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ABSTRACT

The kinctiecs of the oxidation of evaporated lithium
films and the nitridation of both solid and molten bulk
lithium have been investigated.

Oxidation was studied using a constant pressure thh—

- nique over the rangs 10-4 - 1072m.m. Hg and between 78°K and
32%9K, The resu. ;s were consistent with a2 modificd Mott
and Cabrera theory of,very thin film formation. The rate
was proportional to p? indicating dissociative Oo adsorption.
A linear dependence of activation energy on the reciprocal
oxide thickness was found as predicted by the theory, the
value of the maximgT activation energy at infinite thickncss
being 17 kcal.mole An cstimation was made of the total
number of metal sites/unit area of interface from which the
metal ion penetrates the oxide lattice. Above a certain
thickness and temperature, breakaway of the oxide layer
occurs regenerating the "original' metal surface for further
oxidation, due to stresscs set up by incongruent substrate/
epitaxial lattice paramcters and vacancy formetion at the
metal/oxide interface. A mechanism for O sorption to ‘
account for the p?¥ relationship has been proposed basscd upon
the eristence of surface kink sites.

The nitridation of solid lithiu% wag examined at con-
stant pressure between 273°K and 433 K, over the range 20 %o
600 m.m., Hg. A nucleation period with an increasing rate
- was found, followed by linear uptake. The nucleation
period obeyed a power law indicating two or three dimensional
growth of nuclei. The actigation energy was zero and the
rate was proportional to pleP, A mechanism, leading to
these results, has been proposed, based on the generation of
cracks in the nitride crust (under the stresses predicted by
the Pilling-Bedworth rule), which remained statistically
constant in number and effective dimensions, and through
which a mixture of Poisculle and Knudsen gas flow to the
metal interface occurse.

The kinctics of the nitridation of molten lithium,
studied at constant pressure between 500 and 638C°K over the
range 10.4% to 44.44 cm. Hg, conformed approximately to the
parabolic law, The rate was independent of pressure, but
dependont on temperatfre with an 2ctivation energy of
15.42+0.34 kcal.mole™~, consistent with an outward diffusion
of Iit ions - soluble in the Li3N lattice - as the rate

determining process.
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1 _INTRODUCTION

1.1. The Tithium Oxidation System.

Although there have been a large number of kinetic
studies on the oxidation and nitridation of meny metals
there have been relatively few investigations of the alkali
metals and in particular of 1ithiﬁm itself, which has interest-
ing and unique features.

First, it has the simplest electronic structure of any
metal, a comparatively small ionic radius of approximately
0.6 & (1) and a relatively low work function (2.48 eV) (2).

Secondly, as the first member of its group, it resembles
both Group IA members and the alkaline carths other than Be,
the so-called "diagonal rclationship".  Thus, Li alone of
the alkali metals but in common with the Group II elements
forms a stable nitride by direct combination of the elements.
It has extreme chemical reactivity and exists in the solid
phase over a comparatively small range of temperature.

The complications involved in the manufacture, handling
and storage of Li in the pure state and the consequent
difficultics in obtaining clean reéction surfaces, dﬁe to its
high reactivity, may well account for the comparatively few

quantitative investigations.

1.2, Laws of Oxidation Kinetics.

Since the oxidation of metals commences at the surface,
with the formation of a film, separation between the original

participants of the reaction is rapidly brought about.
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Some transport phenomena, through the film, is thus necessary,
in order for reaction to proceed.

Recent developmaents of solid state theory have provided
an understaending of many of the basic mechanisms of the
transport process, and thus made possidble thcoretical inter-
pretations of the oxidation laws found in prectice.

Duc to the cffect of the barrier film, different kinetics
arc found to hold over different ranges of oxide thiclkness,
and also of temperature and pressure.

The mcthods of investigation in most common use are
either manometric, where the decreasc of gas pressure or
volume is measurcd, or gravimeiric where increascs in weight
arc observed. Repults are thus usually exprescsed as

increments in weight W per unit surface arca at time .

1.2.1. The Logarithm;p Laws .

In logarithmic upteke, the rate is extremely fast
initially, but after a comparatively short time, of perhaps
a few minutes or hours,-tho rate falls to a very low value,
at which oxidation can be regarded as having ceased. This
type of behaviour is therefore often referred to as protective
oxidation. With Al reacting with dry 02, for instance,
Hart (3) found that oxidation procceds rapidly to a thickness
of about 30 £ after which the rate is negligibly slow.
Tarmman (4) first proposed an equation in which the thickness
of the oxide f£film at moderate temperaturcs is an exponcential

function of the tine.



t = aobg (1)
vhere t is the tinc, €@ the film thickncess, z2nd a and b
constarts. In this work the film thicknesscs were
obscrved by interferonce colours nroduccd by the very thin
films. This proccdurc was criticised on opitical grounds
by Evans (5) a2nd Munn (6), however, and the rclationshin was
thereforc of doubitful validity until it was verificd Tor the
oxidation of Zn bolow 400°¢ by Vernon, Ackeroyd and Stroud
(7), using a morc conventional technique.

Subsequent to these carly cxpcriments, many cases of an
exponcntial depeondence, under specific conditions of
temperature and time, have bhecn roported in the literaturc.
The logarithmic equation in its morc usual form,

X = kln(at + 1) ” (2)

where X is the thickness of tho film at time ¥, k and a arec
constants, a having the dimension (time)"l, has been found
applicable to the oxidation of copper (4, 8, 9, 10, 11),
Zinc (4, 7), cadmium (4), lecad (4), tin (4), mangancse (4),
iron (4, 12, 13, 14, 15), nickel (4, 16), aluminium (8, 17,
%), titanium (18) and tantalum (19).

This law rcferred to as the dircet logarithmic law,
usually applics at moderatec to low temperature and results
in relatively thin films.  Thus Tylecote (11) has confirmed
that the equation holds for f£ilms below a thickness of
10° £,

The sccond form of logarithmic law, known as the inversc

.
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log law, was first proposed by Mott on theoretical grounds
in 1947 (20), and furthcr developed by Mott and Cabrera in
1948 (21). The theory predicts the following relationship

'%Z = A - Blnt (%)

where A and B are constants.
This law has becen found to be valid experimentally, only in
rangcs of oxide film thickncgs of 100 2 or less, as predicted
theoretically, and usually a2t low temperatures in the region
of "very thin films®. There is an initial very repid rate
of oxidation, folloved by a rapid decrcasc in ratc, thercby
resulting in a protective oxide layer. It has been found by
Roberts and Tompking, for cxample, in the nitridation of
evaporated calcium films "(22). Other investigators have
shown it to hold for the oxidation of aluminium over a certain
range (3), for the low temperaturc oxidation of copper (23),
(24) and of iron (24) and of barium (25).

The third log. law of relatively minor importance is
the asymptotic log. law. It has been found to be valid only
for vory fow systoms; c.g. for the corrosion of pure
aluminium (26) in solutions of KC1l following the carlier work
of Bengouéh et al. for the corrosion of zinc and iron (27,
28, 29, 30, 31). U.R. Bvans (32) hac given a theoretical
bagis for this law, which has the forms:

7=k (10728 (4)

where W = weight incfoasc at time t and kl, k, are constants,

This is a truc asymptotic law, sincc 7 approaches a limiting
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valuc, kl as t becomeg infinitely large. Evans hags shown, (33%)
howiever, that e logarithmic form is ingensitive to small
deviations and somotimes variations of tho constants can

lead to onc law eporoximating znothor over various ranges.

Carc is thus ncoded in differontiating beotween thom. 0f the
various tv~orctical treatments and mechanisms which have been
proposcd to acccunt for 2n exponontial dependence of the

growth ratc, the two forocmost arc those of 2lott (21), which

is confincd to thin and very thin oxide laycrs of

stoichiometric comnosition, and of Lvans, which is based on

mochanical imperfections (3%, 34)..

1.2.2. The Parabolic Laiw.

The narabolic’ or squarc rbot lav: was first proposed by
Tamman (35) in 1920 and independently by Pilling and Bedworth
in 1923 (36). If a continuous cohecreont surfacce film of
oxide is formecd and the temperaturc is high cnough for g
diffusion process to he rate controlling the réto is inversely

proportional to the thickness of the film:

X
E=3% (5)
vhich gives on integration,
32 = kb o+ o, (6)

whore X is the film thickness at time t, and kp is the
parabolic rate constant. The integration constant is zcro
since X =0 at t = 0. It is cometimos neccssary to add a

congtant, other than that of intcgration, to fit the
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. ' 2/, - .
cxperimental results, as vhen plots of X°/% do not: interscet
the zcro point. In such circumstancces,

. kot o+ ol (7)

Although it has been showm cxperimentally that ¢! is often

X

negligibly small, its presconce can be ascribed to initial
disturbing phcenomena which arc not included in the theory.
Some of these have beon enumeratod by Gulbranscn (37); they
arc the coffcct of:

(1) the deercasc in roughness or surfacc arca as the reaction
proccecds,

(2) the hecat cvolved in the rcaction om the ratc of rcaction,
(3) the solution of oxygon in the metal,

(4) the concontration of impuritics in the oxidce during the
carly stages of rcaction,

(5) changes in oxide composition, and

(6) the influcnce of potential ficlds at the gas interfacc
duc to adsorbed oxygen ions.

If thcé recaction in the initial stages is controllcd by
boundary cffcets at cither of the interfaccs and only later
becomes diffusion controllcd, then as shown by Evans (38), a
morc gencral cquation is obtained.

Assuming that oxygon is moving inwards through the f£ilm,
its concentration in cxeccss of that valuc representing
cquilibrium . ... Uemetal, being Ci at the metal/oxidc
interfacc and C, at the oxidc/oxygon intorfaco; then the

ratc of transport is provortiomel to (Co -Ci) and the
X



oxidation ratc to Ci° In 2 stecady state,

ax
= KP(CO - ci)/X,

and by thc mass action law

ax
at ~ chi

where Kp is a physical constant, and K, is a chemical
congstant.

Eliminating C. gives,

1 .
dX _ X.K.Co
FEa s v
¢’ Tp
On integrating,
1 2 _ 1
2KCX + KPX = Kchcot + K
or K X% + KX = Egt + zt (8)

which approximates to the simplc parabola Whoﬁ X is large,
and to a lincar cquation vhen X is small, This is known
as the "mixecd parabolic cquation® and includces the
posgibility that two difforcnt processcs can be rate-
determining during the progress of the rcaction.

Obcdicnce to the parabolic law has bcen reported in a
large number of gsystoms, and it appears likoiy that over somc
range of temperoturc and pressurc the oxidation of most
~metals conforms with it. It is ugually found to hold in
regions of temperaturc hicher than thosce for which the log.
laws arc applicablc and for much thicker films, It confers
a modcerate degrec of protection on metals sincce the diffusion

time cventually bececomes so large that further oxidation may
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become negligible. Hoviever, with thick films mecchanical

breakdown becomes likely leading to flaking away and cracking,

with the possible conscquent rcncwal of oxidation and corrosion.
Of the various mechanisms propescd for the parabolic

law in termgs of fundamental concepts, the first and also the

most clcgant and complete theory is that of Wagner (39, 40).

An cxeccllent agrecoment has been obtaincd between the

cxporimental and preodictcd valucs in a number of cascs (40).

1.2.%. The Rectilincar Law

The simplest relationship in accord with cxperimental
rcesults is the rcectilincar law. This corrcsponds to a zcro

* order rate cquation,

ax

T =k (9)
or X =%t + k' (10)

It never lcads to protective oxidation since the layers

formod offer no resistance fo rcaction. Where the oxygen

concentration is very low, lincar oxidation might be cxpected

when the ratc is controlled by the rate of replenighment of

oxygen to the recacting surfacece. This statc of affairs occurs
capable of growing

vhen the film is / at a much faster rate than that at which

'oxygon ig being supplicd, particularly whon the oxide film is

thin and thc rate of tfansport of matcerial through it is

large. In such circumstences, a change of kincties would

be cxpected on raising the pressurc until the ratc of oxygoen

replenishment bccomes largér than the transport rate.
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A process in vhich oxygen has continual free access to
the metal surface would give the lincar law; as for cxomple,
when volatile oxides arc formod at the tomperaturc of the
cxperiment. This hogo been obscrved for molybdenum (41) and
thorium (42) at hizh temperaturcs.

Should gtroins be pregent in the cpitaxial layer
spalling or flaking away of thc oxide layer may rosult.

This lcads to periods of slowinz down ag the film thickens,
then speeding up co the film spalls, cxposing now moetal
surfacec, thercby giving o roughly lincar law over o period of
time (43). At lower tomperoturces oxygen moy have dirccet
access to the metal when the oxide layer is porous, as
Pilling and Bedworth pointed out, (36) for the oxidation of

calcium wirc.

1.2.4. The Pilling Bedworth Princinle.

Pilling and Bedworth introduced the concept of the
oxideo/metal volume ratio dcfined 25

molecular volumc of oxide ,
atomnic volumec of metal

cach being referred to cquivalent amounts of metal. On this
basis they divided the metals which deovelop oxide films into
two classcss

(1) thosc compriging light mctols, where the volumc of the
oxide is less than the motal volume consumcd in producing it,
i.c. when the volume ratio is less than unity, and

(2) thosc whero the volume ratio is greater than unity i.c.

where the volume of the oxide produccd is greater than the
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nctal consumed. Results of calculations based on density
mcasurcnents and crystallographic data, show that the
normal oxides of all the alkali and alkalinc carth mctals,
other than berylium, belong to the first group, while all
the heavy metals, including some fairly light metals,
(aluminium, beryllium and titanium), belong to the sccond
class (44). The authors argucd that when the volume ratio
was less than unity a porous oxide film must result, which
vould be unprotective and lcad to a reectilincar growth.

On the other hand, thosc oxidcs”with a volumc ratio greater
than'unity would form a compact and protective laycer. In
arriving at thesc conclusions theoy assumcd thﬁt the oxygcn
moved inwards towards the metal, conscquently, the oxide is
constraincd to occupy the volume of the mctal consumed;
this cffcet gives risc to stresses which can be rciieved
only by the oxidc doveloping porosity. Hoviever, it is

now known, from radioaoctive tracer and chemical marker
oxporiments (45, 46, 47), that in mony cascs the cation moves

outwards to the oxidc/oxygen interfacc. In these circum-

stances, with the oxide layer growing at the oxide/oxygon |
interfoce uncongtraincd by the volume of the metal congumed
at the metal interface, Vermilyeca (48) suggests that the
Pilling Bedworth principlec ig invalid. Cortainly thecre
arc o nunber of deviations from the principle, particularly

at low temperaturce, including the results of some of the

prescent work.
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1.2.5. The Cubic Law.

Occasionally o cubic relationship,

X2 =kt (11)
has been found to hold. This law appears to be well
substantizted in +the oxidation of zirconium (49, 5C) and
titanivm (51), and various workers have found good agreement
in gome temperature rangezs for the oxidation of copper (52,
23), However, other workcrs (53) studying the oxidation
of some copper alloys, nickel and stainless steel have
reported that valucs of the exponent "n" in the equation
X? = xt vary from 2.5-4. The fact that the valuc of the
exponent is often only approximately 3, and indeed in some
cascs may vary widcly about this valuc, has lead Evans (54)
end other authoritics to regard the cubic equation as
representing an intermediate region in a more gonordl
equation that fortuitously approximatcs to a cubic law;
whilst others e.g. Uhlig (55) and Mottt and Cabrera (21)
believe that the cubic law is sufficicntly well established

to warrant a theorctical interpretation.

1e2.6. Sigmoid Forms.

