THE KINETICS
OF THE REDUCTION OF URANIUM TETRAFLUORIDE
BY MAGNESIUM

A thesgis presented for the degree of
Doctor of Philosophy
in the
University of London

by

José T, H, Domingues

London,

May, 1964



~

ABSTRACT

The kinetics of fhe reduction of sintered UF4
pellets by Mg vapour was investigated at 620° and 690°C,
using a transportation technique and highly purified
argon as the carrier gas. The products of the reaction
were identified by microscopic observation of cross
sections and by X-ray powder diffraction, electron probe
and chenical analyses. Two coherent product layers

(UF3 and MgF,) are formed on the UF,, the uranium netal

’
being interspersed in the outer 1ayir (Mng) as fine
globules or thin iamellae. Marker experiments showed

that the MgF, layer grows by inward migration of Mg2+

lons and the UF3 layer grows inwards probably by outward
migration of fluorine iomns. The rate of both reactions
follows a parabolic rate law, after an initial period

for which a different law applies, probably a direct
logarithmic relationship. A discussion is given of the
possible mechanisms in the two cases. From reduction
experiments with UF3 pellets it was demonstrated that
‘migration through the MgF2 layer is the rate determining
step of the overall reaction. The parabolic rate constants

1 10

for the overall reaction are 1.8 x lO_1 and 4,75 x 10~

gzcm_4min'1 at 620° and 690°C respectively. The parabolic

rate constants for the partial reaction yilelding UF3 are

6.7 X 1O"13 énd 1.1 x 10'10 gzcm'4min_1.



The industrial process of bomb production of
uraniun was reviewed and discussed, and suggestions
are made for the interpretation of the mechanism of

ignition of the reaction by a simple theory of self

heating.

A preliminary thermodynanic study on a new
process of producing uraniun metallby the reduction of

UF6 by Na is also reported.
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1.1 General

Although at the present time, most metal extraction
and reflning processes remain empiricel, much research has
been carried out, during the last twenty five years, in an
attempt to improve these processes and develop new ones.
Broadly speaking these investigations have been mainly
concerned with two different types of questions: the
determinatlion of the conditlons of equilibrium for any
given system, and the study of the variables influencing
the rate at which this equilibrium is attained.
Investigations of the firstfﬁype deal with the physical,
chemical and thermodynamic properties of elements,
compounds and systems of metallurgical interest, and
represent the mejor part of recent research in extractive
metallurgy. The second type of investigation deals mainly
with the kinetics of the chemical and ph&sical changes and
though a number of studies have been reported they are

8511l of a fragmentary nature.

It is a well known fact that processes of mass
transfer ond heat end fluid flow, rather than chemical
reactions, are the controlling steps in most metallurgical
operations, As a consequence, a great deal of work in
the field of kinetics has been dedicated to those
processes. However, in the case of the production of

uranium metal by reduction of UFu with Mg, which is the
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conicern of the present work, evidence has been found

that the kinetics of the-resaction plays an importent

role in the reduction process. For some yeers
investigations were carried out in the Nuffield Research
Groupx:on molten sealt systems of interest fof the process.
These investigetions resulted from difficulties encounfer—
ed at one time (1956), at the Springfields Uranium
Production Plant®* ® in obtaining good slag~-metal
separation and in avoiding the loss of uranium metal &as
inclusions in the slag. As a result of these and many
other investigétions the efficlency of the précess heas
been greatly improved and the knowledge of the factors
affecting the reaction has been increased. However,
1ittle is still known of the kinetics and mechanism of
the reaction. It is an aim of the preseyt work to
achieve a greater understanding of the faétors involved,

by dealing with this neglected aspect of the process.

1.2 The Production of Uranium Metal

There are at the present time manyfpossible methods
of producing and pefining urenium metal,: the choice
depending upon the requirements of the ipdividual cases.

The methods already developed include:

# Royal School of Mines, Imperial college,‘@quon.
% % Operated by United Kingdom Atomic Energy Authority.
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(1) Reduction of uranium halides with metele
(ii) Reduction of uranium oxides with metals or carbon
(iii) Blectrolyte reductions in fused salt

- (1v) Disproportionation of uranium halides.

By far the method most widely used £or the large scale
production of uranium is the reduction of urenium
tetrafluoride with magnesium or calecium, where a solid
regulus of metal is obtained under a cover of slag. All
the other methods yield uranium shot in a high-melting
slag or uranium powder, Since the demand is meainly for
massive uranium, these last methods are only used for

speclial purposess

Although all these methods are well established and
work reasonably well, much work has been dedicated to
develop new and more economical ones. Recent developments
in tﬁe magnesium reduction of sodium uranium fluoride
appear tb meke this method attractive for commercial use.(1)
Also,the direct reduction of uranium dioxide to messive
uranium, by the use of & flux, has been carried out on a
leboratory scele cnd further development of the method may
represent a significant advance, since it would eliminate
the need for haloggnoating the uranium oxide(1). The
direct reduction of uranium hexafluoride by sodium is yet
another promising process and preliminary studies on this

reaction are presented in Agyendix I of this Thesis.
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In the next section, the process for the reduction
of UFH by Mg will be discussed in detall as it is an eim
of the present work to shed some light on some fundamental

aspects of the reduction process.

1.3 The Reduction of UF) by Mg

An indispensable characteristic of a method intended
to produce massive urenium is thet the ultimate temperature
reached by the reaction be sufficient to ensure melting,ﬁ@/
the uranium, and to bring the siag to a condition of suffi--.
clent¢fluidity. In this respect the calcium reduction of
the UF), is more favourable since it is more exothermic than
the magnesium reduction and the heat evolved, when the
reaction is started at room temperature, is enough to
bring about the fusion of the products.(Z’ 3, b) On the
other hand, the magnesium reduction requirés the supply of
heat necessary to bring the charge and container to a
temperature around 650°C before the reaction is carried out.
At present, the magnesium reduction is preferred because
magnesium is less expensive, only 63% as much by weight is
required, and magnesium is less apt to pick up and introduce
impurities (calcium reacts easily with nitrogen and moisture

in the atmosphere and therefore requires special storage

facilities),



The usual practice consists of charging a refractory
lined, steel vessel with a compacted mixture of UF), and Mg.
The vessel is then sealed, and heated until the reacteants
ignite (at about 650°C); the reaction goes rapidly (& few
minutes) to completion. Once the reaction has subsgided
the vessel is allowed to cool to room temperature, The
resultant metal "biscult" or "derby" is removed and, if
necessary, chipped free of slag. Reaction vessels up to
13 in. inner diameter and 45 in. long heve been used for
meking derbies and much larger vessels for meking direct
reduction ingots (dingot process). Details of the
teclnique may be found in the original paper by Wilhelm(5)
(1, 6)

or in more recent reviews.

Although a great amount of work has been done %o
establish the effect of the process variables on the
quality and yield of urenium, very little is known of the
mechaenism of the reaction; and of the conditions prevailing
during the process, as will be shown in the following

sections.

1.%.1I The Thermol Characteristics of the Process

The thermochemistry of the reaction ploys an important
role in obtaining good yields end a good quality regulus.
(7)

Beatty and Magoteaux have derived an equation for

estimating the minimum temperature of the reactants that
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can possibly result in the production of molten slag
(1264°C). With L% excess of magnesium they found a
value of 228°C as compared with about 180°C' when no
excess of magnesium is used. Therefore, the reactants
must be heated before the reaction is "triggered" by a
booster or spontaneously initiated. Since preheating
is necessary, many side reactions may occur in the bomb,
as the charge is being heated, which affect the final

yield of’uranium.

Experimental evidence has been found that the reaction
ignites spontaneously when some parts of the charge reach a

(1, 1) though +his

temperature in the range 600 = 650°C,
temperature is well above the minimum value calculated by
Beatty and Magoteeux, the presence of temperature gradients
in the charge and heat losses during the reaction may

result in only partial fusion of the slag. This empheasises
the importance of the thermol conductivity cheracteristics
of the liner and charge and the heating rate, i.e., the
temperature of the external furnace, &Also, the thermal
losses may be important, particulearly for small vessels
where the surface/volume ratio is greater than in larger
vessels. Use of thermal boosters to supplement the

external heating is therefore guite common in vessels

with internal diemeter less than 10 in,
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Many materials are used as liners, In the Ames
LaboratoryX a liner of tamped, electrically fused
dolomitic lime is usedSS) 4 coated graphite crucible is
employed in the laboratory exercises of the International
Institute of Nuclear Science and Engineeringﬁﬁ(e) and
recycled magnesium fluoride slag is commonly used in the
cozmercial production of uraniumﬂg) The thickness of the
liner must be sufficient to prevent initiation of the
reaction béfore enough ﬁeat has entered the major part of
the charge, and to prevent weakening of the bomb while
pressure is high, Also, on cooling, the use of liners
which are too thin results in bad insulation, which may

prevent the molten metal from collecting before it freezes,

As for the charge, better results are obtained with
high packing density, since this means a greater amount
of heat genercted per unit area of wall and better thermal
conductivity within the charge, with the consequent greater
thermal penetration before the surface reaches ignition
temperature. For the packed densities normally schieved
in proctice the thermel diffusivities, «, of the dolomite,
MgFy and UF), + Mg charge are not very different.(lo)
With this assumption and thot of 2 long cylindrical

(7)

furnace pot, Beatty and Magoteaux have calculated

= Iowa State College, U.S.4.

s Lrgonne Notional Laboratory, The University of Chicago,
UQS.AI
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the time 8, for preheating at o given external temperature
El’ to bring the charge and the liner up from an initial
temperature~£i to a mean temperature~fgp by using the
equatioms for variable state transmission of heat., The
plot of tm = 'm - %i versus .6/, 2 with I'G/I'l as a
T 1
parcmeter (where r, and ry are the radius of the charge
and the outer radius of the liner, respectively) shows,
that increasing the liner thickness increases the time to
reach a determined mean tempercture and that the degree
of sensitivityof the mean temperature to changes in liner
thickness decreases somewhat with increasing lengths of
heating time. L second effect of increasing the liner

thickness is to decrease the ratlo between the maximum

temperature in the charge and its average temperatures

If a graphite liner is used, however, & new factor
is introduced, i.e., its high thermal conductivity as
compared with that of the charge, This requires either
the use of lower furnace temperatures so that the charge
is heated more gradusally and/or higher packing densities

of the charge.(l)

From the above considerations and from the standpoint
of rcaction temperature it would appear that the most
desirable prehcating conditions would be those which

bring the reactants to a fairly uniform elevated
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temperature by the time the reaction initiates., This

can be achieved, however, for meximum compacting densities,
only at a cost of inoreascd pre-heating times, and other
factors have to be teken into consideration, namely the

effects of the side reactions taking place during preheating.

1.3.2 The Effcet of the Process Varicbles on the

Yield of Uranium

48 & result of numerous investigations, the conditions
offecting the yield of massive uranium are, at present,
reasonably well established. Losses of uranium, however,
have & twofold origin and are due to the occurrence of
both small particles of uranium metal and uranium
compounds, mainly UOp, in the slag. Since it is
practically impossible to determine quantitatively the
relative importance of the two contributions, interpre-—

tation of the results 1s not always easy.

The variables found to have a most profound effect
on the yield are: packing density of the charge, excess
of magnesium, impurities in the charge, and length of the

preheating period.

2. Paoacking Density of the Charge

There is ecvidence that the packing density of the
charge affects the losses of uranium, at least as far as

the trapped particles of metal are concerned.
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(14)

Harper and Williams noted that a decrease in
charge density from 2.3 to 1.3 g/cc resulted in a decrease
of the yield from 927 to 707. The grey colour of the
slag from the lower density cCharge indicated that con-
siderable quantities of metal were trapped in the slag.
Tests made at the Jirgonne Laboratory(12) with charges
hand~tamped to a density up to 3.L9 g/cc and with charges
compacted to a density of 3.6L g/cc by double pressing,
gave highest yields of 93.7/% and 97.2%, respectively.

In both cases e 6% excess of megnesium was used and the
furnace temperatures were 700°C and 600°C, respectively,
The ignition temperatures were 600 ¥ 500 in the first case
and 600 : 10°C in the seccond. The occurrence of uranium
metal in the fast freezing, $in. thick slag layer next to
the graphite liner was found to be less with compacted

charges than with hand-tomped charges.

b, BExcess of Magnesium

The effect of the excess of magnesium on the yield
1
was studied by Magoteaux and Smitherman( 3) who found that
an increase of 2 to 6% increased the yield from 93.0 to

(5)

Olje 32 In the Ames Laboratory an initial excess of
megnesium effected a sharp increase in recovery which
increased with the excess up to a maximum, Further
increases did not benefit the recovery and caused

difficulties due to skull formation and pyrophoric
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coatings. The optimum excess of megnesium Aecreased
with increasing size of the reaction vessel. Bombs may
require 20 -~ 307 gxcess, whereas 10 in. vessels require

as little as 57 excess of magnesium in the charge.

c. Impurities in the System

The impurities in the system mey have different

origins:

(1) The green salt (commercial UFu) whose impurities
are mainly U0z, UOgE, and water. & typical
enalysis glven by Baker et al.(1u) for these
impurities 180,29, 2.08 and 0.0hﬂ,respectively.

(ii) The magnesium which may be coated with a thin
film of oxide.

(ii1) The liner mcterial, which usually has gases
absorbed, meinly moisture. |

(iv) The atmosphere in the vessel (argon or hydrogen)
whose main impurities are usually moisture and

oXygen,

Apart from these main impurities, there are others
present in the liner and charge, mainly elements, 1in
concentrations varying from a few ppm, to 500 ppme.

Since these impurities are eventually picked up by the
metal, the materials used ih the process have to satisfy

standard specifications of purity, but they do not affect
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otherwige the efficiency of the process.

The »urity of the UFu wes found to have the most
profound effect on the yield(mB), an increase in purity
from 92.9% to 97.7/4 increased the recovery from 78;° to
93%e Although the effort devoted to increassing the
nurity of the fluoride cannot be carried too far, due to
economic considerations, green salt is today available

commercially with a purity of around 99.6%(12).

The effect on the recovery of the oxide film
COatihgson the magnesium is difficult to determine since
they are difficult to reproduce. Superior results were
reported by the Ames Laboratory(S) with magnesium produced
by the ferrosilicon reduction nrocess, (rather than the
electrolytic or carbothermic) although all these grades
meet normal purity requirements. Although the magnesium
from the various sources differs in the micro forms of
the crystals and in the shapes of the fine particles, the
majér effect is believed to be the temperature at which
the magnesium is first exposed to air in a retort or to
the leakage of eir in vacuum systems, which would affect

the nature of the oxide film,

Apart from the original oxide films, filming of the
magnesium may occur during the preheating period due to
reaction with UFy, UOoF,, water and HF, or with film

forming additives, such as NalF,, KHFp and HF, and they
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may heve some effect on the subsequent reduction reaction.
The nature of these films was studied by Schwartz and
Vaughan(15) who showed the presence of MgO and Mg(OH), on
the extreme outer surface of the coating while the MgFo
wes below, In the case of UFh in the nresence of HF
only MgF, was detected. The formeation of HF, in the
charge, during the preheating period is usually assumed
to occury due to side reactions, One reaction producing

HF is thought to be a cyclic reaction of the type(16):
U0 F, + Hp-—» UOp + 2HF cees (1.1)
Mg + 2HF > NgF, + Hy

Such a reaction is very likely to occur when the reduction
is carried out in a hydrogen atmosphere, but might also
occur in other atmospheres since H2 is formed by reaction
between residual moisture and magnesium, in the early
stages of heating(17). Another possible source of HF

in the bomb atmosphere is the reaction of residual
moisture with UF). Evidence of this reaction is found
in the form of thin layers of UO2, at the liner charge
interface, in bekbs which are heated short of ignition
and then cooled. In the case of Ca0 liners UOp may

even be produced due to reaction of HF with the liner,
producing Caf, and more water, which hydrolisesmore UFj.
A corrective measure is to add some fine Ca or Mg to the

refractory powder before packing,
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Fillming of the magnesium can also be carried out
before blending with the green salt. Reaction with
HF-air mixtures and 503 proved to form rather tough films,
while reaction with sulphur vapour gives a weak film<18).
A strong anhydrous film of magnesium fluoride is formed
in contact with anhydrous HF at elevated temperatures(19).
The thickness of the magnesium fluoride film increeases
with increasing filming temperature until at about u75°C

an abrupt decrease oecurs,

The effect of filming on the ignition of the charge
is exemplified by the exberiments of Leifield and
Newmann(16), who found that with increased thickness of
the film, the pre~ignition time 1is increased, other
variables being kent constant, These authors also
found evidence of the cyclic reaction (Equations 1.1)
already mentioned. Increased additions of U0 F, to

the green salt resulted in increased pre-ignition times,.

de The Length of the Pre-ignition Period

In bomb reductions, & significant decrease in the yield
occurred whenever the rcactants were held at temperatures
between LOO°C end the ignition temperature for more than
30 minutes(11). The resultant sleg in one case had a
uranium content ranging from about 187 near the slag-

metal interface to about 277 at the top of the slag.,
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An increase in the length of the pre-ignition period
is reported by Harrington and Ruehle(G) with decreesing
specific area of the magnesium and increasing furnece

temperature,

ls3¢3 The Mechanism of Izmition

Conflicting theories are advanced for the mechanism
of ignition.

Since variables such as thickness of MgF, film,
specific area of Mg and hecating rate, introduce conditions
tending to vary the pressure of the magnesium vanour in
the charge and seem to affect the pre-ignition time in
a predictable way, they were advanced by Harrington and
Ruehle(6) as partial evidence that the bomb reaction
starts as a mognesium vapour - UFu solid reaction,

Other cvidence 1is given by these authors. Examination
of mixtures of UFu end magnesium which have been heated
to just short of firing, reveal darkened eareas in the
green salt surrounding particles of magnesium, These
sveas contain UFs end MgFp. With an experimental
arrangement such that only msgnesium vanour could reach
the UFy, the reaction proceeded through an intermediate
UF % stage, then to metal(zo). Furthermore, mixtures
with a two-to-one mole ratio of UFy to magnesium ylelded

UFz, MgFy, and little uranium when fired in a bomb.
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There is no doubt that pre-ignition reaction .occurs
between the magnesium vapour and the UF),, but whether it
is this reaction or the direct contact of the uranium
fluoride with molten megnesium bursting through the MgF,
f£ilm, which "triggers" the ignition, remains to be proved.
In this respect it is more conclusive to determine the
dependence of the ignition temperature, rather than pre-
ignition time on the different variables, since longer
ignition times may be due in part to lower thermal
conductivity of the charge caused by the nresence of

films on the Mg,

More interesting evidence of pre-ignition reactions

is reported by‘Wilkinson(1’ 12).

Sections of charges
which had been heated for two hours at pre-ignition
temperatures, showed no change in the green colour at
32000, but a core of brownish coloration was found near
the crucible bottom at 3500. Increases in the temperature
increased the size and darkness of the brown coloration.
At 580°C the whole mass looked fused. This change in
colour occurred only when magnesium was present, For
charges heated to the range 570 - 630°C the magnesium
appears to segregate in the lower part of the charge.
Since this temperature range is below the melting point

of the magnesium and X-ray patterns show the presence of

substantial amounts of UF3 the fusion of the magnesium



must be due to the heat evolved in the reasction:
O — P
2 UFh + Mg —> MgF2 + 2 UF3 £5H850 = 51,7 keal

Heating curves on charges that had been outgassed for

12 hours were obtained for two locations of the thermo-
couples, 1 in., above the bottom, one at the center of

the charge and the other at the liner-charge interfeace.
The curves generally intersected between 375 and u7500
indiceting that locealized exothermic reaction occurred
at a lower temperature, This reaction is not directly
connected with ignition, which is marked by the upward
inflection of the curves that is observed above 600°C.
This evidence of a localized exothermic reaction could be

detected only for small charges.

It is doubtful whether the change in colour of the
charge, reported by Wilhelm to occur at such low
temperatures as 55000, is due to Mg vapour-UFu reaction.
Paine et.al.(zo) reported 5u000~as the minimum temperature
at which the reaction is detectable, Also, the brownish
colour renorted is more tynpical of UOp than UF3 which
is usually darker in apnearance.

The fact that change in colour only occurs in
nresence of Mg may be due to side reactions of the type

discussed before.
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. BEvidence of pre-ignition reaction wes also found by
Harper and Williams(11) who noted, on heating a pellet of
Mg + UFu, evolution of heat at about 560°C. Ignition of
the pellet, detected by a rapid rise in the temperature,

took place only between 600 - 650°C,

Since the temperature at which the reactants ignite
seems to corresnond closely to the melting point of the
megnesium (651°C) it has been suggested<11)'that the
liguid magnesium and urenium fluoride mixture woﬁld
provide the intimaﬁe contact regquired for the rapid propageatim
of the reaction. This is supported by the results obtained
by Harper and Willisms{11) when a Mg-Pb alloy (m.p. L60°C)
was used in place of pure Mg, ILin exothermic reaction

waes noted just above the melting point of the alloy at 470°C.

1.3.4 The Reaction and Post-Reaction Period

The furnaces employed to fire the reduction bombs
are generally designed to heat the bottom of the bomb
faster than the top. This starts the resction at the
bottom of the charge and once ignited the burning front

moves un through the charge with a rate of propagation of

the order of 0.2 in. per mecond<6). £is the temperature
increases the nroducts and reactants encounter numerous
phase changes, c.g. Mg, UFu, U and MgFy liquify, in that

order, at 650°C, 1036°C and 1260°C respectively, and Mg



boils at 1104°C,  The fluidity of the slag is a function
of the ultimote temperature attained by the resctlion and
has, as mentioned before, great influence on the yield of
uranium, In the case of a gravhite liner, uranium
particles cre »rimarily trapped in & fast freezing § in,
thick slag layer next to the graphite wall, but they are
also encountered just sbove the uranium regulus(1).

It is difficult to know whether this concentration
gradient pattern is also found when & liner with lower
thermal conductivity is used. At least, in the case of
reductions carried out in unfavourable con?%?}ons, such

as some of Harper and Williams' experiments, where a
substential amount of U0, is also nresent in the slag,

the concentration gredient trend seemed to be inverse,
i.e., higher concentration of urenium at the metal-slag
interface, It was suggested that, in such cases, the

U0, prevented the agdomeration of the uranium by the |
formation of & viscous high density bridge at the slag-
metol interface. AN alternative suggestion was that the
U0o prevented the egdomeration of the metal by adhering

to the surface of the globules by a surface tension effect.
Phase equilibrium studies involving UOp, UF, end MgF2

were carried out in this laboratory by Bell(zﬁ) end
Welchczz). In none of the three binary systems was
evidence found of solid solution, and the solubility

of U0, in molten slag was shown to be very small,
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Bell suggested that, in view of its low solubility in
MgFs and high density, the UOp, even if taken into
solution at the meximum temperature of the reaction

(ca. 1700°C), would be precipitated as the slag cooled
and would settle " rapidly to form & layer at the slag-
metal interface. Droplets of metel encountering this
loyer would find Adifficulty in nenetrating to the regulus,
The microsconic observeation of a polished section of slag,
from the top portion of a tynical bomb reduction, did not:
show any apperent association between the dronlets and

the 00, 21,

The presence of UOo in the products is not very
easily explained from a thermodynamic' noint of view,

The free energy of the reaction:
2 Mg + U0, —= Mg0 + U

is less than - 10 kecal up to 1130°C and only becomes
positive around 130000. It was suggested(7) that UOg

is reduced below 1130°C and formed agein when the
temperature r@ises above this temperature and that on
cooling when the equilibrium favours again the reduction
of U0y, either because the amount of free magnesium is no
longer sufficient or because the rcaction is too slow, no

effective reaction tokes »nlace,



1l.3.5 Summary

To summerize, the losses of uranium are due firstly
to minute particles of metal trapped in the slag, which
can be reduced at least to some extent by improved thermal
characteristics of the charge and/or by a suitable
programmed heating, Ao second source of loss in yield
is the occurrence or uranium compounds, meinly UOp,
whose origin may be traced to the presence of impurities
in the system and to various side reactions taking pleace
during preheating.

The mechanism by which the reactants ignite is not
known, evidence having been advanced elther for a vapour-
solid or for a liquid-solid reaction.

One of the great difficulties in interpreting the
results of the numerous investigations is the practical
imnossibility of determining quantitatively the relative
importance of the two contributions to the losses of
uranium,

The other difficulty resides in the fact that,
because of the great number of process variables, the

results of different investigations are not easily comparable.

The foregoing review shows the lack of deta on the
mechanlsm and kinetics of the reactions taking pnlace

elther in the pre~ignition period or in the short period
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where the reaction is rapid and selfpropasating. Some
work has been done on the kinetics of the reaction of

UE‘L+ Powder with Mg vapour(zo), H20(23) and 02(2h,25)

and the reaction of UO,F, with H2(26). These investiga-
tions, however, were carried out on nowders and the
results have only & qualitative value. They did not shed
a great deal of light on the more fundamental aspects such
as the mechanism of the reactions and their relative rates

under the conditions prevailing in the bomb.

1.4 Gas S01id Reactions

1.4.1. General

Because of their nractical interest, gas solid
reactions have heen the object of o wide number of
investigationsy especially in the field of oxidatlon of

metals and alloys.

When the clean surface of a solid is exposed to the
attack of o gas, unless the reaction product is volatile,
en intermediatec product Iayer 1s initially formed that
separates the gas from the metal. Further progress of the
reaction is only possible by transport of matter through
this layer, The mechanism of transport will depend on the
nature of the product layer, moinly on whether it is
compact or interspersed with cracks and pores. In the
first case some sort of diffusion mechanism through fhe

layer has to be assumed. In the second case simple
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passage of the gas molecules through the cracks or pores
can explain the progress of the reaction. The formation
of compact layers is theoretically the most interesting
case and since it is relevant to this work will be

discussed in more detail,

The first guestlion which arises is the nature of the
diffusing speccies. Electrical and electrochemiceal
investigetions and diffusion experiments on oxides, sulphides
and halides carried out in perticular by Tubandt, Reinhold,
Jost, Braune, Von Hevesy, Seith and assoclates have shown
that in these phases cations, anions and electrons are
mobile but that the mobility of the various particles may
differ widely. In view of these facts'Wagner(27) suggested
the hypothesis that simultoncous ionic and electronic
conduction in oxides, sulphides and halides accounts for
the rate of formation of tarnish layers on metals exposed
to oxygen, sulphur cor halogens at high temneratures, whereas
migration of electrically neutral atoms or molecules may be
negleéted. Likewisc the reduction of oxides and sulphides
and the nhotographlc mrocesscs m;g involve simultaneous
migration of ions and electrons( >.

