possibilities arose in 19l|.0 that thorium 
has again emerged as an important element. 

Fresh massive thorium is silvery white in color, but it quickly 
tarnishes in an atmosphere of water vapor above l50° C. with the forma
tion of a black, white or gray film, depending on the temperature range. 
This film adheres to the metal surface during the first part of its 
formation acting as a protective layer. The process of film formation 
is similar to that which occurs when many metals react with oxygen gas 
or corrode in various liquid media. Considerable interest is attached 
to a better understanding of these processes, since they have such vast 
economic influences on our lives. For this reason a program was 
initiated to study the kinetics of the reaction of thorium with water 
vapor. This program included an examination of the rate at which the 
reaction occurs, the factors influencing the rate, the observation and 
identification of reaction products and an attempt to correlate the 
results of the study with those found for other gas-metal reactions. 

REVIEW OF THE LITEMTURE 

Basic Information Concerning the Oxidation of Metals 

General nature of oxidation reactions 

In studying the nature and properties of metals, no pure metal has 
been found to be stable in air even at room temperature with the 
exception of gold. All metals tend to fprm oxides and many form 
nitrides and hydroxides. The kinetics of the reactions observed during 
these oxidation processes has been the object of extensive study. 
Correlation of many variables is necessary to explain observed reaction 
rates. These involve the characteristics of the metal and particularly 
the nature of the reaction-product film which is deposited on the metal 
surfaces. 

Studies of many reactions between metals and gaseous oxygen and 
nitrogen have been reported in the literature. As a result of these 
studies, an extensive theory has developed to explain the observations. 
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The reaction between thorium metal and water vapor takes place with the 
formation of a reaction-product film on the metal surface, and thus rate 
observations should be explainable by the same laws governing reactions 
involving diatomic gases and metals. 

In most complex chemical reactions which proceed by several simple 
successive steps the over-all rate is determined by the rate of the 
slowest step. Following Kubaschewski and Hopkins (1) a number of single 
steps may occur in a reaction between, for example, a metal Me and a gas 
AgB to give the product MeBi as a growing layer, 

1. Diffusion of A«B to metal surface 

2. Adsorption of A^B on metal surface 

3. Breaking of AB bond to form AB~ and A"̂  

h* Ionization of Me to Me"^^ and electrons 

5. Formation of species Me [ABji from ions 

6. Splitting out of A^B to form MeB, 

7. Diffusion of ApB inwards through growing coat 

8. Diffusion of AB" inwards through growing coat 

9. Diffusion of Me^^ outwards through growing coat 

It is clear from the above possibilities, that diffusion of some 
species through the product coating may play an important part in 
reactions of solids with gases. It would be of great value if diffusion 
rates of all systems involved in a particular gas-metal reaction were 
known, but unfortunately this is not the case. As a result much more 
experimental work remains to be done. Two basic diffusion laws are 
noteworthy. The first is Fick's law of diffusion which states that the 
amount of solute "w" diffusing through a certain cross-section "A" per 
second is proportional to the concentration gradient dc/dx at this plane; 

dw ^ D dc (1) 
dt 3x . 

In this equation, "D" is the diffusion coefficient which is usually 
determined empirically. An expression more suited for measurements in 
solids is derived from the Boltsmann equation. It is 

D - Doe"*^/^^. (2) 
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D and Q are constants, but their physical meaning is not fully under
stood. 

If diffusion of some species in a surface oxidation is believed to 
be the rate-determining step, then a method of experimentally determin
ing which species is diffu^ng would be of great value. It is generally 
assumed that the ion or molecule with the smaller diameter is best able 
to diffuse through a growing reaction coat. Since the radii of the 
common anions are relatively large, the metal ions are as a rule expected 
to diffuse outward and thus determine the rate of the reaction. However 
there have also been exceptions wherein the negative ion has definitely 
been the diffusion species. Such is the case with Fe.O , in which case 
the oxide grows entirely by diffusion of O"* inward. 

One of the primary aims, therefore, of studying gas-metal reactions 
is to attempt to determine the rate-determining step. To accomplish 
this the factors which influence the rate of this slow step and thus the 
over-all reaction must be known. Gulbransen (2) listed the following 
variables as being important in any systematic study of the oxidation 
process for a particular metal or alloys time, temperature, pressure, 
surface preparation including chemical treatments, composition of the 
oxidizing atmosphere, composition of the inert gas in the lattice of the 
metal, crystal orientation in the metal surface, surface area, cycling 
procedures in temperature, rate of gas flow and vacuum effect. However, 
the three most important variables from the point of view of reaction 
kinetics are time, temperature and pressure. 

Dependence of oxidation rates on temperature 

Several laws have been proposed to explain the time variation of 
the oxidation of metals. The most important of these are the linear 
law, the parabolic law and the logarithmic or exponential law. In 1922 
Tammann and Koster (3) found that the interference color changes on the 
surface of zinc heated to 14.00° C. in air followed an exponential law. 
This was stated 

t = Ae^y - A, (3) 

where y = film thickness as obtained from the interference color observa
tions, t = time and A and b are constants. The following year Pilling 
and Bedworth in a now classic work (h) proposed the linear and parabolic 
rate laws to explain the rate of oxidation of copper, cacteium, zinc and 
other metals at high temperatures. Which of these laws were applicable 
to a particular reaction defended upon the ratio of the molecular 
volume of the metallic oxide to that of the metal. Thus, for values of 
Md/mD (where M is the molecular weight of the oxide| D, its density| 
m, the molecular weight of the metal| and d, its density) less than one. 
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the oxide coat is porous or may not adhere to the metal; and a linear law, 

y = kt f A, ih) 

is followed. Ifiien this ratio is equal or slightly greater than one, an 
adherent oxide film is formed, and a parabolic rate law, 

y2 = kt f A, (5) 

is followed. In Equation h and 5 "k" is a constant and the other 
symbols are the same as those in Equation 1. Pilling and Bedworth were 
able to explain these laws on the basis of the fact that the rate-limiting 
step during the reaction was diffusion of some species in the reaction 
coat. Recently Wagner and Orunewald (5)j Mott (6) and Miley (7) have 
proposed similar explanations for these two laws. 

Bangham and Stafford in 1925 (8) observed that an empirical rate 
law, 

dy/dt = kt"^ ̂ "^^ (6) 

fitted the data obtained when zinc reacted with oxygen at temperatures 
below liOO" C. The extensive investigation of this reaction by Veinon, 
Akeroyd and Stroud (9) was reported in 1939 for the temperature range 
25° to liOO° C. These workers found that a logarithmic law, 

w « k ln(at f c), (7) 

best fitted their data, where w = weight gain due to the oxide filmj 
t = timeI and k, a and c are constants. For c equal to unit, l/a equal 
to A, w equal to y, and l/k equal to k, this law is the same as that of 
Tammann and Koster. Thus the logarithmic law was discovered independently 
by Tammann and Koster in 1922 and by Vernon, Akeroyd and Stroud in 1939. 
Because Tammann's pioneering work was based on measurements obtained by 
a single color method, the results were not considered highly accurate. 
Consequently, the work of Veraon attains considerable importance. 