The last form of growth curve that has been observed
experimentally is the sigmoid form, recognized by a curve
which is concave upwards in the initial period, when weight
increase is plotted as the ordinate and time as the abscissac.

This behaviour is usually found at low oxygen pressures.
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Tylecote (52) found it to be valid in the oxidation of
coprer in the temperature range ZOO—SOOOCOV It is cxplained
by an initial slow nuclcation period where isolated nuclei
arc formedat points on the metal surface, followed by
laterdl growth of the nuclei until o more or less uniform

surface layocr is formced. Since it is cnergetically easior

for nuclei to grow than to be formed initially, this lcads
to an acceleratory period until the surfacec is completely
covered, after which a frangition to onc of the usual laws
occurs. If this is a parabolic law then the ratc decrcascs
and a curve concave downwards is produccd, giving a sigmoid
curve. The existence of nuclei related to and oriented
with thc grains of the substrate metal, growing laterally
to cover the surface, has been clecarly demonstrated by the
work of Bénard and Bardolle (56) on thcoxidation of iron.
Similar ovidence has been presented by Gulbranscn ct al.
(57), from clectron optical studics of oxidation of iron

surfaces at low prcssurcs.



1.%. Theory and Mechanism.

1.%3.1. General Considecrations.

The growth of on oxide layer is only possible if trans-
port of matter, as ions, and transport of charge by both ions
and elcectrons, can occur through the intervening oxide lattice
to the reaction front. According to Frenkel, Schottky and
Wegner (58, 59), for ionic crystal lattices, 2nd Wagner (60,
61) for scmiconducting ovidee, sulphides and nitrides, trans-
port of natter and charge takes place through the medium of
defects in the structurec. The existence of deviations from
the ideal crystel lattice is neccssary in order that the
lattice, in its cquilibrium conditiony. should have minimum
free energy. For = crystai ot OOK, no thermal vibrations
in the latticc are nossible, but on raising the temperature
such vibrations cause ztoms to junp from the normal lattice
sites to take up interstitial positions thereby creating
defects. This leads to an inecrease in the internal energy
of the crystal. However the free energy is comprised of
two terms of opposite sign

AF = AH - TAS
and although the enthalpy term AH has increased duc to
foranation of defccts the entropy term AS has also increased
since the number of distinguishoble configurations of the
systen having the samc encrgy has becn raised. . The number
of defects in all crystals increascs rapidly as the tem-

perature is raiscd (62). Two types of defcct are, in
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gencral, possible in ionic arystals:
(1) Frenkel defects, whers an ion leaves its lattice point
and moves through the crystal to take up an interstitial
site, sufficiently distant so that there is negligible
interaction batween them.

.
(2) Schottky defects. These are crcated by ions near the
surface of the crystal noving to build up new layers of the
lattice at the surface. To prescrve clectrical neutrality,
équal nunbers of cation and anion vacanciecs nust be created.
When ‘cation and anion differ widely in size, leaving'largc
interstitial sitcs, Prenkel defects will be favoured,
whereas, when cation and anion radii are commarable,
Schottley iisdrdcr is more likely.

Wagner, Schottky and others have cxtended these con-
cepts to semiconducting crystals, such as oxides and sulvhides,
by proposing that further latticc disorder may be produced
by deviations fron stoichiométry, They consider that cer-
tain oxidass ore stable with cither an cxcess or deficit of
one component, and Wacner (40) has ecnumerated the following
types of disordered structurc. An cxcess of nmetal may be
present as cations in interstitial positions giving free
clectrons, 2s shown, ¢.g. for Zn0, Fig.l.l. Since an
excess of metal is equivelent to a deficit of non-metal,
there may be instcad, anion vacanciecs and frece electrons,

(anion defect n-type semi-conductor).
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2t 02" zn®t 0% Pt 0%
02- A O2— Zn2+ 292- Zn2+
in
2n®t 027 gt 0% mn®t 0%
e
02— e 02- Zn2+ O2— Zn2+

Fig. 1.1, Lattice deffcets in zinc oxide. (Interstitial
cation n-type semi-conductor)

If there is a metal deficit, there may be either cation
vacancles and positive holes, or interstitial anions and
positive holes, (p-type). Encrgetically, anions in
interstitial sites in oxides, are not favoured duc to the
large anion radius.

\ Provided sufficient activation cnergy is available,
matter and clesctronic transport can occur by ions jumping -
through interstitial sites or into adjacent vacancics and

by electrons f£filling =adjacent positive holes, in the full

band. Pig. 1.2

cut  cut -—;Ej' cut
C 0% 02 0% ¢
oot ot ot ot

o

Fig. 1.2, Lattice defecets in cuprous oxide (vacant copper site
indicated by 2 squarc; positive holc represcnted by a

divaelent copper ion).

1e3.1.1. Motivating Forcc in Transport.

Por each mode of migration of clectrically charged
particles the motivating fcrce is the elcctrochemical

potential of the particle. The clectrochemical potentia17L
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is composed of the chemical potential)u and the electrical
potential V. If thcsc valuces are expressced in the sanme
wnits, c.g. electron volts, once obtains for the potential
gradiecnts of a species of particles i,

grad.‘!".l = grad. p. + %.grad.v, (1)

where Z; is the valeney or charge born by the species.

If Bi is the nobility of a defect speeiles 1, Di is the self
diffusion cocefficient, R. the gas constant, then by Einstcin's
relation (63) |

Putting ni(x) the concentration of defcets at the point of
abscissa x, and grad. ?L (x) the corrcsponding clectrochemical
potential gradient, thce following gencral expression for the
flux of defect particles i at point x is obtained, since the
flux of particles = mobility x conccntration of particles x

electrochemical potential gradient.

= Dy 1 a
Ji(x) = - ﬁ‘% n, (x)wgrad. N, (x) (2)

Resolving the clectrochemical potential into its chemical

e

part_p and clcctrical part V,

ni(x) = Py (x) + N, 7. L,V(X)g (3)

thus J.(z) = -2 ;(@{@ad‘p(1)+N ZGMXG

i
+ RT
wherc N, is avogodro's mumber and E(x) = grad. V(x),

electrical ficld a2t the noint x.
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1.%3,2., Formation of Cohorent Uniform Layers.

Bquation (4) is a perfectly goeneral relationship, but
it is important to kmow whether the chemical potential or
electrical field in thc braces is predoninant under certain
circumstances. At high tomperaturcs and with thick oxide
layers, mattor is transported, in gencral, under the
influence of thec chemical potential gradient (purce diffusion).
A%t much lower temperaturcs, and with very thin films, the
electrical potential gradient duc to the spatial separation
of electrical charges, is the important factor. Such
charges are situsted in semi-conductors ncoar the phasc
~boundarics in 2 region known as the interfacial layer, or
spacc charge layer. In the first casc, the kinetics
depend on the first term in the braces and conform to the
parabolic law. In the sccond case, they depend on the
.second term, since, 2t low temperatures, diffusion under
the action of 2 chemical potential gradient becomes

negligible.

1.3.2.1. Low Temperature —~ Thin Film Region.

At sufficicently low temperatures & chemisorbed layer of
oxygen atoms, only, is formed, fellowing dissociation of
the oxygen molecule on collision with the surface (64).
Chafge transfer results from the metal to the adsorbed
oxygen atoms, if fhc encrgzy levels of the oxygen atoms liec
below the Fermi level of the metal, The oxygen atoms thus

act ag trappli:g states for clectrons. The oxygen layer is



FIG. L.3.
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then negatively chargcd and a high field is set up. For
further growth of oxide into a2 three dimensional layer
higher temperaturcs cre necessary to provide sufficient
activation energy for ion movemcnt, assisted by the potential
gradient across thc oxide barrier. Further oxygen
adsorption must occur at thc outer surface of thisoxide
layer, the requirement being that clectrons nust penctrate
the oxide barricr layer.. ,ﬁgtf (65) proposes two mechanisms;
at higher temperaturce ponctration occurs by thermionic
emission, and at lower tempecratures by the gquantum-
mechanical tunnel effect. By this process anions arc formod
at the oxide/oxygen interfoce, and an equivalent number of
cotions 2% the metal/oxido interfacc. Mott and Cabrera (21)
consider the growth of an interstitial cation n-type semi-
conducting oxide layer. (Fig.1l.3.) Denoting the concentration
of iongs and clcctrons in the oxide, at a distance x from the
motal/oxide interfoce, by n,(x) and n (x) respectively, the
encrgy to remove an ion from its position in the metal to an
interstitial position in the oxide by Wi, and the encrgy to
remove an clecetron into the oxide conduction band as g,
(see fig.l.3.) then (Wi + @) is thc heat of solution of a
metal atom in the oxidc (zssuming complete dissociation).
At the interfacc, the concentration ny(o) of interstitial
ions is given by

Ai(O) = N, oxp (-Wi/kT), . (5)

where Ni ig the number of interstitial positions per unit
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volume in the oxide. Similarly the concentration ne(o) of
elcectrons ig ,
ny(0) = ¥ oxp(-f/km), (6)

where I = 2(2nka/h2)9/2, Also if ni(x), no(x) ore the
nunbers 2t any distonce x from the interface, the product
ni(X) ne(x) must be constont (mass action law)sy  thus at

large distances ni(x) and no(x) arc cqual, say to n, where
n = (YNiNG) CXD -%(Wi + ;Zf)/kT}° (7)
At intermedinte distances these quantitics can be deduced

from Boltzmann's laws

n exp(-cV/xT),

i

ni(x)
ne(x) = n cxp(cV/kT),
where V ig the electrostatic potentizl, and from Poisson's

equation
2 .
gxg _ 4m:_{ni(X) - no(x)},

assuning ions corry unit charge.

Substituting for n. and N, this gives '

1
d*v _ gmne eV (8
Sy sinh (E-T) )

where K is the dielectric constant. If x is lorge, and

V conscquently small, cquation (8) then bsconmes

av_xv
2 L2
dx Xo

where X =\/{A‘k’l‘/8ﬁﬁoz}o (9)
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The solution is

V = const. cxp(~x/Xo). (10)

We must thereforc distinguish betwecn systems wherc x ¥ Xo
or x<<X,, where X, is the thickness of the space charge
layer set up at the boundarics of the £ilm, When XJE7XO
we may regord the quantitics n; and n,as being cqual
throughout the oxide layer whercas when X{K'Xo'the apacc
charge set up in the material hos 1ittlc effecet and one can

thus discuss the motion of ions and elesctrons separately.

10302.1.1. Xﬁ Xoc

In this region, clectrons poss through the film by a
mechanism, (thermionic cmission or tunnel effcet) which
transforms adsorbed oxygen atoms into O ions in a time
small comparcd with that of ionic motion, thereby setting up
a field beotweon the negatively charged adsorbed layer and the
positive cationsformed at the metal/oxide interface. A
gtecady statec will quickly be rcached, where as meny electrons
pass in onc dircction =g the other, The clectrostatic
potential V set up across the layer is clcarly independent of
the thickness so that F = V/x. Since V is 1 or 2 volts in
practice, F is of the order of 107 ¥ 7l for a £ilm 50 &
thick. Such cnormous ficlds arc capable of pulling cations
interstitially through the oxide layer ot temperatures wherc
ordinary diffusion processes could not operate,

The motion of interstiticl cotions under thesce fields
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can be treated as follows.(20).  Supposc that an ion has
to surmount o petenticl borrier U, in order to move from
one interstitizl site to another. In the abscence of a
ficld, the chance pef unit time thot it will do this, is
given by % cxp(-U/kT) with the lattice vibration frequency
I eV 1012 sec_l. The ficld will, however, lower the
berrier by & qaF, where q is the charge on the ion (see Fig.
1..4), for motion in the direction of the field, inecrcasing
the probability of motion to ¥ cxp {—(U—%—an)/kT}. In the
opyposite dircction, the chance of movement is decreased by
the some factor.  Thus the velocity of drift becomes

n=¥va e’xp(mU/kT)fo:\tp(—-}—an/kT) - oxp(—{%an/kT)} (1)
For small valucs of F this rcduces to

n ¥ (2 2%q/kT)P cxp(-U/kT), (12)

which is proportional to the ficld. This is thc case when

qaP{{ ¥T, i.e¢. when x 2 X, where X, = gaVl. X, is 50-200
1 1 =T 1

atomic laycrs at room temncraturc.

On the other hand, when x %y, i.c. for large F,

n 2wa oxn(-U/kT) exp(4qaf/kT) (13)
‘giving an exponcntinl depoendencc.

(a) = ¢ Xl(( X, (equation 13)

The ficlds herc arc so large that the rate of mtion
movement is no longer »roportionnl to the field. The
motion of the ions is thorefore overwhelmingly in onc

dircction, thus there is no leceal cquilibriunm between metal
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and oxide. Bvery ion which cscapes from the metal is

pulled right 2cross the film, and none recombine with the
metal, Two rate controlling processcs arec thercfore
possibles

(i) the rate of elcectron supply to the adsorbed oxygen atoms,
and

(ii) the rote at which ions arc releascd from the metal.

(a) (1)

At very low temperaturcs, where the only mechanisn for
elcctron trensfer is the tunncl cffcet, Mott (65) considers
that the rate of tunﬁelling?in certain circumstances, may
be the ratec controlling process. It is now evident that the
conditions he proposcd were unjustifiable, but the theory has
recently been reovived in a new form by Hauffe and Ilschner
(66). They consider that in the region of extremcly thin
films, the fields arc so great that the rate of arrival of
cations at thc oxide oxygen interfacc is greater than the
rate of arrival of clectrons, This docs not imply that the
actual veolocity of the individual electrons is less than that
of ions, but rather that the cnormous fields acting on the
readily évailablc ions arc capnble of drawing a larger number
per unit arca ner unit time through the f£ilm than the.number
of clectrons tunnelling through unit a2reca per unit time.

The proportion of clectrons tunnelling through =
rectangular barricr of height 4 is given by the usual

quantun mechanical formulsa (67),
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D = exp{—- 41TX\/2m(ﬂ—’E)/h}, (14)
wherc x is the thiclmesz of the barricr, h is Plank® constant,
E is the kinctic cnergy of the clcctron and m 1s its rest mass.
The number of electrons in the motal, with energies betwcen
any limits, can be obtoinced from Fermi-Dirac statistics and
therefore the nunber tunnclling through, is the product of
these two terms integrated over the range of encrgies con-
gidered. The integral is complicated but results in an

cquation of the form,

%% = K cxp(-x/%), (15)
where K is slightly temperaturc dependent and varies slowly
with x,
and X = n/47V 2ng (16)

having a value between 1-2 2. This equation shows that the
rate falls off very rapidly for x» X.
Integrating (15)

| x = X In(Kt/X + const.) (17
giving a logaorithmic law of growth;
As the film thickens, the ficld deccreases until a point is
reached where the rateloontrolling prooosspbecomes the rate
of reclease of ions from sitcs at the metal surface. This is
the sccond possibility mentioned above.
(a)(ii)

The potential cnergy of an ion in the surface layer of
the metal is plotted in Fig. 1.54 (21). P represents the

potential of ions in special sites, such as kink sites in
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steps or emcrgent screw dislocations, that is, an ion rcady
to move into the oxidc as the surfacc layer of metal dissolves,
The heat of solution for a positivolion, Wi, and the
activation encrgy for diffusion, U, arc shown in the diagran.
It is convenicnt to set W = Wi + U. By analogy with
equation (13), the chanee per unit time that the atom at P
will cscapc over thoe barricr to Ql, where a' is the distance
to the top of the barricer from P, in the prescncec of strong
fields, is

2 oxp(-W/kT) cxp(qa'F/kT). (18)

The rate of growth of the film is thus
= W2 woxp(-W/kT) cxp(aa'F/KT) (19)
where N' is the number of ions per unit arca surface in

v
3

sitcs such as P, Fig. 1.5, N' is difficult to cstinate at

present., Equation (19) may be written
%% =1 oxp(Xl/X) ' | (20)

where X, = qa'V/xT, u ='uocxp(—ﬂ/kt) and u = mwy

6—10_5 cm; u6V1O4 cmosoch or less,

Xl is of thc order 107
Henee growth is cxtremely rapid for small x. An

important conscquence of formula (20) is that, for constnet
V, growth up to 2 ccrtain linmiting thickness occurs, cven

at low temperaturcs, where u is negligibly smallg this

will be the casc when the solubility of‘motal ions in the
oxide is negligible. Assuming growth has virtually stopped

when once loyer of atoms 1s added in 195 scconds, so thet
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ax _ 10'15, then this occurs at 2 thickness, X, for which

at
oxp(Xy/%; - W/xT) = 10717, Substituting for X, this gives,
since 17 1n 10 = 39

X, = Va'q/(W-39kT) . (21)

Thus therc cxists o critical temperature W/39k; for
tenperatures below this temperaturc, the £ilm grows rapidly
up to some criticol thickncss and thon stopss above this
temperature there is no limiting thickness and the rate of
growth is dcscribed by‘sbme othcr type of law.