The sccond question that needs to be dealt with refers

to the different time laws encountered for the growth of

the product layers.

As a limiting case one can assume that diffusion
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through the layer of oxide or other product is the rate
determining stomn. If a quasi-stationary state is
established,i.e. the activities of the rezctants at the
Toundaries of the product layer are indenendent of time and
thermodynamic equilibrium is practically established at the
interfaces, it follows from Fick's law that the rate of
increase of the layer will be inversely proportional to the

thickness of the layer x:

% = k./X (l.l)

where k is a constant proportional to the diffusion
coefficient. Integration of equation (1.1) yields:
x2 = 2kt
if X =0 when t = 0, or
1
x = (2kt)Z
(29)

This "parabolic rate law" was first derived by Temmann
in 1920 and has often been confirmed experimentally.
However, other rate laws may govern the growth of product
layers in gas-solid rcactions. If for instance the phase
boundary reactions are slow cnough to be comparable to the

diffusion rate of the ilong, one obtains the "mixed parabolic

(30) (31) (32)
law" developed by Eveng , Fischbeck , Jost and
(33)
Noltige :
ax - kl
dt k#+lx

where k and 1 are constants.
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In the limiting case of a very thick product layer the
phase boundary reaction may become time determining and the
"mixed perabolic law" turns into the"Minear law".

dx

at = 1

Other phenomena mey also play a determinant role as: pointed
by Mott(Bh) in the case of very thin layers. In this case
electric double layers at the boundaries of the film may
establish an extremely high electrical field strength which
makes the redction rate decrease more rapidly with
increasing thickness of the layer thaen would be »redicted
from the parabolic law. This is an interpretation for
the logarithmic rate law first established empirically by
Temmann and Koster(35) in 1922. A full account of these
and other growth rate laws (as for instance the cubic and
inverse logerithmic rate laws) can be found in recent books
(36) (37)
by Kubaschewskl and Hopkins and Evans . For a given
reaction more than one rate law mey be obmerved,; the change
over from one to another depending on the product layer
thickness. For thin films logarithmic and cubic,for normal
layers parabolic and linear rate laws predomineate. Since

it is relevant for the »nresent work, the parabolic law will

be. discussed here in more detail.

1.4.2. Wagner's Theory of the Rate of Growth of
Protective Layers

In what follows we consider an ionic compound of metal

Me and non metal X in which cations, anions and electrons
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designated as constitutents i = 1, 2 and 3 respectively, may

migrate.

The basic assumption made by Wagner is that of independ-
ent migration of each tyne of narticle and therefore the
theory is only valid for small concentration of lattice
defects and smcll deviations from ideal stoichiometric

ratio.

Under the action of both local electrical potential
and its chemicel potential  juy (in erg/mole), the particle
will move in the x~-direction with an average drift velocity

u: in cmy/sec given by:

1
Uy = - Bi[i%; axl + z5e %]

is the eleetrical valeance

where N is Avogaddoe's number, z;
of a narticle of type i (positive for cations, negative for
anions), e is the electronic charge and B, is the mobility
of particles of species i, 1.e. the steady state velocity
under unit force per marticle, corresponding to a change

in the chemical notentiol per marticle by unit energy

(1 erg) for a displacement of unit length (1 cm).

Hence the number of moles of constitutent i migrating

per unit cross scection (1 cmz) per unit time (1 sec) will

be
dIl’ d/J (1 75
i1 - 1 ‘ e &
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where S is the cross section in cm2, c; is the concentration

3

of 1 in moles pcr cm”.

The mobility By mey be derived (i) from electrical
dato, such as electrical conductivity ond the transference
number t; of particle i, or (ii) from self diffusion
measurements involving isotones and upon use of Einstein's
equation:

g _ ,
Di = BikT

where k is the Boltzmann constant, T the absolute
temperature and D&K’the self-diffusion coefficient of

( 38)

particle ji. As nointed out by Wagner , the validity
of this equation is restricted to the case where self
.diffusion is accomplished essentially by random motion of
particles in interstitial positions or random motion of
vacancies, but not by direct exchange of two particles

of the same tyne in equivalent lattice positions.

Using the mobilities of ions and electrons derived
from electrical data, introducing the condition of
electrical neutrality and considering the relationships
for the chemical potentials, Wagﬁer(27 ) derived the
following equation for the rate of formetion of a coherent

layer of an oxide, halide o sulphide

1 00 ;:1( + )tz o @yl 1 (1.2)
& [‘56‘?566@/?% £2)%s /JLX .
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' 2N i
Mile
00 / 1 1
= {955001% / oy (B +%2) 45 @ d/“Me} Ix
o r

e
where dn. 1 is the rate of both outward migrating cetions
at - g
and inwerd migrating anilons in terms of egquivalents per

em® per second,bx is the instantaneous thickness of the

reaction product in e¢m, e 1s the electronie charge in
absolute electrostatic units, ¢ is the electrical con-
ductivity in c>hmz”‘ﬁ cm71? /&Xand /“Me @re the chemical
potentials of non-metal and metal respectively, in erg

per gram atom, and /A and /%{ are the chemical potentials

of non-metal at the inner and outer interfaces respcctively.

The expression in brackets has been named by Wagner
the"rational rate constant" kyp, indicating the rate in
equivalents per square centimeter per second for a layer

of the reaction product which is 1 cm thick.

An equivalent form of equation (1.2) wes derived

by Wagner in a later paper(~39)f

1R

kl""’e,//,%(z“ DY + Dp) @ 1In oy (1.3)
ex %2l
1
RIRCEEAY (D + 1 D;) d1n aye (1.3a)
“Me ,
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where Ceq = 2164 = Zp€y is the concentration of cations
or anions in equivalents per cubic centimeter aond Enme and
ax are the thermodynamic activities of metal and non-metal
respectively., Equations (I.3) are derived on the assump-
tion that t3 = 1 and t4 and t, are small (eoge ¢ 10fu);
which is a very usucl case in practice. Thus equations
(1.3) provide an alternctive possibility of calculating

%, Under conditions where use of equation (%.2) would be

impractical due to the experimental difficulties in

A such
determining se small transference numbers.

Equations (1.2) and (1.3) have been derived in order
to check the underlying assumptions set forth by Wagner,
perticularly that of independent migration of ions and
electrons and not to replace the direct determination of the
rate constants. Wagner( 39) has compored the calculated
(from equation 1.2) and experimental rate constants for a
few cases and found)satisfactory agreement between the two
sets of values. Equation (1.3) has been nroved correct at
least in one case, by Carter'andeichardson(LK)) who
measurcd the oxidation rate of cobalt and the diffusion

60)in Co0 as a function of oxygen pressurc,

coefficicnt of Co
Since markcer expcriments have shown that oxidation of
cobalt occurs meinly by cation diffusion, equation (%.3)
is simplified by putting Do = 03 ax is equal to the

oxygen pressurc at all points in the oxide,'zz = 2 end
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z4 = (0/Co) x2, = 2. Equation (1.3) thus becomes:

kp = Coq / Dy 4 In poy

Integration of D% vs. log pog-curves allowed the compariscn
of the rationai constants thus calculated with the cxperi-

mental ones obtained from the parabolic pldts. The agree~
ment between the two vealues was well within the limits of

the experimental error.

l.4.3 Lattice Defects

From the discussion above, it is apparent that the
rete of growth of a ccherent layer is directly related to
its electrical conductivity and the transference numbers
of" ilons and electrons, but no reference was then mede to
the nature of the conduction mechanism. Since a mutual
interchange of two ions each carrying the same electrical
charge can never result in transnort of electricity( 38),
one may conclude that ionic conduction is due to lattice
defects. Moreover, where measurements of both electrolytic
conduction (and transference numbers) and diffusion have
been possible, there is sufficient agrccment between the
mobilities derived from either set of observation to

conclude thot diffusion processes in ionic crystals are

also due to lattice defects.
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Disregerding complex cases there are three basic
types of misarrangement within the crystalline lattice:
substitutional, interstitial ions and vacancies. In
general, substitutional Gisorder is not important for
crystals with predominently ionic bonding because of the
mismatch in atomic size and charge. In a stoichiometric
ionic crystal and in order to maintain electrical
neutrality there are at lecast two different ways in which
these interstiticl ions and vacant lattice sites may
arise. They are called "Frenkel defects" and "Schottky
defects". The four possible cases are: (i) the
Frenkel disorder type involving equal concentration of
interstitial cations and vacant cetions sites, (1i) the
antiFrenkel disorder type consisting of equal concentra-
tion of anion interstitials end vacancies, (iii) the
Schottky disorder type involving cation and anion
vacancies in the same ratio as the stolchiometric,

(iv) the anti-Schottky disorder type consisting of

cation and anion interstitials. The concentration of
these defects are determined by an intecrnal thermodynamic
equilibrium which depends, of course, on tcecmperature,

The predominance of one type of disorder is determined
by the energy required to form the different types of
lattice defects, the lower energy being, of course, the
more favourable, Only if the energy for two different

types of disorder is very similar, there will be coexlstance.



The mechanism of migration obviously depends on
the type of disorder. In the case of a "Schottky
disqrder" which is typical of the alkali halides, one
ion in a normal lattice site may jump to an adjacent
vacancy of the same type of ion and hereby create =
vacancy ;t the initially occupied site. This is the
vacancy nechanism of migration, the net result being a
migration of the ions in the opposite dircection. In
such a lattice we nay, thercfore, expect both ions to be
nobile and their relative mobility will depend on the height
of the potential barriers they have to overconme on jumping.
The influence of the distance between adjacent ions

will decrease with the thermal expansion of the crystal

In the case of a "PFrenkel disorder" (or "anti-Frenkel
disorder") cations (or anions) are mobile as the anion
(or cation) sublattice is complecte. Thus, their mobility
will be due to the vacancy mechanism and/or the motion of
interstitial cations (or anions). An interstitial ion
can move either by jumping dircecetly to another interstitial
site (interstitial mechanism) or by pushing one of its
nearest neighbouring ions into an interstitial position

and taking its place (interstitialey mechanisn).
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In the case of a growing product layer, small
deviations from the ideal stoichiometric composition
mist be assumed, since whenever there is a diffusion
process, there must be a concentration gradient. There
is ample cvidence that such deviations from stoichiometry
actually occur and Iln a few casecs wothin wide limits
(evg., wustite)s. dccording to Wegner, Schottky, Strock,
Laves and others1, there are the following basic types of
disorder for compounds involving deviations from the ideal
stoichiometric composition: (i) compound&with excess of
metal, consisting either of cations in interstitial
positions and excess frec electrons, or anion vacancies
and quasi-free electrons (in which case the compound is
said to have a deficit of non-metal), (ii) compoundswith
deficit of metal (equivelent to an excess of non-metal)
in which there are either cation vacancies and electron
~holes or anions in interstitial positions and electron
holes. The term electron hcle means that somewhere in
the lattice an electron is missing as compared to the
state of the ideal lattice. For instance, & trivalent
nickel ion in nickel oxlde represents an electron hole.
Quasi-free electrons are, of course, mobile and the same
is true for electron holes since electrons may be

exchanged between ions of the same type but of different

(39)

1 See references quoted by Wagner
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valcnce, Ceg., NiZ* and Nidt, Compounds, such as most

of metal oxides, sulphides and nitrides Where deviations
from the ideal stoichiometric composition occur , exhibit
thereforc electronic conductivity (apart from the ionic
oonductiviﬁy which is characteristic of pure ionic
compounds), and cre gencrally classified as semiconductors.

(Lt)

4 recent book by Mendlecorn contains much dectailed

information on non-stoichiometric compounds.

Onc can, therefore, expect a change id the electrical
properties of & compound duec to deviations from the ideal
integral stoichiometric composition. Pohl, Stasiw,
Smakula, Hilsch, Mollowo and their assooiates( h2) have
shown in faect that,though alkali halides of ideal
stolchiometric composition are ionic conductors,
electronic conduction in addition to ionic conduction
occurs when cither an excess of metal or an excess oOf
halogen is present. Baedeker( 43, L) observed that:
with rising partial pressure of iodine there was a very
marked increase in the conductivity of Cul. The "pure"
Cul is a poor conductor at low temperatures, the conduction
being at least partially electrolytic, and above BOOPG
exhibits strong electrolytic conductivity. 'Wagner( L5 )
wmeasurcd the conductivity of fAgBr at 200°C without
bromine and in presence of 0.23 atm. of bromine vapour.

In the later case the conductivity was increased by 12%

above that obtained in pure nitrogen.



1.4.5 Inert Markers

Pfeil( b6, 47 ) was the first to use incrt markers to
show that anions and cations could diffuse at very different
rates in oxides, He found that when iron painted wilth
chromic oxide was oxidised, the markers were found close
to the metal surface but in the "HFelC? layer. This result
did not conclusively prove that the oxide layer grew only
by the outward migration of ilron ions but it has shown &
significant difference 1In mobility of the oxygen and iron
ions. The method was later applied to the interdiffusion
of alloys and it is now in general use to determine the
diffusion mechanism of growing product layers. Using a
more refined technique1than Pfeil; Davies, Simnad and
Birchenal(u8) have shown that when iron 1s marked and
oxidised in Op to glve a scale of "FeO", Fes0), and Fe203,
the markers are found precisely at the Fe/"FeO" interface,
indicating that outward migration of iron lons is mainly
responsible for fhe growth of the "FeQ" layer. When
"FPeO" was marked and completely oxidised to Fe3Oh the
markers were found to enclose 80% of the Fe3xou. This
was later interpreted by these a.uthor‘s(LL9 ) as due to the
outward migration of iron lons forming Fe30h outside the:
markers the removal of which from the FeO lattice also
causes FeBOu to be produced within the FeO. L block of
1 Davies et al. marked the surface of the blocks to be

oxidised by applying to the surface a sllk thread
wetted in radiocactive AgNO3 solution.



EGBQM was &lso marked and partielly oxidised to Fep03z in
02. The merkers could not be found and were thus assumed
to have remained on the surface and volatised off during
the long oxidation period. This indicates that Fe203
grows by the inward migration of oxygen ions, a result
suppeorted with measurements by Himmel(5o ) who found that
the diffusion rate of iron ions in Fe203 is neglible:
Radioa@tive nlatinum was used by Carter end Richardsoncl“)),
-to determine the mechanism of oxidation of cobalt. The
merkers; were found at the metal-oxide interface, thus
indicating that the oxide layer grows by outward migration

(51)

of cobalt iouns. Hocking used gold markers to study
the growth of sulphate layers on blocks of cobaltous and
cuprous oxides. For the CoO0 blocks the markers were
found at the Coq/OoSOu interface, thus showing that the
sulphate grows by outward migration of cobaltous ions.
For the Cup0 blocks at 688°C, two sulvphate layers (Cusoy
and Cu0,CuS0)) end an oxide layer bencath these two were
formed, The markers were found at the Cu0,CuS0y/CuSOy
interface. Hocking suggested that the outer CuS0y layer
end the underlying CuQ layer were produced by the outward
migration of copper ions and that the inward growing
Ch0.0bSOu layer must grow by the inward migration of a

sulvhating aggregete which attacks the Cu0 layer to form

OuO.CuSOh.
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Marker experiments (those mentioned above sre only
a few exsmples) are not without ambiguity and very often
conflicting reports are found in the literature. One
obvious condition for the successful use of this technique
is thet the markers should be inert, but other precautions
must also be talnm, I1f the markers are too large they may
act as barricrs protecting the material beneath, which is
consumed only by 1atﬁeral diffusion; thus the marker may
- be found embedded in, for instance, an oxide scale at
some distance from the metal interface cven if the oxide
grows entirely by cation diffusion. On the contrary,
very thin markers mey be held to the metal interface by
surface tension even when the oxide grows by inward
migration of oxygén lons, Saohs'( 52) experiments give
a good example of such »henonmena. Nick&l and copper
nerkers inﬁ%orm of clecctrodeposits and wires of various
thicknesses werc placed on the surface of mild steel
specimens which Wcre-subsequently'oxidisod at 90000. It
was found that, during oxidation, thick wires (0.12 - 0.2 cm
diemeter) moved outwerds, very thin clectrodenosits moved
inwards end intermediate sizes (0.02 cm diam. wires)
occupied intermediate nositions. Sachs explained that
the movement of the large markers weas due to interference
with normal diffusion. They arc not easily covered with

oxide and are pushed outward by latceral diffusion bencath



—-—

&

~ 3

2 )

the markers, Kubaschewski and Evans(5 found less.
acceptable Sachs' explanation for the movement of the

very thin markers, according to which the merkers would
dissolve in the oxide and migrate towards the metal oxide
interface where they arc precipitated in the form of

flashes., Suchameohanism, arguc Kuboschewski and Evens,

is very unlikely since it would involve diffusion against

a concentration gradient of cations and either the very

thin markers are held to the metal surfece by surface tension,

or their movement reprcsents the true behaviour, the thin

wires being also moved by some mechanlical effect,

1.5 O0Objects of the Present Work

In selecting the programme for the present work,
attention was nrimerily focussed on the kinetics and
mechanism of the Mg vapour - UFu.solid reaction, as a
first step for a better understanding of the fundamental
aspects of the industrial process of production of uranium
metel, This study would be an extension of the preliminary
studies carried out by Paine et a1(20 ) end was thought to
be of great theoretical interest for eluclidating the
mechanism of recaction between reducing metal vapours and
solid uranium fluorides. Meny studies of high temperature
pas/solid reactions, such as the oxidation of metels, by

oxygen, sulvhur and halogens, the rcduction of sulphides

by hydrogen and more complex reactions have been reported
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in the literature. No reference, however, was found to
kinetic studies of ges/solid reactions involving a metal
vapour with the exception of the one mentioned above.

One purnosec of this investigation was to find out whether
product layers are formed on the UFu and if so, whether
diffusion across the layers is the rate controlling step

and in this case what is the nature of the diffusing species.

Before the kinetic studies were initiated, it was
suggested by one of the sponsors of this work (UKAEA) that
a theorctical study should be made of the possibility of
using the reduction of UFg by sodium as & continuous
process of producing massive uranium, LAfter a literature
survey and some preliminary thermodynamic calculations on
the reaction, the chemical feasibility of the process was
established, and only an engineering development would be
necessary before its economic potentialities could be
evaluated,. The project was consequently not developed
further and this preliminary work and conclusions are

presented in Lippendix I of this thesis.

1.6 Previous Resegrch

Only one reference has been found in the literature

on the reduction of UF), by Mg vapour. Paine, Ruehle and

-
G

Lewis s using UE& powder, studied the reaction in the

temperature ronge 540° ~ 820°C znd found that the reduction
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proceeds through the formation of an intermedicte fluoride,
UEB' The rcte of reaction at each temperature was assumed
to be roughly proportioncl to the time and the rate constant,
at different temperatures, expressed as percentage of
conversion to uranium per hour,was found to give roughly

a linear curve of slope 1.5 when plotted in a logarithmice
scale versus the logarithm of the vapour pressure of
magnesium, expressed in mm of Hg. No theoretical inter-
pretation was given fur thibs. relationship. 4 more detailed
analysis of these experiments will be given later in the

Discussion.
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CHAPTER II

EXPERIMENTAL METHODS
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2.1 Materials
2.1,1 Argon
Two grades of argon were used, both supplied by British

Oxygen Co., Ltd. The makers analys®s were as follows:

Normal grade High puritg grade
(99.95%) (99.995%)
Nitrogen 500 Vep.m, 30 VeDeM,
O}Cygen 10\ vo pom- 6 v.p.m.
Hydrogen 10 v.p.m, 1 vep.m.
002 al’ld 5 Vap'.mo 5 VOpomo
carbonaceous '
compounds as CO,
Water Vepour Usually_below Identical, 0.01
OuO1g/m3, gradu- and 0.5g/m, "
ally rising as the respectively

cylinder empties
to about 0.5 g/m5
2.1.2 Hydrogen, high purity greade, (99.99%)
This gas was also obtained from British Oxygen Co.,

Ltd., with the following analysis:

Oxygen 10 Vvep.m.
Carbon monoxide 10 v.p.me.
Carbon dloxide 10 v.p;m;
Carbonaceous 5 Vepo.Ms
compounds as Cop
Nitrogen 0.01%
Water vapour Usually below 0. 15 g/m3,

gradually rising as the
cylindgg empties to about
1.0 g/
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2+ 1e3 Uranium
Uranium swarf was gupplied by the Springfields Works
of the United Kingdom fitomic Energy Authority. When

cleaned with scid its purity was better than 99.94%.

2, 1.4 Uranium tetrafluoridec

The uranium tetrafluoride was supplied by the
Springfieclds Works of the U.K.A.E.A, The impurity
content was given as:

U0, - 0.09 wt %
UOgFy =~ 0.LO wt %
Ho0 ~ 0.15 wt %

Further purificaetion was thought desirable and the
technique developed by Bel!(21i) was adopted. Full
detalils of this technigue may be found in his thesis,
Only a general outline of the method and some alterations

introduced during this work will be given here,

The tetrafluoride is dried in vacuo at ca.l50% for
several hours end then heated in hydrogen to ca.800°C for
two hours to reduce the UOoF, according to the equation:

2UOoFp + 2Hp —-> UO2 + UF) + 2Hp0  (&bove 700°C)
Since no reaction takes place between U0, and UFM the

latter can be separated from the former by sublimation

3

in vacuum (less than 10~ mm) . The UF), was contained

in a pure nickel crucible which could be heated by high
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frequency induction, and the sublimate was condensed in
g cylinder of the same material sitting on the top of the

crucible,

Instead of the one-plece condenser used by Bell, a
two-sections one was used, This permitted the collection
of two fractions of sublimed UF), ; the lower one, condensed
at higher temperatures, was rejected and used in the next
purification. The sublimation apparatus is shown in
Figure 2.1, The need for such alteration arose when it
was observed that after sublimation some UOp was present
on the walls of the crucible and that therefore contamina-
tion of the UFh condensed on the bottom of the condenser
was likely to occur, since in this region the temperature
was only slightly lower than that of the crucible.

Steeper grodients of temperatures on the condenser were
also achieved by this errangement. Lnother alteration
found useful was to melt the UFM charge under argon prior
to sublimation. In this way the slow process of degassing
the UFu nowder was avoided and o vacuum of better than

1073 mm Hg could be easily maintained on heating up and

during the sublimation.

Lfter the sublimation was bterminated the apparatus was
allowed to cool down in an argon atmosphere and then quickly
transferred into a dry box and teken apart. Ceore was

taken to keep the assembly upright during all this procedure.



- 45 -
The upper fraction was easily removed by tapning with a
hammer and was stored either in the dry box or in an
evacuated desiccator, The lower fraction could not
usually be completely removed by tapping and the tetrea-
fluoride was dissolved in a boiling solution of equel parts
of ammonium hydroxide (7N) and hydrogen peroxide (100

volumes.,

26105 Uranium Trifluoride

oe Methods of Prepargtion

Uranium trifluoride is not avallable commercially

and had to be prepared.

Preparation of UE3 by both wet and dry methods is
reported in the literature. The wet methods eare very

(53,54 )

recent and consist essentially in reducing
solutions of uranium compounds with zlnc amalgem and then
precipitating uranium trifluoride by the addition of a
fluoride solutione. The product thus obtained 1s somewhat

impure and the dry methods were preferred.

Three successful dry preparations of UF3 have been
reported, .ﬁpenoer—Palmer(55 ), prepared the trifluoride
by reduction of the tetrafluoride with hydrogen at 1000"2

UF, + H, = UF; + HF (3.1)
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The purity of the trifTuoride is contingent upon the
exclusion of all traces of moisture or oxygen. Since
hydrogen fluoride is also produced, the reaction must be
carried out in a suitable all-metal apparatus or alterna-
tively its glass or silica parts must be protected by
ceresin wax in the cooler regions and by a stainless

steel liner in the hot zone.

A second method of preparation was developed by

(56 )

. american workers in which UFE‘is obtained by
reduction of UFu with uranium metal, at 1050°C

3 UFy + U =L UFy (2.1)
The control of temperature is important sincevtho:reaction
is reversible and.above 105006 the equilibrium is dis-
placed to the left. The reaction may be cerried out in
a nickel vessel by mixing the stoichiometric amounts of
UFM and uranium turnings. An intimate mixture of the
reactants is achieved by converting the uranium to

hydride at 25000; in hydrogen, followed by 1ts decomposi-

tion at L00°C.

The third and more recent method of preparation of
UF3 by dry methods wes renorted by Runnalls( 57) and
consists essentially in heating, in vacuo, to 90000, e
mixture of 'super-pure" aluminium filings and uranium
tetralluoride:

UEh + Al = UF3 + A1R
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The product uranium trifluoride contains legs than 2% of

uranium dlioxide.,

be Lpparatus and lLdonted Procedure

L determining factor in the choice of the method of
preparation was the foect that uranium trifluoride cannot be
purified by sublimation since it disproportionates in vacuo
at all temperatures from 75000 upwerds:

UFz = U + UFH

(55 ) (58 )

&8 reported by Spencer-Palmer and Gilpatrick et al.

The method thought to be most likely to give & high
purity »nroduct with a minimum of experimental trouble was

the reduction of UFu by uranium metal,

The apparatus used in this preparation is shown in
Figure 2.2. It consisted essentially of a pyrex glass
envelope (GE), 6 cm in diameter and 17 cm long,which could

L

be evacuated to a vacuum better than 407 © mm Hg. Provision

was made for the measurement of pressure {pirani head) and
temperature (thermocouple).  The reaction container (RC),
2,% cm diameter x 7 cm long, was made of pure nickel and
suspended by threc nickel wires from & pyrex rod (PR) with
three hooks on its end., & vacaum seal (VS) allowed the
rod to be rotated by hand. High frequency induction
heating was used. The system could be filled either

with hydrogen or argon gases purified by passing through
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Fig. 2.2 Apparatus for the Preparation of UF3

PR = pyrex rod

VS = wvacuun seal

CC = cooling coil

GE = opyrex glass envelope
NC = mnickel crucible

HFC = reactants nixture (UF4 + U)
TCJ = thermocouple junction
ODP = o1l diffusion punp

PH = pirani head
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silica gel, magnesium perchlorate,--phosphorus_pentoxide and
a urenium furnace held at ca. 800°C, The rate of admission
of gases into the system could be finely controlled by
means of a needle valve so that the flow rate of gas

through the uranium furnace was slow enough to ensure

efficient purification.