Recently other oxidation reactions have been found to follow the 
logarithmic law. Alexander and Pidgeon (lO) studied the oxidation of 
titanium by oxygen at low temperatures and at gas pressures of 2 to 20 cm. 
Hg. They were able to fit their data to a logarithmic equation similar to 
that of Vernon. Brodsky and Cubicciotti (ll) have found the the oxidation 
of silicon at high temperatures follows the logarithmic law. These 
workers, following the method of Tammann and Koster, derived the 
logarithmic law from Fick's law of diffusion. As stated above 

dw ^ J) _^ , (1) 
dt dx 
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where w ^ amount of diffused substance, c « concentration of the diffused 
species at a distance x from the starting point, t » time and D = the 
diffusion coefficient. If the diffusion of some species through the 
growing oxide layer is the rate-determining step for the reaction and 
if the diffusion paths through the oxide are blocked in some statistical 
manner, the concentration of the diffusing species in the coat will 
decrease e3cponentially. Stated mathematically, 

c = c„e-^^ (8a) 
0 

^ onrf 'h aT»ei ("•r>nfa+.nn+.< where c and b are constants. Therefore, the concentration gradient 
will be 

do »-.Cgbe~b̂  , (6b) 
dx 

Since the total thicknesS' of the oxide, x, is related to w by a gravi
metric factor (w a gx), 

*[ M D dc „ -Dc^be"^^/^ . (8c) 
dt dx ° 

Integrating, 

w ^ g/b In [-DCgb^t/g f 0̂ 1 (8d) 

or 
w = k In [at -f c'J . (7) 

The condition that when w - 0, t - 0, requires that c' « 1. Hence, 

w = k In [l f atj ', (8e) 

which is the logarithmic rate law. 

At present, the exact mechanisms of the three oxidation laws are 
still not well established. However, Evans (12) summarized the various 
theories of these rate laws in 19h3$ and no major changes have as yet 
been proposed. 

1, The Linear Law, y s kt f A, occurs when the films formed on 
metals are porous or non-continuous or in those cases where the film 
falls completely away from the metal as it is formed. Hius, a con
tinually renewed metallic surface is available for reaction, 

2, The Parabolic Law, y^ = kt f A, is followed when non-porous 
films possessing ionic and electronic conductivity are formed and is 
governed by ionic migration under a potantial gradient. 
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3. The Logarithmic Law, y = k log [_at f cj, is followed when the 
above conditions for the parabolic law are absent, and is believed to 
be due to the migration of interstitial matter through flaw-paths or 
zones of loosw structure in the outer part of the oxide film. Thus, the 
actual rate of passage along a given path depends upon the rate of 
crossing a less pervious inner film of constant thickness and is 
independent of t he thickness of the outer film, proveded that no obstruc
tion occurs in the path through the outer film. If such an obstruction 
occurs, however, passage along the path in question becomes impossible, 
and the change of obstruction of a given path will increase with the 
film thickness. It can be shown that the growth rate will fall off with 
film thickness in accordance with the logarithmic law. 

Dependence of oxidation rates on temperature 

Pilling and Bedworth (I4.) first formulated an empirical expression 
relating temperature and oxidation rate, but it was soon discarded 
since no physical significance could be attached to it. Later Dunn (13) 
applied the Arrhenius equation to the oxidation of metals as a function 
of temperature. The use of this equation, 

d In k 2 -Q or k r Ae"^/^'^, (9a) 

dT ii? 

where k = oxidation rate, T = absolute temperature and A and Q are 
constants, was justified by Dunn's work with several metals, 
Arrhenius (II4) originally derived this equation starting with the 
van't Hoff equation. By taking the logarithm of each side of Equation 9a 
and setting Q equal to E, the relationship. 

In k =-E/RT + constant, (9b) 

is observed where E is the energy of activation. E may be determined by 
plotting In k against l/T and solving for E from the slope, which is 
equal to -E/R. It is possible, therefore, to calculate a value for the 
energy of activation of a gas metal reaction, providine the Arrhenius 
equation is valid for the data. 

Attempts have been made to attach some theoretical significance to 
the constant in the Arrhenius equation. Gulbransen (l5) combined theories 
of Mott (16) and Eyring (17) which theory, when applied to diffusion pro
cesses, assumes the presence of a transition state at the top of an 
energy barrier between the initial and final states of diffusion, the 
transition states being in equilibrium with the initial state. He 
assumed the energy of activation E to be hf which is equal to ̂ H - TAS. 
The final equation, using an introduced term, kT/h, for the parabolic 
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rate law constant k is, 

k = 2k'T/h d2 eî S/R ̂ .f̂ H/RT̂  (lO) 

where k' = Boltzmann's constant, h = Plank's constant and d « the closest 
cation distance in cm. The significance of the various terms is 
reviewed by Gulbransen. Although it is tempting to derive an entropy 
as well as a heat t erm, the validity of Equation 10 has not been con
firmed and much work must be done, both experimentally and theoretically, 
to prove its worth. 

Dependence of oxidation rate on pressure 

The dependence on gas pressure has been investigated for the oxida
tion of only a few matals. Depending on the mechanism and rate-
determining step of the reaction, the gas pressure may or may not 
influence the reaction. Wilkins (l8) suggested the idea of limiting 
pressures, both maximum and minimum, outside of which no definite rate 
law is followed. This type of range was observed to be true in the case 
of lithi-um-water vapor reactions (19)• Barrer (20) has proposed two 
possible rate-pressure relationships for the diffusion of gases into 
metals or solids. For activated diffusion without dissociation the 
equation is 

k = Cpe"^/'^ + D (11a) 

and for diffusion with dissociation, 

k « -Cp-'-Ẑ e"̂ /̂  + D, (lib) 

where k = rate constant! p = pressure| T = temperaturei and C, b and D 
are constants. Equation lib would be expected for a diatonic gas, 
while 11a would be true for any gas not dissociating before diffusing. 
It may be noted that the above equations are very similar to the 
Arrhenius relationship (Equation 9a). 