For x(K‘Xl, an approximatc intcgration of cquation (20)
can be nmade, leading to the inverse logarithnmic law, of type

A= 4 - 1ns.  (22)

At temperaturcs so low that tunncl cffeet is the only
mgechanism for clcetron transfer, growth by any proccss, can
not procced beyond o thickncss of 2pproximately 50 X, as
calculated by Mott (65).

(v) =) A X,

‘ This is an intermediate rogion where it is assumed that
temperatures arc sufficicntly high for clcctron transfer to
ocecur cither by tunncl cffeet, or thermionic caission, and
where ion movenent occurs without the necd for cnormously
large ficlds, but yct the film thickncss is not great
cnough for the Wagner nmechanism to hold. This is the region

for which cquation (12) holds.
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(b) (i) Porabolic Law for Thin Films (21).

Herce the number of ions crossing unit arca per unit
time is
PR = Nn. .
n,viF = n,v, V/x,

where Vs is thc mobility of zn ion. The ratc of growth is

thus dx = A/x, whero
at

A = niviV£3,= niDifl(eV/kT), (23)
and Di is the diffusion cocfficicnt of an intecrstitizl ijon.
a—BCXP(—Wi/kT)s
L’agcxp(—U/kT).

Hl

From equation (12), ny

and : ' Di

i

The film thus grows according to o parabolic law. The
constant & in (23), valid for thin films, where 3{<KZXO, /
is quite different from the porabolic rate constant for

thick films, Wherc:x)?lXo (Wogner's mechanisn) .

(b) (ii) Cubic low for Thin Films (21).

Up to this point, we have considercd n~typce scmi-
conductors with interstitial cations, c.g. %Zn0, For these
oxides n, depends on the metal/oxide stendy state and is
therefore imdependent of film thickmess. Tor oxides having
cation vacancies, such 28 CuZO, which take up excess oxygen,
n referg to the number of coation vacancies. These will be
formed 2t the oxide/oxygen intcrfoce on adsorption of oxygen
by the process shown in Fig. 1l.6. Wi is now the cnergy
required to move the positive ion from A tc B. Since

n, = (N/a) exp(—Wi/kT), the coneccntration, n;, is
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proportional to thc number, N, of such negovive ions per
unit area. ¥ is reloted to the field, F, by the Coulomb
Tormula

_KEP _KY 1
¥ =7t =Mex (24)

showing that N is proportiornal to x‘l, therefore n, in
formula (23) is now proportionnl to ¥ L.  This gives a
cubic oxidation law;

%0 = FA'E, (25)
where the constant A' is proportional to exp{f(wi+U)/kT},

U being the activation cncrgy for diffusion in the oxide.

oxide oxygen
- 4+ - +
- A sorbed oxygen ion

-+

ad

SRIEIEN©
+ - —\E*B
-+ -+

Pig. 1«64 Showing the process by which a vaeant cation site

is created in the vicinity of 2n adsorbed oxygen ion.

(b) (dii) Uhlids Theory for Logarithmic Growth, based on
Space Charge Considerations.

It is known that the direct 1og law holds up to film
thickness of severnl thousand 2 in some cases, ot higher
tomperatures than dealt with hitherto. Uhlig (55) hos
thercfore suggested thot the rate of thermionic electron
cmission into the conduction bond of the oxide against a
varying more negoative, or lcss positive,; space chorge is
the rate controlling »rocess. He produces evidence that

the rate controlling process is at the metal oxide interface,
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(1) differcnt oxidn~tion rrtes hove been observed on differont
lattice planes, of metals hoving cubic habit (68, 12).
(2) The activation encrsy, for oxidation of iron in co,
and Hzo, exhibits o discontinuity at the transformation
temperature from the & (b.c.c.) to the ¥ (f.c.c.) lattice
(69).
(3) The activation cncrgy for the oxidation of Ni (70) and
several alloys (71) exhibit discontinuitics 2t the Curiec
temperature.

When contact is maéo between o motal‘and seni-conductor,
2ll the elcctronic energy lcvels of the semi-conductor are
altered relative to thosc of the motal by an amount cqual to
the contact potentinl difference. If the clectron affinity
of oxidc is higher or the work function lower thon that of
the metol, the semi-conductor goins excess ncgotive charge
and the netal positive chorge until the Ferni levels are
cqual and further transfer is prevented. Thicker oxides
formed beyond the spacc charge laycr arc thus clectrically
neutral and grow‘aocording to the Wagner mcchanism, For
dissimilar metals, the cleetric chorge constitutes a double
layer, of atomic dinensions 2t the interface, but for
sémi-conducting oxidcs, with filled cncrgy bands, and few
electrons cxcited into the conduction band, excess charge
associoates itsclf with lattice vaconcics or impurity levels,

as bound or "trapped" electrons (72), giving risc to a
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sphee charce., he number of these sites is restricted, so

0
that the space charge mny oxtend over several thousond A,

3

Measurcuents of Tolta notential, on oxidizing motals ot
& ? (]

~

clevated temperatures (73, 74), show, ot first, a decreasing
positive potontinl for thin films, thon an incrcasing
negntive potentizl cxtending over thousands of X. This
increasingly negative space charge tends to impede the rate
of csecape of clectrons, cousing a slowing dovm of the
oxidation procecss. Uhlig wos lead to propose the existence
of o thin uniform charge density layer in the oxide, ncar the
metal/oxide interfacc, with 2o much thicker diffuse charge
density laycr cxtending beyond this into the oxide. Solving
Poisson's cquation for the potential determining elcetron
.relonse, at the metol/oxide interface, in terms of film
thickness 2nd the density of tropped elcecetrons in the thin
uniform space charge layer, close te the metnl, ond éub—
stituting this potentizsl in the cquation for electron
current across the conbtact boundary in crystal reetifiers,
(75), on cquation for the rate of growth is obtained; the
integrated form being,

x = kX In(t + 1), (26)
° ¥

since the rate of growth is preportional to the electron
current. This is a dircet log. law. koyis the log. rate
constant and VY is o constont. | He then assumes, ¥ asb
beyond o certain thickness, the trapring sitcs are only

partinlly occupied by clcctrons, and a diffuse charge
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dengity barricr layor cxtends for a relatively large dis—
tance into the growing oxids. In accord with Mott and
Gurney's (76) treatment of motal/semimconducting contacts 2
value for the concentration of excess negative charge is
ohtained, which in the same way as before, leads to a direct
loz. law with diffcrent constants ké and 7", ~In the
diffuse region, the log. ratc constant ié greater than that
in the uniform region and thus a discontinuity in the rote
law is to be cxpected at o certain thickness. This has
been obscrved in a nuwaber of cascs (7, 11, 12). By assuming
that the negative chorge density in the diffusc layer falls
off in accordance with a Boltzmonn distribution a cubic law
results.

(b) (iv) Houffc ond Ilschner's Theory of the Parabolic and
Cubic Law for Thin Films.

These authors (66) criticisc Motts derivation in that
he has used a simplificotion in his model which is only
valid at best for bad seni-conductors of n-type, where the
concentration of interstitial dofcets is small, i.e. that
the concentration of defccts is constant in the oxide layer.
However, sinecc the boundary processes arc rapid compared to
migration in the bulk, a stotionary state is set up, with
defect concentrations of different orders of magnitude at
the boundarics, creating therceby o large concentration fall
across the oxide loyer. They obtain the same result without

mnaking this simplification, thus:
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Setting E(x) = % in equation (4) in its cquivalent form:
.l\.l
oV 1% '
JO = - Do{grad n, + an?ﬁ El (27)

wherc n, i8 the concentration of interstitial ions, and x4
ig the variable thickness »f the oxide layer. In the
stationary stote JO must be constant for all x, i.c.

div JO = 0,  Hence

2
dno 1 gV dny
dx2 * *q kT-Z dx ~ 0 - (28)

the solution of which is

1, oV
* {— X]_Z ﬁx}
no(x) =n * - occ

(29)
(o)

Now ng can be reglected in comparison with nél), and kT

in comporison with oV, where ngo) and ngi) ore the defce’t

concentrations at the oxide/oxygen interface and the netal/

oxide interfoce rcespccetively. Furtharcx.AJ:nél) and
*

n¥rvn
0

gives for the ionic flux crossing the oxide layer,

(i)z oV _]_._.

gl), indcpendently of Ty Substituting (29) in (27)

d nv - Dn

o) 00 kT X] . (30)
Since, as before dxy is proportional to JO,
dat
A = xy/ ()
T T 3

i.e. 2 porabolic low identical te Mott's, with

k) = (9] Donéi)z oV /KT C (32)



32,

These authors (77, 78) also derive 2 cubic rclationship
for p~type conductors assuming thot the ficld, as o first
approximation, is condition:d only by the distribution of

positive holes in thce space charge region.

1.3,2.2, Thick Pilmsg and High Temperaturcs.

1.3.2.2.1, X Xq»

(o) Wagner's Theory. (78, %9, 40),.

At hish temperatures, the sccond term in the brackets
in cquation (4) wmay be cahcelled, gsince the recaction can now
procced in a region of thiclkness wherc space charge cffects
arc negligible; ond, as shown by cquation (1C), the con-
centrotions of ion and clectren defects con be considered
equal, The greater bulk of the oxide laysr is thercfore
neutral, and the rate controlling process is that of diffusion
under the chemical potential gradicnt. Jagner assumed that
diffusion of clectrically ncutral atoms and molccules could
be neglected. Under these conditions cquation (4) simplifics
to |

J;(x) = - %% n; (x) grad p,(x), (33)

In the absence of spacc charges ond externally applied
clecetrical ficlds, there must be some mechanism operating
during mass flow to maintain clcetrical neutrality. This
mechanism rcduces the velocity of the considerably more
mobile eloctron defects in the diffusion fiocld arising from

the diffcrence of chemical potential, and also allows
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cquivelent numbers of idns and clecctron defects to pass
unit cross sectior , perpendicular to the dircetion of
diffusion. This typc of mass migration; giving risc to
currentless flow, is called aabipolar diffusion (78).

By postulating that the total currcnt of cations and

aniong (indicecs 1 and 2 respcctively), is given by

Ji4o =9 = %(%%), where g is the cross scetional area, t the

time in scconds, n is cxpresscd as ecquivalents of substances
. * o .
1 and 2, and noting that By - RTlnai, and Di is a function

of P Wagner's formule for parabolic oxidation is obtained:

o

R B Z * * a

= - EX[COQJ (i)('z‘é‘ D, + D,) dlnuz} ‘ (34)
22

Here Z1 and 22 arc cation and anion valencics.

Ceq = Zlcl = 2202 is the concentration of metal and non-
metal ion in equiyalcnts per cm3 and A x is the thickness of
the oxide layer at any time. Furthermore aéo) and aéi)

are the thermodynomic activities of non-metal at the oxide/
oxygen and metal/oxide interfaces respectively. D; and D;
are the sclf diffusion cocfficients of the two ionic specics
in the lattice.

If the mobility, B, of lottice defects, is substituted
for the self diffusion coefficient in equation (34) using
the Einstein relation D* = B x RP, and if thc total con-
ductivity, &, of the oxidec layer is expresscd in terms of

the transference numbers tl, t2 and t3 of cations, anions
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general equation results:

o
dn _ A 300
at 6,555IZ iﬁ

340

ey vely, Wagner's other

(o)

(tl+t2)tatfdlnaé] (%5)

The quantity in brackets has been named by Wagner "The

rational rate constanth and is
equivalents per square cm.
1 cm, thick (40). The defect

the general transport equation

ner

the reaction rate in
sec, for a layer of the oxide
diffusion coefficient, Di’ in

(4), can not be substituted

*
for the self diffusion coefficicnt Di’ because in order for
defects to migrate, an activation energy for interstitial
hopping is necessary, i.e.

~By/RT

Di = const e ’

whereas for self diffusion, which is usually determined
experimentclly, using radiozctive tracers,the radioactive
material not only reguires the activation energy Eﬁ for

interstitial migretion, but a2lso an activation energy of

defect formation, Therefore
% -(B, +E.) /RT
Di = const. ¢ EM F
\
* -B../RT
Ds _ F *
Di = e , or Dy > D; . (36)

Since the lattice defect concentration in oxides is sirongly

affected by the neighbourinz metal or gas phase, it is
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necesgary to determine self diffusion coefficients of oxides
for use in formula (34) in equilibrium with either oxysgen

or metal,  The aporopriate condition is determined by the
type of conduction operating in the oxidation systen.

(1) For p-type oxide layers, the sclf diffusion cocfficient
of cations in the oxide in equilibriuvum with the oxygen
partial pressurc prevailing during oxidation, must be used.
(2) For n-typc, thc self diffusion coefficient of anions or
cations in the oxide in ecquilibrium with the nctal phase
must be used.

(b) Treatment of the Paraholic Law According to Hoar and
Price (79).

These authors have given a gimplified treatment by
drawing an analogy between the transport due to ions and
electrons through the oxide layer and the flow of currcnt
through 2 cell; the film providing both the clectrolyte
for ionic transport, =2nd the externsl circuit for electronic
conduction. The e¢.mef. 0of the cell is derived from the
decrease in frec energy of the roaction (E.). |

The cathodic reaction ot the film/sas interface is
represented by:~ X + 7= X or 0, + 4e” = 207,

The anodic reaction is:— Me = Met + ¢”.  The total
resistance (elzctronic and electrolytic) of an area A cm?
of film of thickness &N x cn., ccting as both an elcectrolytic
and a metallic path iso-

R = ( L + L ) AF RE)
@ clectrolytic I eleotronioc
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where @ is the specific conductonce of the specics in
I . .
] cm.l If the trensport numbers of the cotions, anions

and elccitrons are ’7'09 ’?’a and ’f’e respectively, then:-

R = (Tr.f'?c*'q’e) o O+ O
I SaAK Y0 | %

- D x s _
- ('}Ja_*jfvcy"ed‘g S1nee TP4+”E+’Y@ = la

If the film consists of’)z gram equivalents, and is formed in
t seconds and the rate of growth is equivalent to the current,

I (anp), then Farcday's and Ohn's laws yield,

hence_ QQ_ ('f'c_ +%,)TC6AEO , (38)
at ~ 96,5004 x

which is the simplcest form of Vagner's equation. g_? is
d

nroportional to the parabolic rate constant kp, given by

ay; Z\2
*5331= Vo ) Ty (39)
for an oxide MeZO, where Veq = volune of 1 g-equivalent of

the oxide, Z = valency of oxygen ion and M = the atomic
weight of oxygen.