Prior to the actual preparation the nickel crucible
was heated to 900°C, in hydrogen, for some hours. The
\ system was then evecuated and degassed'with the crucible
.temperature lopt around 900°C. The system was refilled
J—with argoh and-after.cooling the .crucible was rapidly
transferred into a dry box where it was charged with the
stolchiometric amounts of UFh and uranium. The uranium
turnings cut in small pleces had been previously cleaﬁéd
with acid and weighed in a stoppered weighing bottle
filled with dry argone. Sublimed urenium tetrafluoride
powder was used each time and the total charge could

/
;weigh up to 15 grams,

The charged crucible was hooked into position with
'the upright thermocouple Jjunction touching its bottom.
The system was degassed at room temperature and then
fil1led with hydrogen. Uranium hydride was formed by
heating to ca. 25090 for 2 - 3 hours and was then decom=

. the
posed by increasing/temperature very slowly ta 400°C.
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£ reasonably intimate mixture of the reactants was obtained
in this way and improved by giving sharp half turns to the
glass rod, The system was refilled with argon, the
temperature set at about 50000 and kept at this value for

2l} hours. Only then weas the temperature increased to ca.
1000°C for about 30 minutes to ensure that the reaction

was completes The long treatment at 500°C was intended

to ensure that most of the uranium had reacted with the
tetrafluoride at low temperature since it was found® that
uranium metal reacts extensively with nickel at temperatures

above about 600°C,

The final product had a black, coke-~like appearance
with no visible traces of any greenish (UFu) or brownish
(UO2) material, For each batch an x-~ray powder diffraction
pattern was taken and the interplanar speacings (d.g) were
calculated, A typical result is given in Table 2,1
alongside the data reported in the literature(59 ).

The corresponding diffradtion pattern is shown in Fige 3.7

2416 Magnesium
Matthey specpure magnesium rods were used in all runs.
The rods were machined down to a convenient diameter and

cut in lengths of about 1 cm.

® See Section 2.3.2,
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TABLE 2,1 X-Ray Powder Diffraction Data for UR

3
Ref, (59) This Work
[0}
aah ak ak a K
caloulsted observed® I/I observed I observed T
(cont.)
3.672 3.67 60 3.67 MS 1,055 M
3.589 3.58 30 3.57 M 1,038 VP
3%.225 3.21 100 3.29 VS 1,010 F
2.6567 2,56 20 2,56 F 1.00 F
2.0725 2,069 60 2,069 S 0.9992 &
2,0227 2.022 90 2,022 VS 0.998, M
1.8362 1.83L 20 1.833 F 0.9625 TF
1.8049 1.803 60 1.806 S 0.9243 F
1.7948 1.795 15 - 0.9108 P
1.7L35 1.741 4O 1.743 NS 0.9076 F
1.6348 1.633 15 1.635 F 0.,9047 MS
1.6124 1.611 10 1.612 VE 0.8%27 F
T 75 1.447 30 1.447 MS 0.8576 MS
1.37hLY 1.374 35 1,377 M8 0.8442 MS
1.3596 1.359 35 1.360 MS 0.8405 MS
1.3568 - - - 0.8316 MS
1.334h2 1.33L 4o 1.335 S 0.8260 MS
1.2835 1.282 5 1.286 VF 0.8199 NS
1.2727 1,272 10 1.272 VF 0.8072 UF
1.22h41 1,224 10 1,225 VE 0.8050 F
1.9666 1. 196 20 1.197 P 0.7971 MS
1. 1867 1,187 Lo 1.187 8 0.7919 MS
1.161 F 0.7843 S
1.139 ; 0.7815 Ms
1.093. V
I = intensity VS = very strong F = faint
I/IO = relative intensity 8 = strong VF = very faint ™_
MS = medium strong
M = medium

® Staritzky and Douglass reported that 29 additional
indexable linces were observed but the 4 values arc not
given, In this work 27 additional lines were found and

are listed here.
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2.2 Apparatus for Kinetic Studies

A diagrom of the apparatus in its final form is shown

in Fig. 2.3,

Oxcept for the connection with the gas cylinder no
rubber or polythene tubing was used in the entire assembly.
It consisted of:

(i) TFlowmeter of the conventional capillary type
(ii) pPurification trein for the carrier gas (argon)
(iii) Reaction tube arrangement and furnace
(iv) Temperature controlling device
(v) Arrangements for evacuation of the reaction

zone and measurement of pressure.

2.2.1 Flowmeter

The capillary of the flowmeter was calibrated by
means of & soap-bubble flowmeter and its readings checked
from time to time whenever any alteration of the resistonce
through the gas path was anticipated. The argon from the
cylinder was fed into the flowmeter ot constant pressure
by means of a Jlow-off, £11 blow-offs attached to the
apparatus and the manometer of the flowmeter contained

n~dibutyl. phthalate.

2.2+42 Purification Train

The purification train was altered several times

during the development of the technique. In the earlier
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experiments argon was purified by passing through sofnolite,
silice gel, magnesium perch, lorate and a phosphorus pentoxide
dryer, followed by a furnace containing titanium granules
held at 900°C,  After some runs (see Section 2.4) it was
apparent that the purification thus achieved was not enough
to prevent hydrolysis of the uranium tetrafluoride pellets
by traces of moisture. Extra precautions were taken by
using high purity argon, eliminating all rubber tubling
connections and further-more, by placing cleaned uranium
swarf just before the reaction chamber, In a later stage

a permenent uranium furnace was introduced into the ges
path after the titanium furnace and held at ca. 8007C.

As an extra guarantee for the purity of the argon the
uranium turnings just before the reaction chamber were
maintained in all experiments. In the final experiments
the efficiency of the purificetion method was demonstrated
by the fact that after each run +the pieces of uranium
nesrer to the reaction chamber were only slightly oxidised
and the interior surface of the stainless steel reaction
tube remained bright. The use of uranium metal as a

getter has been reported previously<60) and it was then
found that it removed practically all traces of oxygen
(at temperatuvr-ez above 300°C), nitrogen (above 600°C),
carbon diozide and corbon monoxide (above 750°C) and

water (above 600°C).
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Pig. 2.5 Apparatus for Kinetic Studiss~ Reaction

Tube and FTurnace

EF = -electrical furnace

0T = outer tube

CT = controller thermocouple
RT = reaction tube

RC = reaction chamber

S = pgeptum

SMB = special molybdenum boat
TC = thermocouple
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2.2.3 Reaction Tube Lrrongement and Furnoce

A horizontal kanthale-wound electric furnace (EF)
could be slid on rails over the outer tube (OT) to the
heating nosition or comnletely withdrawn leaving the tube
clear. The errangement is shown diagrammetically in
Fig.2.3. The far end of the furnoce tube was closed
with a refroactory cylinder through a slit in which the
controlling thermocouple (CT) was firmly held.  The
furncce had an alumina winding tube L5 cm long and 3.8 cm
internal dlometer enclosed in a sindanyo case filled with
alumina nowder. Eight electrical lecds were connected to the
winding at regular intervals along the furnace tube and
. Pirmly secured:wifh bolts to one of the side panels of the
furnace, This arrangement made the introduction of
external rcsistances in parallel with selected sections of
the winding possible. By triel,a set of external resis-
tences was selected so that a convenient temperature

gradient was esteblished along the reaction chamber.

The reaction tube (RT) consisted of & stainless
steel tube (6 mm i.d., 9 mm o.d. and 43 cm long) joined
to a B19-B1l4 cone-socket by means of Araldite adhesive.
It wos positioned inside the outer tube (0T) as shown in
Fig. 2.3, Onc end was connected with the carricr gas

A

source, The reaction chamber (RC), 8 mm i.d., 1% mm o.d.

and 3.8 cm long, was screwed on the other end. The
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reaction chamber space was delimited inslide the reaction
tube by a circular septum (S) with a 1 mm diemeter orifice
drilled in the center. The septum was stoppned against a
shoulder positioned at 2 cm from the end of the reaction
tube, The uranium turnings for the final purification
stage of the argon (see Section 2.2.2) were tightly
pecked against this septum for a length of 3 - 4 cm.
Inside thec reaction chamber two molybdenum boats were placed
side by side containing magnesium sticks followed by a
speclally designed molybdenum boat (SMB) in which the UFy,
pellet was held vertically.

The outer tube (OT) made of stainless steel .
(15 mm i.,d., 78 mm o.d., and 25.7 cm long) ﬁas at one end
closed by welding and at the other.end brazed to a brass
tube 22 cm long with & machined B29 cone on the extremity.
The outlet for the carrier gas was provided by a lateral
brass tube brazed adjacent to the B29 cone and joincd to

a gless tube by means of Arcldite adhesive.

The temnerature ot the tin of the reaction tube was
measured by & Pt/Pt-Rh (13%4) thermocouple (TC), fastened
with platinum wire to- the tube,. The two thermocouple
wires were led out of the system through a rubber bung
sealed with picein wax, To protect the thermocouple

junction from contomination alumina cement was sintered
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around the tip ond .covered with a platinum foil sheath
ebout 10 ecm long, Contamination of the thermocouple was
indicated by a change in its reeding for a given tempera-
ture controller setting, Whenever a new thermocouple was
used the temperature gradient was rechecked and the
thermocouple calibrated against another thermocouple
which wes kept as a standard. The temperature gradient
along the rcaction chamber allowed the pellet to be kept
at temperatures two or three degrees centigrade higher
then the nearest magnesium stick, In this way condcnsaw-

tion of magnesium metal on the pellet was avoided.

The temperature survey was carried out always with
the same thermocouple that was inserted along the reaction
tube inside a silica sheath. The conditions in which the
survey was made were identical to an actual run with the
exception of the septum (S), which had to be removed, and
the mognesium and UF), boats, which were absent. Llso,
rubber connections had to be used to keep the argon

flowing during the survey.

The results of two typicel surveys for controller
settings of 630°C and 700°C are shown in Fig. 2.4. The
temperature at the site of the pellet was in this way

related to the readings of the thermocouple (TC).
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2.2, Temperature Control

The temperature control was provided by a Smiths
Mk V. proportional controller (PC) which maintained the
temperature of the reaction zone within * 1°c, I
Sorensen voltage regulator (220 - 240 volts output) was
included in the electrical circuit to compensate for

changes in the line voltage during long duration runs.

2.2.5 Dvacuation of the Reaction Zone and Mecsurements

of Precssure

The reaction zone could be evacuated to less than
10~%mm by means of a 1 inch oil diffusion pump (Edwards
type 102) backed by a two stage rotary pump. The evacuated
zone was delimited by high vecuum stopcocks and the vacuum
measured with a Philips gauge. 4 Piranl gauge mounted on

the backing line was also provided for leek testing.

2.3 EBExperimental Technigues

2.3,1 Production of UF) and URy Compacts

2e Development of the Technigue

Since for the quantitative study of the kinetics of
the reactions between o gos and a solid, the area of the
solid must be known, the problem was to fabricate UFM
compacts of & simple geometrical shape the surface of

which could be easlily measured,
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Attempts were first made to produce "beads" of UF
in a "shot tower", A small nickel crucible with a
funnel shaped bottom and filled with UFH powder was
placed on the top: of a glass tube about 5 cm in
diameter and 3 metres high. The crucible was heated
inside a small vertical silica tube furnace and, when
the melting point of the tetrafluoride was reached, small
"pecds" of molten UF), would fall down the tube and be
collected in a beaker half full with mercury. To avoid
contamination of the tetrafluoride an upward flow of
helium was maintained during the procedure, After some
trials this method was abandoned since most of the "beads"
either shattered or werce badly deformed on impeact with
the mercury. Moreover, a thin film of a brownish product
(probably UOQ) was formed each time on the surface of the
UF), due to contamination by impurities (probably Hy0 and

0p) in the atmosphere.

Other attempts were made to cast UFh disecs by melting
the powder in small flat-bottomed nickel crucibles,. The
melting was done by induction heating under & purified
argon atmosphere, It was found, however, that it was
very difficult to remove the UF|, blocks from the crucibles
without breaking them, and thus in every case the crucible

had to be destroyed.
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The only method that was at all reliable wos the
compacting of powder by pressing, followed by sintering,
though a special technique had to be deveébped for this.
The ear lier tricls to press pellets in a " steecl die
failed completely due to the tendency of the pellet to
break or laminate on ejection. A new isostatic method
of compacting nowder, pronosed by Penrice(61) was then
used. In this method, direct contact between the powder
and the steel die is avoided by the use of certain rever—
sible gels as moulds, which are subjected to pressure
from the die plunger. The gel shows substantially the
same resistonce to compression as a liguid and exerts
uniform pressure on all the faces of the mould cavity
containing the powder. The gel used in this work was
the product Vinamold#ﬂBMD. 1028 (red) which consists of
a highly plasticised and gelled polyvinyl chloride.

The pellets pressed in this way, though showing a
reasonable regular shape, had a tendency to stick to the
vinamold and removal of the adherent gel could only be
achieved by dissolution in ethyl ketone. To avoid the
possible contamination of the pellet with organic products
& new technique was deviscd in which the powder was con-

teined in P.V.C. bags with the shape of the mould cavity.

# Supplied by Vinatex Ltd., Carshalton, Surrey.
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Regular shaped pellets about 6 mm in diometer and 2 -3 mm

thiek were obtained in this way.

b. Adopted Procedure
A brass pattern of the pellet to be produced (sec Fig.

2.5) was placed in a brass tube with the same internal
diameter (1") as the steel die body ond molten vinamold
was pourcd into the brass tube for a depth of 2bout 2 cm.
Once the cast vinamold had cooled down, the brass block
could be easily removed leaving an exactly corresponding
die cavity. A mould 1lid was fabricated in the same way

this time using the flat bottom of the brass block.

The P.V.C. bags were fabricoted in the Following way.
A solution was made adding 1 volume of sodium polyacrylate
(I.C.I. Vulcastab T), diluted 1:9 in water, to 3 wolumes
of Geon 652 P.V.C. latex. Several coatinpgs of this
solution were given to a brass pettern similar to theat
used for the Vinamold but with its linear dimensions reduced by
gbout 0.4 mm. After each coating the solution was dried
for about 5 minutes in an oven held at 120°C, and gllowed
to cool. Five or six coatings were usually sufficient to
produce a bag with a wall thickness of 0.3 = O.4 mm, A

P.V.C., 1lid was made in & similar way.

Before pressing, the coorse UFH wes crushed in an

agate mortar to about 500 mesh powder. The mould fitted
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with the P,V.C. bag was placed inside the steei die and
filled evenly with the powder, The P.V.C., and mould

lids were placed in position and pressure applied by means
of a plunger and a bottom punch actuated from the hydraulic
rem on a Tangye press (150 tons)., A pressure of 7.6 tons/
em? was applied each time. The mould could be used a
dozen times but the P,V.C. bags would deteriorate after

two or three pressings,

UEB pellets of the same size werec produced in &

similar way,

2:3.2 Sintering of UN, and UKz pellets
The sintering of the UFu and UF3 pellets was carried . .

out in the apparatus shown diogrammatically in Fig. 2.6.

A nickel tube (2 cm diameter, 80 cm long),welded
closed atv one end,was inserted into a horizontal platinum
wound furnace. The gop between.the furnace tube and the
nickel tube was closed with silastomer at both ends of
the furnace. JAn outlet and inlet to the chomber thus formed
woas provided by two copper tubes piercing through the
silastomer at both ends. Argon was kept flowing into
this chamber during the sintering in order to prevent
oxidation of the nickel tube and contamination of the

pelicts by diffusion through the nickel walls.
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Provision was made for the evacuation of the nickel
tube by a two stage rotary pump. The nickel tube could
then be filled with argon purified by passing through
siliéa gel,amagnesium perchlorate<«phosphorus pentoxide
drier and titanium granules held at 900°C. & Pt/Pt-Rh
(13%) thermocouple situated in the hot zone between the
furnace and the nickel tubes allowed the temperature to be
controlled by means of a Kelvin-Hughes Mk III proportional
controller, The pellets to bé sintered were placed
inside a molybdenum boat (4 x 0.6 x 0.6 cm) and covered
with a 1id of the same material, This boat wes fitted
inside a longer (18 cm long) nickel boat containing some
uranium metal turﬁings previously cleaned with acid.

The urenium was intended to aét as & final getter for

traces of impurities in the argon and was found indispénsable
for preventing contamination of the pellets, In early
sinterings it was observed that the uranium reacted
extensively with the nickel boat in the temperature regions
estimated to be above 600°C, This was avoided by lining

the nickel boat with molybdenum foil. After sintering

the pellets showed no sign of contamination.

The sintering of the UF), pellets was carried out
for 72 hours at 800°¢. This long sintering period was
intended to reduce any further grain growth during the

actual runs, Densities ranging from 5.9 to 6.2 g/cm3
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were usually obtained, i.e. about 90%.,of the theoretical"
density (6.7 % 0.1) calculated from x-ray data. These
results are identicdl with those obtained by Bell and
Proudfootf 62) in their study of the sintering chéracter-

istics of uranium tetrafluoride.

During the development of the sintering technique
Similar difficulties to those reported by Bell and
Proudfoot were encountered in the prevention of hydrolysis
of the tetrafluoride, Only the use of both urénium
getter and the argon blanket succeeded in preventing
contamination, Attempts to sinter in vacuum had to be
abandoned due to sericus contamination of the UFu,

Other attempts to sinter in an atmosphere of argon,
hydrogen fluoride and ammonia succeeded in preventing
the hydrolysis of the UFh, but most of the pellets were

entirely disintegrated after some hours at 800°C.

The UF3 pellets were sintered at 600°C for 72 hours.
Attempts to sinter at hiﬁb@%emperatures resulted in
shattered pellets, probably'because of dissociation into
UFh and U, The sintered pellets had a density around
7.%ig/oc, i.€. about 80% of the theoretical density:

8,95 g/cm.

20563 Analysisi*é Fluorine and Uranium in agueous
solutions

At one stage of the work it was necessary to estimate
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the amount of uranium metal produced during the reduction

of the UFh and a method was required to find the amount

of fluorine and uranium in solutions containing 1 - 15 §/ml
F and 3 =16 mg §/ml U, The method for the determination
of fluorine is based essentially on the procedure proposed
by Kortﬂm—Seiler(63). For the analysis of uranium the

(64)

Details of the procedure are given in Appendix II of this

method proposed by Davenport and Thomoson was followed,

thesis.

2.3+ Sectioning and Polishing of Rcacted Pellets

Most of the reacted pellets were sectioned in order
to be observed in the microscopé’ and eventually to be
analysed with the Cambridge mic;oscan X-ray analyser,

To avoid demage to the product layers, the pellets were
first mounted verticaelly in cold setting resins (Ceemer

and Araldite) and then grounded and polished.

Expericnce in this case has shown that, though in
some woys inconvenient, Araldite woas better than Ceemar,
When Ceemar was used, its greater hardness could cause
the outside film of magnesium fluoride to be torn off
during nolishing, resulting in a gap on the site of the
layer, In any cease, it was always difficult to polish
successfully since the uranium tetrafluoride,;though very
hard,is also very friable and granules of UFu, ripped off
on polishing, caused scratches on the softer layers of

uranium trifluoride and magnesium fluoride.
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The following procedure was eventually used in most

cases and yielded the best results:

The specimen was first ground on a copper Dlate using
FFF corborundum and .sater until a perfectly flat surface
wes obtained, The grinding was continued with 500 mesh
silicon carbide and finally with 850 mesh silicon carbide,
The polishing consisted of the following steages:
(i) Polishing on a lap covered with linen, rotating
2t 500 r.p.m. using'850hmesh alumina and water.
(i1) Polishing on a lap covered with "Met" cloth
using 1.5 micron Diadust and a few drops of
thin oil
(iii) Final polishing using nylon sucded simplex
cloth with 0~} micron Diadust and a few drops

of thin oil.

The specimen was washed with liquid detergent after
each stage in which Dia-dust and oil lubricont was used and

dried with Kleenex tissue.

2.3.5 Photomicrography

Colour photomicrographs were taken with a Reilchart
projection microscope on Ektachrome type B (high speed)
£film, Dark ground illumination was used in most cases

to bring out the natural colour of the materials.
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2.3.6 finalysis with the Micro-scan x-ray analyser

In order to determine the localisation and concentroa-
tion gradients of the different products of the reaction,
several analyses were carried out with a Cambridge micro-
scan xX=-roy analyser, These analyses were made .

collaborationwih the Geology Department.

2e3¢f X=roy powder diffraction anclysis

X-ray powder diffraction cnalysis was used to check
the purity of the UF3 and to identify the products of the

reaction.

In the identification studies, the product layers
were scratched with a small spatula into a small agate
mortar and finely powdered. The sample was then placed
in a thin walled capillary of Lindemann glass (0.3 mm
wall thicknéss). Two cemeras were used: o 19 cm Debye-
Scherrer type camera and later on, when it was available,
& 11.54 cm Philips camera, Cut Kee radiation was used
with both cameras. The line spacings on the film were

measured to 10,04 mm which gives negligible error in the

d values for high angle reflections.,

2.348 Gold marker technigue

In order to discover the direction of growth of the
product layer a gold film was 2ondensed onto the surface

of some pellets. The apparatus used is similar to that
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described by Hooking(51) and full details of the apparctus
and technique can be found in his thesis., A strip of
gold film cbout 2 mm across and with athickness estimated
to vary between 10 -~ 15 ﬂo was deposited in each case by
vaporizing in vacuum ('Tzom3 m/m Hg) & specpure gold wire

0.003 inches thick and about 3 em long.

24 The deveopment of technigue for kinetic studies

The earlier apparatus differed essentially from the
one described in section 2,2 in that: (i) uranium wes
not used to purify the argon, (ii) polythene tubing was
used for some connections, (iii) the outer tube consisted
of a closed end mullite tube, (iv) the evacuation of the

system was achieved by a two-stage rotary pump.

The reduction of UFM by Mg vapour proceeds, according
to Paine et al.(zo), in a detectable way at temperatﬁres
above 540°C. & teﬁperature around 580°C was, therefore,
chosen for the »preliminary experiments. Since, ot this
stage, the technique of pressing and sintering the UF)
pellets had not been fully developed, (stic Section 2,3. 1)
irregulerly shaped nieces of UFy, obtained by melting in
small nickel crucibles, were used. These pieces were
dry polished on Oakey emery paper down to grade L/0

in order to give them smooth surfaces. Due to the irregu-

larity in shape no attempt was made to measure their
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surface area, After polishing, the UF), piece was scrubbed
in redistilled acetone, weighed and placed in a small
molybdenum boat, The boat and a stick of magnesium were
slid, in this order, into the recction chamber held hori-
zontally in o vice. The reaction tube was screwed onto
.the chamber and the ensemble fitted to the apparatus.

The system weas evacuated ond tﬁen f£illed with argon which
was kept flowing for 3 - L hours before the heating was
started. A flow rate of about 60 ml/min. was used Ffor
the runs, 'This value for the flow rate was expected to
achieve saturation with Mg vapour and was selected by
comparison with the flow rates used by Hooper(65) fof %kg
determination of the vapour pressure of silver by a
transportation method. The furnace was slid slowly over
the outer tube until the temperature in the reaction
chamber reached 450°C (it took usually 30 minutes) and
then quickly moved to its final positilon. The equilibrium
temperature was reached in about 20 minutes, At the end
of the run the crgon flow was reversed and the furnace
completely withdrawn (by stages) in about ten minutes.
The UFH niece was carefully handled with tweezers and

weighed after reaction.

Table 2.2 gives the results of prelimlnary experiments.
The duration of the run was taken as the length of time

during which the temperature was above 540°C.
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TABLE 2.2 RESULTS OF PRELIMINJRY EXPERIMENTS

Run Temperature Flow rate Weight g
~cce/min  Dbefore, W, after, Wy (Wo-W4) x 100
PO 587 62 ~217602 | 217212 390
A-2 575 58 « 376970 « 376322 6L8
A3 580 60"  .058580 .058310 270
A-6 589 208 « 116530 . 100362 16168
A=7 585 189 «038510 « 33098 54 12

# Reverse flow of argon

In all these runs a decrease in weight after the
reaction was recorded and the microscopnic examination of
a cross section showed a continuous layer of & brownish
product surrounding the green core of UF. This is shown
in Plate 2.1. The thickness of the layers in runs A=1
and 4-2 was approximately 30 and hO/l respectively. The
fact that run A-3, conducted with reverse flow of argon,
i.e. with little chance of any magnesium vapour reaching
the UF“ plece, showed a similar weight decrease and product
film, led to the suspicion that contamination rather than
reduction was actually teking place. In fact,an X-ray powder
analysis of the product layer showed only the characteristic
lines of UOz. Thermodynamically, the only feasible reaction
leading to the production of UO2 is the hydrolysis of the
UF&: |
ae UF, + H,0 ——> U0y #HF  aG%3 = - 8 koal






- 78 -

There are very few quantitative data on the kinetics
of this reaction, Quclitative observations indicate,
however, that it proceeds falrly rapidly at GOOOC(GG).

Other thermodynamicelly favourcble reactions are:

b, UF),(8) +Hy0(g) +305(g) = UO2F(S) + oHF(g) 66873 = =27 Keal
Ce 2 UFu(§) + oz(g) —> UOgF4(8) + UFg(g) ;ﬁGg75 = =11 Kcal

The weight change corresnonding to complete reaction
is different for the three cases given above. This
provides an easy way of checking whether there is any
contribution from reactions b and c¢ to the contamination
of the pellet. In runs L-6 and &i~7, the UF), pieces were
mede to react for a longer time and at a higher flow rate
to ensure complete conversion of the UFM‘ The results
of the calculation, assuming that the product is entirely
uranium dioxide with the stoichiometric composition, are
'given belows

Run &-6 Run fi-7

Wo, of initial moles 33,7103 x‘IO“’4 1,2261 J:{:‘ro-')4

of UFM
No. of moles assuming all 3. 7104 xr‘l‘O—h 1,2255 x ‘&Ot")4
the product to be UOQ.O
The agreement is very good and rules out any detectable
contribution from reactions b and ce.
The partial pressure of water present in the argon

can be estimated from the data in Table 2,2, assuming that



-79 -

all the moisture carried by the argon reacts with the
UFH‘ The values obtailned in this way range from around
0.03 mm Hg for runs &i-1 and 4~3 to 0.009 mm Hg for run A-2,
These are minimum values, the zctual ones being probably
higher, The residual moisture that should be attained
theoretically by drying with silica gel alone is 0.002
mm Hg, One of the main sources of contamination was
thought to be the nolythene tubing and it was renleaced
by glass tubing. In the following B-runs two sticks of
mognesium instead of one were placed in the reaction
chamber so that impurities had more chance of being
removed by reaction with the first stick,. The results

obtained zre given in Table 2.3.