Experimental Methods 

Methods of measurement 

The gravimetric method is the most common method for the determina
tion of oxidation rates because of its directness and general convenience. 
In its simplest form it consists of a furnace and an accurate balance. 
However, the best results have been obtained by using some form of the 
quartz-fiber microbalance or a quartz-spring balance. In these types of 
systems successive readings may be made, and a much more complete set of 
data can be collected. 
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A second method of studying metal oxidations is the manometric 
method. The apparatus consists essentially of a heated reaction tube, 
a gas supply and a manometer. The reaction may be followed either by 
the disappearance of the reacting gas or the evolution of a reaction-
product gas. Naturally, in the former the reaction products must not 
include a gas, and in the latter the reacting gas must be maintained at 
a constant pressure. When using the manometric method, one must be 
certain that any evolved gas being measured does not react with the 
metal sample. If proper techniques are carried out, this method is as 
good or better than the gravimetric method when studying certain gas-
metal reactions. 

Other techniques used in the past might be mentioned. One is the 
electrometric method, which consists of determining the quantity of 
electricity needed to reduce the oxidation product to the metallic 
state. There are several optical methods as, the interference measure
ment of light on very thin films, polarized light measurements and 
transparency measurements. Also electrical resistance, stripped film 
and vacuum fusion measiirements have been used. 

Methods for examination of reaction products 

Since a great deal of information about the nature and mechanism of 
a gas-metal reaction can be obtained by examining the reaction products, 
the various methods of examining metallic surfaces are important in the 
field of surface reactions. 

The X-ray method can be used in studying oxidation products on 
metals to give information relating to identification, crystal size and 
orientation and the measurement of lattice parameters. The method is 
especially suitable for examining thicker reaction-product coatings. If 
these are removed from the metal, the ground powder can be used as the 
specimen. Glancing angle and back reflection techniques can be used 
while the oxide is still attached to the metal. 

The electron diffraction method has been used to a considerable 
extent for the examination of oxide films on metals and is a well-recognized 
tool for the identification of such films. It is particularly suitable 
for the examination of the thinner oxide layers because the depth of 
penetration of the electrons is small. 

Microscopic examination of oxide scale on metals is a useful method 
of providing information on the characteristics of the oxide and the 
mechanism of growth. Pfeil's work (21) on the mechanism of oxidation 
of ferritic materials was done largely by microscopic examination. In 
particular, he showed the importance of outward diffusion of metal in a 
growing oxide layer by examining an inert chromic oxide marker on the 
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original surface. Similarly, Davies, Simnad and Birchenall (22) have 
observed inward diffusion of anions in the oxidation of iron using 
platinim markers. The detection of layer formation in oxides is an 
obvious exasiple of the use of the microscopic technique. Location, 
distrubution, grain size, shape and other metallographic characteristics 
of oxides formed on metals are also features that are observed micro
scopically. 

Other experimental techniques used in film obser*vation are strip
ping of oxides, chemical analysis, emission spectrographic analysis and 
radioactive or isotopic tracer analysis. 

Physical Properties of Thorium 

The pl:ysical as well as chemical properties of thoriiom are described 
in detail by several authors (23> 2h, 2$, and 26). Table 1 lists the 
important physical properties of thorium metal along with X-ray data of 
compounds investigated in this research. 
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Table 1. Physical constants pertaining to the reaction 
between thorium and water vapor 

Compound 

Th 

ThHg 

^^3.75 

ThOg 

Symmetry 
system 

Cubic 

Tetragonal 

Cubic 

Cubic 

X-ray Data 

Lattice 
dimensions 

a » 5.075 

a^ = I4.IO 

33 « 5.03 

a = 9,09 

a = 5.5859 

Physical Properties of 

Density, 
gm./cc» 

11.71 

9.20 

8.25 

10,00 

Thorium 

No. 
stoichiometric 
molecules 

h 

2 

16 

h 

Atomic weight 

Atomic number 

Density (X-ray data) 

Melting point 

Boiling point 

Specific heat 

Coefficient of expansion 

Thermal conductivity 

Electrical resistivity 

232.12 

90 

11.7 

lii50° - 1850° C. 

greater than 3000° C. 

26.8 joules/gm. atom ° C. 

12.li X 10"^ (25° - 1000° C.) 

0.33 watts/cm./° C. (100° - 300° C.) 

18.0 X 10"^ ohm-cm. (20° C.) 
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EXPERILIENTAL IWKSTIGATION 

Apparatus 

It was found that the reaction between thorium metal and water 
vapor could be followed by measuring the pressure increase due to 
evolved hydrogen in a closed system. This fact follows from the 
reaction 

Ih f 2H2O > ThOg + 2H2 , (12) 

which indicates that hydrogen is produced quantitatively. The rate of 
the above reaction was determined by introducing water into a suitable 
evacuated system containing thorium metal and measuring the pressure 
change. A similar technique was used for lithium-water vapor reaction 
studies (19). The thorium apparatus is shown in Figure 1. The 
reaction tube A was constructed of 25--inin,-diameter vycor and 30 cm. in 
length. The thorium sample B was suspended in the reaction tube by 
means of a stainless steel support. Around the reaction tube was a 
furnace C, A block diagram of the furnace-temperature control is shoim 
in Figure 2. The furnace had a Chromel-A heating winding and a 
platinum temperature-sensing winding. At E was a water inlet tube. A 
serum bottle rubber stopper was at the top of the inlet tube, covered 
with a pool of mercury through which water could be injected into the 
system by means of a hypodermic syringe. Stopcock H led to an l8-mm.-
bore calibrating manometer F and through stopcock K to a two-stage Hg 
diffusion pumping system. 

A recording mercurial manometer D, following the design of Svec and 
Gibbs (27)J was used to continuously measure the total gas pressure in 
the system. It consisted of a large bulb mercury manometer with a 
length of resistance wire (No, 30 Chromel-A) placed concentrically in 
the mercury column. The resistance wire was included in a direct 
current bridge circuit shown in Figure 3, The degree of unbalance of 
the bridge was followed with a recording potentiometer. Operation of 
the device required that the bridge first be balanced when the pressure 
in the apparatus was zero. Then, as the mercury column rose due to 
increasing pressure, the resistance of the concentric wire decreased, 
causing the potentiometer pen to drive up scale. From a suitable 
calibration curve, chart readings were converted to pressure. A slowly 
increasing gas pressure could thus be followed over a period of several 
hours. 

With the exception of the reaction tube, the entire system was 
swapped with electrical-resistance heating tapes. The water vapor 
pressure could, therefore, be controlled by the degree of current in the 
tapes, with the coldest spot determining the exact value. A calibration 
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RECORDING 
MANOMETER 

TO RECORDING 

POTENTIOMETER 

REACTION TUBE 

METAL SAMPLE 
FURNACE 

Figure 1. Manometric apparatus for studying the kinetics of the 
reaction between thorium and water vapor 
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was made whereby different vapor pressures of water could be reproduced. 
The furnace was also calibrated and the reaction temperature was 
measured by means of a calibrated thermocouple and a recording 
potentiometer. 