The theory docs not require a uniform concentration
gradient, but only 2 constont concentration difference across
the film. Reagsonable sgrecenent is obtained between cal-
culated and observed velues of the rate constents.

This simplc treatmen®t, however, does not take into

account the variation of & with pressure whish becomes
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important with cation deficit semi-conductors. This con
be seen by the application of the law of mass action to
the equilibrium ot the oxide/oxygen interfoce creating

/
cation and clectron vacancies. For cxample, with CuQO,
(0,) + 4™ = 40Cu"™ + 40e™ + Cux0, .  (40)

Whore[JCu+,C]e_, represcnt cotion vacancies and elccetron
vaconcies.
If other disorder equilibrioc orce negligible, the

concentrations of the ion and clectron defccts are equel.

thus P
02 = constant;
od 4

m] Cu_‘. X CE]G"‘
and since the concentrations of Cu++, 07, and bound electrons

are virtually constant, then

2
Caoyt = Cge- = (const p02)8° ‘ (41)
Assuming that the conductivity is proportional to the con-
centration of defects then O = tj;p%én, vhere n = 8 and

d . is the conductivity at a pressurc p = 1 atmospherec.
0 02
“f = constant » 1/7 hos been found experimentally for this
02

systen (80).

In order to take this into account, the oxide layer can
e regardcd as made up of a serics of thin slices of thick-
ness dx; the interfaces of cach slice have their own

electrochemical potentizls, Ex and Ex + dEX, (i.e., clectrode
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potentinls due to o negotive component, X). Assuming that
the activity of the X1” ioms approxinmetes thot for Mean,
of stoichiometric compogition, and is virtuelly constant,
the potentials E_ depend only on the pressurc Py of thec gas
X&. EY being given by

By ;% 1npy + a constant, (42)

where Z = iy is the volency foctor.
If Iis the current flowing through the thin slice due to the
potentinl difference du betwcen its surfaces, then by Ohm's

law,

dE = 1dx =
T wWET T, 6 (43)

Combining with equation (42j,

2T _ (1/n-1) 3 I dx :
77 Px Wy =GN, G (44)

Since I is constant throughout the oxide layer integration

of (44) gives

(2 ™(@) - 2 ") =g’ )

where px(s) is the pressure of gos at the external surface
of the ozxide £ilm, and pX(m) is the dissociation pressurc of

Me X ot the film/metal interfacc. Thus

(¥ +r)Y. g.A
Bef-tors o B 60w @)

Since the chemical potential of the diffusing specics is a

lincar function of lan, cquation (26) recduces approxinatcly
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to Wagner's cquation (35). Evans (Rl) has shown that the

two treatments are thermodynamically equivalent,
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1.3,3, Oxide Liayers Bubjcet to Flaws and Mcechanical
Imperfections.

1.3.3.1. Movenent throusgh Porcs.

So far ncchanieally perfecet layers have been considereds
in these uniforn movement through the latticc occurs.
However, this reprcscents on apnroximation, since movement
is possible through discrctc poress such as,

(1) grain boundarics,

(2) disorder =t intersceting sliprﬂanos,

(3) axes of screw dislocotions,

(4) lines representing cdge dislocoations.

Such movenent nay occur ot temperaturcs too low for ordinory
lattice nigration and may hold up to greater thicknesses than
those decolt with vroviously. If the porcs ore large
enough for oxygen molccules 1o diffuse to the nctal inter-
face, ultimntely blockage moy occur at the base of the pores.
Similarly if the porcs ore smaller, anion movement is
possible and in this cosc, as well as for cation novenent
outwards, the porcs moy 2gain becomce blocked. Evans con-
siders two scparate casecs (82),

(1) Self bplockage of porecs, whecre only the pores themselves
will block. This is more likcly when the Pilling-Bedworth
volume rotio is less than unity.

(2) Mutual blockagec of porcs, where the compressional sgitresses
in o blocked pore may produce hlocking in neighbouring pores:
this is more likely when the volume ratio is greater than

unity.
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(2) Asyaptotic cquaticn duc to sclf blockage.
If the rate of oxygen uptkeis determincd by the
number of pores remaining open

W
& =Ky,

where W is the omount of oxysen per unit areca, and N is the

number of »nHorcs »Her unlt arco =% time t.

Agsuning ~dN = kZdW,
then av _
= = —kzkldt = —k3dt.
On integrotion, ¥ ukat
¥ o=° o

Since aw _ .
iz = kll\

' : -k,

then '%% = const.c E ’

which on integration may be put in the form

, —kBt '
W = k4(1—e )s (1)
o true asymptotic equation such that W — k4 as t 00,

(b) Dircct logarithmic equation duc to mutually blocking
porcs.

If the compressionnl stress in onc pore exerts a
pressure on neighbouring pores, then some of these nay
beceme blocked, Henee in congidering the effect of AW on
~-aN, the valuc, N, must be token into account, since it
dcternines the mumber of porces cxisting within an offective

distancc,
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i.ce -dN = k., N dW or 1n(N/NO) = kW,

2
Since, as beforeo,

an

a—_E = k-lN ]
then R ~k, W
—d'___E == LB C [}
andé o] awW = ch at,

which gives, with W = 0 at timc t = O,

kW
- X 3
k3t = kZ(O - 1),
This con be cxpresscd as
k2W
Kt + 1 =c
or W = K'1n(at + 1), (2)

a dircet log cquation.

1,%.3.2. Pormotion of Cavitics (83).

Even when the oxide is capable of transmitting ions or
vacancics, the arca available for transmission mey decreasc
with time duc to vocancics condensing at the metal/oxide
intcrface, eithor when cations nigratc outwards leaving
vacancics at the metal interface, or when vacancics nmigrate
inwerds, Evans has dcduced whoat he calls "the New
Logorithmic Law® bascd on this conccpt. It is cssentially
o modification of the parabolic loaw duc to a decrcasing arca
of recaction interfacc.

Vacancics condensing at the netal interface, reducce the

arca to ¢ times its original amount (¢ € 1) so that dW/dt is
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reduced from ky dx to k7¢ dx. Here dx roproscnts the
‘ at at

thickoning rate according to o parablic law in abscnce of
cavitics, and k7 is the ratio of weight per unit arca to
thickness,. The chance that o vacancy may bc retaincd at
the interface is now presumced to be proportional to the

number of sitcs availlable,; conscguontly,

-af = kfavw,
or Ing = ~ koW + ko,
giving g = klo‘"k8w
so that %¥ -k, g._% “ gy b oF -kaW
Thus L. 21c8k11t“;~’L +1,
and 1f W=0at t =0, Xkgi = 1n(K(t% + 1/X)),
which may be written as W=k'ln (a(t% + k), (3)

the "New Logarithmic Law'.

i
If 1/8K K t2% the above cquation rcduccs to

2
KW = 1n(K°%)¥,
or o o L 2
‘ W = ?_Eg 11’1(K t) g (4)

and if K2t>9 1, this cquantion is indistinguishoble fronm
the dircet logarithmic low given in section 1.3.3.1.Db.
The prescnee of oxides of o sccond metal in an alloy,
collceting at the motalrintorfaco, should producc similar

conditions.



1.4, Litoroture Survey of Previous Iuavestizitions on
Al721li ond Alk:line BEarth Elements.

l.4.1. Oxidation of Alkali Metals.

1.4,1.1, Oxidation of Lithiun.

In the present work a systematic study has been made
of the kinetics of oxidation of evaporated lithium surfaces
with pure dry oxygen at low temperatures and pressures in
the region of very thin films.

Except for a few general qualitative observations on
the reaction (84), little previous work has been done. It
has been stated that the metal does not react with dry air
below 100°C (85), that it burns in dry eir at 200°C (86) or
250°C (87) with a white flame, forming the monoxide (Iig0),

and that the metal can be distilled in dry air without
reaction (87).

The reaction product consists entirely of the monoxide
Lis0.,  Deliberate attempts (87) to produce higher oxides
by heating the metal in air or oxygen have yielded only
traces of peroxide LiZO2° The peroxide when prepared by
other methods is relatively unstable, decomposing at 300°C
into the monoxide and oxygen (88).

Tyzack and Longton (89) have studied the variation of
the ignition temperature of distilled and filtered bulk
lithium with oxygen pressure over the range 0-760 mm.Hg.

and at temperatures between 25-900°C, Below the ignition
L]
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temperature the rate was immeasurably small, Ignition

occurred suddenly and spontaneously at well defined

temperatures and was markedly pressure depenaeﬁ%; Over"A‘W .
the pressure range 100-500 mm.Hg. the ignition temperature

has a mininum value of 630—65000. At pressurecs below and
above this range, it increaoses linearly to over 800°¢.

Visual observation suggested that reaction proceeded in the

vapour phase.

1.4,1.2. Oxidation of other Alkali Mctals.

The oxidation of multi-distilled evaporated sodium
films has been studicd by Cathcart, Hall and Smith (90),
from rates of uptake by pressure decrcase, in a constant
volume system, from 200 mm.Hg pressure. The oxidation
rate was small between -79°C and 48°C giving 2 highly
protective oxide. The rate curves qualitatively agreed
with those predicted by the Cabrera-Mott theory (21).  The
average thickness of the Wa,0 film at -79°C was 50 &, and
1500 & at 48°C after 40,000 minutes. At 48°C the shape
of the rate curve changed aftecr 25,000 to 30,000 minutes
to an accclerating curve.

Further oxidation studies on potassium and rubidium
have been rcported by Catheart and Smith (91), with
gimilar results. Rate neasurements werc made with
pot%ssium betgeen -79°%¢ and —ZQOC, and with rubidium at
-79°C and -50°C. The film thickness
attained by potassium at -50°C and -79°C was not greater

than 100 E, and remained protective even after 100,000
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minutes duration of oxidation., At -20°C o transition
fron protective to non-protective behaviour occurred.

With rubidiuz, protective behaviour was exhibited, at
first, at'-SOOC and —79009 but at both temperatures a
transition accurr:d later to o non—protéctive film, after
about 25,000 to 30,000 minutes at ~79°C but after only 100
ainutes at -50°C.

The rates of reaction above the critical temperatures
were too fast to be measured. Combustion of both metals
oceurred at roonm temporature, if oxygen was added to the
fresh metal surface, but not if an oxide f£ilm was allowed
to develop at a lower temperature, =2lthough there was a
continuéus uptake over scveral days. Thus for these
three alkali metals, the transition tomperature varied
inverscly with the clectropositive character of the clement.
Previously Holt and Sims (87) observed a rcemarkable
reduction in thc oxidation rotes of Na and K when exposed
to carefully dried oxyzen. Sinilarly Herrington (92)
reported thoet no visible oxide film formed on gquiescent
sodium omalgan in dry oxygzen, but that complete oxidation
of the sodium was obtained by gentle agitation to break up
the invisibie film on the surface. More recently, Moyer
(93) reported a very slow rate of rcaction for the low
pressure oxidation of sodium.

Howland and Epstein (94) found a parabolic rate of

growth of thick crusts on sodium. below the melting point
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in air of varying moisture content. Conditions were ill
defined and the crusts ﬁero almost certainly a complex
aixture of sodium hydroxide and oxide. Highly purified
lithium and sodium tarnishes less rapidly in air than
freshly cut surfaces of thé commercial product.

Tyzack, Steele and Longton (95) studied the oxidation
of Na at constant pressurc over o pressurce range 0-700 mn,
between 25°C and 400°C. The recaction rate below the
ignition temperature was toc slow to be measured and too
fastvto be followed above the ignition point. The
ignition temperaturc was markedly pressure dependent (cp.
lithium), with 2 mininum value of 260°C in the pressure
range 250-600 mm.Hg. Outside these limits, raising or
lowering the »ressure, increascs the ignition temperature
to as much =s 400°C. They concluded that the reaction

proceeded in the wvapour phese.
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1l.4.2, Oxidation of Alkalinc Earth Metals.

(a) Beryllium,

Gulbransen and Andrew (114) studied the oxidation of
Be between 350 and 950°C and found a parabolic law with an
activation energy of 50.% kcal/mole. The parabolic rate
constant was the saallest found with any metal. The bxide
film had an even greater denrcssent effect on the wvapour
" pressure thon did nitride films. The vapour pressure
decrecascd with the square root of the oxide thicknessy; a
film of 99 micrograns /cmz, for instance, lowering the vapour
pregsure 100 fold. The pressure dependonce was small and
consistent with the outward migration of ions.

Thesc results were substontiated by Cubicciotti (115)
between 840 and 970°C but with a somewhat higher value of
the activation enersy (62 keal/mole).

Gulbranscen and Andrcw applied transition state theory
to thedir results for both the nitride arnd the oxide reactions,
and found negoative entropies for oxidation and positive
entropics for niﬁridation, Thus, even thbugh the activa-
tion cnergy for nitridotion was much greater than for
oxidation, the opnosite sign of the entrony factor dccreased
the free cnergy of activation of the nitride rcaction so
that the two reactvions ~scurrced at about the same rate,
Gulbransen stated that "positive valuces of 4&3* indicate a

surface reaction product with many possible paths for +the

metel to go tc the activated state.
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(b) Magncsium.

(1) Very thin films.

Rhodin (116) end Sack (117) have reported results on
the corly steges of oxidation using the Wagenerflow method
(118). Rhodin notecd thot nucleation takes placce on surface
defects, followed by a logorithmic growth, Sack studied the
early stoges of the rcaction up to o few leyers, on
evaporated polycrystalline surfaces and on (001) and (100)
faces of singlec crystals. Elcctron micrographs showed that
the evaporased nagnegsium films compriscd overlanping
hexagonal platelets of scveral thousond angstroms in diameter
preferenticlly oriernted with the bosal planc parallel to the
pyrex surfacc. The surfoce arca was cstimated to be a
factor of 1.2-2 times greater than the apparcnt surface
arca.

Sticking probabilitics ot very low pressurcs (10-7 -
10"5 nn.Hg) increascd slightly at first, then decreascd
shar»ly by scveral orders of magnitude, after scveral atomic
layers of oxide had been formed. The risc was interpreted
as being duc to nuclel forming and spreading radially, as
described hy Bloomer (113) for barium, with very little
vertical growth until o monolayer was formed. The rate in
the falling portion of the sticking prebability curve, could
be interpreted cqually well by the inversc log law of Mott

and Cabrera or the dircet loz law of Landsbherg. A

dependenee on pressure, of between the 0,8 and first
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power was found, but no marked temperature dependence
between ~75° and +130°C. '

The results on single crystal foces studicd using the
vacuunm microbalonce technigque at c.a. 400~-450°C wore
complicatod. Threo distinet regions were dgteccted. The
first correspondcd to 2 log or inversc log law, The two
other regions werc different for the two diffcrent faces.
For the prismatic plane (100) =2 parabolic followed by 2
linear region occurs, whercas for the basal (001) »lane a
cubic, followed by ~ lincar law was observed, The temper-
ature dependence was slight, and varied for the differcnt
regions. Bxpresscd as activation encrgics the values were
less than 3 keal/mole excent for the parabolic region of
the (100) plonc, where the value was 8 kcal/molc.

From the small temperoture dcpendence, it was decided
thot the migration of oxygen through cracks ond »ores was
rate determining ofter the first logarithmic region.

The fact that oxidation was morc rapid 2t first on the
basal (001) plane, and then rapidly becane more protective
than on the prismatic (100) plone, was ascribed to better
cpitarial matching betweon the (111) oxide plane parallel.
to the (001) «&g plane. It thercfore grows more rapidly ot
first, but forms o continuous and adhcerent loyer which is
more prbtectivc thon the other case, wherc matching is not
so good.