The moisture content of the argon revealed from
the welght change in these runs is still higher then
thet expected for the type of purification train used;
In runs up to B-h4 it was noticed that the stick of
mognesium nearer to the UFh showed derk spots while the
other stick was only slightly or not contaminated at all,
This suggested back diffusion of some sort of impurities,
which was confirmed in run B-5 where the UFu plece was
placed between the two sticks of magnesium, The stick
at the far end of the chamber showed extensive signs of
attock in the region adjacent to the outlet orifice and

at the scme time the hydrolysis was significantly reduced.
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H,2Cxible explanation for the origin of this back
diffusing impurity is the attack of the silica iﬁ the mullite .
tube by the HF, formed initially during hydrolysis by traces

of moisture, yielding SiFh and more water,

TABLE 2,3 RESULTS AFTER SUCCESSIVE MODIFICATIONS IN THE

LPPLRATUS OR_IN THE EXPERIMENTAL PROCEDURE

Run Temp. Flow rate Duration Welght, g 6
°c ce/min min  before,Wy after Wo (WrW,)x10
B2 580 60 105 0.,027820 0.027730 - 90
Bl 580 60 980 0. 133605 0.133430 -175
B~5 583 60 150 0.109125 0.109085 - o
Ot 200 vacuum 30 0.092730: 0.092728 -2
D1 200 vecuum 240 0.008515 0.,008512 -3
(10™2mm)
D=2 200-580 vacuum 30 0,008512  0.008510 -2
( 10™2mm)
D-8 580 10 15Q 0.,040105 0.04015 )
D=9 630 10 420 0.093550 0.093610 + 60
D-10 630 10 840 0.035060 0.035150 490
D-11 630 10 90 0.059520 0.059500 - 20
E-1 up to 10 90 0.032873  0.032870 -3
530°C
E=2 630 10 90 0.53360 0.053630 +270
E-3 630 10 150 0.371545 0.372012 +647
E-l 630 10 20 0.03051 0.030590 + 80
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The next step was to replace the mulllte tube by
an alumina one, An oll diffusion nump and a Phillips
geuge were also mounted so that the system could be
depassed at higher vocuum,. In run C-1 the UFu Wa.s

3

heated in vacuum (ca. 107~ mm Hg) for 30 minutes and
showed no signs of hydrolysis, The weight change
observed ls within the limits of cxperimental error.
After some time the alumina tube ceased to bg vacuum
tight and was replaced by a stainless steel tube, Some
more degassing experiments were carried out (runs D-1
and D-2) showing thot no contamination occurred after
four hours ot 200°C and on heating up to 580°C at Ieast

L

for short periods. The vacuwm was kept below 10 & mm

5

Hg in 21l cases and mostly remained below 10 - mm.

For the reduction runs magnesium turnings were
packed inside the reaction tube against the septum (S),
see figs 2.3, and a magnesium stick in & molybdenum hoot
wos placed into the reaction chamber, The system was
evacuated and degassed at 200°C for 2 - 4 hours. The
result of some experiments are shown in Table 2.3 (runs
D-8 to D-11), TFor the first time a weight increase was
recorded in some cases,. However, the results suggested
that some contamination, at least in the initial stages
of the reaction, was still occurring. In the following

runs cleaned uranium swarf was packed inside the reaction



tube for 2 length of about 4 cm so that the argon was
cleaned of any impurities just before entering the
reaction chamber, On cooling the flow of argon was not
reversed to avoid any contamination of the pellet. The
results in Table 2.3 (runs E-1 toB-L) show that in this
way hydrolysis was completely eliminated. This arronge-
ment provided also a very easy wey of checking the purity
of the argon entering the reaction chamber. After reaction .
the pleces of uranium immediately adjacent to the reaction
chamber would show no signs of oxidation while the
remaining pleces were more or less oxidized according

to their relative position. A permanent uranium furnace
made of a silica tube and held at 800°C was later on
introduced into the gas train, but the uranium swarf in

the reaction tube was still used in all subsequent runs.

2.5 Experimental procedure

The following series of procedures jﬁéé carried out
in the gquantitative final experiments:
A, Preparation of the Pellet
(i) TFreshly sublimed UF), or recently prepared UFy
powder was pressed and sintered 1n argon.
(ii) The pellet was dry polished and given a regular
cylindrical shape on Oakey emery paper down to

grade 4/0.
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(1ii) The area of the pellet wes calculated after
measurement of its diameter with a microscope and
its thickneso with a micrometer.

(iv) The pellet was scrubbed in acetone with a fine

bristle brush and weshed with redistilled acetone.

(v) The pellet was weighed always in the sme micro-
balance, placed inside the molybdenum boat and
weighed again, The boat had been cleaned with

nitric acid, washed in water and acetone and weighed.,

B. Preporation of the Reaction Tube
Whenever a new thermocouple was fitted the following
procedure was used:
(wvi) The tube was cleaned with hydrochloric acid (2N),
washed in water and dipped in acetone,
(vii) The tube was held horizontelly in a vice and the
thermocouple fastened into position with platinum
wire. Care was teken not to touch either of them

with bare hands.

C. Preliminaries to the Run
(viii) The septum (8), Fig 2.3, was slid into position
and pressed ageinst the shoulder by means of a glass
rod sitting on the top of the laboratory bench while

the tube was held upright.
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(ix) Cleaned uranium turnings were packed agninst the
septﬁﬁ by means of a cleaned brass rod.

(x) The rcaction tube wes restored to the horizontal
position end a molybdenum boat containing a cleansd
magnesium stick was inserted in the chamber delimited
by the septum ot the endr of the tube,

(x1) The reaction chamber, cleaned with acid and washed
in water and acetone, was held horizontally in a vice.
(xii) The boat containing the pellet and a molytdenum
boat containing another stick of magnesium were slid,
in this order, inside the reaction chamber.
(xiii) The reaction tube was screwed onto the reaction
chamber and,after releasing the chomber from the
vice, the whole assembly held horizontally was

carefully trensferred and fitted to the anperatus.

D. The Carrying Out of the Run
(xiv) The system was evacuated for some minutes, filled
with argon and evacuated cgain. The diffusion pump
was switched oh and the system kept under vacuum over

5 mm Hg was

night when a pressure of around 10~
attained, |

(xv) The system wes slowly heated up to 200°C main-
taining the voacuum below 10~ mm Hg and held at

this temperature for about 2 hours.
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(xvi) Argon was let in and kept flowing at & rate of
3 = 6 mI/min while the furnace which was at a
temperature abvout 20°C higher than the set tempera—
ture for the run was slowly slid over the outer
tube, Whén the temperature in the reaction zone
reached 510°C for runs at 620°C and 530°C for runs
at 69000, the furnace was quickly moved into its
final position and the time recorded. The whole

operation would take usually 30 minutes.

(xvii) The temperature of the rcaction chamber was then
recorded every minute. When a value 10°C lower
than the intended run temperature was reached, the
controller setting was slowly returned to the pre-
determined run setting. This procedure was intended
to reduce the heating period to a minimum. The
temperature during the run was checked periodically.

(xviii) At the end of the run the flow of argon was
stopped and the furnace slowly withdrawn at a rate
typified in the graphs of Fig 2.7. During the
Pirst five minutes of cooling 0.5 ml of argon were
sent through every minute in reverse direction.

At a temperature around 500°C the direct flow of
argon was resumed (see Section 3.1).
(xix) Once the system reached moom temperature the

reaction tube was withdrawn, unscrewed and the boat
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with the pellet transferred in a small desiccator
to the balance room.

(xx) The pellet and boat were weighed and the pellet
was examined under the microscope.

(xxi) The pellet was placed in a small glass boat.
covered with a watch-glass and heated for 24 hours
at 180°C by means of an 1nfra-red lamp in oxder to
determine the amount of uranium metal by oxidation
to U308 (see Section 3.3%.2). The pellet and boat
were weighed before and after this treatment.

(xxii) ©Procedure (xxi) was repeated.

(xxiii) Either before or after procedure (xxi) the pellet
was mounted in Araldite, ground and polished and
examnined under the microscope. Pellets not sub-

nitted to treatment (xxi) were eventually examined

with the microscan X-ray analyser,
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Heating up } Cooling down
RUN

610 | e e e e et
580)

0 20 TTTTTTTTTO 10 20 30 4o so
690 | .
580l

o 20 o 1 20 3 4 so

Pig.2.7: Heating and Cooling Rates
for the PFinal Ixperiments
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CHAPTER. III

Experimental Results
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3.1 Preliminary Ixperiments

After the development of the technique described
in Section 2,4, where the mein concern was to prevent the
hydrolysis of the uranium tetrafluoride, two sets of
preliminery experiments were carried out to test the
relicbility of the adopted experimental procedure. In
one case, the weight gein of each UFM pellet was deter-
mined after a single reaction period (single time experi-
ments), and in the other case, after each one of a
succession of reaction periods (consecutive time

experiments).

The experimcental procedure was essentially the same
ag described in Section 2.5 except for the cooling period.
On cooling, and in order to ensure that all the argon
rcaching thepesllet had passed over the uranium getter,
the argon flow was not reversed, but reduced to about
3 cc./min, The complete withdrawal of the furnace took
about 15 minutes. It was expected thet due to the lower
thermal conductivity of the pellet os compared with that
of the meteallic reaction chamber and boat, and due to
the steep temperature gradient established on cooling, the
condensation of megnesium on the pellet would be negligible.
The uranium getter was cleaned just before each run and

kept in the soparatus under argon, while the pellet was

being weighed between two consecutive reaction periods. -
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Tﬁe results of these preliminary experiments cre
given in Table 3.1, In the single time experiments up
to run F,6 the weight increase per unit arce showed con-
siderable scatter. Microscopic observation of tﬁe
surface of the reacted pellets revealed a very thin
polycrystalline surface layer generoally white in colour,
but smeored with irrepguler yellow-brownish patches which
in some cases spread all over the surface of the pellet,
A number (varying roughly from 10 to 30 for each face of
the pellet) of lustrous metallic crystals were also found
on the top of the layer, These crystals were identified
as maghesium since they 3did not form coloured oxides after
some hours exposure to the room atmosphere and reacted
easily with a drop of dilute acid, Microscbpic observa-
tion of'cross sections of the pellets showed the presence
of an irregular inner layer of a product which was red-
violet in colour. (see Plate 3.1). Both the outer and
inner layers appeared to be coherent without any visible
cracks or pores, X-ray powder analysis of the product
layers which could be removed by scraping, showed the
presence of UF3 and some unidentificd lines (see Section
3.4). Uranium and magnesium were detected in the outer
‘layer with the microscan x-rey cnalyser (see Section 3.5).
The product layers were tentatively identified as UF3 in
the interior and MgF,, possibly with some UF3 in solid

solution, in the outer layer. The identification and



TABLE 3.1 = RESULTS OF THE PRELIMINARY EXPERTIMENTS

"36"'

Pellet¢t
Duration Plow > W

Run | Temp. t. rate D T S Weight J%7X106

O¢: min ce/min > { Before After Increasg

cm cm cm W x 10 o/ cm

F,1 629 12140 6 - .080 1(.85) | .158601 | . 158817 216 250
F.2 630 1250 6 - L1110 1 (.69) }.162150 | . 162368 218 315
F.3 628 1238 6 - .070 I ((L3) V.067500 | .067608 108 265
B 630 1245 6 - 068 {(.63) 1.1%9000 {.139120 120 200
F.5 629 6LO: 6 <5951 .118 e /O .2093%90 ] .209470 80 105
F,6 629 6l 3 6 .Hh30} 109 ) . 1900328 § . 190L13. 85 115
P.7 631 70 6 5851 .130 . [0 . 192545 | . 193030 85 110

631 704190 6 " " " . 19%030 | . 1931721 85+142 290

631 260+3 1l [ " " " . 193172 | . 1933441 227+172 510

631 574+ 30 6 " ! " . 19334l | . 1935001 399+156 710

631 10044553 6 " " n . 193500 | .193752] 555+250 1030

631 1557+670 6 " " " .1935%2 |, 194h721 805+1040 }(2350)
F.8 631 130 6 6281 .120 .86 .234920 | .234990 70 80

631 L50+553 6 " Y M .230000 | .235172] 70+182 | 295

631 G83+670 6 " " o 235172 } .235530} 2524358 710
P9 631 630 6 .6351 .100 .83 . 186771 1 . 186981 210 255
F.1OT 631 75 6 4ol .050 Y .062123 | .062163 LO 110

D = Diameter T = Thickness S = Surface area

Values in brackets were estimated



TABLE 3.t - RESULTS OF THE PRELIMINARY EXPERIMENTS (cont)
Pellett
Duration { Flow o DV 406 &
Run Temp. t rate D jis ] Weight S
min ce/min » | Before After [Increasg 5 1
cm cm | cm W x 10 g/ cm (min)Z
F, 12 6211 274 6 .550 ] .1001] .65] .152280 | .152375 9% 151 16.5
6211 27Lh+33L 6 " " " . 152375 | . 152465 | 95490 285 2L.6
6211 608+442 6 i " i . 152465 | . 152560 | 185+95 430 32.0
6211 1050+556 6 i " n . 152560 | . 152630 § 280+70 540 Lo
6211 16061682 6 " i T 152630 | . 152690 | 350+60 630 7.8
p211 22884794 6 " a " . 152690 | . 152760 | L10+70 7L0 55,8
6211 3082+916 6 i i " , 152760 | . 152815 | LB0+55 825 63.2
62T _Q@E‘T‘E“ 6 m " T 152815 | . 152875 1 535460 915 71.0
622[ 5045411590 6 i m T 152875 ) . 152935 | 595+60 10 10 78.8
6221620L4+1276{ 6 i i " . 152935 1 . 153090 | 655+ 155 1250 86.5
622} 7480+1399) 6 i n i . 153090 | . 153268 | 810+178 1520 oly. 2
622t8879+15161 6 m i n . 153268 | . 153638 | 988+370 2090 __1101.9
F,13 622 79 6 2615 ] 119 [..821 .230750 | .230927 | 177 215 8.9
F.14 622 79 6 610 | 1301 .83]| .252700 | .232882 182 220 8.9
622{  79+200 6 " o T 1 .232882 | .232959 | 182+77 310 16.7
622] 279+1276] 6 " " T, 232050 | ,235116 | 2594157 500 39.04
622{ 1555+1309f 6 " n " .233116 [ .23320L0 | L 16+12L 650 5L .4
622] 2051+ 151 6 n i " +23%200 | .233410 | 5LO+170 855 66.9
6221 Ll 70+16371 6 " " " .233010 ] .2335652 | 710+ 1042 1030 78.1
6221 6107+1511f 6 " i T 233552 | . 233681 | 852+120 1180 87.3
F. 15 6221 1511 & 2520 | 1551 68| .205220 | .2053%25 105 155 38.9
F.171to 613 20 6 - - - 1 .091790 | .091780 =10 - -
B, 18 622 ) 6 5851 . 1151 751 19L 1711 . 194225 5l 72 6.3
=
F. 19 622] 7200 6 5971 .120] 791 .199930: | .200262 332 20 8l1.9

& Gold marker experiments

_QG_
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morphology of the product layers is fully discussed in
Sections 3.6 and 3.7.

At this sbtege, it was assumed that the scatter of the
results was mainly due to fhé condensation of megnesium
during the cooling period. A different cooling procedure
was therefore tried, in which the flow rate of argon was
increased to about 100 cc./min. so that on cooling the
concentration of Mg vapour was kept well below the
saturation point, In run F.7 (consccutive time experiment)
and all subscquent ones, no condensation of magnesiﬁm was
observed on the necllets., -The weilpht gains per unit areca
for the first four reaction periods of run F.?}zi e straight
line when plotted against the sguare root of the time
(Fig. 3.1, curve 1). In the 5th and 6th reaction periods
a sudden increase in weight was rccorded and o rim of a
black powder was observed on the edges of the pellet.

When handling the pellet, some powder was lost and thus
the figures given for the weight gains in the two last
reaction periods are only appr ¢ ximatc. Microscopic
obéefvation showed that the powder was an agglomerate '
of smell green to black crystals, which were also found,
but in greater sizes (up to 30 # ), all over the surface
of the pellet. The colour of the pellet-itself changed
from the whitish appearance found in the single time
experiments to a deep brown in the last reaction periodé.

Since the results of this run suggested a paralbolic time
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Iaw, ot least in the first stages of the reaction, all the
preliminary results were plotted as weight gain per unit

-1
area vs. time? in Fig. 3.1.

During the last three reaction periods)bf xﬁi.F,7 a
second pellet was introduced in the reaction chaﬁbef (run
F.8). The results were lower, but the llne defined by the
first twoé points has a slope very near to that of run F.7
(curve 2, Fig. 3.1). A sudden increase in welght was also

observed after the 3rd reaction period.

In the consecutive time experiments F.12 and F.1l4,
carried out at a lower temperature, two straight lines were
obtained for each run (Fig. 3.1, curves 3 and L
respectively). Break awcy from the paratolic behaviour
was obscrved in run F.12 after around 104 hours of reaction,
but not in run F.14. Th * three last reaction periods of run

F. 12 were cerried out at the same time as the 4th, 5th and

6th of run F.1lh, respectively.

To summerize, the main features of the preliminary

runs, up to run F,15 were:

i. Non-uniformity of the yellow-brownish colour of
the outer layer for the single time cxperiments os
compared witﬁ the deen brown colour presented by the

pellet after two or three reaction pericds in the

consecutive time experiments.
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ii. Scatter of the results and lower weight gains

in all single time experiments.
i1ii. Discontinuities in the slope of the parabolic
plots for runs F.12 ond F, 14

iv. Break away from parabolic Behaviour for all
consecutive time experiments excent run F.14 with
no apparent relation to the total reaction time or
the thickness of the layers.

v. The extrapolation to zero reaction time of the
parabolic plots did not pass through the origin and
revealed an initial reaction rate which was lower
than the parebolic in runs F,7 and F.8, and higher

in runs F.12 and F. 4.

As was stated before, 1t was assumed at this stage
that the yellow-brownish colour of the Mngrﬂayen wags due
to UF‘3 taken up into solid solution. The non-uniformity
of the colour for the relotively short single time )
experiments could then be explained by incomplete satura-
‘tion of the UF

>
observed for the consecutive time experiments might have

in MgFé. Also, the higher reaction rates

been due to the cracking of the megnesium fluoride layer
on heating the pellet at the beginning of each reaction
period. Due to the small weight gains involved and the
discontinuous way in which they were determined, the
overall curves, which otherwise would anpear as 2

succession of discontinuous nparabolic curves, appeared



- 98 -

relatively smooth and continuous for longer periods of time.
However, the scatter of the results and the break away from
parabolic behaviour for the consecutive time experiments
still hod to be explained. A full discussion of these
results will Dbe given in Section 4.3 taking into account
the results of later exneriments., At this point only the
scatter of thc results will be discussed, since it is T
necessary for the understanding of the modifications

introduced in the experimental procedure,

Condensation of magnesium on the pellet had been ruled
out as a nossible cause of scatter from run F.,7 onweards.
Results, such as those for the first reaction periods of
runs F.7 and F.8, strongly suggested a delaying action at
the beginning of the reaction which might have been caused
by slight hydrolysis of the uranium tetrafluoride on
heating upn, when the temperature and the vapour ndressure of
magnesium were too low to initiate the reduction.
Hydrolysis of the tetrafluoride had been prevented in the
development technigue by the use of fresh cleaned uranium
swarf. In the present preliminary experiments, however,
the same uranium swarf was usecd for the consecutive runs
after cleaning with ceid. Fresh uranium would be added
only from time to time to make up for the losses. It was
then observed that after cleaning the old swarf presented
a dull grey appearance as compared with the shining

surface of thc new swarf. No great significance was gilven
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to this phenomenon up to run F.15, At this point, however,
it was felt necessary to investigate whether this change
in eppearance corresponded to a decrease in the reactivity
of the uranium coused,for instance, by alloying with the
stainless steel tube, Some cleaned uranium swearf, old and
new, wes exposed to air for some hours. The old uranium
showed only slight signs of oxidation,while the fresh
uranium was completely covered with a brown oxide, prchably
U0,. To test the possibility of hydrolysis of the UFh

in the initial stage of the'reaction, run F.17 was carried
out by.heating up to 613°C and immediately cooling down to
room temperature. Patches of a brownish product were
observed on the green surface of the pellet and a small

decrease in weight (40 & g) was recorded.

In the subsequent runs fresh urdnium was used every

time and the consecutive time experiments were discontinued.

The reacted pellet in run F.18 showed & thin white
surface layer which under the microscope appeared darker

due to the presence of UF3 underneath.

Runs F.20 to F.23 (see Teble 3.2) were carried out
at 690°C for the same length of time using different flow
rates of argon. The results agrecd within 5% of the
average value and the flow rate of argon did not seem to
affect the results in any »redictable way. Due to itse

greater thickness and to the rapid cooling to which 1t
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was subjected, the marnesium fluoride layer tended to crack.
In one case, run F.21, the layecr fleked off so badly that

the experiment had to be rejected.

To avoid cracking of the outer layer, it was
decided to adont & lower cooling rate in the subsequent
longer runs though still increasing the direct flow of
ergon up to 100 cc/minute. The furnace woas completely
with-drawn only onc hour after cooling was initiated.

Once more, random yellow-hrownish patches were obscrved on
the mognesium fluoride layer and the results were consider-
ebly scattered. Since the only alteration introduced

in the procedure had been the extension of the cooling
period, this cccounted for the results obtained. Due to
the high flow rates used, the efficicncy of the purification
of the argon was considerably reduced, particularly at low
temperaturcs and the longer exposure of the pellet to the
impure argon caused partial oxidation of uranium metal
produced during the reaction. The presence of uranium
metal had not been suspected before and it was assumed that
it would start to be formed only when all the tetrafluoride
hed been reduced to trifluoride. Paine et al.(zo) had
reported the production of uranium metal together with
uranium trifluoride at these temperatures, but since their
experiments had been carried out on UFh powder, they did

not contradict that hypothcsis.
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In an attempt to dctcet the presence of uranium
metal, the pellets were dipped into a few millitres of dilute
hydrochloric acid and the solution analysed for uranium
and fluorinc by colourimetric methods. This method, though
it proved to be unreliable for quentitative purposes,
conf'irmed the presence of uranium metal in the reacted
pellets (see Section 3.5). In later runs the pellets were
oxidised in air at about 180°C to determine guantitatively
the amount of uranium produced in the reaction. These
results unequivocally confirmed the presence of U metal,
X-ray powder analyses of the product layers also showed
most of the lines for UF3 and the strongest characteristic

lines of MgF, and uranium metal (see Section 3.4).

The cooling procedure had, once more, to be modified
and the final procedure described in Section 2.5 was devised

to ensure that:

i. No condensation of magnesium occurred on
cooling; for this purpose the flow of argon
was reversed at the beglinning of the cooling
down period using an extrevely low flow rate
(about 0.5 ce/min. ).

ii, The cooling rate was not so rapid as t0 cause
cracking of the outer layer. .
iii. The purity of the argon in the reaction

chamber was always kept at a high level by
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resuming the direct flow of argon (3 cc/min)
when the danger of condensation of magnesium

on the pellet had been greatly reduced.

Moreover, a uranium furnace held at 800°C was
introduced in the gas train to reduce the impurity content
of the argon before reaching the urenium getter in the

reaction tube.

From run F.30 onwards neither condensation of
magnesium nor oxidation of uranium was observed. The
only exception was run F,33 where the pellet was kept
inadvertently at 160°C for some hours with no argon
flowing. The pellet showed a uniform deep brown colour

similar to that obtained for the consecutive time experiments.

3.2 Kihetices of the Overall Reaction

At 620° and 690°C, the nverall weight gain per
unit area of the UFM pellets was found to follow a

parabolic rate law:

m? - my® =k (b - ty)
where
t4 is the time in minutes, counted from the beginning of
the reaction, at which parabolic behaviour storts to

be followed
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my 1s the weight gain per unit area corresponding to the

time t4 expressed in g2cm."'h

k 1is the parabolic rate constant expressed in gzcmfumin-
The results arc given in Tables 3.2 and 3.3 and
plotted in the graphs of the Figures 3.2 and 3.3, except

for the runs marked with an esterisk in Table 3.2 which
Wiil be discussed in Section 4.3.1. The reaction times
were arbitrgarily taken as the length of time during which

ﬁhe thermocouple temperature was above'58000.