In order to test the validity of the manometric apparatus results, 
a second apparatus was constructed by which the reaction rates could be 
studied by direct weight-gain measurements. It consisted essentially 
of a quartz microbalance enclosed in a glass vacuum system as shown 
in Figure h" The quartz fiber microbalance C was similar in principle 
to that of Edwards and Baldwin (28) with the Hiain difference being 
the heavier capacity with a consequent lower sensitivity. The balance 
load in these experiments was approximately 5 gm. on each side of the 
beam and weighings were msde to l/lOO mg. The balance beam consisted of 
a li-ram. quartz tube l6 cm. in length. A Cunife magnet approximately 
3 ram. in diameter and 2 cm. in length was placed inside the beam equi
distant from both ends. Quartz fibers were pulled from each side of the 
beam at its center and fastened to a supporting quartz frame. Hooks 
were placed on each end of the beam from which weights could be suspended. 

The position of the balance beam could be electromagnetically 
controlled by current flowing through two coils of No. 26 heavy Formvar 
magnet wire, placed above and below the balance as shown in the figure 
at D. The coils, mounted on two clear plastic spools (Lucite), were 
approximately h 1/2 inches in diameter and consisted of l500 turns each. 
The resistance of each coil was 58 ohms. They viere connected in series 
with a 100,000 ohm variable decade resistance box, a 22 l/2~volt battery 
and a i|.,56-ohm constan tan wire redstor. Accurate measurement of 
current was made by measuring the IR drop across this resistor by means of 
a potentiometer. The balance was calibrated by measuring the amount 
of current required to rais^ each of a set of precision weights back to 
a selected null point, and all subsequent measurements employed the null 
method. A plot of millivolts (potentiometer readings) versus milligrams 
was made and a straight line was obtained for weights of 0 to 50 mg. 
As was reported by Edwards, an approximate relationship of 1 ma, to 
1 rag. was observed. 

The balance was enclosed in a water-jacketed glass tube approxi
mately 25 inm. in diameter and 35 cm, in length. The water was ^S 
circulated through the jacket from a constant temperature bath. It was 
allowed to enter the jacket by gravity flow and then to empty into a 
Dewar flask. A circulating pump pumped the water back into the bath. 
No pump vibration was transmitted to the balance. A total temperature 
drop of only three degrees was observed in the returning water. 

An arm extended from each end of the balance container^ in which 
the weights could be supported at A and B, It A thorium cylinders were 
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suspended and situated Inside a small furnace. This furnace, shown in 
Figure 5? consisted of a special core, 17 mm, in diameter and 7 cm. in 
length, fabricated from lava and fired at 1000° C, The temperature 
control circuit, the diagram of -srtiich is shown in Figure 3, was the 
same as that used for the manometric-apparatus furnace. Windings of 
No, 30 Nichrome and 0,005~inch-diameter platinum were wound on the lava 
core in a double set of l/l6-inch threads, with l/32-inch spacings 
between the platinum and Nichrome wires, A Nichrome shield was placed 
around the windings, and the furnace was supported from a standard taper 
as shown in Figure 5, A calibration was made for the furnace from 
100° to 600° C, 

The rest of the system consisted of a water inlet tube F with a 
seriim bottle stopper and pool of mercury for admitting water into the 
systemi a double sighting window G, through which the balance could be 
zeroed by the crosshairs of a measuring microscopej a thermometer H for 
measuring the temperature of the water circulating through the jacket| 
and a pressure-calibrating manometer E, All parts of the system not 
heated by the circulating water were wrapped with heating tapes. As 
was the case in the manometric system, the vapor pressure was controlled 
by the amount of current flowing through the tapes, with the coldest 
spot determining the vapor pressure value. Two photographs of the system 
are shown in Figure 6, 

As indicated in Equation 12, the reaction between thorium and water 
vapor produces hydrogen. Since it was not known whether the evolved 
hydrogen entered into the reaction, the evolved hydrogen was removed in 
some of the runs to determojie any effect the absence of hydrogen might 
have. It has been reported (29) that at temperatures of 250° or above, 
palladium will permit hydrogen from a higher pressure to diffuse through 
it to a lower pressure. This principle was utilized at K in the figure, 
A palladium thimble, .001 inches thick, about 6 cm, in length and 6 mm, 
in outside diameter, was placed between the reaction system and the 
vacuum system. It was mounted in a converted lype 507 ion vacuum gauge 
making use of the spiral grid as a heater which was connected to a variac. 
The filament of the gauge was removed and a- Ghromel-Alumel thermocouple 
was attached to the filament leads. Thus the tenperature of the heating 
coil could be measured at any time. By heating the thimble to 300° and 
closing the system to the direct vacuum lead, any hydrogen evolved in 
the reaction could readily be removed through the palladium without 
affecting the water vapor. 

Procedure 

Thorium metal was obtained from the Ames Laboratory of the Atomic 
Energy Commission in the form of a large billet. Spectrographic 
analysis previously made by the analjrbical section of the Ames 
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laboratory indicated that the total inpurities were as follows: 

C I4IO.O - I;20.0 ppm Be 60.O ppm 

N 158.0 - 155.0 Ca ^50.0 

B <0.5 Mg Z20,0 

Cd <0.2 Si ^ 0 . 0 

Zn <20.0 Fe 105.0 

Al ^25,0 Ifa 420,0 

Cylinders approximately 2 inches in length and l/2 inch in diameter were 
prepared for the manometric runs. Forihe gravimetric experiments the 
dimensions of the cylinders were 3/h inch in length and 1/5 inch in 
diameter. They were prepared by machining under sodiim-dried turbine 
oil. Machining conditions were carefully controlled and repeated for 
each cylinder to insure a uniform metal surface for the entire group of 
sauries used in this study. As a result of these precautions, a smooth-
appearing, shiny surface was obtained on the cylinders with no apparent 
taniishing. The freshly machined cylinders were stored under sodium-
dried turbine oil until used. All handling of the cylinders was by 
means of rubber-tipped forceps or surgical gloves which had been dipped 
in dry turbine oil. This precaution was necessary to obviate the forma
tion of active centers on the metal surface. 

Immediately preceding the experimental reactions, the dimensions 
of the cylinders were measured using machinists^ calipers| and, in the 
case of the gravimetric runs, the cylinders were weighed after removing 
the oil from the thorium. The oil was removed using a rinse of sodium-
dried S kelly B followed by one in sodium-dried diethyl ether. During 
this latter rinse operation, the cylinders were placed in the appropriate 
support, depending on the type of experiment. For the manometric 
experiments, the cylinder and support were placed in the reaction tube, 
the tube connected to the system and the system evacuated. For the 
gravimetric run, an appropriate stainless steel counter-weight was 
selected and the two objects were suspended from the balance beam. The 
side arms, one containing the micixifumace, were attached to the system, 
and the system was evacuated. 