Finch and Quarrcell (119) produccd evidence from electron
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diffraction to show that thin films of Mgl on Mg exhibited
&abnormal crystal habit, It could not be determined whether
pseudo~morphism with the underlying layer occurrcd with thin
filmg; however it did not occur after the oxide layer hod
grown to epprccicble thicknesses.
(2) Thick films and scales 2t clevated temneratures.,

At termperatures less thon 45000, and in the very early
stoges a2t somewhat hisher temperatures, the thin film
formed is protcctive (120, 121). Gulbranscn (121) found
the rate to obey a2 nearly narabolic law below 4500C, but
above 475°C o lirear law. The cxistence of o linear region
has been confirmed frequently (122, 120, 123, 124, 125, 126)
following the originnl work of Leontis and Rhincs (122) on
the high tenperature oxidation of mognesium and magnesium
alloys.

Lecontis and Rhines studied the recaction between 412°¢
and 575°C. Below 4500C, a protcctive laycer was formeds
but above 47500 they obtained o non-protective one increasing
at a lincar r:ﬂ;e° At the higher tempcratures, a loose scale
ig produccd, due to rupturing of the protective layer at a
certain critical thickness. The activation encrsy was
50.5 kcal/mole and the action constant 6.2 x 1012 mg/cmz/hr.;
alloying increased the rate of oxidation whenever the melt-
ing point was significantly lowercd by the alloying clement,
At still higher temperatures, approaching the melting point,

combustion occurred producing a flame, burning at a distance
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from the surface in fthe vapour phasc. Only 2 small cffect
0of pressure was found.

Applying transition stotc theory, and substituting an
experimental rate and occtivation cnergy, they obtained good
agreement between the number of active sitcs/cm2 of surface,
and the rumbar of atoms in the closc packed basal planc of
nognesium, with o slight devioction indicating possibly more
activoted centres thon actunl atoms/cm2, Thesec werce
assumed tc be couscd by cvaporation of magnesium on to the
oxide surfoce, or duc bo somec recaction occurring in the
vapour phasc.

A thin black uniform layer next to the metal wos
obscrved in most éasos, which they ascribed to non-
stoichiometry in the lattice in this rezion.

It was concluded that during the linear period of
oxidation, cracks developing in the oxide layer allowed
gaseous oxygen té diffuse to the surface of the metal and to
react there forming a non-adherent laycr.

Recently Gregg omd Jepson (126) found an initinl
induction period (durins which lateral growth of white oxide
acrnss the spocimen surface was obscrved), followed by a
lincar proccss below 52500. Above this temperaturc a
sccond linsar prccoss occurrcd, having a much larger rate.
The Arrhenius plot for the sceond region vaé not linecar,
but a good lincor nlot was obtained for the first process,

giving an activation cnergy ¢f 48,7 + 1.1 kcal/mole, and a
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valuc for the action constant ~f (9.55 + 3.04) x 101t ng/
cmz/hr. These voluces conpare well with thosce obtained by
- Leontis and Rhinecs. Greon and Jepson questioned the con-
"clusion of Leontis ond Rhincs, that cracks in the layoer
extendcd right down tc the metal, 2llowing diffusion of
gaseous oxysen to the metal interfoce, during the first
process, on the grounds that this nade‘it difficult to
explain the sceond lincar “breakawey™, Instead they
agsuacd that the first linear proccss reprosented a
stationary state, whore_tho rotes of filn growth and crack-
ing were equal, whcroas}%he sccond process the cracks
extended down to the netal itself, and rcaction occurred in
the vapour phosc.

Prcscinee of noisture lowerced the tem»eraturce at which
the oxide film ceascd to be "orotective", shoritencd the
length of the induction périod, incrcascd the rate of the
first lincor process ond inhibited the dovelopmont of the
second lincar bronch, The eoxperinental activation energy
decreascd with incrcasing humidity.

At cven hisher temneraturcs, the rate of evaporation
beecame large enough for combustion to occur in the vapour
phasc with a flome. According to Fasscll, Gulbransen,
Tewis and Homilton (127) the ignition temperature of pure
mognesium is 623°¢ + 0.5 at 1 atnosphore pressurc of oxygen.
The temperaturce varicd with pressure in 2 complicated

monncer -ver the range 0,166 to 10 atmospherces and was
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lowered by alloying.
Application of transition stote theory gave reasonable
agrecnent between calculated and experimental values dbut

could not account for the cffcect of pressurc.

(¢) Caleiun,

Pilling 2nd Bedworth mode the first systematic
investigation, by measuring the decrcase in resistance of
caleiun wirecs as the outer layers werce converted to oxide
(36) .

At 300°C, the rate was lincar but 2t 400°C and 500°C
although initinlly lincar, on reaching a certain thickness
of oxide, a shary increase occurrcd. This was attributed
to the insuloting cffcet of the oxide layer, which prevented
the cscape of heat generated by the reaction, At 550°C
the wire ignited and burnt violently.

Cubiceiotti (128), on thc other hond, found thot a
parabolic rate law was obeyed between 330° and 43%5°C, whilec
the lincar relationship was only obtaincd above 435°C |
following an induction period.

Morc rccently Gregg and Jepson (99) wusing purer
material than that of Pilling and Bedworth, found the rate
to be negligibly slow below 475° consistent with the film
having protective properties, but at 500°C and above, the-
rate became recadily measurable, with oan increasing rate up
to =~ maximum, followed by o decrcasing rate. At 55000

and above a "breakaway" reaction occcurs, and a lincar rate
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of oxidation was obscrved only at onc temperazture, 500°¢.

(d) Barium.

Wagener (129) found rapid uptoke with negligible
activetion cnergy, of lcss than 0,05 kcal/mole, between

6

50°and 220°C, 2t low prossurcs of 1077 40 107 an.He.
Arizuni and Kotoni (130), working 2t considerably higher
nressurcs, reported cctivation encrgics of 5-8 keal/mole,
presumably at hisher coveranzes.,

Exhoustive studies of barium oxidation in the thin
film region have boen carricd out by Bloomer (25, 113) who
found the proecss to conforrm closely to the Mott and Cabrera
nmodcl of very thin film growth. He showed the existence of
2 critiecal temperaturc for the nrocess, af approximately
40°C, above which a different rate law wos obcycd ond
oxidation proceccded comnletely throusch the metal, The
speed of pumping by the film was only 1/25 of the calculated
theoretical speed, assuning a sticking probability of unity,
and he concluded thaot the punping spced was limited by the
gsupcrficinl density of interstitial barium in the oxide.

The rote of uptake increascd with temperaturce only above
the aritical tempoeraturc.

During the growth of the first monolayer or two, where
Mott's theory docs not apply, the ratec increased with the
square root of thce time. This was attributed to nucleation
which commenced at random defcets on the surface and then

spread laterally to Fform a monolayer; thercafter the process
obeyed Mott's theory.
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1.4.%, Nitridation of Lithium.

Lithium nitridce (LiBN), wag first propored by OuVrard
(96) by heating metnllic lithium tc a dull red heat in a
stream of nitrogen. Guntz (97) obtaincd rcaction with
only slicht heating and Delandres (98) observed nitridation
at room tempcraturc, Guntz, Dafert and Miklauz (100) found
that the best temperaturcs for its prenaration werc room
temporature or 450000 At room temporaturc the product was
dull grey, hygroscopic ond contained uncombined nitrogen
whereas ot 450°C 1t wes more compact, crystalline, lecss
hygroscopic and dark violet in colour. At thc melting
point (840%-845°C) the nitride attacks iron, nickel, copper,
plotinum, silicon and porcelain, ond begins to rcact with
iron at approximately 500°C (101).

Belyaev, Pirsonova and Pomercntsev (102) have claimed
that 1ithium nitride was preduccd in air when the relative
humidity was less than 80% and that the rate of formation
incrcased up to 35°C thon decercoscd.  Above 80% relative
humidity, lithium hydroxide ond lithium carbonate were
produced. The rate incroosced with humidity and with the
vresence of sodium, potassium and oluminium impurities.

Besson and Mitller (103) have stated that the thin
black film, which is obscerved to form on.froshly cut lithium
surfoces, is the hydroxide and not the nitride, that dry
nitrogen d&d not react with pure lithium at ordinary

temperatires unless the metal .was or had been, in contact
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with noisturc for a tine sufficient to form an hydroxide
film of a minimum thiclncss. Too thick an hydroxide layer
rectarded nitridation.

The first quantitative and sysfématic results on the
reaction werc those of-Frankenberger (104), who cvaporated
lithium from an iron crucible in high vacuun on to glass
rings, of calculable surface arcas, =2nd mcasurcd the uptake
at constant pressure, over the tomperature range of -50°¢
to +50°C. A thin protective layer covering the surface
uniformly was initially formed at ratcs too small for
meagurcncendt. Then nuclei appearcd in this layer; these
spread loterally and hemispherically, down into the metal
aé determined by sectioning. An increasing autocatalytic
rate curve was obtained before the Whélo surface bhecenme
covered with a thick crust. This crust was a crystalline
porous %g%rogate, which allowed easy diffusion of nitrogeh

meta

to the/surface through fine pores and cracks. In the

autocatalytic period the rate law
-4 - /3

was obeyed. Here M is the uptake of nitrogen at time %,
and K the rate constant.. K was temperature dependent and
obeyed the Arrhenius cquation giving an activation cnergy
of 16.4 kcal/mole. Pure cylinder nitrogen, dried by
passing it through various chsmical drying agents and a

liguid nitrogen trap was uscd.
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Soliman (105) studicd the reaction of molten lithiunm
with dry nitrogen in a constant volunc system from & atmos—
phore nressurc, and from 400° to 500°C. He obtained an
activation cnergy of 47 keal/mole, but did not characterize
the form of thc rate curve. No indication was given of the
mcthod uscd to maintain purity of the lithium samples during
handling.

Longton (106) investigated the reaction at constant
pressurc over the range 50-750 mm.Hg between 300° and 450°C.
The rate oboyed & poarabolic low, and the activation cnergy
was given as 16,980 + 900 cals/mole, indcpendent of pressure

and temperaturec.
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1.4.4, Nitridation of the Alkaline Esrth Elcments.

led.4.1, Nitridotion et Elevated Temperaturcs with
Formation of Thick Crusts.

(2) Caleciun.

Sicverts and Brandt (107) found the ratc of uptake of
dry nitrogen was cxtremcly rapid 2bove the melting point of
calciun, but slow with the solid,. Below the melting point,
the rate was morc rapid when the surfacc of the metal was
first covercd with a laycr of nitride.

Ruff and Hartmann (108) found, on thc contrary, that
purc nitrogen did not rcact appreciably below the melting
point, A large number of alloys were examined comprising
added alkali metals, o number of heavy mctals and an alloy
with calcium nitride. Metals which werc more clcctro-
positive than calcium stimulated reaction While less clectro-
positive metals had cither no effect, or rctarded it.
Alloying with calciunm nitride inducecd reaction, and they
attributed Sicverts and Brondit's results te the prescnce of
celcium nitridc in their calecium samples. Ruff and
Hartmann's stu&ies were carried out at 52OOC in a constant
volumc system; first the velocity increased slowly, then
beecame almost constant and finally decreascd as the
pressure became very small, They observed that the
nitride layer formed was permcablc to nitrogen and cracked
cagily with changes of temperature.

Anﬁropbff and Germonn (109) using morc rigorous
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conditions in the purification of their speciments,
rcesneiled these cdnflicting results; they showed that pure
,c2leium surfaces worc much less active than impure samples,
nevertheless reaction cventually occurred with nitrogen.

The prcéencc of a preformed oxide layer had an inhibiting
cffeet, Above 350°C the ectivity was enhanced by formation
of a crust of nitridc of 2 certain thickncess. After on
initial rapid reaction, o scmi-pormeable loyer developed

and the rate decrcascd rapidly. Thereafter a very slow
rate continued, until the layer rcached a thickness of
approximntely lmm. The rotc then becamce very rapid and
constant and the nitride layer oppeared to become a porous
erystalline cggregate, permeable to nitrogen. It was
found, by scectioning, that nuclei dcveloped in the semi-
permeable layer and grew in concentric shells in o manner
resenbling that described by Frankenberger for lithium
nitride layers. Sodium, pobassiun and lithium, included as
alloys or in contoct with the surface, accclerated the

reaction of calcium with nitrogen but calcium nitride in

clloy form nad no offect.

(b) Magncsium.

The kinetics of nitridation of nagnesium have bheen
investigated systematicolly by Sthopitanonda and Margrave
(110) between 300° and 500°C at constant pressurc.  Reaction
began at 300°C and the rate beoeame appreciable above 415°C,

Above SOOOC the relatively high vapour pressurc of
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magnesium couged complications. Over the range studicd a

lincar law was obeyed, thc rate constant being exprecssed by

k mga/om%/hr,) = 2°2X104o-22’3OO/RT
The rate was found to incrcase very slightly with pressurc
but no definite corrclotion could be found.

Invegstigation of the bcryllium/nitrogcn rcaction
kinctics have been carricd out by Gulbransen and Andrew (114)
with filcd specinen surfoces, ﬁsing thea vaouum‘microbalanoe
tochniquc between 600° and 925°C for pressurcs of a fow mn.s
up to 7.6 cn.Hg. The uptake followed o parabolic law and
a large activation cncrgy was found, 75 kcal/mole. A very
small inecrease in ratc occurred with increasing pressurc,

onsistont with outwoard diffusion of beryllium ions through

the nitride scalc, but no definite dependance c¢o'd be

determnined.

1.4.4.2, Nitridation at Low Tcmperaturcs with Formation of
Very Thin Films. :

' De Graff ond Homaker (111) reported the high reactivity
of barium films, cvanorated from barium redistilled in vacuo, |
towards both nitrogon and oxygen. Barium was cvaporated
rboth in vacuo and irn atmosvheres of various goscs (argon and
nitrogen in particular) ond it was found that the uptake was
greatly increaced, cven when the atmosphere consisted of
nitrogen cvolved from impuritics in the cveporating pellet.

This samc cffecet has becen noted in the prescnt work when

lithium was cvaporated in an atmospherce of nitrogen cvolved
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at high temperatures from impuritics in the lithium pellet.
De Groff and Hamaker found that the activation cnergy for
the nitride reoction voricd, with inerecasing coverage, from
900 cal/mole to 9000 cal/molc.

Trapnell (112) hos also reported ~ctivation energics,
incrensing from 1500-3800 col/molc with incrcasing coverage,
in the very thin film region, using cvaporated calcium sur-
faces.

The only systematic investication of the calcium/
nitrogen rcaction, in the thin filwn region, is that of
Roberts and Tompkins (22). Using cvaporated sintercd
colecium films they studicd the kinetics of the reaction
betwoen 23° and 200009 using a constant low pressurc
technique, The rcsults wore consistent with a modified
Mott and Cabrera theory of very thin £ilm formation, The
rate was dcpoendent on the first power of the nressure,
suggesting o reversible adsorption to form a 'surface
complex!, NEO & lincar dcwmendcence of activation encrgy on
the inversc thickacss of the nitride layer was found os
predicted by the thecory and the valuc of the maximum
activation encrgy ot infinite thickness, obtoined by
extrapolation, was 22 keol/molc. The theorctical valuc of
the critical temperaturc was about 162°¢. An estimation
was also made of thoe Total number of metal sites/unit arean
of interface from which the metal ion penctrates the

nitride lattice. An initial short nuclcation period was
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obscrved with an increasing rate, during the formation of
the first laycr, similar to that found, for cxample, in
the oxidation of borium (113). Then 2 period with o con-
stant rote, ond fin2lly o rote diminishing rapidly with

thickness, according to the inversc logarithmic bechaviour.
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2 BXPIRTUSNTAL

2.1. Oxidation of Evaporated Lithium Films.

2.1.1. Apparatus.

L

A pyrex high vacuum apparatugs was constructed. The
main pumping leads wvere of either 4 cm. or 3 cm. I.D. tubing,
while for the remainder of the apparatus approximately 8 and
10 mm. I.D. tubing vag used. In those portions of the
apparatus There tenperature gradients, large enough to
hecessitate thermal transpiration corrections, occurred over
lengths of tubing the exact diameters vwere measured
accurately by calipers before incorporation in the apparatus.
Edwards "I high vacvun grease and silicone high vacuum grease
were employed ag stopcock lubricants.