The overall parabolic rate constants and the threshold

values t1 and m, taken from the graphs are:

at 620°C Kk = 1.8 x 10°1t g° ot min~!

my = 2.9 x 1078 & om

-1 - . =1
at 6g090 k¥ = L.75 © 10 10 g? cm 4 min
my =31 X 108 g2 om™  min™?

ty = 280 min

In Table 3.3 the results of experiments carried out
at 690°C with UFz pellets are given, and the values of Xk,

ty and m, teken from the graph of Fig. 3.4 are:

at_690°C k =L4.5 x 10~ 1° g2 em™® !

my =24 = 10™8 g2 cm-u

min~

By 240 min



TABLE 3,2 - FINAL RESULTS FOR UF), PELLETS AT 690°C
Pelletd 6 ( )2 .
Durationy Flow " . AW AW a8l 12
Run |Temp. t Y rate | D T S Weight g Sx10 X107} 2
oc min cc/min 5 | Before After [Increas ol 2, o 1
cm cm | cm AW=x 10° | g/em” | g7°/cm ; min®
F.20 | 690 82 7 ,580 |.153! .81 |.233853 |.23L211] 358 LLO 19 . 9,0
F.22 | 690 82 5 2580 |.126] .76 ].195570 |.1958651 295 390 15 . 9.0
F.23 | 690 8%, 3 585 1,130 .79 |.215340 1.213660 | 320 05 17 . 9.1
F,2l | 690 267 3 .550 1.162] .76 |.232531% |.233030:| h99 655 L3 6.3
F.25 | 690 283 s 1555 |.1390 .72 |.209147 {.209435] 288 400 - 6.8
=
F.26 | 690 270 3 .550 1.080] .6% 1.1093%01 [.109711]_ hL10 670 - 4&6 L
_F.27 1690 i 269 3 1,600 |.169] .88 |.279610 |.280140| 530 600 - h6. l
.28 | 690 274 | u .00 l.13tl .79 |.202760 |.203399 | 639 810 | - 6.5
¥.30 1 690 278__ I & 570 1.1561 .79 1.233289 |.235751 | Lh2 560 31 6.7
F33~ 690 _{ 1007 e 3 .580 1. thty .79 .225L21 1.2263401 919 1160 - 51.7
E,3h 690 [ 2217 1 % 1,600 j,143] .83 |.245272 {.2062%51 963 1160 135 H7.1
{F.35 ' 600 | 2230 . L 1590 [.165! .85 [.280160 |.281t066 ] 906 1065 713 h7.2
F,36 690 t 2228 i % -590 1.09%} .72 1,109622 |.1504%0 | 788 1095 120 L7.2
¥, 57 | 690 1757 3 610 10761 =73 12134550 1.135278 1 728 1000 100 L71.6
F,38 | 690 L13 3 .605 1.7%08] .78 1.183430 1,183910 | L8O 615 38 20,3
F.39 | 690 6L n .625 |.108] .83 '.200775 |.201090 ] 315 385 15 8,0
F.48 1690 L85 Iy .oh435 |.084) .61 }.115239 j.115821| 582 955 o1 38.5
F.53 [ 690 791 1 585 1.057] -6L | .090010 [.090730 | 320 500 25 134

% Runs in which oxidation of the uranium metal occurred on cooling

- 10y -



TABLE 3.3 - PFINAL RESULTS FOR UFH PELLETS AT 620°C
Pellet
Duration | Flow ] INSPNCE (_A_V_[ 2x1’08 1515
Run |Temp. t rate | D T S Feight g S g) x1
°¢ min be/min] cm cm om® |Before After | Incr casg 5 5 L
AW x 10° | &/ cm g“/cm* |mins
F.L1] 620 1547 L 1.5651 .076 |.6L4 |.113923 | . 114066 L3 225 5.1 39.3
F.421 620 1157 L .570'1 «101 .§7 . 156468 | . 156610 1,2 205 .2 34,0
.L3} 620 1530 L 580t .00 .71 }.155153 1 . 155293 1L0 200 .0 39, 1
F.LL] 620 2907 L L5751 126 .75 1.197588 | . 197790 202 270 ) 53.9
F.U51 620 88 5 ,5801 .565 (.63 |.086572 ] 086655 83 130 1.7 9.
F.LU6] 620 382 5 6151 .063 |.72 |.114555 ] .11L674L 119 165 2.7 19.
P U7 620 32 L 503} .obulh 1.54 |.0611LT ) 061168 27 50 .25 5.
TABEE 3., - RESULTS FOR UF, PELLETS AT 690°C
Pell e+t
Duration | Flow AW 146 AW ., 8
Run |Temp. % rate | D T s Woight 55107 (59 =10
oC min [cc/min o | Before After | Increase ol 2, U
cm cm  jem AW x 100 g/cm” | g7 /cm’
E.49]| 690 1133 b 610 . t04 .79 | .226506 |.227103 597 755 57
F.50] 690 (K] ,__|.590 |.097 |.75] .199660 [.199950 200 1,00 16
P.511 690 200 I .575 |.093 .69 | .182620 !.182993% 573 540 29
F.52| 690 2547 L .565 |.092 }.66 1 .175212 |.175967 755 11th5 130

- GOl -
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3.2 % Reproducibility of the Results

Fach point on the graphs of Figures 3.1, 3.2 and 3.3
represent a measurement on an individual pellet so that the
scatter from the lines gives an idef of the reproducibility

of the rate of reaction from pellet to pellet,

From the results of runs F,3l, §.35 and F.36 which
were carried out for identical periods of time, a relative
error of % 7% is obtained, which may be taken as representa-—
tive of the relative error for the parabolic rate constants.
The uncerteinty of the t values is the same for all the runs

and cancels out when calculeting the slope of the curves,

The k values may then be given as:

kgogog = (.80 *0,13) x 0~ g2 cm™~Hmin™ "

K5909c = (4.75 ¥ 0.34) x 1010 g© embmin™
for the UFu pellets and

kggp0g = (4.50 % 0.31) z 1o~ 10 g2 om Hmin~1

for the UF3 pellets.

3e2e2 Lrrors
The error for the weight gain per unit area is due
to the error in weighing and to the error 1n the area of

the pellet.

The weight of the pellet before and after the

reaction was determined by direct weighing of the pellet
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and by the difference between the weight of the boat alone
and the boat and pellet assembly. The two weights,
direct and by difference, usually differed up to 30 ﬂbg,
but the weight gains determined by the two methods ;éreed
in most cases to within 5 Cig, and were:always less than
15‘&Ag‘different, The welght gains given in Tebles 3.1
to 3.4 are those determined by.@irect weighing, with the
exception of thosewhiﬂndiffereé?ggre than 5 éxg. Iin

such cascs the mean value was adopted as representing

the weight gain,

The pellets were carefully shaped and a number of
measurements of the thickness (using & micrometer) and
of the diameter (using the stage micrometer of & micro-
scope) were mede so that the standard error did not exceed
0.02 mm and 0,05 mm, respectively. This gives an error

of ¥ 2,5% for the calculated area of an average pellet,

The error for the weight gain per unit area is,
therefore, % 5% for a weight gain of 200 ébg and ¥ 3%
for a weight gain of 1000 Cig.

Due to random effects and to the fact that an
individual pellet was used for each point the accuracy
of the parabolic plots was somewhat better than the

estimated errors, in particular at 620°C.
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3¢3 Kinetics of the U and UF3 Producing Reactions

The kinetics of the two individual reactions taking
place simultaneously cannot be determined from the overall
weight gains alone. Either determination of the uranium
or of the uranium trifluoride produced in the reaction

is a2lso necessary.

Since the analysis of UF3 in presence of UFh is
somewhat difficult, the obvious choice was the determination

of the uranium metal,

3e3s1 Chemical Analysis fior Uranium

As discussed in Section 3.1, the presence of uranium
metal wes suspected only after the results of runs F.,24
to F.,28, At first, an attempt was made to determine the
amount of uranium metal by washing the pellet for some
minutes with a few millilitres of dilute hydrochloric
acid and analysing for uranium in the solution, A few
seconds after immersion of the pellet in the solution,
intense bubbling was observed which subsided after about
10 minutes. The uranium content of the solution was
found to be around 360 uz: After second and third
washings, when no bubbliﬁg occurred, uranium was still
found in solution, though in smaller quantity (around
200 <?bg). The only possible conclusion was that UFj

was also going into solution and that the fluorine
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content of the solution would have to be determined if
the amount of free uranium wes to be estimated by this
method. It was hoped that the dissolution of magnesium
fluoride would be negligible, taking into account its
extremely low solubility, the small volume of the

washing solution and the short time of attack.

The results of the analyses for a few runs are given
in Table 3.5. The technique is given in Appendix II of

this thesis.

The results of the analyses for the second washings,
which were a test of the reliability of the method, varied
considerably. The method was subsequently discontinued,
but the results did show conclusively the presence of
uranium in solution, which could not be accounted for by

the dissolution of UF3 or UFu aione.

3.3.2 Determination of Uranium by Oxidation in Air

From run F.37 onwards a new method was used to deter-
mine quantitatively the amount of uranium produced in the

reaction,

The uranium was oxidised to U308 by heating the
pellet in air, for 24 hours, 2t ca. 180°C, using an infra-
red lamp. The weight gain of the pellet was then con-
ferted into the corresponding stoichiometric amount of

uranium,
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TABLE 3.5 RESULTS OF THE ANALYSES FOR U AND F IN THE

WASHING SOLUTION

1st Washing 2nd Washing
Run
= K
U F Free U U F ngy/ Iy
o M Mg B4c ~
P,26 4188 25 38l oL2 250 3433
F.27 508 60 320 825 217  3.30
F.28 390 13.8 207 762 126 2,07
F.30 Yele) 52 183: 232 75 4.05
F.36 640 50 L34 - - -
.3 Assuming the fluorine content of the solution to be

due only to the dissolution of UF3
#=% Ratio of the number of gram atoms of flucrine and

uranium in solution

Ignition of uranium precipitates, at 800°C, to the
black or greenish black Uz0g is a standard method of
gravimetric analysis for uranium, In the present case,
no such high tempcrature could be uscd without the danger
of oxidising the uranium fluorides as well. Therefore,

a possibility remained that oxidation of the uranium metal,
in the pellet, to U0, or partial oxidation to U308 were

only achieved by the treatment at 180°C. Alberman and
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Anderson(67) have found, however, that oxidation of U0,
powder %o U308 is remarkably rapid at 100-17500. The
long treatment at 1800078hou1d, therefore, ensure complete
conversion to U308‘ This was confipmed by thafact that
after a second similar treatment the weight of the pellets
remained constant, within the limits of accuracy of the
balence (¥ 5 sog). Further evidence of the reliability
of the methodhwas obtained later from the oxidation of a
régctod UF; pollct (Run F.50). Thc weight gain after

| oxidation was 246 Cbg as comparcd with thc value of 254 ébg
calculated from the weight increase of the pellet after

reaction with magnesium. The results of all experiments

are given in Table 3.6.

After oxidation the pellets became black, Undcr the
microscope the surface of the magnesium fluoride layer
appeared blackish on the wholc and dotted in some places
with small green-olive globules (about ZEOAin diameter).
The surface of the layer was highly irreguler and in cross
gections appeared convoluted (seec Plates 3.2 end 3.3) in
contrast with its flat and regular appearance in non-
oxidized pellets (seec Plate 3.L4). This alteration of
the layer was certainly due to the expension in volume

which accompanics the oxidation of the U metal to UgOg.

The amounts of uranium dctermined in this way werc

rather highcer than those suggested by colorimetric analyses.






TABLE 3.6 - RESULTS OF THE OXIDATION OF URANIUM IN AIR

- .
temp. | t | %, | s,| (a) l () ()] (a) (e)
Ban 1 Toq™ | min | min®|em®|aW | A AWy [ AW, | AWHAW,| AW, IAW - AWy | A% (W - )
S Sl 5 ol =,

‘ x102pg “on”
F.37 | 690 | 1737 | 41.6(.73 | 1000| 350 480 | 360 | 1360 |547| 453 2050
F.38 690 413 | 20.3}].78 615] 300 385 | 289 904 | 438} 177 313
F.39 690 64 8.01.83 385] 250 300 | 225 610 | 342 43 19
F.48 690 | 1485 38.51.61 9551 296 485 | 364 | 1319 | 553 402 1620
7,36 690 | 2228 { 47.2|.72 | 1090 2%0;) 455 | 341 1431 | 518| 572 3270

+(77)*

F.41| 620 | 1547 | 3%9.3|.64 | 225 104 163 | 122 347 |186 39 15.2 '
F.42 620 | 1157 34.0}.69 205 110 160} 120 325 182 23 5.3 =
.43 620 | 1530 { 39.1}.71 200 80 113 85 285 129 71 50.4 o
F.44 | 620 2907 5%.91.75 2701 150 200 1| 150 420 | 228 42 17.6 1
F.45 620 88 9.41.63 130 67 1051 - 79 209 120 10 1.0
F.50% 690 111 | 10.5¢1.73 40 246 337 - - 384 16 -
¥ Value obtzined from colorimetric analysis (see text) *k UP3 pellet
AW = weight gain after reaction with magnesium (from Tables 3,2 t0”°3.4) in e
AWy = weight gain after oxidation to Uz0g ( w8g)
AWz - 1 % % = welght gain per unit area when all the uranium is converted to UOz(}sg/me)

S S '
AW+ AWZ = total weight gain per unit area after reaction with magnesium and
5 oxidation of uranium to UQ, (mg/cm?)
AW3 = AWi x 2 = weight of Mg per unit area used u Eo produce all the uranium

S S 8/3 0 metal by reduction from UF4 (;ig/%m )
AW - AW3
—g = weight of Mg per %nit area used up to produce all the UE‘3 by reduction

from UF, ( A g/cn®)
MMg = gatomic Weigﬁt of magnesium MO = atomic weight of oxygen
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One pellet (run F.3%6) which had been subjected only %o one
washing (see Table 3.5) was subsequently oxidised and a
substantial weight gain was recorded (see Table 3.6).

The total amount of uranium obtained by addition of the
anounts determined by the two methods was worked out in.
Table: 3.6 and the corresponding point in the graph of

Fig, 3.5 is represented by an-open square. The unreli-
ability of the resulté obtained by chemical analysis was,

therefore, due to incomplete dissolution of yhe uranium.

5.5.%5 Kinetics.

The results listed in column b of Table 3.6
were plotted vs. % (fig. 3.5) and are represented by
full squares. In the same graph are plotted the results
of the. final experiments listed in Tebles 3.2 and 3.3
which are represented by full circles, with the exception
of those experiments where oxidation to UO2 occurred on
cooling (marked with an asterisk in Table 3.2), which are
represented by open circles. This type of plot is not
expected to be exactly linear but was. adopted because it
is more convenient for the discussion of the results of
the preliminary experiments.

It seems reasonable to assume that the growth -of the
UF; layer follows a parsbolic rate law, i.e. the net amount
of UF3 produced at a given moment is a function only
of the instantaneous thickness and the fluorine (or uranium)
chemical potentials at the interfaces., The square

of the weight of Mg per unit area used up to produce
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UF5 (column e in Table 3.6) is plotted versus time in
Fig. 3.5a. The accuracy of.the results is necessarily
low due to the limitations of the experimental method
and the plots may be regarded as having only a semi~
guantitative value, but at least they do not contradict
the hypothesis of a parabolic growth mechanism for
the UF5 layer, The plots pass through the origin, since
the mechanism which operates to produce the logarithmic
rate law in the initial étages of the overall reaction
(section 9.2.6), does not influence the growth of the.UF5
layer,

The parabolic rate constants for the partial
reaction yielding UF5 estimated from Fig. 3.5 are then

k 62000 = 6.7 x 1073 g2 cn™* min~t

1.1 x 10710 g2 op=% sl

K 690°
The rate of production of uranium metal is given
by the difference between the overall rate of reaction,

i.e. the rate of production of MgF., and the rate of

2

production of UF Due to the fact that the parabolic

3
plot for the overall rate of reaction does not pass.
through the origin, that rate is not given by a simple
relationship of the parabolic type and since it has no
particular physical meaning the relationship will not
be developed here. In fact, however, plots of the
weight of Mg per unit area used to produce U, against

the square root of time, are approxinately linear and
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this observation originally led to the assumption that

the growth of UF; was parabolic,

3.4 X-ray Powder Analysis of the Reaction Products.

X~ray powder patterns were taken of the regctibn-
products for both the preliminary and final experiments.

The powder, scraped fron the product layers with a
small spatula, was ground in a small agate mortar and
loaded into a thin walled Lindemann-glass capillary tube.
For the final experiments the whole operation was carried
out in a dry box and the capillaries, plugged with a bit
of plasticine, were sealed in a small flame immediately
afterwards. For the preliminary experiments a 19 cn
Debye~Scherrer type X-ray camera was used. Anll,54
cm Phillips camera was utilized for the final experi-
ments.

The X~-ray patterns are given in Figs. 3.6 and
3.7 and the interplanar spacings are listed in
Table 3.7. Most of the lines in the two cases.

correspond closely to the lines of UF For the

3
preliminary experiments, however, 9 extra lines could
not be identified since they do not correspond to any
of the strongest lines to be found for uraniun

netal, magresiun fluoride, uranium dioxide, uranyl

fluoride or magnesium. For the final experiment

the extra lines correspond closely to the
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TABLE %.7 - INTERPLANAR SPACINGS FOR THE REACTION
PRODUCTS OF BOTH A PRELIMINARY AND A
FINAL BXPERIMENT
Run F.1 Run F.23 Up U MgF
sce T 2.1 Ref.(69) Ref.(%O)
af) 1 al) I af)y 1 ald) /10 o) 1/1

3.65 VF 3.67 NS 3,67 Ms
3.55 VF 3,58 M 3.57 M
3.2% VS 3,21 VS 3,21 VS
2,60 F 2,56 F 2,56 F 2,563 70

2,49 VE 2,521 100
2,442 VPR

2.4y VP 2,473 49

2,342 VF

2,27 VP 2,274 58

2,22 VF 2,231 96
2.07 S 2.068 B8 2,069 8 2,067 34
2,02 VS 2.020 VS 2,022 VS
1,952 VF
1.887? VR
1.83 VF 1.,8%2 F 1,833 F
1,803 S 1.805 S 1.806 8

176 VP 1778 4O

1741 F 1. 711 73
1,635 F 1.633 P 1.635 F
1,616 F 1,610 VF 1.612 VR

14527 VF t.532 34
1,448 Ms 1,449 M T.4L7  MS
1.428? F
1.403? F
1.361 W 1.360 M 1.360 MS
1.333 M 1.335 M 1,335 8

1,284 VP 1,286 VF
1,272 VP 1.270 VF 1,272 VF
1.2562 VF
1,225 VP 1,225 VF 1,225 VF
1.199 M 1.196 F 1.197 F
1,188 S 1.187 WS 1.187 S
I = Intensity 8 = Strong M = Medium
VS = Very Strong MS = Medium Strong P = PFaint

VP = Very Feint



TABLE 3.7 (cont)

- 122 -~

Run F.1

Run F.23

[81

3

14161 by 1.165 VF 1,161 F
1,139 S 1.139 MS 1.139 8
1,094 VF 1,092 VF 1,093 VF
1,057 F 1,053 M 1,055 M
1.037 oy 1,035 VR 1,038 VF
1.009 VF - 1.010 F
1.005 F 1.001 VF 1,004 F
0.9991 MS 0.9992 MS 0.9992 S
0.9885 M 0.9882 M 0.9884 M
0.9632 VP 0.9620 VF 0.9625 VF
0.9249 M  0.9242 M 0.9243 M

0.9108 VF
0.9085 M 0.9072 VF 0.9076 F
0.9052 F 0.904t VP 0.9047 F
0.8927 F* 0.8930 VF 0.8927 ®
0.8770? F
0.8665% F
0.8577 M 0.8575 M 0.8576 MS
0.8445 P 0.8440 VF o.84hk2 F
0.8410 M 0.8LOL4 M 0.8L05 NS
0.8316 M8 0.8316 M 0.8%16 MS
0.8258 MS 0.8257 M 0.8260 MS
0.8195 MS 0.8196 M 0.8199 MS

0.8072 VF
0.847 F 0.80L8 F 0.8050 F
0.7971 M 0.7971 M 0.797% MS
0.7916 M  0.7917 M 0.7919 MS
0.7842 MS 0.78uL4 WMS 0.7843 S
0.7813 M 0,7813 M 0.7815 MS

0. 77832

M
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strongest lines (down to 347 of relative intensity) for
uranium metal and moagnesium fluoride. Only onc line

(a@ = 2.34 E) could not be identified.

3.0set Brrors in X-roy Diffraction Studics

The important sources of systematic errors for the
interplanar spacings determined from X-roy powder dif-
fraction lines are: (i) imperfect alignment of the specimen
in the camerz, (ii) poor collimation of the X-ray beam,
(iii) obsorption of the beam by the specimen and, (iv)

film shrinkoge,

Errors from sources (i) and (ii) may be rendered
negligible by a careful experimental technique, The
Pilm shrinkage does not greatly affect the results when
a Phillips camera is used, but may couse detectcble
errors in the cuse of the Debye-Scherrer camera,
Absorption of X-rays in o powder specimen (source iii)
would couse the diffroction peak on the photograph to be
moved in the direction of increasing Bragg angle 6.
This error increases with elements of higher atomic
welight which have higher lineor absorption coefficients. -
In any caée errors in 6 affect the "d" values increasingly
less as 6 opproaches 9oosinoe the error in 4 thus becomes

vanlshingly small,
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Aport from the systematic errors just mentioned
there are the random errors introduced on measuring the
distances between the lines, due to difficulties in
correctly locating the peak of the line. This error can
be reduced by taking a number of independent measurements,
but it is likely to be higher for faint and very faint

lines.

The errors in the UF3 lines ranged from 1% for angles
up to about 18° to 0.2% for higher angles, The greatest
errors were obtained for faint and very faint lines. For
the uranium and magnesium fluoride lines in run F.23, the
error in "d" values ranged from 1.2%, for small Bragg

angles,down t0 0.3% for © values higher than about 28°,

The errors in these studies may be attributed to the
high linecr absorption coefficient of uranium and the
difficulty in locating exactly the peaks of the faint and

very faint lines.

3.5 Microscan X=-Ray hnalyses

The presence of uranium in the outer product layer
was first indicated in the preliminory experiments by the
yellow-brownish colour of the layer (Plates 3.1, 3.11 and
3.13) and was confirmed with the Combridge Microscan
X-Ray &fnalyser, Plates & and b in Fig. 3.8 show the Mg

Kee. 2nd U Lgn‘images obtained for equal exposure time at
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the edge of the cross section of two reacted UFH pellets,

o preliminary and a fincl experiment respectively.

Plate a (U X-ray imege) shows an apparently regular distri-
bution of uranium in the outer layer (preliminary experi-
ment), while the distribution is more irregular for the
second pellet (final experiment). The presence of
uranium metal is less well defined in this case due to

the lower efficiency of the spectrometer at the time,

which is indicated by the lower density of points in the

uranium rich inner layer.

The Mg X~-roy images show that in both cases the
magnesium is confined to the outer layer. These results,
however, have only a quelitative value and various attempts
were mede to determine quantitatively the distribution of
uranium and magnesium in the outer layer, by counting the
characteristic U and Mg X-ray emission at progressive
points along the soame line of scan, Unfortunately these
two elements are situated at the extreme limits of
operability of the apparatus, so that the possibility
of obtaining quantitative results was reduced from the
stort, The high linear absorption cocfficient of
uranium, the topographic relief of the specimen (due to
the difficulty already mentioned in getting well
polished sections), the nerrowncss of the layer (even

in most favourable cascs the thickness did not exceed
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10 - 122 ) end the inefficiency of the spectrometer
erystal were other factors that considerably reduced the
accuracy of the results which mey be regarded as having

only a semiquantitative value.

A distribution of uranium across the outer layer for
a consecutive time experiment (run F.14) and o typical
uranium and megnesium distribution. for a final experiment

(run F.34) are given in Pigs. 3.9 and 3.10 respectively.

The two uranium distribution patterns are essentially
different. While, for the consccutive time experiments,
a smoothly decreasing concentration gradient is obtained,
for the final experiments the distribution is irregular,

a urenium rich region being usually followed by 2 region

where the content in uranium is low.

By measuring the area under the uranium distribution
curve and taking the average of the counts over the innef
layer as corresponding to the stoichiometric percentage in
weight of U in UFz (80.,7%) the average weight percentege
of uranium in the outer layer of pellet F.3L is about 277
This veluc may be os much as 50% lower than the actual
weight percentage due to absorption. In fact,the
estimated percentage in weight of uranium in MgFp for

this pellet taken from the graph of Figs 3.3 is 52%¢
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These rough calculations show that at least 50%,
and probably nuch more, of the uranium metal produced in
the reaction is disseminated in anirreguler way all across

the outer layer.

3.6 TIdentification of the Product Layers

The identification of the layers was made by taking
into account the results obtained with the X-ray powder
diffraction studies and the microscan X-ray enelyses,
and by microscopic observation of cross sections of the

specimens,

For the final experiments, the X-ray powder 4if-
fraction patterns (section 3.3) showed conclusively the
charecteristic lines of pure UFz, MgF, and U metal with
only one very faint unidentified line that may have been
coused by some impurity introduced during the preparation
of the specimen, So0lid solution of UF3 in MgF, or
complex compound formetion is, therefore, very unlikely
(see also section 4.2.3). The results of the microscan
X~ray analyses (section 3.4) showed the MgF, to be con-
fined to the outer layer, the inner layer to be formed of
UF3 only, ﬁ?ghmOSt of the uranium metal to be interspersed
in the Mng/possibly a relatively small amount concentrated
at tﬁe UF3/MgF2 interface. The microscopic observation

~ of cross sections of unoxidised pellets (Plates 3.4 and

3.5) revecled a violet-red inner layer, which is
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characteristic of UF3(68) end a white, outer laoycr, as

might be expected for the MgF,.

For the preliminary experiments, doubts remained as
to the naturc of the outer layer. The X-roay diffraction
potterns showed & series of unidentificd lines, apart
from the lines for the UF3, suggesting a solid solution or
a complex compound. Its brown colour is characteristic
of U0, and the subsequent results (sce section 3.1)
showed that this compound might have been formed due to
oxldation of the urcnium metal by traces of
oxygen and/or moisture in the argon, Unfortunately,
the system UO,-MgFo, is not sufficiently well known to

allow any preccise conclusion to be drewn,

3.7 LAppearcrce

3.7« 1 PFinal Experiments

In the final experiments the MgF, layer appecred
£flct cnd whitish to the eye. Under the microscope it
looked dorker, due to the presence of the UF3 benecth,
but when scratched it detoeched easily into thin white
lamellce, The surfcce, though gencrally flat, wos
dotted with small bumps, 5 to 153; across and raiscd 2 to
5. cbove the flat bose. Plate 3.6 was token focusing
the top of these bhumps. They clso appear as diffuse

patches in plates 3.15 cnd 3.16.
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The MgF2 layer had o polycrystalline structure with
grains much smaller (1 - 244 ot most) than those of UF 5

The UF3 layer appeared violet to dark red in colour,
usually thicker than the MgF2 layer and unevenly differen-
tiated from the UFh’ probobly due to the irregularity of
the grain boundaries. On mounting the pellet in arale-
dite, it wos difficult to avoid breaoking the MgF, layer
with the tweezers. 48 o result the MgP, became detached
from the UF3 and in some cascs the araldite infiltrated
between the two layers. This happened only for the
final experiments where it was found that the MgFo was
mich more easily exfolicted from the UF'3 than in the
preliminary experiments; Plates 3.5 and 3.7 are cxamples

where this phenomenon occurred,

When the MgF, was removed, the surface of the UFy was
revealed, pock marked and partly covered with a variable
amount of o brownish produck, certainly UOp, resulting
from air oxidation of the reactive uranium metal trapped
at the UFsz/MgFy intorface. (Plates 3.8 and 3.9). The
amount of brownish product wos porticularly significant
for the UF3 pellcts (Plate 3¢9 It is quth mentioning
that in this cose the marks on the UFz surface seem. to

follow a regulor pettern, indicating prefercntial directions
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of reaction depending on the crystallographic orientation
of the UF3 grains. This phenomenon was observed only for
the UF3 pellets.