In both t;ypes of experiments the evacuation was continued for 1 hour, 
in which time the furnaces and heating tapes reached the desired 
temperatures. At this time each system was closed to the vacuum pun5)s 
and water introduced through the inlet tube. For the manometric run, 
the potentiometer pen had previously been zeroed at a chart reading 
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already selected when calibrating the manometeri and as the reaction 
between water vapor and thorium proceeded, the pressxire of the hydrogen 
evolved was recorded. For the gravimetric system reaction, a zero 
weight reading (in millivolts) for the microbalance was obtained before 
adding the water, A stopwatch was started at the time of addition of 
the water and readings of the current required to null the micro-
balance were taken at 5-minute intervals. Reactions were followed for 
about I4.5 to 60 minutes for both of the systems. 

Because two of the rate variables, vapor pressure and temperature, 
are not independent, it was necessary to be able to vary one and hold 
the other constant. This was accomplished by means of the variable 
furnace and the variable heating tapes. The vapor pressure, in both 
systems, could be held constant while the reaction temperature was 
varied from 100° to 600° C, Similarly, the temperature of the reacting 
thorium could be held constant while the vapor pressure was changed 
from 25 to 100 mm, Hg for a series of runs. In calculating the thorium 
oxide weight gain from the hydrogen gas pressures, a correction had to 
be applied for the differences of temperature in the two parts of the 
manometric system. 

Several analyses of the reaction products were made using powder 
X-ray diffraction, surface X-ray diffraction and spectrographic 
analysis, A vacuum fusion technique was used to detect the presence of 
adsorbed or absorbed gases, followed by mass spectrometric analysis of 
the gases, A series of runs were carried out in the manometric system 
using DpO rather then H.O vapor. For mechanism studies, a 0.05-inch 
diameter platinum wire was securely placed vertically into the side of 
a thorium cylinder and the end of the wire machined sven with the 
thorium surface. The relationship of the end of the wire to the thorium 
surface could be observed microscopically after a regular reaction with 
water vapor. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Examination of Reaction Products 

As the various manometric reactions between thorium and water vapor 
proceeded, the following observations were made. The pressure due to 
the liberated hydrogen increased slowly, and it appeared that a protec
tive film was being formed. Over a temperatirre range from 200° to 
600° C. different-appearing products were observed. From 200° to 275° 
a dull-black coat was formed on the thoritim sample which did not change 
in color over a period of 2 or more hours. After an hour, however, the 
material started to powder and fall from the sample. Between 300° and 
kS0° the color of the growing layer was either gray or white, with the 
whitest product being at 375 • At 500° the product appeared to be 
almost metallic in nature, while at 600° the gray material was observed 
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again. No differences in appearance were observed^ however, at any one 
temperature when the reactions were carried out under different water 
vapor pressures. 

In order to know the composition of these reaction products, samples 
of the coat were scraped off as powder and X-ray pictures were taken in 
a powder camera by the Ames Laboratory X-ray group. It was possible to 
secure powder samples only up to ii50°, but the powder patterns of all 
san?)les taken were identical with that obtained employing an authentic 
ThOp sanple. For information concerning the entire temperature range, 
rectangular specimens of thorium metal were prepared and water vapor 
reactions carried out at 2^0°, 3^0° and 500°. Each temperature 
corresponded to one of the color variations of reaction product. These 
samples were then analyzed by means of a recording X-ray diffractometer. 
Two sample regions of the results are shown in Figures 7 and 8. All 
peaks are attributed to either ThO« or thorium metal and show identical 
lattice constants for all three samples. However, there is a marked 
difference in the intensity and distinctness of the peaks. Gtoing from 
a low to high temperature it is clearly observed that the 20 values vary 
from low, indistinct peaks to sharp, well-defined ones. As was the case 
with the LiOH coating (19), the low, broad peaks are believed to indicate 
extremely small crystals, while the sharp peaks in the higher temperature 
range show that a larger, more perfect crystal is present. 

Another check made on the products of the thoritm-water vapor 
reaction was an analysis of the gas produced. A sample of the gas was 
collected, the water vapor frozen out and the remaining gas analyzed in 
a mass spectrometer. Only hydrogen was found to be present in the mass 
spectra except for a trace of residual water vapor. 

It was observed that at 500° or above , a silvery material was 
deposited just outside the furnace on the inside of the reaction tube. 
Samples of this material were collected and analyzed spectrographically. 
The analysis showed the following elements to be present: thorium. 
So per centI cadmium, 30 per cent| and zinc, 20 per cent. It is 
surprising that thoriiim should distill off at as low a temperature as 
500°, but evidently some intermetallic compound is formed. Sanples of 
the thorium which had been reacted at 500° were machined and allowed to 
react at a lower temperature. No apparent difference in rate was 
observed when compared to other reactions of different cylinders at the 
same temperature and pressure. 

Rate Law Determinations 

Since the reaction of thorium with water vapor proceeds with the 
formation of a Th0„ surface film, the reaction-rate data are expected 
to fit one of the three gas-solid rate laws stated in Equations It, 5 or 
6. 1 comparison of these three laws is presented in Figure 9 to 
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determine which lav; best describes the data obtained from a typical 
manometric experiment. The weight of water vapor in milligrams reacted 
per cm, of thorium surface is plotted against the appropriate function 
of time. The water vapor, weight values were obtained from hydrogen 
pressures by determining the total volume of the reaction system, the 
volume and surface area of the thorium cylinders and then utilizing the 
ratio of hydrogen produced to water vapor reacted as determined from 
the chemical equation involving the reaction of thoriiun with water 
vapor. The hydrogen pressures were obtained by subtracting the vapor 
pressures of water at the temperature being studied from the total 
pressure. In converting from hydrogen pressure to milligrams of water 
reacted, it was necessary to take into account the higher temperature of 
the reaction tube. 

It was assumed that the surface areas used for those calculations 
were only minimum areas rnd thus the rate constants were maximum in 
value. The areas could well hate had actual values equal to twice those 
which Trere calculated, due to siirface unevenness formed in the machining 
process and to the nature of the metal. Additional work on the true 
surface area determination of machined metals is needed to obtain 
absolute rate constants. It was assumed, however, that the true 
surface areas were proportional to the calculated areas by a fairly 
constant factor. This ii/ss substantiated by the reproducibility of the 
data obtained from both the manometric and gravimetric experiments. 
From Figure 9 a straight line is observed for the logarithmic treatment 
of the data. The curves, concave upward for the parabolic plot and 
concave do.'vnward for tiie linear plot, emphasize the conclusion that a 
log'irithmic rate laif is followed. Similar plots of data from other 
experiments corroborate this conclusion. 