The apparatus is nov congidered in sections for purposes

of detailed degmcription.

2.1.1.1. Pumping Section. (Fig. 2.2.)

This consisted of a Klemperer single stage mercury

diffusion punp Pl in series with a three-stage mercury
iffusion pump P2, which in turn vwas backed by a Speedivac
rotary oil pump Fo.l. This pumping systen was used to
evacuate the gresseless sections of the -apraratus i.e. the
absorption and gas dosage sections. It was kmovn to be
capadle of attaining dynanic wvacua of lessthan lO—7mm_° Hg.,
ag measured by an Zdvards I.G.2. ionization gauge. Tvro
wvater-cooled traps of large contact area were bullt in series
between the pumps and the absorption section to condense any

mercury vapour.
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2.1.1,2, Gas Storage and Preparation Section (fig. 2.1.).

This section, which could be isolated from the gas
dosing section by ths mercury cut off (1), was pumned out
independ ntly of the main punping cection by means of the
three-stage diffusion pump P23 and could be isolated from +this
punp by the stopcock 10.”

(2) Hydrogen.

Bulb A wag evacuated through stopcocks 1, 4 and 10, and
filled with hydrogen from a cylinder through 1. It was
cvacuated and refilled a number of times to remove completely
air from the connecting tubing. Hydrogen was then
purified by diffusion throuzgh the »nalladium thimble B heated
externally by a furnace to epproximately 300°¢,

(b) Oxyren.

4.R. potassium pernanganate after initial outgaésing with
partial decomposition in bulb D, was decomposed thermally at
c.a. 300°C,

() Witrozen.

rogen was prepared by thermal decomposition of pure

[

Wi-
sodium azide at 310°C after lengthy outgacsing at 200°¢,
Gases so prepared were then passed through a liquid
nitrogen trap T3 and stored in bulbs E and I until required.
“‘henever possible gases were prepared as required. While
being uscd they were kept in contact with T2, whichws sub-
nerged in liguid nitrogen, before admission to the dosage

section,
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2.1.1.3. Gas Dosagce Scction, (fig, 2.2).

This scetion compriscd g¢opcocks 6 and 7, cut offs (1),
(2),(3) and (4) and McLcod gauge M, Quantitiés of gas
could be transferrcd from the gas preparation scetion to the
smallvvolumc betweon stopcocks 6 and 7 and cxpanded betwecn
7 and cut off (1) in thc raiscd position. With 7 closecd
it was further cxpanded botweon (1) and (3), with (2) raiscd
to isolatc the systom from the main pumping line. From herc
it was tronsforred into the McLecod gouge M by raising (3) to
Xl.and (4) to X3° The volume cenclosced between Xl, X2 and

X, was accurately known from gos calibrations using the

3
known volumc of the Mclcod gauge as o standard. Thc pressure
was then rcad off the MclLcod which covercd the range from
10™%mn. Hg to 10" Lo, Hg. This known quantity of gas was
thon added to thce obsorption scetion by raising (5) to X
isolating the absorption scction from the pumps and lowering

(4) to X By mcans of this systcm, doscs could be prepared

40
while citheor reaction was procccding between (4) and (5) in
the raiscd pogition or while pumping in the absorption

scction with (4) raiscd and (5) lowered.

2.1.1.4. Gas Absorption Scetion (fig. 2.2).

This comprised the volumc betwcen (4) and (5) and the
variable heights of the gas burcttes H1,2,3,4 cnclosing the
trap T1, Zirani gouge J and the rcoaction vessel R. The

fixed volumc betweeon X5 and X, and the burettes, with mercury
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raiscd to their highest calibration. —erking, was known from
gas calibrations. The volumcs of those portions of the
apparatus immersed in fixcd temperaturc baths, namely below
X7, X8 and X9 were also known from water calibrations, sincc
these volumes were requircd for calculating the thermal
transpiration corrections. The McLeod capillary was
calibrated with a mercury pellet and the bulb with water in
the usual way. The trap T1 was large so that it could be
immersed to a sufficicnt depth in a large Dewar of liquid
oxygen and left for leng periods without danger of complete
evaporation of liquid rcfrigecrant. The gas burettes could
be varicd over a total volume of 600cc. and could be recad
accurately to O,icco | The levels of mercury could be
raised stcadily by mcans of a leak valvc to atmosphere
attached td o two way stopcock on the mercury resevoirs, or
lowered by mcans of a sccondary backing pump (No.2) through

this two way stopcock.

2,1,1.5. Pirani Gauge (fig. 2.3%).

The Pirani gouge was of simple design; a tungsten
filament (0,03 mm. diameter and approxinmatcly 150 ohms
resistance) was stretched between and spotwelded to nickel
clips approximatcly 15 cm. apart which in turn were spot-
welded to the tungsten support rcds (1.5 mm. diameter).
The filament was stabilized clectricolly and mechanically
before usc by passing a current of 40 m.a. through it for

30 minutes, while thc gauge head was being heated in vacuo
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at 350°C in the outgassing furnace. Since the sensitivity
of & Pirani gauge is dependent on the differcnce betwecn
the wall and wire temperatures, the Pirani was operated with
the head immerscd in liquid oxygen maintained at a fixed
mark X8 which was well above the top of the filament., it
this were not carefully httended to, fluctuations were
observed in the rcadings. The meaguring circuit wds simply
a Wheatstone bridge (fig. 2;3)0 A high stabilized voltage
(about 240 volts) was suppliecd across the bridge, which was
stepped down by large resistors in two of the ratio arms, so
that one had o constant voltage and virtually a constant
current supply sincc the current drain through the Pirani
(12 m.2.) was almost negligible. The constant voltage
stabilizer was based on the design of Solomon (131) and the
circuit is shown in fig. 2.4. The gstability of the voltage,
which was stepped down by o potential divider (250K to 1K),
was investigated by measuring the voltage across the 1K |
resistor (2~4) with a potentionmeter; short term fluctuations
were of the order of 0.1%.

The ratio of the fixed arms of the bridge.was 25 to 1
S0 thdt changes in the resistance of the Pirani filament
(2«3) were magnificd by this ratio before being balanced by
the decade box (1-2). A Tinsley galvanometer type S.S5.2.
(sensitivity 22mmoép anp.) (1-5) was found to be sufficiently
sensitive for usc in the measuring circuit.

The Pirani zecro Ro i.c. the filament resistance in
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vacuo was mecasurcd. After switching on the voltage
stabilizer and putting up the liquid oxygen trap round the
Pirani head, the instrument required about 30 minutes to
equilibrate. Thercafter no fluctuations in the zero value
cithor transitory or long term were noticed during operé.’cion°
The Pirani was calibrated against the Mcleod before use and
such a set of calibrations with oxygen, nitrogen and hydrogen
is shown in fig. 2.5, where the change in resistance

4}1(: Ro - Rp resistance 2t pressure p), is plotted against
pressurc. The sensitivity of the gouge decrcased rapidly
above lo-zmm,, so that its use was restricted to below these
values. For lower pressures the Pirani was cxceptionally

6mm,) so that since

sensitive (1 ohm was ecquivalent to 10~
changes of 0.1 ohm could be determined readily, this
corresponds to a sensitivity of 10_7mm° over most of the
pressure range used. Lven well into the lo-gmm, Hg region
it could bec used as o null peint instrument with sufficlent
accuracy for practical purposcs.

For rate measurcments fhe Pirani was used as a null
point instrument, the. time being noted when the bridge was
balanced at o specific resistance, the pressure being held
constant by continually raising the gas burettes as the
reaction proceceded. Readings could be taoken every 15
seconds if necessary depcnding on cxperimental conditions.,
Unfortrmaotely if pressurcs in the absorption section were

increased suddenly, os woas sometimes nccessary there was a
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time lag of up to 150 seconds before equilibrium wos

attained.

2.1.1.6. Preparation of Pure Inert Argon Atmosphere (fig.2.6).

Since an inert atmosphere wag required for the handling,
tronsfer and storage of lithium, cylinder argon 99.95% pure,
as supplied by the British Oxygen Company was used. The

analysis was given as follows:

oxygen | 10 p.p.m.
carbon dioxide 1--2 p.p.m.
hydrogen {1 p.p.m.

traces of other
carbonaccous compounds £5 p.D.m.
nitrogen 500 p.D.Ie
water vapour : 25 p.p.m., above 15 atmospheres
pressure. Below this pressure
a slight increase in content
0CCUTrS,
Since water vapour represented the most reaciive impurity as
far as lithium woas concerncd, the argon was passed through a
purifying train, comprising o column W, containing finely
divided nmagnesium percnlorate, a trap T4 packed with glass
wool immersed in o cardice-alcohol bath, a column S containing
. . . 0
heated high purity calciun metal ot 400-5007C to absord any
residual oxygen and nitrogen traces, and finally another
cardice-alcohol trap. The pure gas could then be passed
through stopcock 5 into the main apparatus or alternatively
through the dry-box or desiccators as required.
Spectroscopic analysis indicated no trace of water vapour,

a reduction of oxygen impurities, but not much change in the

nitrogen content. Neverthcless freéhly cut lithium surfaces
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stored under this atmosphere remained bright indefinitely
without sign of contanination.

Taps 11 and 12 in fig., 26. were uscd for control of
argon pressure during glass blowing as described later in

seetion 2.1.2.%.,

2.1.1.7. Storage and Handling of Lithium.

Tithium wes used ag supplicd by two sources: (1)
Jomngon Mathey Ltd. who kindly provided, as a gift, a
quantity of their highest purity lithium stored under argon.
(2) The chemical engineering department of the A.E.A. at
Aldermaston. I+t was supplicd stored under high purity
argon in scalecd polythene»screw top bottles contained in an
argon atmosphere in a polythenc envelope which was in an
argon filled desiccator containing a desiccant. It was
stored in this manner in the laboratory, and the original
metallic lugstre was maintainred on undisturbed samples for up
to at least 10 months. Two batchcs of prefiltered lithium
from this source werc uscd. The analysis of the lithium
was given as: :

(1) Lithium supplied by Johnson and Mathey Ltd.

gsodium 0.120%
potassiun 0.00%%
iron 0.,006%
calcium 0.019%
nitrogen 2.24%
6 other

impurities & 0.001%



sodium 0.3%

zinc 60 p.p.m.
cadmium £10 p.p.m.
magnesium <10 p.p.m.
mangancse <10 p.p.m,
boron %20 p.p.Te
potagsiun £200 p.p.m.
chloride 250 p.pP.Tle

(2) Lithium suppliecd by the U.K.A.E.A.

T2

The material from source (1) was used mainly for pfeliminary
qualitative runs, whilc one batch from source (2) was usecd
for the oxidation work and the sccond batch for the
nitridation investigations.

For the cutting and handling of lithium a dry box was
used, flushed with 2 stream of the purified argon and con-
taining P205 as desiccant. Lithium was transferred to the
apparatus from the dry box in two ways: either a small
pellet was cut off and placed under argon in scoled polythenc
containers, -or by means of a lithium pipette, made of nickel,
stored in an argon-filled dcsiccator. (See fig. 2.7). The
dry ng had facilitics for melting the lithium in a small
electrically heated nickel crucible. A vacuum line was

also attached to the dry box for drawing molten lithium

into the heated pipcstte.
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2.1.2. Experimental Procedure.

2.1.2.1. Preparation of Filamcnt Basket (fig. 2.8).

The evaporating filameont basket was constructed of
0.3 mm. molybdenun wirc wound on a conical former and spotb-
welded to the tungsten terminals., Previous lithium films
were rembved with repeated boiling in distilled water and
any surface oxide coating on the molybdenum filament was
cleened away by A.C. elcctrolysis in warm moderatecly con-
centrated A.R. caustic soda solution. After further
rinsing with distilled water thce rcaction vessel was oven

dried and sealed on to the vacuum system.

2.1.2.2, Preliminary Outzassing.

The apparatus was evacuated and the absorption cell
was outgassed at 40000 with 2 furnacc while the Pirani gauge,
trap, burcttes and cut offs were heated with electrothermal
hecating tapes. The remainder of the high vacuum system
including the McLeod gauge was flamed out vigorously with
a hand torch. During this boriod 1 cm. Hg of hydrogen was
introduced and the evanorating basket was heated te a bright
red colour. After 2bout 30 minutes the molybdenum wire
became silvery and then the hydrogen was pumped away.
Purther outgassing in vacuo with the filament glowing at
approximately 1000-1200°C wag continued overnight until the
outgessing rate under these conditions was better than

104, Hg per hour.
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4.
2,1.2.%. Introduction of Lithium to the Evaporating Basket.

The heaters were switched off and purc argon was
introduced through stopcocks 5, 6 and 7. Sce figs. 2.6,
2.1, 2.2, Small quantitics of argon were first flushed
through, with the main Hg diffusion pumps Pl and P2, operating,
so that any oil vapour in the connecting tubing between P1
and the backing pump was flushed out. Before the argon was
completely pumped away the tap between Pl and the backing
pump was closed. The mercury pumps Pl and P2 were then
switched off and orgon allowed to enter the entire system
to pressure of 1 atmosphcre, when stoncock 12 (fig. 2.6)
was opencd to atmosphere. Stopcock 12 was connected to a
rubber lead, which could be constricted manually, producing
increases of argon pressure above 1 otmosphere. A cardice-
alcohol trap Wis now raised around T1. One of the two
methods was now uscd for introducing lithium intc the cvapor-
ating basket. The pipette heater was switched on, in order
to melt the lithium, then the tip of the glass side tube on
the reaction vessel bulb softencd in a flame. By clamping
the tube attached to stopcock 12 the pressure of argon blew
a hole in the side tube (fig. 2.8). Stopeeck 12 was then
shut so that a strcam of argon was emitted from the hole,
The tip of the pipettc was then introduccd slowly through
the side tube into the conical basket after first extruding
and rejecting a snall amount of contaminated lithium at the

tip in a strecam of argon. Control of the amount of lithium
transferred was maintained by a pressure of argon in a
similar way to the glass blowing procedure described above.
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The pipette was then withdrawm ocnd the sidce tube was scaled
with o torch maintaining glass blowing control again by
argon prcssurc through stopcock 12.

This method gave a very clean head of lithium, but

troublc was sometimes cexpericnced with the operation of the
pipette, duc fto difficulty in handling and positioning when
at a temperature above the melting point of lithium. The
chicf trouble was that, for a few seconds it was necessary
to transfer the heated pipette through the atmospherc.