3.7.2 Prelimincry Experiments

In the preliminary experiments two layers were also
observed on microscopic observaotion of cross sections.
The appecrance of the UF3 layer was much the same as that
found in the later expcriments, except in onc casc, run F.12.
In this run an old UF), pellet (previously used in a consecu-
tive time experiment, run F.8) was used after polishing off
the product layers, since no freshly made pellet was
availcble at the time. As shown on Plate 3.10, UF3 grains
were found to scatter all over the UFh bulk. The overall
rate of recction did not seem to have been greatly affected
by this phenomenon, since it compares very well to that of
run F.1h which was carried out with a freshly made UFM
pellet. In any casc a freshly mede pellet was used for

all subsequent runs.

The Mng layer, as was mentioned in Section 3.1,
appeared in these prelimincry runs either to be‘smeared
with yellow-brownish patches or uniformly brown in the
conscecutive time experiments. In cross section the layer
was convoluted in places, lecaving gaps at the UFﬁ/MgF2
interface. (Plates 3.1 end 3.11) In two cascs, runs F.5

end P.6, thce wholc surface of the pecllet was covered with
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mishroom-like balloons (10 - hOéaaoross) rising from a
relatively flat base to heights comparable to thelr
transverse dimensions (Plote 3.12), In some places the
balloons were burst open revealing their hollowed nature
and a wall thickness of 1 - 2@4 . By focusing on to the
flat base of the leyer, the bottom of the burst balloons also
came into focus showing that they werec actually sitting

on the top of the layer. In cther preliminary experimentsg,
similar ballocons were also observed from time to time, but
never in the amounts found for these two runs. A ballcon
sitting on the top of the MgF, layer can actually be seen
in Plate 3.11, where the different nature of the balloons

and convolutions is well illustrated.

3,8 Marker Experiments

Gold marked UFH pellets were reacted at 622°C (run F,19),
630°C: (run P.10) and at 690°C (run F.53).

- In the first two experiments the UFM pellets were
marked with gold by condensing, on one face, a strip of
gold film about 2mm. wide ond about 10 & thick. After
reaction the markers could be seen as small globules,

0.5 « 1.3 e in diometer, sitting on the top of the MgF2
layer, which was about 5t thick (Plate 3.13). By careful
exomination it was possible to focus first on to the top of
the gold globules and then on to surface of the layer thus

prowving they werc not embedded. On removing the Mg?z layer
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some odd gold globules were found trapped ot the
UF5/MgF, interfoce (Plate 3.8).

In order to avoid the trapping of the markers at
the UF3 interface and to check whether the size of the
merkers had oany effect on their final position, the UFu
pellet was reccted at 690°C’ in run F,53, then marked with
two intersecting strips of gold and reacted againe.

Plate 3. 14 was taken at the interscction of the two gold
films and shows irregulaﬁgéhaped morkers on the upper
left hond corner severcl times the size of the smaller,
globular markers in the middle of the field. The
smallest markers arc less than 15& in diameter as com-
paered with a MgF, layer thickness of about ECL grown
after gold marking. Most of the markers cre associated

with smell uranium globules indicated by their blue

colour, certainly due to a surface tension effect.

On excmining the cdges of the marked arcas of the
pellets, no change was found in the MgFo, layer thickness
in traversing from over the marked crea to over unmarked
megnesium fluoride. This was truce cven for the larger
markers in run F.53% and indicates that the presence of

the gold does not reduce the rate of the reaction.

It was not possible to locate the merkers by

examination of cross sections of marked pellets. This
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was probably due to the fact that the araldite/MgF,
boundary was always poorly defined in polished cross
sections (as result of the differcence in hardness) and
the thickness of the markers was so small as to become
indistinguishable from the dark brown craldite. In any
case no markers were observed either ot the UFB/MgF2

interfece or embedded in the MgF, layer,

Some other observoations were mcde on unmarked pellets
which are equally significant as marker expcriments,
Observation of the surfoce of reacted pellets subjected
to heating, in cir, ct 150°C, showed the presence of
greenish black oxidised particles of uranium, on the top
of the MgF, layer (Plate 3.2).  Similer observations
were made on pellets whichjalthough not heated to 15000,
had been exposed to the air for some hours or kept in a2
desiccator for some wecks. The oxidised uranium particles
in this case, instead of the green colour characteristic
of U308 presented o blue or reddish-brown colour. (Plates
3. 15 ond 3.16)& Since the uranium metol could have been
produced only at the UFE/Mng interface and there was no
evidence of uranium needles growing into the MgF2, its
presence on the top of the layer indicates that it was
produced in the initial stage of the reaction and pushed
away from the interface by the outward growing MgF2 layer.
The occurrcnce of the balloons, described in section 3.8,
is also an indication of outward growth of the MgF, layer

and will be discussed in scction 4.2,
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L.1 Xinetics

Le1e1 The parabolic Rate Period

The relatively flat MgFo layer (Plates 3.15 and 3. 16)
and the more irregular inner UF3 layer grow according to
& parabolic rate law after an initially accelerated weight
increase (see Fig. 3.2, 3.3 and 3.4). The reaction must,

diffusion of one or more of the
therefore, proceed by/reactants across the layers, accom-
panied by the migration of electrons or positive holes.

One of these transport processes may thus be assumed to

be the rate contolling step.

The experiments carried out on UF3 pellets at 69000
gave & perabelic rate constant which agrees within experi-
mental error with the overall rate of reaction found at
the some temperaturc for the UF), pellets (see section
3.2.1)s  Transfer through the MgF, layer igy “Ehérefore,
the rate controlling step of the overa¥l reaction. A
direct semi-quantitative proof of this is given on
Plate 4,1 which shows the cross section of a UFh pellet
used in a single time preliminary ex;periment.1 In this
plate the MgF, hes 2 relatively uniform thickness, while

the UF, layer is particularly irregular and varies in

3
thickness., The MgF2 is nonuniformly tinted with yellow

1 The MgFo layer in this long duration single time run
exfoliated before it could be weighed and the experi-

ment is, therefore, not listed in Table 3.1.
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due to the oxidation of U to U0y, the deeper colour being
found in the region where the UFz is thinner. Hence, the
thickness of the UF3 layer did not affect the total amount
of MgFs produced, i.e. the overall rate of the reaction.
Due to either a faster rate of reduction to U metal or a
slower rate of rcduction to UFs, there was a lower than
average local yield of UF3 and the production of a higher
amount of uranium metal (indicated by the deeper yellow
colour) so that the total amount of magnesium used up by

the two reactions remained constante.

The partial reaction yialding U metal was also found
to follow a parabolic rote law (sec section 3e3.3); thus,
the partial reaction yielding UFz must fellow a similar
rate law, as is secn to be the case from the plots in
Pig. 3.5.2 The rate controlling step for the production
of UF3 may thus be assumed to be a transport process

across the UF3 layer,

A rough check on the compatibility of the kinetic
results can be mode by measuring the average thickness of
the layers. Taking for instence the pellet in run F.34
(Plate 3.4) the aversge thicknesses of the MgFp and UFg
layers as measured under the microscope ere roughly 12
and 28 . respectively, ' The weight gain of the pellet

in this run (sec Table 3.2) was 1160 g om 2 which
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corresponds to 2970(ng c:m"2 of MgFs. Taking an average
value of 3.0 g cm"3 for the density of MgF2 the correg-
ponding thickncss is 1@f¢,. To this value the contri-
bution of the uranium metal interspersed in the layer
has to be added. In this particular case the uranium
wos not dotermined by oxidation, since the pellet was to
be examined with the electron probe cnalysecr, but an
estimate can bec made from Fig. 3.3 by interpolation.
This gives a velue of around 2980 s em™? of U, which,
with e density of 19.0 g/cm3, contributcs ﬁ.6gu, to

the thickness. Thus the total thickness of the outer “

1
layer should be 10 + 1,6 = 11.661.. The difference
2

H

between the total weight gain of the pellet, 1160 23 cm
and the amount of Mg used t0 produce U metal accofding
to the equation

UF3(s) + 3 Mg(g) —w U(s) + -2 MgFo(s) (Lo 1)
460 A cm_2, is equal to the amount of Mg used to produce
UEz,\700¥é¢g om™2, The amount of UFz produced in the
réaction:

UF), (s) + 2Mg(g) ~> UF3(s) + 2MgFy(s) (L.2)

is then 17000 s om™2,

1 These figures indicate that about 14% of thc outer leyer
thickness is contributed by the uranium metal. It is,
therefore, rather surprising that the uranium could not
be detectedby 'microscopic observation of cross sectlons
in unoxidised pellets, A possible explanation is that the

urenium is present as very fine globules and thin lamellae
as the comparison of Plates 37 and 316 seems to suggest.
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In selecting a value for the density of the UF3 in the
layer it has to be taken into account that this grows
into the UFH and each mole of UF3 takes the volume
previously occupied by one mole of UFu if there is no
shrinkage. The density of the UFu pellets is around
6.0 g cm-3, which corresponds to a molar valume of

52.5 cm3mole"1. The density of the UF3 would in that
cese be 5.6 g cm"3, with a corresponding layer thicknecss
of BOEJ'° If a density similar to that of the UF3
pellets (i.€s 742 8 cm_B) is assumed for the layer,

the corresponding thickness is 2h£i/. The measurement
of the UF3 layer thickness is necesgsarily inaccurate due

to its irrcgularity, but the results seem to indicate

thet no considerable shrinkoge of the UF3z occurs.

hele2 The Initial Period of Reaction

In Figs. 3.2, 3.3 and 3.4 smoothed curves were
drawn to rcpresent the kinetics of the reaction in the

initial stogese.

The non-porabolic shape of reaction "isotherms" in
the early stcges has been frequently observed in the
oxidation of metals and may be due to two causes. If
the heat produced in the rcaction is not lost suffilciently
rapidly an increase in the temperature of the specimen
tékes place and the observed rate of reaction does not

correspond to isothermal conditions,. The other cause
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for deviations from parabolic behaviour is a reaction
mechanism different from the parabolic in the early stage
of the reaction. For the oxidation of metals, this is
the period Wheré logorithmic and inverse logerithmic

relationships predominate.

In the present casc the initial period is extended
over such a consideraoble length of time that the possibi-
1lity of non-isothermal conditions is very unlikely.

Points were taken from the smoothed curves and tested for a
cubic and a logorithmic plot. Straight lines were
obtained for the logarithmic plot and cre shown in Fig.

T The points selccted for these plots are given in
Table L.1 and allow o more detailed analysis for the

possibility of self-heating of the pellet.

As stoted before, self heating occurs when the heat
generated by the reaction is not lost (by radiation,con-
duction or convection) rapidly enough. As a first approxi-
mation and in order to consider the more unfavourable cose
it will be assumed that the hecat losses are mainly due to
radiation. In the temperature range 600° - 690

the heat of reaction1 is approximately -1.7 kecel/g of Mg.

4 Reaction represented by equation (L.1) which is pre-
dominant in the initial period. If the contribution
of recction (L.2) were also considered, the total heat

of rcaction would be slightly higher,



TABLE L.1 - VALUES FROM THE SMOOTHED INITTAT, PERIOD CURVES

a. At 62000

Time (4-"9?)2;:1‘08 log & (<5%) x0" ﬁ% x 1%
t min gem™H g om™2 g om™® min~?

20/ 7.0 1.4 30 2,65 13,3

50 12,0 1.70 3,146 2.7
100 18.0 2.00 L2k 1.6

450 23,0 2.17 i« 80 1o
1200 26.5 2.30 5.15 0,70
250 29.5 2,40 5.43 0.56
280 31.5 2.45 5.61 0.6

be At 620°C

20 0.50 1,30 0.7 3.5

50 1. 15 1. 70 1.07 1.2

100 1.65 2,00 1.28 0.3

150 2.05 2. 17 1.43 0.18
200 2,30 2,30 1.52 0.16
250 2+55 2.40 1. 60 0.08
300 2,70 2,48 1,64 0.08
350 2,83 2,5l 1,68 0.08
380 2.90 2.58 1. 70 Q.04

= Average rate of weight goin in the respective time
interval,
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Fig.4.1: Check for Direct Logarithmic Relationship

during the Initial Period
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Hence, from the last column of Table L4.1, we may compute
the rate of heat genercation for the consecutive time
intervals of the initial period. In the first 20
minutes of reaction the rate is 0,023 and 0.006 cal

min.-1 for 690°C: and 620°C respectively.

The rate of energy emission of a grey body at
temperature Tp surrounded by a medium &t temperature Ts
is given by the generalized Stefan-Boltzmenn relationship:

oo AT -

where @ = radlant flux defined as time rate of radiated

energy (cal sec"1)

% = Stefan~Boltzmann natural constant = 1.35 :x:10"12

-2 - -1
cal cm deg 4 sec
£ = cmissivity, which can be taken in first
approximation as equal to 0.8

A = surface area of the radiating body (cm®)

For an average pellet of 0.8 cm® surface area we
may thus write for the first 20 minutes of reaction at

690°C:

12

0.023 = 60 = 1.35 x 1072 x 0.8 x 0.8 (T - T%)

ox:

L 8

Tpu - Ts = 4,5 x 10
The temperature T4 of the surroundings meay be assumed
constant and equal to 9630k. Thus Tp = 963.2°K.

Self heeting of the pellet may, therefore, be completely
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ruled out, It is thus suggested that in the early stage
of the reaction a mechanism :different from the parsbolic
predominates, The weight gain vs, time curves obtainecd
from the smoothed initial period curves suggest that a
simple logarithmic relationship can probably describe the
thickening of the layer in this initial period. (sece

discussion of mechanism in section 4.2,6).

Lhe2 Mechanism of the Reaction

Lh.2.1 Marker EXperiments

The results of the marker experiments show that at
620° and 690°C the MgF, layer grows outwards whilst the
UF3 layer grows inwards. In fact, for the two first
marker experiments where the gold film wos condensed on
the surface of the UFM pellet, the majority of the gold
globules were found on the top of the MgF,, though some
globules could also be seen at the MgF2/UF3 interface,
thus indicoating that the UF3 layer grows inwards. The
outward movement of the markers must represent the true
movement of the lattice, since they are too small to
interfere with the diffusion and their movement cannot
be expleined by any mechanical effect. The last marker
experiment haos in fact shown that for markers several
times 1arger there wos no interfercence with the normel
diffusion proccss when the markers were condensecd on the

’

MgF, layer. The gold globules found at the UFs/MgF,
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interface must have been held by a surface tension effect
or as a result of their being associated with the uranium

formed in the initial period of the reaction,

As was mentioned in section 3.8, the presence of
uranium particles on the top of the MgF2 layer serves also
as a marker experlment if it 1s cssumed that the uranium
metal 1s produced at the Mng/UF3 interface, This seems
recasonable since, as will be discussed in section 4.2.3,

MgF2 and UFB are not likely to form solid solutlons.

Whatever the mechanism proposed for the formation of
the balloons found in some preliminary experiments (sece
section 3,7), thoy must be formed in the initial stage
of the reaction and the fact that they are found on the
top of the layer is also a confirmation of the marker

experiments,

2+
- Predominantly inward migration of the Mg ilons

through the MgF, layer must, therefore, be assumed as the

2
mechanism of growth of the layer. If outward migration

of fluorine ions was assumed, the layer would lic above

the morkers and the uranium metal produced would be con-
fined to the UF3/MgF2 interface unless 1t grew in filaments

fed from the base, which 1s not the case (see section L.2.3).
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ha2,2 Mechanism of Migration through the MgF, Layer

From the above discussion, it is apparent that all
the evidence strongly supports a predominant inward dif-
fusion of Mg2+‘ions through the MgF, layer. Moreover,
the migration process through this layer is the rate

controlling step for the overall reaction.

For & migration process to take ploce, there must be
& chemical potential gradient. In the present case, the
megnesium to fluorine ratio at the MgF2 surface must be
greater than at the UF3/MgF, interface. Hence, there
are necessarily deviations from the ideal integral
stoichiometric composition of the fluoride and accordingly
 Geviations from the strict order of the ideal lattice.-
The greater ratio of magnesium to fluorine at the surface
does not nccessarily mean thot an excess of metal is
present, A deficit of mctel is also possible, as has been
observed in the case of some oxide layers (e.g. wustite)
growing on the respective metals. In these cases, the
metel deficit at the metal/oxide interface is somewhat
smaller thaon at the outer surface. The corresponding
type of lattice defect is different for the two cases

end wos discussed in the Introduction (see section 1.4.3).

To dote, no work has been reported in the literature
on the type of lattice disorder in pure MgF,. It will

be suggested here, toking into account the results of
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the present work and partial evidence scattered in the
literature, that the Frenkel type of disorder with an
equivalent number of interstitial magnesium ions and
vecancies 1s the most likely type of lattice disorder to
be found in stolchiometric MgF, crystals and thet an
excess of metal is present in interstitial positions when

the fluoride is exposed to magnesium vapour.

a, Lattice Disorder in the Alkali and Alkaline-~earth

Hallides

Mest of the experimental evidence, much as transport
number, electrical conductivity and self-diffuslon
measurements, indicates that alkalihalides favour pre-
dominzntly & Schottky type of lettice disorder. Jost(71)
was the first to point out that, on theoretical grounds,
for the formation of a Schottky defect the lettice energy
is required in first place, but that part of this energy
is regained owing to the relexation end polarizction
around the vacant lattice sibe, Schottky(72) extended
Jost's arguments and compared the heats of formation of
Schottky and Frenkel defects, in particular of the alkall
and silver halides. Since an interstitiel ion is
generally much closer to its neighbours than a normal ion
the repulsive forces will favour Schottky as opposed to

Frenkel disorder in the alkall halides, with the exception

perhaps, of extreme cases like IiI, where the cation is
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very small, Por silver halides crystallizing in the
alkali halide typc of lattice the rosult, however, may

be diffcerent, Here cationic Prenkel disorder is favourecd
not only duc to the small radius of the.&g+, but also due
to the learge Van der Waals energics. The large contri-
bution of the Van der Waals forces to the cohesive

cnergy 1ls demonstrated by the low solubility of these salts
in watcr, The cnergy gained by the polerization of the
water is not sufficient, in this case, to overcome the
combined elecctrostatic and Van der Waals attractions in

the solid,

The alkalinc-carth halides, such as CaF, and SrFy,
are elso highly insoluble in water and this, together with
& loose arraongement of the ions in the lattice, is an
indication that a Frenkel type of disorder is to be
expected, Ketelacor and'Williams(73) and Z2intl and
Udggrd(7u) heave shown that fluorine ions occupy inter-~
stitial positions in SrF2 and CaF2 crystals when the
fluoride of a higher valent metal is added in solid
solution, Electrical conductivity and transference
number measurements on pure and doped crystels have al;o
shown thet the predominant defect in CaF2(75) and SrF2(76)
crystals is the anti-Frenkcl disorder type involving

equal concentrations of negative ion vacancies and

negative ions interstitials.
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As a first approximation, we may, therefore, con-
clude thot the high insolubility of the MgF, ond the small
lonic radius of the Mg2+ ion is a fairly good evidence
pointing to the presence of cither of thc two Frenkel

types of disorder in thec crystal lattice,

b. Structural Congiderations

The crystal structure of the MgF2 is usually
described in terms of an ilonic model of the rutile type.
This structure may be dcscribed as formed of MgF6
octahedra joined by edges and corncrs in such a way that
each ion is shared by three ncighbouring octohedra,

The Aillensions a and c¢ and parameter x of the tetragonal

(77)

unit cell were determined by Bsuer from X-roy data

and are in close agreement with those determined by
Duncanson and Stevenson

(78) (79)
3>

a = U.625 X 0.002 £

and Krishna Rao et al

14

B = 3,052 £ 0.003 &

4

The MgF6 octahedra are not exactly regular and are
characterized by:

0
I} Mg - ¥ distonces of 1,997 A

2 Mg ~ F " noo 1,984 X
' O
8F -F " "o2.814 &
O

2F -F L " 3,052 A

25F - F n "o2.576 £
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&As pointed out by Hurlen(so), in this type of
structure the coupling of the octahedra results in
perallel chains in which neighbouring octahedra have an
edge in common. Two adjacents chains are joined to each
other in such a way that the side corners in one chain
become the top corners in the other chain. The &irection
of the chains c¢oincides with the c-~axis. This sort of
arrangement defines open channels parallel to the c-axis
containing a row of identical octahedral interstitial

positions for the magnesium ions.

&slong the chonnels every second oot&hedral hole is
turned 90O around the c-axis and overlaps the previous
hole, The dimensions of these interstitial Fg octahedra
are such that the formetion of magnesium interstitials
might cause an expansion of the lattice of only 13.2%
along thc ¢ axis., The volume of & MgFg octahedron is
sbout 10.37 ﬁj, whereas the volume of an "interstitiall
F¢ octahedron is about 11.66 ﬁB- These considerations
show, thercfore, that the rutile structure contoins
favoureblec octahedral interstitial positions for the
magnesium and on this basis it seems likely that the
lattice disordcr in Mng erystals should be of the
Frenkel typc with equal concentrations of cation

vacancies and cation interstitialse..
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c, Compounds with similoar crystalline structure

The rutile bype of structure is also formed by
several of the transition metal dioxides and divalent
metal fluorides. The most extensively studied compound
of this group is TiOp, but the literature is particularly
rich in contradictory experimental evidencc. Hauffe(Sh)
reviewed the literature up to 1954 and concluded that the
non-stoichiometry presented by this oxide which may vary
between relatively wide limits (TiOX with possibly 1.9 <
x 7 2,0), is due to random removal of some of the
oxygen atoms. Hurlen(SO) took the opposite view and
suggested that substantially better agrecment with
physical and crystallographic properties could be
reached, if it is assumed that the defect structure is
a combination of a non-stoichiometric and a stoichiometric
one, both involving itanium interstitial ions. Waﬂseley(82)
examined this problem taking into account more recent
investigations, and advanced arguments in support of

Hurlen's views, i.c. that interstitial octahedral holes

are occupicd by titanium ions.

d. Non-stoichiometry of MqFQ in Presence of Mg Vapour

It is a well known foct that most of the alkall
halides, when cxposed to the rcspective metal vapour,
become strongly visually coloured (darkening) due to the

formation of the so called "F centers". It is well
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established at the present time that the colouration
obtained under these conditions is associated with the
presence of an excess of metal ions in the lattice.
Veacancies are then simultaneously introduced at the
sites ordinarily reserved for the anions or interstitial
positions become occupied. When these vacancies or
other defects, as the case may be, trap electrons (or

electron holes), F centers are produced.

In the case of clkaline earth halides this phcnomenon
is not well studied, but it was recently reportecd by
Litcher and Bfedig(83) that an excess of metal verying
from 0.42 to 1.70 mole % at 1060° and 1265°¢ respectively,
is present in Ca F, when it is exposed to Ca wvapour,

It is, therefore, recsonable to assume that an excess of
metal is also present in the NgF, lattice when exposed

to Mg vapour though ta a lesser extent, cs is suggested
by the comparison of the systems Ca + CaCly and Mg + MgClo

(84) (85)

studicd by Staffansson and Rogers respectively.
From the discussion given in the previous sections, 1t is
very likely that these excess metal lons occupy intersti-

tial positions rather thean create fluorine vacancies,

e. Proposed Migration Mechanism

All the evidence given seems to indicate that in the
stoichiometric MgF, lattice an equivalent number of metal

ion vacancies and intcrstiticls coexist in egquilibrium
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and that, when exposed to magnesium vapour, o mctal

excess 1s present in the form of cations in interstitial
positions and free electrons, This plcture is in accord
with the higher mobility of the Mg2+ ions suggested by the
results of the present work. The most likely mechanism
of migration through the MgF2 layer is, therefore, one

in which Mgg+ ilons and free electrons move in to the
UFB/MgFZ interface, The Mg2+‘ions move e¢ither by an
interstitial or a vacency mechanism or both, depending

on their relative mobilities.

Le2e¢3 Migrotion Mechanism Through the UFz Layer

Only indirect evidence is available as to the nature

of the migrating specics in the UF3 layer,

(86)

The studies of D'Eye and Martin on the system
UF3 + BaF, using differential thermal analysis, X-roy
diffraction and density mcasurements, have shown that

BaF, dissolves in solld UF3 to the cxtent of about 20

mole 7. The uranium and barium lons are randomly
distributed over the normcl cation sites while the anion
lattice is incomplecte, Further evidence for this vacancy
mechanism is gilven, @ccording to D'Eye and Martin, by
considering the interatomic distances which show that

the lattice is unlikely to cccommodate interstitial

cations. In the hexagonal unit cell of the uranium

trifluoride there are two sets of anion lattice sites
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which are not structurally equivelent,  Thus, it is
possible that the anion vacancies are not statistically
distributed over all anion sites but are concentrated in

either of the two positions.

If fluorine vacancies arc also present in the
lattice of pure UFz fluorinc ions are likely to have a
higher mobility than the uranium ions. There is at
least one case (U0y), where the mobility of the uranium
ion was found to be very small as compared with that of
the non-metal ion. Recent determinations in this labora-

(87)

tory of the self diffusion coefficicnt of U in U02

gave a value of 10712 em® sec” ! at 1600°C.  The self
diffusion coefficient of oxygen in stoichiometric U0,
has also been mcasured(go), but at lower temperatures,
and for 780°C (meximum tcmperature of measurement) is

3.1 x 10_12 crn2 sec—1.

Somc cvidence is also obtained from the results of
the present work pointing to & low mobility of the
urenium ions in the UFz.  Everywherc at the UF 3/MgFp
interface, Mg2+ iohs reaét with UFz to form MgF, and
excess U3+ ions, If these U3+'ions werc the predominant
mobile species, they would tend to be captured by the
already formed metallic nucleus at the intcrface which
would be pushed outwards growing as & filament. Such a

phenomenon hes been observed in the casc of the reduction
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of silver sulphide by hydrogen(88)

(89)

an¢ was shown by
Wagner to be due to the high mobility of the silver
lon in AgoS. In the present work no evidence was found
of U filaments in the MgF, layer; on the contrary, all
the observations indicate thet uranium metal is present
es small globules or thin lamelleae (see for instaonce
Plates 3.6, 3.9 and 3.15 and footnote on page 151).