The value of the constant '"a" in the logarithmic equation was set 
equal to 0.1;0 by Broasky and Cubicciotti (11) in silicon-oxygen reaction 
rate stuuies, but its magnitude under the conditions of this research 
was empirically deter'-iined by finding that value which best fitted the 
experimental data. Different values of "a," ranging from 0,20 to 0.80, 
were applied in a series of plots involving the weight of water reacted 
versus the logarithmic time f-unction. As shown in Figure 10, a value of 
oTHF^rovided the best of the straight lines obtained, although the 
function is relatively insensitive to the value of "a." 

' . Temperature and Pressure Dependence 

Graphs were prepared for each reaction which contained mg. HpO 
reacted ner cm.^ thorium plotted against log [l + 0.145̂ ^ , where "t" is 
the time in hours. Values of the logarithmic rate constants "k" ifere 
found as the slopes of the initial part of the curves, where definite 
straifTht lines were evident. Table 2 lists the slones in mg./cm.2-log 
hours for each manometric run and lists the average slopes at each 
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temperature and water vapor pressure. Table 3 gives similar informa
tion for some thorium-heavy water vapor manometric runs, as does 
Table î  for thorium-water vapor gravimetric reactions. The heavy water 
vapor pressures were corrected by adjusting current in the heating 
tapes, as required by the difference in H O and D O vapor pressure-
temperature relationships (30). 

Typical examples of the plots are shown in Figures 11 and 12. 
Figure 11 contains plots of the reaction data for a constant water 
vapor pressure of 70 mm. Hg and over a series of temperatures from 200° 
to iiOO° G. Two distinct regions are indicated by the use of two 
different symbols, corresponding to the black oxide formed from 200° 
to 275° and the white or gray oxide formed from 300° to 1+00°. Figure 12 
indicates that the reactions are both pressure and temperature 
dependent in the range studied. The figure contains plots of the data 
at 300° and over a water vapor pressure range of 2^ lam. to 100 mm. Hg. 
A more complete picture of the temperature and pressure dependence of 
the thorium-water reactions may be observed in Figures 13 and lii. 
In Figure 13 the three reaction-product regions are clearly indicated 
by the plots of rate constants versus temperature. At each of" the three 
pressures the reaction rates uniformly increase from 200° to 275°, at 
which point they suddenly drop. After a slight minimiom, the rates again 
increase with l|0-mm. range reaching a maximum at 350°, followed by 
a minimum at 500°. The other two pressure ranges are similar, the 70-mm. 
range having a maximum rate constant at li.00° and a minimum at 550° and 
the 100-mm. range having a maximum and minimum at ib.35° and 600°, 
respectively. 

Rate constants are plotted against water vapor pressures in 
Figure Ik, and a pressure dependence is observed over the entire tempera
ture range studied. Plots were made involving various functions of 
pressure, such as P, p2 and pV2. The best straight lines were obtained 
using the first power of pressure. Thus the pressure dependence is 
first order. 

Activation Energy Determinations 

It was stated that a form of the Arrhenius e3q)ression. Equation 9b, 
could be used to determine the activation energy for the thorium-water 
vapor reaction. This is accomplished by plotting log k against 1/T and 
determining the slope, where "k" is the rate 'constant and ̂ T^ the 
absolute teni>erature, "E," the activation energy, is equal to 
-2.303 X R X slope. Three different water vapor pressures, kO, 70 and 
100 mm. Hg, were utilized in the reactions. Plots of log k versus l/T 
are shown for these three pressure ranges in Figures 15, l6 and 17. 
Figure 15 shows the plotted data for both manometric and gravimetric 
methods at 1|0 mm., with the straight lines being drawn to fit the mano
metric data only. The two differing reaction-product regions are 
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Table 2, Manometric thorium-water vapor react ion data 

Temp., Vapor pressure. Slope K, Average slope k, 
^̂ ^̂  ° C, mm. Hg mm./cm.^-log hr . mg./cm. - log hr , 

I - l 200.0 kO 1.56 1.53 
1-2 
I I - l 70 2.25 2.12 
I I -2 
I I I - l 100 3.33 3.15 
I I I -2 

IV-1 225.0 iiO 2.00 1.88 
IV-2 
V-1 70 3.58 3.20 
V-2 
VI-1 100 5.U0 5.20 
VI-2 

VII-1 250.0 iiO 2.60 2.55 
VII-2 
v i i i - 1 70 5.00 5.00 
VIII-2 
IX-1 100 6.70 6.ii2 
IX-2 

X-1 275.0 kO 3.25 2.82 
X-2 
XI-1 70 6.15 5.71 
XI-2 
XII-1 100 7.27 6,S9 
XII-2 

xn-3 

XIII-1 300.0 1+0 2.91+ 3.18 
XIII-2 
XIII-3 
XBT-l 70 5.25 5.42 
XIV-2 
XI7-3 
XV-1 100 8.33 7.91 
XV-2 

1+0 

70 

100 

ko 

70 

100 

iiO 

70 

100 

ko 

70 

100 

1+0 

70 

100 

1.56 
1.50 
2.25 
2,00 
3.33 
2.96 

2.00 
1.76 
3.58 
2.82 
5.1+0 
5.00 

2.60 
2.50 
5.00 
5.00 
6.70 
6.15 

3.25 
2.1+0 
6.15 
5.28 
7.27 
5.50 
7.00 

2.91+ 
2.86 
3.75 
5.25 
5.38 
5.62 
8.33 
7.5o 
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Table 2 (Continued) 

Bun 

XVI-1 
X7I-2 
XVII-1 
XVII-2 
x?ni-i 
XVIII-2 

XIX-I 
XIX-2 
XX-1 
XX-2 
XX-3 
XXI-1 
XXI-2 

XXII-1 

XXIII-1 
xxn:i-2 
XXIII-3 
XXIV-1 
XXIV-2 
XXV-1 

XXVI-1 
XXVII-1 
xxvin-i 

Ten^)., 
0 C. 

350.0 

i+00.0 

1+25.0 

500.0 

600 

Vapor pressure . 
mm. Hg 

i+0 

70 

100 

i+0 

70 

100 

100 

1+0 

70 

100 

1+0 
70 

100 

Slope K, 
mm,/cm. - log hr . 

5.25 
5.00 
9.52 

10.00 
12.00 
13.00 

1.60 
1.53 

11.82 
11.00 
11.1+3 
17.78 
17.67 

20.80 

0.20 
0.17 
0.17 
1.33 
2.33 
9»Sk 

1.00 
2.50 
i+.62 

Average slope k. 

mg./cm.'^-log hr . 