This sometimes resulted in repid formation of lithium nitride
in the tip, blocking it completely, and necessitating‘
cleaning out 2nd refilling. Consequently o simpler method,
which proved quitc efficacious and rcliable, was adopted.
Small pieces of lithium were cut off in the dry box and
transferred to the apparatus in an argon filled polythene
screw-top container. A scratch was then made on the glass
at the point Z (fig. 2.8) and the bulb cracked with a hot
bead of molten glass at this point keeping the argon slightly
‘above atmospheric pressurec. The bulb was lowered to give
access to the evaporating basket ond the pellets inserted
with tweezers. The bulb was then raised resealed under
argon and evacuated. Since argon is heavier than air and
because a large flow of gas was maintained downwards from
the neck of the reaction vessel to cnvelop the filament only
slight amounts of air were likely to enter the bulb during
the short time for which it was seporated. The whole

operation took no more than 5-6 minutes.
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Some contamination of the metal surface was observed
during the annealing process but never more than the very
thin black film which occurs before formation of a macro-

scopic nitride layer. In the best cases the metal surface

retained iits metallic lustre throuzhout.

2.1.2.4. FPinal Outgassing Proccdurc.

With 211 hecaters on, cxcept the rcaction vessel furnace,
the reaction vessel was thoroughly flamecd out taking care
that radiation did not produce 2 lithium film, The current
through the evaporating filament was then raised until the
1ithium bead became molten. (M.P. 186°C (132)). Since the
vapour pressure of lithium is small even considerably above
the M.P. (133, 134), outgassing of the bead could be carried
out for long periods without the production of a film.,
Outgassing was continued until the rate became immeasurable
(4(10'6mm,Hg/hour). Sticking vacuums were obtained in the

McLeod even after isolation from the pump for 30 minutes.

2.1,2.5, BEvaporation of Film.

Liquid oxygen was raised to the fixed mark on the
Pirani gauge and liquid nitrogen round the reaction vessel.
Pilm evaporation was carried out slowly at as low a filament
temperaturec as possible, the operation usually taking about
2 hours. During this time a negligible pressure increase
was registered by the Pirani gauge even with cut offs (4)

and (5) raised. Howecver, if the temperature was too high
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hydrogen evolution occurred. This was precsumed to be due
to decomposition of smell amounts of lithium hydroxide
impurities, unavoidably produccd in the pellet during the

glass blowing on the reaction vessel, viz:

2Li0H(5) — Iiy0(s) + Hy0(g) (1)
(in hottest region of_pollet)
2H,0(g) + 2Li(1) —» LiOH(s) + E,(g) (2)

(in coller regions of pellet)

These reactions congtituted the main danger of contamination
during film evaporation, since lithium nitride, oxide and
arbeonate arc stable at far higher temperaturcs than lithium
hydroxide (134, 135). The evolved gas was identified from
the Pirani calibrations. However in most cases cvaporation
could be carricd out at such a temperature that hydrogen
evolution was negligiblc.

Very thin films of lithium are pink and blue, but
become silvery when thicker. Thin films in vacuo at room
temperature werc obscrved to disappcar in a short time
indicating that reaction or absorption by the pyrex bulb had
occurred. Somewhat thicker films at room temperature
occasionally developed tiny pin holes, indicating that:
sintering or recrystallizetion nrocesscs had taken place.,
Finally if films were maintained at 100°C for a short fime,
they underwent colour changes ranging through gold to dark
brown and Tinally black. This external appcarance resulted,
however, from changes in a thin layer next to the glass,

since the surfacc remazined silvery at the lithium/vacuum
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interface, To reducc the possibility of these changes
affecting the reaction surface of the lithium, reclatively
thick fllms, of the order of 10 3nm ere evaporated.
Prececdins absorption measuremcnts, the film was sintered
at 50°C for 30 minutes. Duevto the high sintering
temperature relative to the melting point of lithium and
the malleability of the metal it is assumed that the surface
arca of the Tiln aprnroximates to the geometrlc arce of the
reaction bulb. (Cp. calcium films evaporated similarly
and sintercd at a lower relative tomperature, (22)).
During sintering no alteration of the Pirani resistance Ro

was normally observed.

2.1.2.6, Fixed Temperature Baths.

To permit rapid chonges of temperature between 78°K
and 320°K a number of fixed temperature baths were employed.

These were:

Tenperature Bati. Published Observed
Temp. K (136) Tenp.
Boiling liquid nitrogen TT.3 Standard
Boiling liquid oxygen %0.0 standard
Weltlng isopentanec 113.5 113.95
(2 methyl butanc)
Melting n~pentane 141.7-14%.3 138,55
Melting methyl cyclo hexane 146.6 147.54
Ether 160.0 160.0
Melting toluene 177.8 180.88
Cardice in alcohol 195.0 standard
Chloroform 210.0 210,91
Melting &lethyl malonate 22%,.2 221.43
Melting carbon tctrachloride 250.3 250,94
Melting methyl benzoate 260,66 260,68
Ice-water - 27%.2 standard
Running tap wate: 2“9-294

Various oil baths normally controlled
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Jzmperatures were measured by means of a copper constantan
thermocouple with one ice cooled junction and calibrated for
use in the low temperature region using the standard

temperatures zbove and the method described in International

Critical Tables (135).

2.1.2.(. Measurements of Reaction Rate.

Fith the reaction vessel inmersed to the point X9 at
the lowest temperature (ligquid nitrogen), the Pirani
imnersed to X8 in liquid oxygen, the trap to X7 in liquid
oxygen, the gos burcttes set at their lowest calibrated mark,
cut off (6) raiscd to X6, a dose of oxygen was prepared in
the volume space Vo+1 (between marks Xl’ X.5 and the Mcleod
open at X2). The pressure was measured with the Mclecd
and then the Mclecd was réset at X,. .The volume of the
McLeod bulb alone (i.e. the volume with McLeod just closed
at X2) will be denoted Von The volume between X1 and X3
with the McLeod just closed at X2 ig denoted Vl’ The cut
off (4) was then lowered to X, and the time zero taken,
7ith a clean filn the initial rates were too rapid to maintain
constant pressure so that it was usually necessary to add
another dose or two, until the ratc became slow enough to bé
followed at some constant pressure. \fter sufficiently
Qharacterizing the rate curve, the next higher temperature
bath was quickly raised around the reaction vessel and at
‘the same time the burette levels were altered so as to keep

the pressure constant. The new rate was then characterized
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and the next temperature bath was raised. This was con-
tinued until the highest temperature was reached. A period
of 2-3 minutes was usually rcquired to change the temperature
and reach thermal equilibrium. In this way the temperature
dependence with increasing oxide thickness could be studied.
Alternatively the cffect of pfessure on the rate was
studied at a fixed tenperature by characterizing the rate at
one pressure and then cither pumping away a fraction of the

gas or quickly adding on extra quantity of gas at 2 higher

pressure and characterizing the new ratec.
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2.2, Nitridation of Bulk Lithium.

2.2.1. Apparatus (fig.2.9).

The apparatus was constructed partly of pyrex with .
nain pumping leads as in scction 2.1.1. while the remainder
of the connecting tubing was approximately 8 mm. I.D. The
two manometers were constructed of 5 mm. 1.D. Dpyrex tubing
and the reaction vesscl and filter unit were of Austenitic
stainles steel. The conncction between the glass apparatus
and the metal reaction vesscl was by mecans of a machined and
hand ground ball joint held by a spring clip. Silicone
high vacuun grease was used os the lubricant for stopcocks

and ball and socket joints.

2,2.1.1, Pumping Section.

This was trhe same as described in section 2.1.1.1,

and@ connected as shown in fig. 2.9.

2.2.1.2, Gas Prepasration and Storage.

The nitrogen used was high purity cylinder nitrogen as
supplied by the British Oxygen Company. Since the main
impurity was water vapour this was removed using the nitrogen
liquefaction apparatus marked G in fig. 2.1. This con~
sisted of a2 Dewar flask containire liquid nitrogen with a
vacuum tight rubber bung surrounding the glass finger G.
eand having = pumping lead through the rubber bung atiached
to a rough backing punp. Nitrogen was admitted through

stopcock 9 at approximately 1 atmosphere pressure and
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condensed to the liquid in G. This was brought about by
pumping in the liquid nitrogen in the Dewar surrounding G
causing a considerable cooling beclow 77OK, When sufficient
nitrogen had condensed inside tube G stopcock 9 was closed’
and taps 4 and 10 were opened to vecuum. This produced
further cooling and white crystalline solid nitrogen was
formed rapidly. Pumning wes continued until 211 the
uncondensed nitrogen gas and any woter vapour or uncon-
densed impurities were remcved. The Dewar was removed
after closing stopcock 10 and reploced with another Dewar
containing liquid nitrogen at its normal boiling point,

The nitrogen was stored as liquid at 1 atmosphere pressure.
The nitrogen level in the Dewar was never allowed to drop
below that at which the solid niftregen wag ~riginally
formed, so that any woter voapour condensed remained as
solid at 78°K thereby contributing negligible v.p. as con-

Taminant.

2.2,1.3. Gags Nhgoge and Absorption Section.

Gas dosages and rate neasurements were carried out by
means of two nercury nanometers 4 and B the nitrogen flow
valve V and the niftrezsen res-voir N. The volume VN of
bulb N was known from vatcr calibvrations and was used as the
standard for calibrating other relevant volumcs of the
apparatus by gas expansions. Due allowance in subsequent

calculations was mode for variations in Volume VB between
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taps 8, 13, 14, 16, 17 and V, czused by fluctuations in the
height of mercury in the manometer B. Valve V was of brass
construction welded to two conper glass seals and operated
by screw pressure on o P.T.F.E. diaphragm with a return

Spring.

2.2.1.4. Reaction Vesscl (£fir.2.10) and Lithium Filter (fig.,

2.11).

The rcaoction vessel and detachable filter unit were

constructed entirely of welded Austentic stainless steel
components., Metal vacuun scalg werce made via softencd
copper gaskets in bolted flanges so that three line seals
were produced oﬂ cach gasket. Detaile are given in fig.
2.10, Since rates were high and operating vressures large,

2mm. Hg/hour were negligible.

outgassing rates less than 107
Thus onc hundred hours would have been required to reach a
nressure of 1 mm, o value still small compared to operating
pressures. The reacticn vessel itscelf consisted merely of
a cylindrical pot scaled with a blenk end-plate to flange A
when in usc, which could be replaced by the filter unit when
required. A side arm with 2 stainles steecl socket Which
was machined and hand ground to fit a standard pyrex ball
joint with a spring clip attachment connected the metal
apparatus to the remainder of the absorption section. A
stainless steel apperatus is necessary when working with
molten lithium since lithium at elevated temperatures reacts
rapidly with glass.

The filter unit (fig. 2.10) consisted of a cylindrical
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tube G (containing the pieces of cut lithium) which could be
attached to the rcaction vessel pot by flange 3. A
detachabvle end plate J with on inlet tube from the argon
supply was bolted to tube G via flange C. Tube G tapcred
into the detachable nozzle D containing the positioning ring
E for holding the stainless steel fine wire mesh filters F
in place. D wae of large mass to insure o high heat capacity
so that molten lithium was unlikely to solidify and block the

nozzlie,
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2.2.2. Bxpcrimental Procedurc.

2.2.2.,1. Outgassing and Filtration of Lithiun.

The reaction vessgel with the filter unit attached was
nounted evacuated and torched out and the liguid oxygen
trap raiscd around T7 in order to remove adsorbed water and
any mercury vapour from the adsorption section. When a
good vaéuum had been produced, purc argon was introduced at
1 atmospherc pressurc. End plate J was removed and
sufficient lithium was transferred rapidly into tube G under
the argon streanm. Ind plate J was replaced and again
evacuated; a furnace vas raised around the reaction vessecl
and filter unit and the lithium mclted and outgassed at
SOOOC, tapping from time fto time on the filter unit with a
hammer to settle the 1lithium into the filter funnel. After
several hours the lithium was filtered under a pressure of
10-15 ca. of argon. The furnace was removed and the appara-
tus cooled., Argon at 1 atmospherc pressurec was again
adnitted and the filter unit replaced by the blonk end plate
H and cvacuated once more, When a good vacuum was obtained

further outgassing at 300°C was continued for several hours.

2.2.2.2., Pixed Temnerature Daths.

Some of the freezing baths described in section 2.1.2.6.
werc used, but as nmost of the work was donc above room
temperature liquid paraffin baths, either manually controlled,

vhen rapid temperaturce changes were needed, or by means of a
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sunvic controller with switching relay when long periods
at a fixed temperature were required., . For work above the
nelting point of lithium an electrical furnoce was used,
thermostatically conirolled by means of a tungsten
registance thernometer.

Temperatures above The nelting roint of lithium were
measured by a éhromel—plumel thermocouple strapped in con-
tact with the outside of the reaction vessel. The air
temperature inside the furnace could be controlled to

+ 0.1% by the resistance thermoneter, but there was a lag
in the control of the reaction vessel due to its high heat
capacity. Other factors which nade temperature control
‘difficult werc the high cooling rate due to thermal conduction
along the metal portions of the apparatus, particularly at
high temperatures, and self heating when the reaction
proceeded at very fast rates. Thig necessitated some

manual menipulation of the thermostat settings until steady
states were obtained 2t the various ftemperatures, but once
obtained control could be meintained at c.a. iO.SOC for

sufficient neriods of time to cheracterize the rate curves.

2,2.2.,3%. Abgsorntion Meagurcaents.

Rate measurenents were nade at constant pressture by
allowing nitrogen to lcak through valve V, keeping manometer
A at a constant value,

Uptake was measured by following the decrease of

pressure in the small v~lume VB (189.1 cc) using manometer
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B, for slow rates, adding fresh increments of gas to VB from
the nitrogen regcvoir (VN = 2950 cc.), when necessary.
Alternatively, for very rapid untake, or when using high
pressures, tap l.6was left open, and the pressure dccrease
with time wes followed in thec large volume VN + VB’ The

VN + V

~atio B s 18, thus a large range of rates could be

B
determined with rcasonahle accuracy. IHManometecrs could be

read to + 0.2 mm. and manometer A could be held at a constant
pressure (from 20-600 mm.Hg) with an accuracy of apﬁroximately
+ 0,5%. Trap 7 —as at liquild oxygen temporature during runs.
Ratecs were measured wusing solid lithiun from 0° to the
mep. 0of lithium and on the molten lithium from the n.p. up to

approximately 350°C.
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3 RESULTS AND DISCUSSION

3.1. Oxidation of Evaporated Lithium Pilms.

Z.1l.1l. Qualitative Observations.

When oxygen was added at 78°% to a clean sintered
evaporated film, a rapid initial absorption occurred, corres-
ponding to about 9 or 10 atomic layers of oxide, at a rate
too rapid to be followed either at constant volume or con-
stant pressure. After this the rate become slow enough to
be measured at constant pressure and progressively decreased
to a low value; by increasing the temperature at this stage
the rate wag initially increased but then again decreased
rapidly. This sequence was repeated with each temperature
increase up to 300°C when the rate rapidly accelerated to a
much larger value despite the increasing thickness of the
oxide layer; at this stage successive doses of oxygen were
teken up within 1-2 minutes of contacting the film, A
typical series of results is shown in Figs. 3.4., 3.5.,
3.60y 30Tsy 3686y 3.9., 3,10,

If the rate was characterized at some temperature.Tl,
before BOOQK had been reaohed and then suddenly the temper-
ature was oohsiderably reduced %o TZ’ reaction ceased,
resumning again at an identical rate on returning to the
higher tenperature Tl, even after a lapse of many hours,
Fig. 3.1,

Once the temperature had been raised 2bove BOOOK,

however, reaction d4id not cease on lowering the temperature,
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but proceeded as though for a clean film once more. This

phenomenon is referred to henceforth as breakaway.
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%.l.2, Kinetics of Sorption.