It is, therefore, suggested that fluorine ions migrate,
poseibly by a vacancy mechanism, and accomponicd by
electron Boles, outwards through the UF3 loyer to combine

with Mg2+ ions and electrons respectively, at the UF3/MgF2

interfoce.

he2.4 Mechanism of Formetion of Urconium Metal

Uranium metal is mest probably produced at the
UEB/MgF2 interface. Observation of the surface of the
UF3 after the outer layer had been removed showed the
presence of a brown powder, certainly UOp, resulting from
the oxidation of the uranium when exposed to the atmosphere
(see Plate 3.9). The formction of urcnium everywhere in
the MgFs layer would rcquire the formation of a UF3 + MgFo
solid solution. Alkaline carth fluorides, such as CaFp,
BaF, and 8rFp, were found to take UF) and UFz into solid

(86, 91, 92) with the excess fluorine ions being

solution
accommodated interstitially.  The MgFo + UF, system,

however, did not show any solid sclution on either side
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(93)

of the diagram and it is recasonable to assume that

the same applics to the Mgfy, + UFsz systemn, In a recent
(94)

paper Thome reviewed the data available on bilnery
0lkali metal fluoride (MF) — metal fluoride (M™F, MKFQ,
MEFB, MKFu) systems and showed that the number of complex
compounds and the occurrence of solid solutions in these
systems can he relcted to the value of the ratio of cation
sizes M+/Mgn+. For binary mixturcs of the alkali halides
with the trifluorides of the rare earths and actinide
elements, it is shown that simple eutetic systcms without
intermediote compounds, single intermediate compounds
MF.MFB and congruent melting compounds 3MF.MF3 are formed
when the cation radius ratio M+/M3+ lies: below 0.67,
between 0.77 and 1:.40 and cbove 1.L43 respectively.

Limited data are available for the tetravalent rare

earth and actinide metcl fluoride systems, but for those
already investigoated a similar trend is observed. It

is reasoncble to assume thet & similoar rule applies for
the alkeline earth metal fluoride (MF,) - metal fluoride
(MFB’ MFM) systemss The small ionic radius of Mg (0.55 K)
as compared with those of Ca (0.99), Sr (%.13) and Ba (1.35)
would then account for the observed absence of solid
solutions in the MgF, - UFh system and would support the
hypothesis thot no solid solutions also occur in the

MgF, - UF3 system. The X-ray powder petterns of the

product layers in the present work (see Section 3.&) gcem
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&lso to confirm this hypothesis, sincc no systematic
deviation of the lines was detected, &Also, solid
solution of UF3 in MgF2 would probatly be accompanied by
& coloration of the MgF, layer and no such colorction
was observed for uﬁoxidised nellets (see Plates 3.4 and
3.5) It 1s, therefore, suggested that everywhere at
the UFB/Mng interface metallic uranium nuclei are formed
which, due to the reduced mobility of the uranium ions,
do not grow beyond a critical size, These metallic
particles nrcvent the continuction of the reaction on
the spot where they are formed and are eventually forced

outwards by the MgF2 growing beneath by lateral diffusion.

L.2.5 Wagner's Theory

No studies have been reported in the literature on

the electrical conductivity of either UF3 or MgF Thore

2lv
is, however, some cvidence that magnesium fluoride
of stoichiometric composition is mainly an ionic

(95)

conductor, Treadwell et al. have determined the
free energy of formation of solid MgO by setting up a
cell of the type:

Mg(1) / Mgols) + MgF,(8) / 4Ip03, AL
The vealues obtained in this way, between 637‘:O and 7270,
are in good agrecment with, clthough slightly lower than,

those calculated from thermodynemic data thus indlcating

that the clectronic contribution to the current across
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the solid electrolyte MgF, + MgO is negligible, Since
according to Treadwell et el., no solid solution occurs
between MgO0 and MgFy, ot these temperatures and according

4(96)

to Schmalzrie MgO is meinly an ionic conductor, it

is reasoncblce to infer thoat conduction through Mghs is
also mainly ionic, In the actual conditions of growth

of the MgFo layer, however, the electronic contribution
may not be negligible and, if the electronic transport
number approaches unity, the rate of the overall reaction
will be determined by diffusion of Mg2+ ions across the
layer. If the clectronic transport number in these
conditions is still very smell (say,-<j1o"u) the migration
of electrons acreoss the layer will be the rate determining

b

step. For valucs between 107" and 1, both migration of

Mg ions and electrons will determine the rate of growth,

According to Wogner (see Introduction) the rational

rate constant kr expressed in g. equivalents om™2 sec™t

is given by: n

k= —200

/l.:" X )
[ (61 + t2)t3 & LEZE (4,3)
965006l ,«"éﬂ%( 1+ t2)t3 = (L4.3)

1221'
where the symbols have the meaning already given,

The constant kr is defined by the equation:

dn S
Ho= k8 (4ols)

where n = number of g. equivalents of MgF, formed per sec.
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t = time in seconds

. 2
S = surfcce ared in cm
X =

The parebolic constant

by the equation

&5

r::ggg' .:.L.
2 m

time in minutes

. . 2
narobollic constont in g em

instantaneous thickness of the layer in cm.

kp in this work is defined

(4.5)

groms of Mg reacted per cm

L

min

Working out the two equoations (b4.b4) and (L.5) one gets the

following relationship between

“p

kr:::___.__
GQQ MLg
where y =
MMg = ctomic weight of Mg.
The values for kr are then:

-15

-1
kprgop0Q = 1.1 x 10 5 o

To apply equetion 4.3 one
of the electrical values under
to non-metal ratio cnd thus on
first

of the non-metacl,. As ©

R -1
g. equiv, cm

ky and kp:

density of MgF, in g. em™2 = 3.0 g om™>

-1
sec

-1

equiv, cm = sec

mist know the dependence
the integral on the metal
the chemiccl potential

approximation, however,

one may take average values and equetion (4e3) becomes:
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' ~ , !
KI’ = 9653801\]-8 ; Z2;(t1 + t2)t3 [5) ( {:L% - (LX% (L}.G)

The electrical conductivity, &, of MgF, has not been
measured but a rough estimate can be made. Vorob'ev and
Nakhodnova(97) have measured the electrical conductivi-
ties of polyerystoalline pellets of oxides of Mg, Ca, Sr

and Bo and chlorides and fluorides of Cc, Sr ond Ba.
(98)

According to Vorob'ev and'Zavadovskaya the physical
properties (including elcctrical conductivity cnd its
energy of activation) of these polycrystalline compacts
are determinced by the lattice energy ¢f the crystal.
Thus, it wes found that, while the intrinsic electrical
conductivity dccreases, the cctivation energy of the
current carriers increases with increasing lattice
Energy. Comparing their values for the different
compounds and toking into account the different crys-
telline structure of MgF,, it was estimated that at 620°C
the specific conductivity of polycrystalline MgF, is of
the order of 1077 ohm~! ™71 ana at 690°C it is probably

3 times higher,

The activity of the fluorine at the layer inter-
faces 1s constont and determined by the cquilibria:
(1) wug(v) + Fo(g) = MgFp(s)
(11) U(s) + 3 Fp(g) = UF3(s)
(ii1) UFz(s) + #Fo(g) = UFy(s)
et the MgFp surface, UFz/MgF, &nd UFu/UF3 interfaces
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rcspectively. The respective fluorine activities

celculated from the dota cssessed by Kubaschewski and
(99) (100)
?

Bvans and Rand and Kubaschewski arc listed in

Table 4.2,

TABLE Le2 - FLUORINE ACTIVITIES AT THE INTERF/.CES

Temp. °C UFh/ UF3 Ur 3/ MgF 5, MgF,
surface

620 10753 | 4pU8e3 10-56+6

690 10”115 10—&&.3 10=51+9

Substituting values in equation (4.6) one gets:

TABLE Le3 = VALUES OF (t4 +-t21£3 from Equation L.6

§ 620 * (tg + t2)t3
omm™ ' em1 | 620° 690°C
106 5.4 x 1078 | 5 x 1072
1077 5.4 x 1072 | 5 x 1072
10™8 5.4 x 02| 5= 107

= © 690 is assumed to be cqual to 3 x G gog
It is thus seen thet at 690°C, at least, the
clectronic  transnort number t3 may be substontial and
that the temperature region studied is probably the one
in which diffusion of Mg overtakes the clectronic

migration as the rate determining step.
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Assuming that at these temperatures the transport
number of electrons ls clready nearly unity, the self '~
diffldsion cocfficient DfE of Mg may be computed from the

cquation (sec Introduction):
roa' z

/ J %
kp=coq [, % (*7;§T‘ Dy ) dlnea,  (b.7)
4 E‘& 1
X

The valucs of D1E'at the two temperatures are then:

®
16200

k.3
6900

2.6 x TO"15 om® sec"Jr=

Il

(n 2 -1

7.5 x 10~ cm sec

!

which is the order of mognitude onc should expect for

the diffusion of the cation in lonic salts. For compari-
son the self diffusion cocfficient of the cations, for

the identiceal ratio melting point/temperature, in PbF,
(fluorite structurd, PbI, (CAlp structure), PbS (rock salt
structure) and igBr (rock salt structure) are of the

-1

order of magnitude of 10—15, 10~ 2nd 10 and 1072

om® sco”'. More resecrch would be needed to decide
whether migration of ions or clcctrons or both are the

rote Aetermining step.

b.2.6 Mcchonism of the Resction in the Initial Period

As adiscusscd in scection 4.1.2, the shape of the
smoothed curves for the initial reaction period can only
be due to o mechanism of growth different from parabolic

and it may probebly be described by a direct logarithmic
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relationship. Evans(57) has recently reviewed the main
types of film growth laws and suggested the theoretical
foundations of the verious laws. There are at least
three theorctical interpretations for the direct logarith-
mic law:
(i) The rcaction rate is controlled by electron

trinsport instead of moterial transport.

This is the case of very thin leyers with

thickness below 1000 E.

(1i) The migration occurs not through the lattice
of the film substonce but by pores which are
muitually blocking.

(iii) The effective areca varies with the time

either because at the base of the film
cevities accumulate or perhaps due to the
formation of particles of a Aifferent
compound et the interface (a Aifferent oxiAde
in the case of oxidation of alloys as is
probably the case for the oxidation of
iron-aluminium alloys(101)).

The thickness of the layers at the end of the initial
period are far too lorge (around hﬂ“ end Tf/z at 690O and
620°C respectively) for its growthlto be due to mechanism
(i)e Formation of cavitics at the UFZ/MgFQ interface is

clso unlikely since, if & vacancy mechanism is in fach
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responsible for the migration of Mg2+ ions and P~ ions

in the MgF, and UFB layers respectively, the vacancies
would originate at the interfacé; Pore formation

cannot be completely ruled out but the most likely
explonation is the reduction of the effective area by

the formation of thin uranium lamellce or globules at

the UFB/MgF2 interfacc. In fact exomination of Figs. 3.5a 832
shows that in the initial period of the reaction a large
amount (between 80 and 90%) of the Mg which reacts with

the pellet is used to produce uranium, This is also
supported by the nresence of the relatively large

uranium globules and lemellae on the top of the MgF,

layer (sce Plates 3.15 and 3.16). A switch over to

the parcbolic rate law would occur when o relative
larer amount of Mg starts to be used to produce UF
end/or when the strain resultant from the outward growth
of the MgF2 loyer is sufficient to detach the uranium
particles from the UFB. A proof that the uronium
particles formed initially do not become immediately
detached from the interface and are in fect covered by a
very thin layer of MgF, is given in Plete L2 The
urenium particles on the top of the layer show different
stages of oxidetion, the more oxidised ones being nearer

to the place where the layer was cracked, thus ceasing

to protect the uranium from the atbtack of the ctmosphere,
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Le.2.7 Activation Energy

The values of the activation cnergy teken from the
measurements at two temperaturcs are hecossarily very-
inaccurcate since they would not take into account any
change in slope of the plot log k vs. 1/T. The
activation cnergy for the overall reaction and for the
partial rcoction yiclading UF3 were computed and cre 80
kecal and 123 keel. respectively. These values are
Bother higher thon those usually found for gas-solid
reactions, such os oxidation of metals, though not unique.
The parabolic rate constants for the oxidation of Cr and
Co, for instance, have an activation energy of 79.0 and

(36)

65.5 kecel, respectively .

The activation energy for kr is a very complex term
with contributions from various sources and, since so
little is known about the properties of the materials
concerned, no cttempt will be made towards its theorcetical
interpretation. It is perhops worth mentioning that the
unusuel high value of 120 kecal found for the reaction

(86)

producing UF_ gives weight to the hypothesis of D'Eye

3
(see section L4.2.3) thet anion wacancies in the UE3
lattice are not randomly distributed over all the enion
sites but concentrated in one of the two positions
availablc. If in foct the mechanism of migration through

the UF3 is o vacency mechanism, a very high activation
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energy should be cxpected since only %, or %, as the case
may be, of the cnion sites would contribute to the
migration of wvacancies. The layer structure of the UF3
would then permit only the migration of vacancies in
planes parallel to the layers thus restricting their

freedom of movement.

Le3 Preliminory BExperiments

L.3.1 Single Time Experimecnts

In scction 3.1 the scatter of the results in the
prelimincry experiments was discussed in some detcil and
was shown to have two possible ceuses (apert from con-
densation of magnesium which was prevented from run F.7
onwards):

(1) Initial hydrolysis of the UF, pellets by traces
of moisture (demonstrated by the result of run F.17) and
the consequent formation of a barrier of U0, between the
UFu and the Mg vapour, would prevent or delay the initial
period of accelercted weight gain found in the final
experiments (sce Figs. 3.2 and 3.3). The results would,
therefore, be lower and scattered, Adepending on the
extent of the hydrolysis, which in itself would produce
a weight loss. Such & phenomenon is well illustrated by
the result for the first reaction period of run F.8.

The pellet was placed in the reaction chember after

three consccutive reaction periods hed been carried out
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for run F.7. The cfficiency of the uranium getter was,
therefore, considerably reduced and the weight increase
of the pellet after L30 minutes of reaction was. lower
than thet obtainced for the first reaction period of

run F.7 which lasted only 70 minutes,

(1i) 4 scatter would olso be produced by partial
or total oxidaticn to U0y, of the U produced in the
reaction, cither on cooling (runs F.24 to F.28 ald
F.33) and/or during the reaction. The weight gains
in this casc would tend to be high. U0, formation is
indicated by the yellow-brownish colour of the MgF2

layer for the single time prelimincary cxperiments,

A test for the pleusibility of this interpretation
is provided by o comparison between the results of
experiments where oxidation occurred and those wherc
it did not. The weight goins per unlt area versus
time% are ghown in Fig. 3.5, for the final experiments
(curves 2 and 2' for 690°C and 620°C, respectively).

The dashed lines (curves % and 1') correspond to the

total weight gains of the pellets when the uranium metal
had been fully oxidised to U0, (see Teble 3.6). The
results for the F.24 to F.28 and F.33 runs where oXidation
of uranium occurrcd on cooling are represented by open

cirecles and lle between the curves 1 and 2, or very near

them, except for onc case (Run F.25) which lies below
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curve 2, It is interesting to note that for run F.33%
where full oxidation to U0y is likely to have occurred
on cooling (see pd02), the point lies very near the
curve 1, which is in good agreement with the finel
experiments, The curves 1' and 2' for thec final
experiments at 620°C cre also shown in Fig. 3.1 %o
allow comperison with the preliminary experiments.

The results of the single timc experiments1 are randomly
distributed either between curves 1' and 2' or below
curve 2', but none are above 1', as would be expected
from the interpretation given for the scatter of the

result52.

L.3.2 Consecutive Time Experiments

The non-reproducibility of the results for the
consecutive time experiments is to be expected from the
scatter in the weight goins for the first reaction
periods as discussed in the previous section. There

are, however, socme other characteristics of these runs

1o ‘The first reaction period of the consecutive time
experiments may also be considered as 2 single time
experiment.

2, One might expect some of the points for runs carried
out ot 630°C cnd perticularly for runs up to F.6 (where
condensction of Mg occurred) to lie above curve b'. In
fact this did not happen either to hydrolysis or to

only partial oxidetion of the uranium.
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which merit some attentions

(i) The overall rates of reacticn are higher,
even if allowance is made for the fact that
in these experiments the uranium was probably
fully oxidised to dioxidet This is seen by
comparing the slopes of curves 3 and l§ with
curve 1' in Pig. 3.1.

(ii) Discontinuities of slopc occurg in the
porabolic curves (curves 3 cnd 4 in Fige 3.1).

(iii) Break esway from parabolic beheviour takes

place,.

(iv) The MgF, loyer is convoluted.

A8 was suggested in section 3.1, the most likely
explanation for charccteristics (i) cnd (ii) is the
breaking of the MgF, layer on heating and/or porosity
of the layer during oxidation of the uranium metal which
certainly produces strain and deformation in the Mghs
(sce below). Higher rcection reates and discontinuity
of slope of the parabolic plots, though with a different
origin, heve been obscrved for the oxidation}of metals,

(1@2) (103)

such as Cu and Al in the temperatﬁre range
where the oxide scale is brittle and breaks periodically.
Hence, the reaction which hcad become comparatively slow,
becomes suddenly rapid at each break and the apparent

ratc of rcaction is higher. If the weight gains are
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very smell and determined in o discontinuous way as in
the present work, the parabolic plot will appear as @
linc with sudden chonges of slope due to a variation of

the average depth of the breaks in the outer layer.

There are at least two possible causes for the
breck awcy from parcbolic behoviour, found in the
congecutive time experiments, after o few reaction
periods. In the first plece, it may be due to deeper
cracks produced in the outer layer on heating, when the
thickness reachcd & critical valuc or its mechanical
strength had been seriously affected by the presence
of U0y in considerable amounts. On the other hand, the
green to black crystalline powder found in runs F.7 and
F.8 (sce section 3.1) strongly suggests that Uz0g was
formed as a result of serious deterioration of the
purity of the argon ofter some consecutive reaction
periods. It is difficult to ascertain whether the
higher weight goin associated with the formation of
U308 could alone explain the deviation from parabolic
behaviour, Thc fact that the greatest amount of U308
was found ncer the cdges of the pellet, where the strain
in the laycr, cond, therefore, its tendency to crack, is
likely to be higher, suggests that formation of U308 and

breaking of the layer ore actually associated.
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The convolutions in the MgF, layer were found melnly
in the consecutive time experiments ond are illustrated
in Plates 3.1 and 3.11, They bear a striking resemblance,
though to a lesser extent, to the wrinkles producced in the
MgF2 by the oxidation of the U metal to U308 ot %SOOC, in
the final experiments (see Plate 3.3). The gradual
oxidation of the uranium to dioxide during the consecutive
time experiments and the increase in volume which follows
the oxidation, may thus have & simllar cffect, though to
a smaller extent, creating strein in the MgF2 layer which
eventually is relecsed by the formation of convolutions,
Another possible cause of the convolutions would be the
formation of blisters in the layer on cooling after each
reaction period. Such Dblisters would reduce the effective
area in the subsequent runs and a thinner MgF, layer
should be expccted in the region where they are formed.
Observation of Plates 3.1 and 3.11, however, does not
show any thinning of the layer and such a mechanism is,

therefore, improbable.

L4+3.3 Balloon Formation

The occurrcnce of belloons, mentioned in section 3.7.2,
was observed only in the prelimincry experiments and
perticularly in runs F.5 end F.6. This indicates that
their formation is related to the deficient purification

of the argon which was a common characteristic of these
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runs. A possible mechanism for their occurrence is that,
in the initial period of the reaction and when the MgF,
layer was still insufficiently thick to protect the UF3
underneath, hydrolysis of the trifluorides occurred with
liberation of HF which blew up the balloons. The high

plasticity required from the MgF_, for such balloon

2
formation could be obtained by 2 loceal increase in
temperature resulting from the concomitant, highly
exc thermic oxidation of the uranium mctal produced at

the interfoce,

in elternative suggestion is that, on heating, some
particles of Mg are condensed on the pellet and as &
result of the rcaction which follows become overheated

end veporised suddenly, thus blowing the balloomns.

4.4 Powder Experiments

. (20)
The cxperiments of Paine, Reuhle and Lewis on

the reduction of UFu powder by Mg vapour have already
been mentionecd in the Introduction. A dctailed
analysis of the experimental technique and results can

now be given herc,

& weighed amount (0.5 = 1.5 g.) of UF), powder was
spread evenly over thc bottom of a stainless steel boat
which was fostencd clongside a similar boat containing

gronular Mg, Both boats were covered with & stainless
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steel cover, bent up ot the centre, to give clearancc
for the Mg vapour to pass. The boats were placed in a
flanged stainless stcel furnace tube and heated to the
reaction temperaturc under a helium atmosphere; The
temperature differenticl between the ends of the boats
varied from 25° at 580°C to 35° at 820°C. The amount
of urcnium produced in the reacction was determined at
the end of each run, by forming uranium hydride, decom-
posing the hydride by heating, passing the liberated Ho
over hot copper oxide and collecting the water formed in
a Nesbitt absorption bulb containing magnesium perchbrate;
The amount of magnesium in the reacted sample was 4l1s0
determined by chemical analysis; In the majority of
the runs there was no UFh left unreacted and the amount
of magnesium which had not been required to produce the
uranium found was cqual to that required to reduce the
remainder of the sample from thettrifluoride. Only two
or thrce runs were carried out, at each temperature, for
different times. The % conversién to uranium metal, at
each temperaturc, was assumcd to be proportional to the
‘reaction timee. The rate of reaction expressed in
percentoge of U converted per hour was found to fit
roughly the cquaticn:log rate = g long P + C
where P = vapour pressure of Mg at the given temperature
(in mm Hg)

C constant

No theoretical interpretation was given for this equation.
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Taking into account the results of the present
work, some serious objections may be raised as to the
quantitative valuc of these experiments:

(i) The assumption of linear rate of reaction at
each temperature is a very gross approximation
not justified by the results of the prescnt
worke

(ii) No attempt was made to determine the specific
erce of the puywder which is an essential
variable in determining the rate of reaction.

(iii) The large temperature Aifferential in the

furnace would introduce & considerable error
in the reaction temperature, Due to the
high activation energy of the overall rate of
recction, this error is likely to affect con-
sidercbly the determincd rates of reaction.
(iv) The results were rather scattered which may
have been due either to any of the previous
causes, or to the effect of the bed depth, as

shown by the following results obteained at 705°C.
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Duration Determined Colculated™ Sample Size
Hrs. % U AU g
140 15.7 16 1.50
1.0 3h.2 35 0.L7
1.0 3243 37 0.51
2.0 33.0 33 Telily
b.o 5h.2 54 0.52

& From the analysis for Mg

Under thcese conditions the results have only
gqualitetive value and the proposed rclationship between
the rate of reaction and the vapourpréséureSOf Mg lacks

any theoretical or experimental foundation.

4.5 Discussion of the Technological Process

The general aspects of the technological process
for the production of uranium by magnesium reduction of
uranium tetrafluoride were reviewed in the introduction.
The main factpors influencing the yield and the quality
of uranium metal recovered are the ultiméte reaction
temperature and the viscosity of the slag. On this
basis it is easy to understand the observed effects of
such variables,as surface to volume ratio of the reactor,
density of the charge, liner thickness and heating rate,
since these all affect the ultimate temperature of the

reaction in an obvious way. On the other hand, the cffect
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of impurities, such as UO,F,, U0, and UOB’ which were

found to reduce the yield of uranium metal when present

in relatively large amounts, may be explained in part by
their occurrence in the products as unreduced compounds,
but also by their effect on the viscosity of the slag.

As pointed out by Belll?1) tne solubility of U0, in
liquid MgF, is very small and any amount ‘taken into
solution at higher temperatures will precipitate on
cooling and undoﬁ&édly will increase the viscosity of

the slag, which is most unfavourable for a good slag-metal
separation. Even if the impuritics are completely reduced
to uranium metal, at the end of the process, a correspond-
ing amount of MgO will be produced. Small additions of
MgQ to the molten slag may be advantageous since it may
lower the melting point of the MgF, by as much as 40°C
for the eutetic composition of about 5.5 wt. % of Mg0(104),
Beyond this composition)however, complete fusion is not
attained even at 1700°C and the presence of solid Mg0O in
the slag will increase its viscosity. Some impurities,
such as U02F2 and UO3 may be advantageous from the point
of view of the ultimate temperature of reaction, since
their reduction by mégnesium is almost twice as exothermic
as the reduction of UF,. The addition of UO,F, and IK%,
however, should not be overdone, since +too much heat can
lead to blow outs and also, becausc of the deleterious

effect on the viscosity already mentioned.
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The effect of an excess of Mg on the yield may probably
be explained on the grounds that up to a certain extent
it increases the availability of magnesium vapour at
high pressure all over the charge, thus possibly
increasing the rate of reaction of the UF4 and the %
conversion of the impurities +o uranium metal. Above
a certain limit, +these advantages are lost due to the
adsorption of the considerable amount of heat required
to vaporize the Mg, thus lowering the ultimate temperature

of the reaction.

Evidence has been given by several authors that’
as a result of secondary rcactions, the following products

are produced during the pre-ignition period:

(i) H, and Mg0, as a result of the oxidation of
magnesium by moisture probably at temperatures

1
below 500°C.

(ii) HP and UO,, either due to a cyclic process of
the type discussed in the introduction or to the

hydrolysis of UF4.

1. 1In the preliminary experiments, it was found thet the
reaction between Mg and water vapour in the argon was
extremely slow at temperatures up to 600°C and it is
therefore considered more likely that the hydrogen is
produced by the series of reactions discussed on

page 14,
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(iid) MgF, films on the Mg, due to the reaction with

HF liberated by other secondary reactions.

(iv) UF, and WgF,, due to the reaction of Mg wvapour
3 2

with UF4.

The effect of the formation of UO2 on the efficiency
of the process has already been discussed, but it may
also have other effects when produced by hydrolysis.
The observation by Milosavljevich and Baird 12) that
brown colouration starts to occur in the charge at 350°C,
suggests that this is the temperature at which hydrolysis
starts. Similar observations were made during the
development stage of the present work. Since reduction
by magnesium vapour occurs only at higher temperatures,
the formation of thin films of UO2 on the UF4 particles
may delay, though not prevent, the onset of the reduction,
as the results of the preliminary experiments in this work
demonstrated. The result may be an increase in the
ignition time with a consequently greater amount of
undesirable UO2 formation. Harper and Williams(ll) have.
in fact, observed that whenever the charge was held at
temperatures betwecen 400°C and the ignition temperature
for more than 30 minutes, poor yields werc obtained due
to the formation of beads of uranium cmbedded in a matrix
of brown slag. The brown colour is certainly due to

the presence of UO2 which increased the viscosity of the
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slag on cooling, thus preventing the agglomeration of the
uranium globules as was suggested by Harper and Williams.
However, other causes could also have contributed to this
result. Thus, the fact that the charge is held for long
periods in the region of temperature where the reduction
of UF4 by Mg vapour may occur, will certainly result in
the formation of UF3 and uranium globules interspersed in
the Mng, as was demonstrated in the present work. The
reduction of UF3 being less exothermic than the direct
reduction of UF4 gives rise to a lower ultimate temperature
and consequently poorer slag/metal scparation, This is
confirmed by the fact that on adding UPs to the charge

in percentages above 5 wt. %, poor yields were generally
obtained. The fine globules of uranium interspersed in

the Mng, produced in the pre-ignition period, will not
then be able to collect due both to a lower ultvimate
temperature and the higher viscosity of the slag; due to

the UOQ. The amount of uranium globules trapped in the
slag should then increase with longer pre~ignition periods)

and this was also obgerved by Harper and Williams.