5.12 

9.76 

12.50 

1.56 

11.1+2 

17.72 

20.80 

0.18 

1.83 

9.51+ 

1.00 
2.50 
i+.62 
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Table 3. Manometric thorium-heavy water (D2O) vapor reaction data 

Tenp,, Vapor pressure Slope k, 
^ ^ ° C. mm. Hg mg./cm.2-log hr. 

I-l • 200 70 1.50 
1-2 • 1.88 

II-l 225.0 70 2.90 

III-l 250.0 70 5.00 

lV-1 275.0 70 3.75 
IV-2 3.89 

V-1 300.0 70 i+.l+7 
V».2 5.67 

VI-1 350.0 70 9.01 
VI-2 9,55 

VII-1 i+00.0 70 12,90 
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Table 1+. Gravimetric thorium-water vapor reaction data 

Run 

I - l 
I-24J 
I I - l 
II-24t 

ni-i 
I I I -2 
IV-1 

V-1 
V-2 
V-3* 
VI-1 
VI-2* 

VII-1 
VII-2 
VIII -1 

IX-1 
IX-2 
IX-3* 
X-1 
X-2* 
X-3* 

XI-1 
XI-2^ 
XII-1 

XIII -1 
XIII-2* 
XIV-1 
XTV-2 

Temp., 
0 C. 

200.0 

225.0 

250.0 

275.0 

300.0 

350,0 

i+00,0 

Vapor pressure, 
mm, Hg 

Uo.o 

70.0 

i+0,0 

70.0 

1+0.0 

70.0 

1+0.0 

70.0 

i+0.0 

70 

1+0,0 

70.0 

i+0.0 

70.0 

Slope k, 
mg./cm.2-log hr . 

1,68 
1,65 
2,1+6 
2,28 

2,80 
2,50 
3.36 

2,60 
3.00 
2.80 
i+,82 
i+.77 

3.33 
i+,l6 
5.00 

3.20 
3.25 
i+.lO 
5.90 
6.75 
i+.70 

7.20 
7.18 
9.75 

13.60 
13.20 
13.50 
12,1+0 

* Hydrogen evolved removed through palladium thijnble. 
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clearly divided as shown by the sudden break at 275°. Also^ it is 
observed that on the whole^ the gravimetric rates are significantly 
higher than the manometric by'a fairly constant ratio. However, at 
350° and 1+00° quite a variation in rates appears between the two 
methods. 'Jt is eveident that the sudden drop in rate of the manometric 
reactions at this temperature may not be a real one» A following 
section on mechanism investigation will deal with this 'region more in 
'detail. 

The TO-ratn. range plot shows the heavy water data la addition to 
the isanometric and gravimetric rate constants. Again the straight 
lines have been drawn to fit only the manometric data, but the gravi
metric rates are in close agreement with the manometric ones, or 
probably tend towards even a straighter line« Not too much can be said 
about the heavy water reaction data^ since there is no significant 
over-all difference. In the 70»fflm. plots the sudden break is more 
clearly observed at 275° than with the i+O-nim. reactions. The 100-mm. 
plots in Figure 1? show the best conformity to the two straight lines. 
In all three pressure ranges the points at 275*̂  sp^ liot reproducible. 

In Figure 18 only the manometric data have been used for the three 
pressure ranges. Average values at each tenperature and pressure have 
bben used and parallel lines drami which best f it_̂  the data. Bie 
method of least squares was used to determine slo^s and thus activa
tion energies for each set of points» Activation energies for the 
least square plots had values of between $<,Q and 7o2 kcalo/mole showing 
excellent agreemento Due to the fact, however, that several of the sets 
contain only three points^ a uniform set of parallel lines was drawn^ 
all of which were still within the e3q)eriniental error. The activation 
energy calculated from these parallel lines is 6okh kcalo/molej a 
fairly good average. This value compares favorably with the 5 to 6 
kcalo value found for the lower temperature lithium=water vapor 
reaction (19)« 

Mechanism Investigation 

Is mentioned in the review of the literature, several ideas have 
been presented concerning what species diffuses in a surface oxidation 
reaction on the assumption that diffusion of some species through the 
growing oxide layer is the rate-determining step» Several e:!?periments 
were^ therefore, imdertaken to learn more about the mechanisp of the 
thoritm-water vapor reaction. One inportant factj based on the reaction 
rate data, was the pressure dependence of the rate constants» In order 
to get a more definite relationship between pressure and rate constants^ 
ideal rate constants were calculated from the straight lines in 
Figure 18» These values were then plotted against pressure, as was 
done in Figure ik^ but wj.th much more agreement as to first-order 
degeBdance, as is indicated in Figure 19. This indicates that the 
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rate determining step depends directly on the water vapor pressure, and 
therefore diffusion of thorium ions would be a remote possibility. As 
a result, if the rate of reaction is dependent on diffusion of some 
species through the oxide coat, diffusion of water molecules through the 
coat should be considered^ This may be possible when a comparison of 
the radii of the various species involved is considered. The water 
molecule has a radius just a little less than the thorium covalent 
radius, and the Th'̂li radius is two third the value of both. It, 
therefore, must be assumed that the thorium species present in this 
system is not entirely the ionic Th'*'*, and that the conditions are 
such that the water molecules are freer to diffuse into the oxide than 
the thorium species to diffuse out. 

Because the pressure dependence of the reactions was first order. 
Equation 11a .appears to be valid. Since the equation states that 
rate ~ Gpe"̂ /'̂  ,+ D, if rate is plotted against "p," the slope should be 
equal to -Ce"^^ and the intercept equal to "D." These constants were 
calculated from Figure 17, and the conipleted equations tabulated in 
Table 5» It is seen that the values for the constant " C are approxi
mately 20 and 30 for the 200° to 275° range and 300° to U00° range, 
respectively, with good agreement of corresponding values, and Barrer's 
postulate of diffusion of a single species into a solid is followed. 
As a comparison. Equation 9a is utilized which states that rate = Ae"^/^ 
In this case values of "A" were calculated from Figure 18 by using rate 
constants and activation energies already determined. Table 6 shows the 
equations in a form very similar to those in Table 5» The constants 
are observed to be about equal in value, the differences being in the 
intercepts of the pressure equations. 

Further supperfc of the theoiy of water molecules or some related 
species diffusing inward came from the platinum marker experiment. The 
position of the end of a platinxim wire, which had been previously 
machined level with the thorium surface of a cylindr-ical specimen, was 
observed through a microscope after the cylinder had been reacted 
with water vapor, Microphotographs, made after sectioning and polish
ing the specimen, are shown in Figure 20. It is evident that the 
platinum extends out from the metal surface, indicating that diffusion 
inward of some species has taken place and reaction had taken place at 
the metal-coating interface. If some thorium species had diffused from 
the metal through the oxide layer, the oxide should have grown outward, 
leaving the metal surface and platinum wire in a single plane. 

One fact needing explanation was the difference in rate constant 
values obtained by gravimetric and manometric methods in the l̂ O-mm, 
pressure range, especially at higher temperatures. Since the greatest 
differences were at 350° to liOO° C , gravimetric samples of these 
reactions were analyzed for dissolved or otherwise bound hydrogen by 
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Table $. Pressure ra te equations (rate « -Cpe"VT + D) 

200.0° C. ra te s 30014 p 4. Q . I S 30.II+ pe" i H § + 0.1 
905 «73 

225.0° C. rate = ^ ^ ^ p + 0.1 = 30.30 pe" 3220 ̂  Q.I 
650 h98 

250.0° C. rate - i2l2k p f 0.15 = 29.91 pe" 3220 ^ o.l5 
li73 ^ 2 3 

300.0° C. r a t e s 2006 p ^ Q Ĵ̂ Q _ 20.I6 pe" 3220 + Q.I^O 
275 573 

350.0° C. r a t e = 2 0 ^ p + 0.50 s 20.30 pe- i l H i- 0.50 
174 023 

400.0° C. r a t e = £0^35 p ^ o,50 = 20.35 pe™ l p 2 + 0.50 
119 673 

Average equation for lower temperature ranges 

rate = 30.13 pe"3220/T ̂  Q̂-ĵg 

Average equation for upper temperature ranges 

rate = 20.27 pe"3220/T ̂  Q̂ |̂ y 
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Table 6, Temperature .rate equations 

Lower Ten^erature Hange 

ko mm. - ra te = 1295 e-6iiUo/RT « 32.1^ (ko)e-^^^^^^'^ 

70 mm. - rate r 2175 e-^^O/RT ^ 31.0 (10)6-^^^°/^^ 

100 mm, - rate = 3110 e'^^^^/^'^ = 31.1 (lOO)e-^^W^'T 

Average equation for lower temperature ranget 

rate = 31.5 (p)e""6iii40/RT 

Upper Temperature Range 

ko mm, - rate = 928 e-^UiO/RT « 22.9 (kO)e~^^W^'^ 

70 mm. - rate = l5l2 © " ^ ^ W R T « 2I.6 (70)e-6iiUo/RT 

100 mm. - rate = 2120 e-^hkO/M s 21.2 (100)e-6W40/RT 

Average equation for upper temperature ranges 

rate == 21.9 (p)e-^^^^'^'^ 
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a vacuum heating technique. This consisted of heating each sanple to 
1200° C. in a previously evacuated system and measuring the resulting 
gas pressure. The evolved gas was then analyzed by means of a mass 
spectrometer. ElSamined by the same method were several thorium cylinders 
which had previously been reacted with water vapor but which were 
machined down to the metal surface. Several other cylinders which had 
never been in contact with water vapor were similarly examined. The 
results were as followss 

Cylinder reacted at itQ0° and kO mm. 111.00 ppm H 

Cylinder reacted at 350° and I4.0 mm, 65.00 ppm H„ 

Freshly machined cylinders previously 
reacted 33.00 ppm Hg 

Freshly machined cylinders not previously 
reacted 1,13 PPK H„ 

it^ 

These results leave doubt that hydrogen was present in the 
metal after a thorium--.water vapor reaction had taken place. The 
establishment of the presence of dissolved hydrogen in reacted cylinders 
could well be the emlanation for the observed rate constant minima 
between 1+00° and 500° in Figure 13, Experiments involving removal of 
hydrogen by means of the palladium thimble failed to affect the minima. 
These results indicate that a fraction of the hydrogen released during 
the splitting of HOH molecules diffuses into the metal without first 
forming molecular hydrogen. 

The metal-oxide surface is shown in Figure 20. The presence of a 
new and distinct intergranular phase extending into the thorium metal 
is observed. This phase is not ThO. and is presumably a thorium 
hydride, (A discussion of the thorium-hydrogen system has been presented 
in some detail by Nottorf and co-workers (31),) An intragranular phase 
is also present which has the same appearance in the microphotographs as 
the grain-boundary material, and is also presumed to be thorium hydride. 
Microscopic examination indicates that this material is absent in 
thorium which has not come in contact with water vapor in the teBq)erature 
range studied. Thorium specimens, containing both these intragranular 
and intergranular phases after a chemical reaction with water vapor, 
were heated to 1200*̂  C. iii vacuo. Upon microscopic examination it was 
found that the phases disappeared. It is probable that the hydrogen 

'Average values for several sampleg. 
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Figure 20, Microphotographs of thorium cylinder 
after reaction with water vapor. Top 
photo shows platinum wire on left 
extending above metal surface, indicat
ing an inward diffusion mechanism. 
Lower photo shows a typical thorium 
surface after reaction with water vapor. 
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produced during the reaction between thorium and water vapor had 
diffused into the thorium metal and had reacted to form some type of 
thorium hydride. 

In the derivation of the logarithmic rate law^ one of the components 
of the constant "a" in Equation 8e was the diffusion coefficient "D," 
Therefore, it should be possible to calculate some sort of a value of 
"D" from the reaction data. The equation 

w - 1 log C-Dcnb t f c*) (8d) 
D g 

would be used^ in which the coefficient of "t" has previously been set 
equal to 0«i45 by enpirical methods. The calculation must be made at a 
certain time^ so the assumption was made the c = l/2 c^ or^ in other 
words, that the concentration of the diffusing species at a distance x 
from X = 0 must be equal to one half the concentration of the species at 
X = 0. If that is done and if the water vapor is assumed to be the 
diffusing species^ the relationship 

D ^ w2/lo06cQd^ (13) 

2 
is obtained, where w ~ weight gain per cm, , c - concentration of 
diffusing species at the interface and d = density of the oxide. Since 
the time is not known when c - 1/2 c , experimental times were taken and 
the equation solved for "P." The re§ults for "D« in cm.2/sec, at 300° 
and 70 mm, Hg are 

15 minutes D = 2,17 x 10"^ 

30 minutes D = 3,72 x lO"? 

kS minutes B " l4,60 x 10"''' , 

The true value of "D" may or may not be between the two extremes above, 
but the calcxalations give some indication of its value. No other water 
vapor-metal oxide diffusion coefficients are listed in the literature, 
but the values calculated are in the same range as the value 2,lii x 10"^ 
listed for the diffusion of nitrogen in iron (20), 
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