It follows from this analysis that for improved
recovery and quality of uranium the rate of heating of
the reaction vessel between 400°C and ignition should be
increased to the maximum compatible with a reasonably
uniform distribution of temperature within the charge, so

that the extent to which the Mg wvapour reacts with the
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UF4 and the possibility of the formation of UO2 by

hydrolysis is reduced to a minimum.

“As mentioned in the introduction there are still
doubts as to whether the ignition is started off by the
magnesium vapour - UF4 solid reaction. A possible way
to tackle the problem would be to check whether the
kinetics of the reaction alone can account for the sudden

ignition of the charge in the bomb reduction.

Considering one particle of UF4 of mass W and surface
area S undergoing reaction with Mg vapour, the differential
equation governing the temperature as a function of time

can be written in first approximation as follows:

aT _ am
CpW-a-;E——XS (T—TO)+QSa-_E

where Cp

]

heat capacity of UF4

W = mass of the particle of UF4
= heat transfer coefficient
S = surface area of the particle

TO = temperature of the surroundings

Q = hcat of the reaction expressed as a
function of the weight of Mg which
reacted with the particle

m = weight of Mg reacted with the pellet per

unit area.

Since the temperature of the surroundings for a particle

of UF4 inside the bomb is not very different from that
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of the parficle itself theequation may be written:

c;»w%-_%:qs%%

In the small bombs, the ignition usually takes place in
about 30 minutes and therefore the kinetic law which

applies is that of the initial period:
m = k 1ln at

By substituting in the qguation above and taking into

RT

account that k = k, € , the following differential

equation is obtained:

E Q Sk
vy _ o dt
e dT = -EE—W— ==

The solution of this equation requires numerical methods,
and no attempt for its integration will be made here.

It will only be mentioned +that for the conditions of
auto-ignition to occur the second derivation %;g should

be positive. Calculations have shown that such a
condition is met at 580°C when the specific area of the
particle is higher than 30 cng'ljwhich is a condition
very likely to be observed in practice. As a term of
comparison, the specific area of a spherical UF4partic1e of

0.1 mm diameter is around 100 cng"l.

An analysis on the lines suggested above, or in thm( )
105
more refined way recently reported by Jacobs and Kureisky 9
could be useful for clarifying this question, though

more experimental data would be needed.
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4.5 Summary

The reduction of uranium tetrafluoride by magnesium
vapour at 620°C and 690°C proceeds through the formation
of the trifluoride which concomitantly is reduced to
uranium metal. Two coherent product layers are formed
on the surface of the UF4. Marker experiments and other
cvidence shows that the outer layer (Mng) grows outwards
by the inward migration of Mg2+ ions while the inner layer
(UF3) grows inwards into the UF4, probably by outward
migration of fluorine ions. Uranium metal is at the
same time produced at the UFB/MgF2 interface as very
fine globules or thin lamellae, The rate determinin
step of the overall reaction is the migration through
the.MgF2 layer. Both layers grow according to a parabolic
rate law after an initial period of reaction which varies _
between 280 min and %80 min at 690°C and 620°C respectively,

where a different rate law is observed.

The parabolic constanits for the overall reaction are

1.8 x 107 and 4.75 x 10710 gzof Mg e~ *min™t at 620° and

690°C respectively. The parabolic constants for the partial

reaction ylelding UFy are 6.7 x 10710 and 1.1 x IO"lngcm4

min™t.  The accuracy of the results in the initial period
doesivt allow one 1o ascertain the type of rate laws

foliowed but the smooth curves fit a direct logarithmic
relationship very well. Such a rate law would be accounted

for by the decrease in the ocffective area which results



- 197 -
from the formation of uranium at the interface.

Prom the evidence obtained in this work and in the
literature it was suggested that the more likely type of
lattice disorder - to be found in the rutile structure
of the MgF2 is the cationic Frenkel disorder with an equal
concentration of cation interstitials and vacancies.
From Wagner's cquation for the parabolic growth of
a cohcrent layer an estimation was made for the transport
number of the electrons across the MgF, layer. It was
found that at 690°C at least, it is very likely that the
transport number of the electrons is sufficiently high
for the migration of the electrons to cease to be the

rate determining step.

4,6 Suggestions for Further Work

From the results obtained in the present work it is
suggested that any further rescarch on the kinctics of the
reduction of UF4 by Mg vapour should be carried out along

the following lines:

(1) The kinetic studies should be extended to
higher temperatures in order to determine whether
the same rate laws still apply and to determine
with higher accuracy the valucs for the activation

energies,

(ii) Further studies should be made on the mechanism

of migration through the UF3 and MgF2 layers under
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the actual conditions of the reaction.

(iii) The influence of the vapour pressure of
magnesium on the rate of reaction should be determin-
ed. If the proposed mechanism of excess magnesium
being introduced in the MgF2 lattice in
interstitial sites is wvalid, the following

equilibrium should take place:
g(v) = Mg®T(i) + 2e

If other disorder equilibria are negligible, then the
concentration of electrons is twice that of the Mg2+(i)

interstitials: C, =2 CMg2+(i)’ and using the ideal mass

action law one obtains:

Hence,

C = 2 C = const. P,
e Mg2+(i) g

i.e., the rate of the reaction should be pfoportional

to the cube root of the magnesium pressure.

-
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APPENDIX I

CONTRIBUTION TC THE STUDY OF THE REDUCTION
OF URANIUM HEXAFLUORIDE BY SODIUM
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I.1, Introduction

The successful development of atomic energy, during
the last war, led to the establishment of vast industrial
complexes to produce plutonium and uranium - 235, The
operations included in these industrial complexes are:

(i) Exploration, mining and milling operations, which
produce the raw materials.

(ii) TFeed materials operations, which lead to the
production of uranium metal and uranium hexafluoride
by reduction and fluorination of the uranium
tetrafluoride, respectively,

(1iii) DNuclear reactor and isotope~separation operations,
in which plutonium is produced from the U metal and
3235 from the UFg, respectively.

From this simplified scheme, it is apparent that

practically all isotopically enriched uranium is

initially in the form of UFg which must be chemically

converted to UOp or to uranium metal.

The production of enriched compounds does not
differ chemically from that of normal assay uranium.
The most widely used procedure consists of continuously
reducing the UFg to UF) with hydrogen, and converting,

in a batch operation, the UF, to uranium,
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The development of & continuous process for direct
reduction to uranium could, therefore, bring significant
economic advantages. Other »nossible uses would be the
recovery of uranium from tails of the gaseous diffusion
isotope scparation and from the product of the wolatility
fuel process schemeﬁi which is UFg. The choice of sodium
metal as a reducing agent seems to be, potentially, the
best. It would be cconomical and easy to handle from
the engineering standpoint because of its low transforma-—
tion temperatures, low melting sleg (NaP) end high slag

solubility in water.

T.2. Thermodynomic Considerations

Te2e1. Thermochemical Data

In the following Tables I.?, I.2 and I.3, the more
reliable thermochemical data reported in the literature,
up to 1960, are listed for the compounds and elements of

interest in this work.

"® Fuel elements in a reactor, requirc metallurgical
reprocessing after only part of the fuel material hes
been consumed. The reasons for this reprocessing
include change in thermal properties, lowered reactivity
of the reactor due to depletion of the fuel element and

poisoning, damage to the fucl element by corrosion,

by dimensional changes or by mechanical failure, etc.
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The following symbols are used:

Co molar heat capacity
G free energy
AG free energy of reaction
H heat content
H heat of reaction
Lgy £y 5, & molar latent heat of evaporation; fusion,
sublimation or transformation

S cntropy
Y entropy of reaction
o e molar entropy of evaporation
T ebsolute temperature

(so1) solid state

(1iqg) Tiquid state
(g) gaseous state

Values enclosed in parentheses are estimated and
were taken from Glassnergloﬁkfter this work had been

(1OO> published an

carried out, Rand and Kubaschewskl
essessment of the thermochemical data of uranium
compounds; therefore no dlscussion will be given here
of the values encountered in the literature. IThe values
selected in this work do not differ greatly from those
proposed by Kubaschewski and Rand, and in their majority
are well within the limits of error indicated by these

authors, In Teble I.1 the limits of uncertainty given
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were esbtimated either to include the majority of the
experimental data available in each case, or to represent
the upper limit of error to be reasonably expected from

the particuler method of obtaining the data,

TABLE I,4 HEATS OF FORMATION, STANDARD ENTROPIES AND

STANDARD FREE ENERGIES OF FORMATTON

| Substances H898 8898 -g;Ggga
Keal C.U. Keal
F,(g) 0 u8.5 ¥ 0.1 0
Na(sol) 0 12,2 £ 0.1 0
NaF(sol) 136.,0' £ 0.5 13.1 ¥ 0.6 129.0 * 0.7
Ul &) o 12.0 ¥ 0.1 o
UF5(s01) 340 £ 10 (26 1) 322 42
UF),(s01) uy3 5 36.5 £ 0.5 21 t 6
UF5(s0l) Les * 8 (48 £ 8) w62 £ 10
UPe(g) so4 ¥ 6 90.3 ¥ 0.2 el * 6



TABLE I.2

Substance

Na(sol)
NaF(sol)
u(>)
u(As)

u( /)
UF3

U,

UFg

UFg
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Remarks

= U( %) *?U(/'é)
=U(p ) ~>U(L)

# gublimation

AT ON TRaANSFORMATION, FUSION AND
EVAPORLTION
M.p.v Lf BePe
Kcal/mole  °k  Keal/mole
371 0.62 1187 19.7
1269 7.8 1977 24.3
936%  0.69% - -
1043% 1.15% - -
1403 (L.7) 14200 24.0
(100) (8.5) (2550) (2L)
1309  (14) 1690  30%7
(560)  (7) (800) (22.5)
337.2 L.57 330% 31459
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TABLE I,3 HEAT CAPACITIES

_ , -1 -
+ BT + o 24 aT° cal mole i

Cp =2 deg

ZDod 3 =5 6
Substance dgg%_._ 4 a b x 107 ¢x10” 4 x 10~ Temp.,range

mole™ °x
By (g) 8.33 8.29 o.4y =0.80 - 298-2000
Na (sol) 6.806 9.936 -28,05 - 57.88 298-371
Na (liq) - 8.958 ~L.579 - 2,54t  371-1187
Na (g) - 4.968 - - - 1187~
NaF(sol)  11.00 9.66 L. 50 - - 2981268
NoF(1iq) - 16.0 - - - 1268-1977
NeF(g) - (8.9) - - - 1977~
U (x) 6.7 30 15 8.l Q.80 - 298-936
U(p) - 10.38 - - - 936-10U3
U () - 9.10 - - - 0L 3~ 1403
U (1iq) - (8.99) - ~ - 1403~
UF3(sol) (22.2) (20.1) (7. 1) - - 298~1700
UF3(1iq) - (34.0) - - - 4700-2550
UFu(sol) 27.7 25.3 7.98 - - 298-1309
UFh(liq) - (41) - - - 1309-1690
UFg(sol) (34.6) (31.9) (9.0) - - 298-560
UF5(1ig) - (43.97) - - - 560-800
UF5(gas) - (19.9) (10.0) - - 800~
UPg(sol)  39.9 20,082 161.2  10.47 - 298~-330
UF¢(g) 31.2 32,43  7.936 -3.207 - 298-1000
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I.2.2 Standerd Free Energies of Formation

From the data listed in Tables I.1, I.2 and I.3, the
Standard Encrgies of Formation of the different compounds
werce calculated as & function of temperature, using the

well known equations:

HS = H o
= 4 Cp 4T
T 298 298
T

o o /
84 =8 S Cp 4F
O — 0 - ‘i
GT —-HT T ST

For a reaction of formation like:
U (o) +2F, (g) - UF), (sol)

the corresponding values for the heet, entropy and free
energy of reaction, denoted by A H, AS and AG, may be
obtained by taking the difference:

AH = 5 H (products) -~ £ H (reactants) (I.1)
and

o) O ; un

o T
ASS = As3 +/ A cp 4T
T 298 Yooy 1

AGn = AHY =T ASg

where [ Cp is the change in molar hect capacity for the

reaction and is obtained by an equation similer to (I.1).
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- FREE ENERGY EXPRESSIONS

A@ =4 + BT 1T + (C = 10™2)1° + (D x 10‘6)1*3‘ + (Ex 105)5'_=*-":L + FT  Cal/mole
Reaction I B < D ] B F Tempréangeé
JU(x )+3Fo(g) < UFg(g) 505800 | ~lb.h1t 0.9% - 0.805 | 97.1 | 298-936
U( 4 )+3Fo(g) 7 UFg(g) -501700 [ 2.82 |-3.308 | - 0.403 | 47.%0 | 936-10L3
U( ¥ )+3F5(g) ~UFg(g) -503000 1.5k ~3.308 - 0.403 | 57.L2 [1043~1403
U(lig)+3F,~ UFg(g) -503200: .43 | ~=3.308 - 0,403 | 58:4Y4 |1403-
U( x )+2E2(g)viUFu(sol) 44200 | -5.57 0.67 - -0.40 | 108:4 298-936
U(£ )+2F,(g) v‘UFh(sol) ~441900 | +1.60 -3.55 - -04 80 59:5 936-10L3
U(¥ )+2Fy(g)— UF),(s01) -444300 | +0,.38 =355 - -0+ 80 70.36 |1043-1309
U( T )+28y(g) ~UF,(1iq) L2000 | =15.3 O.Llb - | -0.80 |178.2 |1309-1403
U(1lig)+2Py(g) »UF),(1igq) |-4b9100 | ~15.4 0.4l - -0.80 |182.3 |1403-1690
U(1iq)+2Fy(g) ~UF) (g) -3961480 { -18.4 O Ly - | -0.80 [173.5 {1690~
Na(s)+:F,(g) - NaF(sol) - 135500 Lo} 15 16,16 }(9.64 | -0.20 0.71 | 298-371
Na(lig)+3Fs(g) ~NaF(sol) | —135800 3.438 | ~4.y29 {o.Lh2% | 0.L423 3.93 | 371-1187
Na(g)+3Fa(g) > NaF(sol) ~162100 | -0.552 | -2.14 - | -0.20 | 51.35 [1187-1268
Na(g)+:Fo(g)~ NaF(1liq) -158740 f —6.90 0.11 - -0.200 [91.51 |1268-1977
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In Toble I.h,; the results of these walculations
hana been summarized. Since for the compounds UFz and
UF5, most of the data are estimated, their accuracy does
not warrant fresh calculations. The equations proposed

by Glassner(106>

were used and are not listed here,

Values of the Free Energies of Formation in Kilocalories

per gram atom of fluorine as a function of temperature

have been plotted in Fig. I.1. The advantages of this
type of plot have been discussed by Kellog(107). In

| this graph the symbols M for melting point and B for

boiling noint of the elements were used, The same

symbols enclosed in a square were employed for the

compounds.,

T.2.3 Heat of Reaction and ALdiabatic Reaction

Temperature

The temperature of the reaction products immediately
after reaction is, in practice, a function of the proportion
of the\reaotants, the initial temperature of the reactants
and the energy exchanges with the surroundings, during
reaction, In the ideal case of an energetically isolated
(adisbatic) system, the temperature attained by the
reaction products is called the "ediabotic reaction

temperature',

For the reduction of UF6 with a gtoichiometric

amount of sodium, the adiabatic reaction fempcrature was
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calculated to be 1977°K (b.p. of NaP), even for an initial
reactants temperature of 2980K,.so that if we consider the

reactions
UFg + 6 Na = U (lig) + xNaF (g) + (6 -~ x) NaF (1liq)

v Iq Ty T
where: L4 - reactants temperature in °k

T = 1977°K - products temperature

X - moles of Nal vapour formed per mole of

uranium produced

- the perccntage of NaF vapour in the products can be
calculated as a function of the reactants temperaturé,
using the data given in Section I,2. The results of

these calculations are given in Teble I.5 together with

the heat of reaction at the different temperatures,

In Fig. TI.2, the percentage of vaporized NeF in the
products is plotted versus the reactonts temperature,
Discontinuities in the graph correspond to the transforma-
tion points of the different substances involved. These:
substances and their physical state are also indicated

in the graph.

T.2.4 Intermcdiate Condensed Phases

Assuming that the overall reaction UFg + 6Ne—U + 6NaF
may be represented as composed of successive reduction
steps through the intermedicte fluorides down to uranium

metal, it is of interest to know the nature of the
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TABLE I.5 HEAT OF RELCTION AND [DILBATIC REACTION

TEMPERATURE FOR THE REACTION:

UFg (g) + Ve > U (1ig) + xNaF (g) + (6 — x) NaF (liq)

Temps, of Heat of ALdicbitic React,
reactants, Ty égact%ggl x Temp., To
Ty .k
298 ~312,0 1.87 1977
%74 Na (sol) -312.1 1.98 1977
371 Na (lig) -315.9 2.0l 1977
500 ~-315.8 2.23 1977
936 U ( o ) -312,9 2,89 1977
936 U (2 ) ~313.8 2.91 1977
1000 ~313.0 3401 1977
0L3 U () -312.5 3,06 1977
043 U (1) ~511.3 3.07 1977
1187 Na (1iq) ~310.5 3431 1977
1187 Na (g) ~450,9 5.95 1977
1200 -1150.3 5.96 1977
1268 NaF (sol) “4L8.L 6. 00 2022
1268 NaF (1liq) -401.6 6.00 2022
1403 U ( § ) -397.2 6,00 2179
1,03 U (1iq) ~392,L4 6.00 2179
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different phases encountered by the recction on its way

to completion, Calculations were made for two reactant
temperatures (500°K and 1OOOOK), essuming thet in each
step the reaction goes to completion and the heat evolved
is used up to heat the products, which then react to give
the next fluoride and more heat, snd so on, until complete
conversion to uranium. The results are given in Table I.6.

This stepwise mechanism is illustrated by the following

equations:

1) UFg + 6 Na — UFg + 5 Na 4 NaF + AHp,

2) UFg + 5 Na + NoF' — UEu + L4 Na + 2 NaP + stTz
T o, Ty T T T,

3) UF, + L Na+ 2NeF — URj + 3 No+ 3Nl + Alp,

2, T3 Tu Tu Tu

Ty
L) UFz +3Na+3NaF — U+ 6 NaF + AHg

Tu TM Th T5 T5

T.2.5 CONCLUSIONS AND PREVIQUS REXPERIMENTAL WORK

From the plot of the stondard free energy of formation
~of the fluorides, in Pig. I.1, it 1s apporent that sodium
reduces all the fluorides over a wide range of bemperatures,
only ot 1930°K does the NaF line cross the UFy, line
indicating & positive standard free energy change for

the reaction.



TABLE I.6. THE NATURE AND COMPOSITION (moles) OF THE PHASES IN THE STEPWISE MECHANISM

Reactants. Uranium Sodium Nep Heat of reaction
Stepm| temp. in each fluorides in each step
i steop 'l".lOK . . , . A By , Keal
Tig )\ g | ligl g so;! lig | g L
1 500 UPg - 11 & - - - - - 120
2 1187 UF5 - |1 3.4] 4.6 1 - - - 138
3 151 UF), 1 |- - b - 2 - - 59
Ly 1977 UF% 1 |- - 3 - 2.7 0.3 - 112
5 1977 U T - - - - 3.0 2.4 -
1 1000 UFg| - |1 6 - - - | - - 93
2 1187 UPg | - |1 3.3 1.7 1 - - - 138
3 1690 UF), | 0.590.L1] - Ly - 2 - - 93
Iy 1977 UF3 1 |- - 3 - 1.9 1.1 - 112
5 1977 u R - - - 2.8 3,2 ! -
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UFu-FLLN& — U+L’_N&F
The temperature of the reaction should therefore be kept
below this temperature, say ot 15OO°K,1 if the formation

of UFu is to be avoided.

The heat of reaction is extremely large at all
temperatures and assuming adiabatic conditions and no
excess of sodium, it will be sufficient to vaporize part
of the slag as it is shown in Fig. IL.2. The stabilizing
effect of the slag on the reaction temperature is exerted
over & wlde range of reactants temperatures, up to the
boiling point of the sodium (ca. 4200°K). The heat of
reaction is probably sufficient to maintain the recction
zone temperature at any predetermined value by controlling
either the temperature of the reactants entering the

reactor or the excess of sodium used.

From the results presented in Teble I,6 it is
apparent that, if a stepwise mechanism of reduction is
actually occurring, the uranium trifluoride and at least
part of the tetrafluoride are likely to be found in the
liquid state. This may have an adverse effect on the

kinetics of the reduction and, if the residence time of

1 Taking into account the limits of accuracy suggested

for the free energy curves in Fig. 2.1,
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the reactants is too short, some uranium may be lost in

tle. of f-gas line as unreduced fluoride.

At the time the present work was started the only
reference found in the literature to a UFG/Na reduction
process was o series of progress reports on engineering
development work, carried out at the Oak Ridge National
Laboratoryﬁ; up to December 1959, In this work, the
chemical feasibility of the process was fully established
and in one case o yield of 93,5% of consolidated uranium wes
obtained, Fully operability of the process cannot be
achieved, however, without additional engineering
development, mainly on materials resistant to the highly
corrosive reactants and slag and on & more sultable
design for the reactor. A final report was published
in 11961( 108), in which the experimental work is

summarized and similar conclusions are drawn,

®= Operated by Union Carbide Corporation, Tennessee, U.S.dh.
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APPENDIX II

JNALYSIS FOR URANIUM AND FLUORINHE
IN AQUEOUS SOLUTION
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Experimental Procecdure

The following procedure wag adopted for the deter=-
mination, by chemical analysis, of\the amount of uranium
metal present in the reacted UFh pellets:

(1Y The reacted UF), pellet was carefully placed in

a2 10 ml sintered glass funnel connected to a
suction pump through a 25 ml filter-flask,

(ii) 3 mI of 0.1N hydrochloric acid solution were
added to the pellet, Bubbling would start after
some seconds and would continue for 8 - 10 minutes.

(1ii) After bubbling had subsided the solution was
sucked into the filter~flask and the pellet washed
three times with 2 ml of redistilled water.

(iv) The pH of the solution was adjusted to 3.1 using
a pH meter, the solution was transferred into a 25
ml volumetric flask and the volume made up to the
mark with HC1 (pH=3.1) solution.

(v) Two samples of 10 mI of the solution thus pre=- .
parced were analysed for uranium and fiuorine,
respectively.

Analysis for fluorine

(vi) The sample of 10 ml was pipetted into a 50 ml
beaker and 3 ml of Ferrisal solution added.
(wii) The solution was stirred for 2 minutes and the

percentage transmission of the coloured solution
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was immediately measured at 530 mu using L cm

cells on a Unicam SP 600 spectrophotometer.

The following wveagents were prepared:

Salicylic acid solution: 685.0 mg of cnalar salicylic

acid were dissolved in water and diluted to 1 litre.

Ferric chloride solution (300 mg Fe/ml): 1450.0 mg of

ansler FeCl,, GHQO were dissolved in water; % ml of
hydrochloric acld was added to prevent hydrolysis
and the volume made to 1 litre with water,

Rerrisol solution: 10 ml of ferric chlorure solution

were added to 20 ml of salicylic cecid solution; the
PH was adjusted to 3.1 using a ﬁH meter and the
volume made up to 250 ml with HCL (pH = 3.1)
solution, The solution which had o deep violet
colour was stored in an amber bottle and remained
unaltered for weeks.

Hydrochloric acid solution,pH = 3.,1: 7 ml of 0.1N HCI

were diluted to 1 litre with water and the W™
adjusted to 3.1 using a pH meter.

Standerd solution of fluorine: analar hydrogen

fluoride was diluted to approximately O.1N and its
content determined by titration with standardlzed
0, 1N sodium hydroxide. The HF solution was

stored in polythene bottles and titrations carried

out in polythene beakers. The calibration curve



was determined by following procedure (vi) and
(vii) with solutions obtained by dilution of the
standard and with & content of 1.02, 2.55, 5.10,
7.1, 10.2 and 12.24 §/ml F. Beer's lew is
not’obeyed; this is not surprising, since the
method is based on the disccloration of the ferric-
salicylic complex rather than on the colour
intensity of a complex of the fIu@rine ion.

Analysis for uranium

(wiii) The sample of 10 ml was pipetted into a 50' mI
beaker and 2 ml of colourless analar nitric aclid
were added.

(ix) The beaker was kept in a water bath for two
hours to convert the uranium ions to valence state
(VI) and then allowed to cool down,

(x) The solution was neutralised with t:1 ammonia
and 2 ml of ammonium thioglycollete solutiom were
added.

(xi) The pH was adjusted to about 8,5 with 1:1

. ammonia using indicator paper.

(xii) The solution was transferred to a 25 ml
volumetric flask and made to volume with water,

(xiii) The percentage transmission of the colour
developed was measured, at 380‘mPL using L4 cm

cells, on the spectrophotometer.



The following solutions were used:

Ammonium thioglycollate solution: 10 ml of thiogly-

collic acid were diluted with approximately LO ml
of water and neutralised with 1:1 ammoniea, The
volume was then made un to 100 nmI.

Standard Urenium solution: a standerd solution con-

taining 2 g/1 U was prepared by dissolving 12,5932 g
of iron-free uranyl nitrate in water and Adiluting to
1 litre, The concentration of uranium was then
checked by gravimetry.
The calibration curve was determined by prcparing
a standard solution containing 0.1 mg/l uranium and treating
2, 4, 6, 8 and 10 ml portions sccording to procedurcs (x)
to (xiii). The blank was prepared in o similar wey with
no uranium wHresent, Beer's law is obeyed within the
whole range of concentretions,
The amount of uranium metal in the pellet was
estimated by subtractingfromthe totcl urenium content
found in solution., the stiochiometric amount of uranium
corresponding to the fluorine content, assuming that

only UF3 end uranium went into the solution.
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