At 78°K it was neccessary to add as many as three doses
(the maximum value of a dose in the present apparatus being
about 1.5 micromoles) before measurable rates were obtained;-
consequently due to the time lapsc necessitated by dcse
preparation, the time zero in any kinetic run wes srbitrary,
and was chosen as the instant of commencing a run at constant
pressure., Prom the burette readings and the constant
pressure maintained in the apparatus the oxygen uptake, w,
micromoles of oxygen was obtained. Direct plots of w
against time gave a curve indicating a highly protective
layer. Plots of w, and LAV, against log (t+to) however,
could be linearized using particular values of to obtained
graphically by trial and error. (Sce Figs. 3.2., and 3.3.).
These were always greater than 10 minutes, although they
were usually smaller for the inverse log. plots thah for the
direct log plots. Clearly the plots were somewhat insensi-
tive to the particular functional form, although they could
not ve fitted to a parabolic law. |

Linearity of both typzs of log plot, was obtained at all
" temperatures uscd throughout the experimental work. Thus it
can be reasonably concluded that the kinetics of sorption is
constant and independent of temperature.

To differentiate between the two log forms it is noted
that the theory of Mottt and Cabrera for the growth of oxide

layers, up to approximately 50 X thickness, (see section



92,

1.%3,2,1.(a)(i1)), predicts the inverse log form, and that
furthermore, it predicts that the activation energy is
dependent on film thickness and should decrcase linearly
with the reciprocal of the film thickness (see section

3:‘196«) .
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o a

3.1l.%. Dependence of the Rate on Temperature.

2.1.%5.1, Procedurec.

In order to determine activation cnergies at constant
film thickness, the rate was charactcrizcd at the lowest
temperature for a sufficient time, then as quickly as
possible the temperature bath was changed to effect a 10-20%
riée in temperature and the new rate characterized maintaining
the pressure constant throughout. The tinc required for the
change and the attaimment of steady state conditions was 3
to 4 minutes. This proccdure was then recpeated with
successive pairs of temperature baths until the highest
temperature or breakaway was reached. The time zero for
each activation encrgy determination was taken as the instant
each constant pressurc run was commenced and quantitics of
both gas added or pumpea out of the systeun werec measurcd at
all times. It was thus possible to calculate, at any stage,
the amount of gas absorbed by the film, and hence the oxide
thickness, or the amount »rcsent in the gas phase in any
section of the apparatus.

Since, as pointed out in the préceeding section, the
to values requircd to linearizc the log vlots were greater
than 10 minutes, thesc plots were insensitive as far as the
degrce of linearity was concerned, and thus could not be
used, with accuracy, for interprctive purposes. It was
therecfore nccessary to cxtrapolate the empirical (w/t) curves

to the instant of intersection at the moment of changing the
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temperature bath. This represented constant thickness and
the activetion energy was determined graphically by drawing
tangents to the two curves at the point of intersection.

By this means it was possible to evaluate activation
cnergics at constant calculable film thickncss, with increas-
ing f£ilm thicknesscs but it must be pointed out that the
activation cnergies werce determined at varying temperatures.
It is assumed in the following, thercfore, that the values
of activation cnergy arc independent of temperature over the
range studied. This is a rcasonablce assumpiion, however,
because as indicated in the precceding scetion, the kinetics
of sorption showed no variation with temperature over the

experimental range.

%3,1.%2.,2, Calculation o Results.

Since cxperiments were carried out at low pressures, of
the order of 10™%-1072 mm, Hg, with the temperaturc of the
pressure measuring instrument differcnt to that of the
absorbent, it was necessary to apply thermal transpiration
correctionsto the pressurc when calculating quantitics of gas
in the gas phase, in order to determine the uptake by the
film at any stagq, For this purposc a scrics of graphs were
dravn using the Bennett and Tompkins (137) modification of
Liang's cquation covering the range of pressurces used, the
diameter of pyrex tubing and all the constant temperaturec
baths. By this means it was possible to calculate the

actual stcady state pressurc over the film and the quantitics
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of gas in any séction of the apparatus at a given instant.
The ratio of the rates (rl/rz), at the moment of

interscection of the (w/t) curves was obtained graphically

from the tangents, and activation cnergies were calculated

from the Arrhenius cquation in the usual way.

To Ty ca1.mote™t

I, =14

Thus E = 2.303 x R 1oglo\;;) «
2
A complete . tabulation of the cmpirical data, and
apparatus constants for a typical run for the determination
of activation cncrgics, on an initially clean £ilm (Run 19(a))
is given below, (Table 3.1.), with graphs of the (w/t)
curves, (Figs. 3.4e 3.5., 3.6.5 3.T.5 3.8.5 3.9., 3.10.) ¢
a calculation of the uptekes, with thcermal transpiration
corrections, at various stages during the run, has algo
been set out, (Table 3.2.).

Table 3.1, Tmpirical Data. Run 19(a). .
M 1m sintered at %23%K,

Dose Prcgs. mn.He Operation

. Raised liquid N, bath round (R.V.)

5 reaction vessel,
Pressure deercascd to Pirani zero B
in 1% minutes. - °

Pressurce decrecased to 6.77 X.."LO"3 after
3 1ins. (ratc ncasurablc).

Raiscd cut off (4) [¢.0.(4)) ¥ith all
burcttes H,1,2,3,4, at 150 cc. (nmax.
burectte calibration).

Raised H.1l. to 100 cc.

Room temperature (R.T.)es 302°K
throughout run.

Commenced run at_constant pressure

(P, = 6.03 x 1077).

Faltor for convertingc.c. of gas ‘o
micromoles = f,

1 6.%73 x 10~

2 5.%65 x 107°
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Dogse Press. mm,.Hz Opcration
time Vol. “time Vol. t@ne Vol.
mins. CeCo mins. CaeCu mins. - C.Ce
SCCS. . SCCS. SCCS
(£=3.223x10"4)
0:0 H.1. 100.0 27228 32.1 64:47 T76.4
0:5% 89.3 33354 72.8 | 66:30 67.2
2:03 80.2 37327 63.4 68:19 61,0
3833 ‘ 69.3 | 39302 58,7 69:33 55,0
4e4? 59.6 41:07 51.8 Tls42 A8.4
6:14 49,5 42552 46,2 | 73312 42,3
Ts42 40,1 45302 40,0 75:12 ' 3644
g:14 29.8 48322 33.0 TT7:0% 30.5
10:52 19.7 51:00 26.4 | 79:03 23,5
12:38 9.7 5%:50 21.4 | 81:5% 11.7
14:08 0.0 55352 15,5 | 85:22 Be3
16:05 He2. 139.4 raise liquid 02 87:55 0.0
17237 130,.8 lower H.2. raise liquid N2
19350 120.0 59:20 106.9 bath while
21:50 110.7 60:20 100,2 preparing new
24:11 100.2 61:43 92,3 run.
25351 91,1 63:26 83.4 '
Lowered H2,3%,4, to 150c.c. and H1 +to
100.0 c.c.
Ralsed 1uopenta%c slurry.
= 5.22 x 10 at t =0
time vol. time vol. time vol,
(£=2.794x10~%)
0:0 H.1l. 100.0 21:45 45,6 %4328 0.0
%210 89.5 26310 38,4 36:09 H.2, 138.,3
6:12 84.0 | raise n-pentane 37:48 125.3
8:46 74.9 | bath, lower H.l. 40322 110.2
11:57 68,3 28:35 53.0 42:45 07,2
14:52 61.6 30:18 33,8 44:38 86,2
17353 52.2 32:1% 16,7 A7:231 T3.7
50:28 60.4
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Dose Precss. mn.ig Opsration

Left under liguid O, overnight.
Lowered H2,3,4, to %50 cc. and H.1.
to 100 ce.

Raised cyclohexgne bath,

P, = 3.74 = 10 > at t=0.

time vol. time vOl, time vOol,
(£=1.991x10" %)

0:0 H.2. 100.0 21331 17.4 39302 78.%
1:20 92.7 | 23%:50 9.9 | 40:43 677
%226 84.3 26:34 2.5 42:56 5663
5:28 76.5 raise cther bath 44354 45.5
Ts22 69.5 28:25 0.0 47310 33 .4
9326 62.7 29322 H.2. 141. 49:50 21l.4
12:%1 AB.8 | %2:40 120.0 raise liquid O
14:47 11.2 | 34:05 109.5 | around reactiof
16559 32.4 35325 99.6 vessel.

19:%31 25,0 37:10 89.3

3 1.923x107°

Raised toluenc slurry and added dose
3.

Raised C.0.{(4) at 5.50x107° with H2,
554, 2%t 150 ¢ggyc. and H1 at 100 c.c.
P =5.04 x 10 3att =0,

time vol. _  time vol. time vol.
(£=2.684x10™%) |
0:0 H.1l. 100.0 21:16 %1.5 35:¢48 99,7
2:11 90.2 23:10 26.2 37228 89.1
3357 82.7 raisc cardice bath | 39:10 78.4
6340 T4.3 26:33 11.5 40:48 68,4
B:38 ) 28:02 0.0 42:35 56,4
11:00 60.3 29:28 H.2. 140.9 | 45:00 44,7
13%3:25 52.3 %30:58 130,2 AB:55 33.5
16:07 ' 44,2 3224 120.4 493006 22,3
19:43% 37.0 53232 110.0

Left under cardice bath overnight.
Most of fThe residual pressure was

0 used up overnight.
Added dosc with reaction vessel under
cardice and all burettes at 150 c.c.

4 3.497x10



Dose Press. nm.Hg

Operation
6.0.(4) at 7.49 x 1077 mm.Hg.

98.

Ralsed CHCl3 bath.
P, = 6.93 7107 >at t = 0.
tire vol. tine vol., tine vol.
(£=3.689x10™%)
0:0 H.1. 150.C 26:55 113.4 4%:58 896.5
3:45 143%,7 29:21 110.4 A46:38 91.7
6:36 139.7 32350 106.9 5):40 86.8
8340 136.1 raig-liethyl 53:42 82.0
12:10 129.9 malonase bath 59315 77.0
16:05 125, 35:15 110.4 6%:06 72,9
19:10 121.4 373550 105.6 67322 9.5
21:40 117.6 A0:13 101.5
Raised liquid O, bath round reaction
vessel while préparing new slurry.
Ralscd CCl, slurry.
_=5.61 $10°7 at t =0, with H2,3,
4 Cat 150 c.c. and H1l at lOO 0O c.c.
time vol., time vol, time vol.
(£=2,967x107%)
0s0 . H.l. 100.0 | 19:44 H.2. 140.1 | 34:33 47,3
1:07 90.0 22325 129.5 36:06 35.0
3:06 79.8 | 25:01 118.5 | 37:52 22.5
4359 68.5 raise methyl 39:32 10.2
6:41 58.3% benzoate slurry 40552 0.0
9:08 “5.9 26:4% 112.7 43%:00 H.3, 136.0
11:40 32.7 27:49 100.2 45235 120.8
14:29 20.1 29:41 87.8 47:31 107.0
15:33 o 10.1 31:15 73.1 49:13% 96,4
18:21 0.0 32355 60.1
0 Left under liquid O2 overnight.
5 2.573x10 Raised ice bath.
: Lowcred all burettes to 150.0 c. g
Addea dose; 9 (4) at 6 90x10 mn  Hg .

= 6.40 x 10 at t =
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Dose Press. mm.Hg. Opcration
Time vol, time vol. time vol.
(f=3°396X10_4)

030 H.1l. 150.0 { 26:08 27.7 A0z 44 89.7

1:27 13%9.1 raise tapwater 42309 70,6

2210 130.1 bath at 21.2°C 4%:472 47.5

5:15 120.3 29:03 H.,2. 1A1.7 A5:20 26.3

T:22 110.0 30:09 121.2 46:53 5.0

9:10 100.2 32:1% 82,4 48:%2 H.4, 132.4

11:25 90.3 3%:06 65,5 50:05 111.4
13322 81.3 33355 ﬂr9-7 51355 8903
15:08 72.% | 24:47 : 344,75 53348 67.5
17:18 6%.3% 35: 44 18,53 56:37 46,0
19:44 54,0 | 36:45 0.0] 57346 25.4
21357 45,1 | 38:13 H.3. 130.0 55:35 6s3
24:08 36.1 1 39:37 108.1
Reaction wag allowed to proceed at
constant volume with all burettes at
150.0 c.c., at the above tcuperature.
After 1 hour C.0.(4) at residual
pressure of 1.1x10 ™ mm.Hg,

6 2.798%1072 After 2 mins. G.0.(4) at 1.2x107%,

7 5. 434%107° Affer 2 mins. C.0.(4) at 1.1x107%4,

8  5.7227107%  After 2 mins. C.0.(4) at 1.3x107%,

9 6.164x107° After 2 mins C.0.(4) at 1.7x1074.
Raised reaction vessel temperature to
room temperature and found all
residual gas absorbed.

10 5.795%10™ 2 After 2 mins. (at 30°C) C.0.(4) at

1.6x1074,
All gas absorbed before new run
commenced.
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Table 3.2,



Table 3.2, Calculation of uptake (w micromoles) applying

Run 19§a2.
Dose Stage PD N PCR T Np . PCTr
£=18,38 o3 Ty
. x10 x10
1 liguid N, bath  3.673x1075 675
2 o owe n 5.365x10" . 986
€.0.(4) . 6.77 x1073 .124 Poh4.1T
at Start PC TUun 6003 0266 4-896
(2 - 02) £=44,17
at start P_. run 5.22 231 4.14
(iso-n-pentane)
at start P_. run 3.74 .165 2.80
(cyclohexarie-
ether)
3 toluene bath 1.92%x10-2 .353
¢.0.(4) 5.50 x10-3 .101 £=44.17
at start P, run 5.04 .223 3,98
(toluene-
cardice) >
4 ChCl=z bath 3,497x10'3 . 6473
c.o,?4) 7.49 x10~ .138 £246.84
at start P, run 6.93" . 325 5.77
(ChClz-cichyl
maldnate) £=44.17
at start P, run 5.61 .248  4.50
(0014—meth 1
benzoate? . _D
5 ice bath 2,57%x10 473
0.0.(4) 6.90 x10-3 127 F=46.84
at start P, run 6.40 . 300 5.25
(ice—tapwa%er) o
6 2.798x10 .514
C.0.(4) 1.2 x 1074 .002
7 5.434x10~2 +999
C.0.(4) 1.1 x 10-2 .002
8 5.722x10 1.052
C.0.(4) 1.3 x 107 .002
9 6.164x%x107 1.13%% -
C.0.(4) 1.7 x 10-4 .003
10 5.795x10-2 1,065




thermal transpiration corrections.

101,

w

Ny PC _ Npy . P np v, increments progressive
Pi. °R.v. in moles total oles

£=14,66 X10_3 £=%,100 X10_3 s absorﬁggo

£=21.15

.072 4.896 0152 4.86 103
£=14.89 075 1.156

061 %.99 012 4,23 .06%
£=11,28 017 1.187

041 2.71 .008 3.03% 034
021 1.309

£=9.279

.058 %.83 .012 4,34 .040
.021 1477

' £=T7.839

.085 5.56 017 6.29 049
| £=6,543 017 1.855

.066 4,34 014 5.26 034
| .040 1.973

f=5.966

LOT7 5.07 016 6.40 038
.043 2,252

Te394
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Meaning of abbreviations used in Table 3.2.

P.. - pressure in the dosage space.

D
Ny - number of micromoles in the dosage space.

- constant pressure in those sections of the apparatus
°r.T. at room temperature (R.T.) after C.0.(4) had been

raised.
Pc - constant pressure, corrected for thermal transpiration,
Tr. in the volume of traps immersed in liquid oxygen.
PC - constant pressure, corrected for thermal transpiration,
Pi in the volume of the Pirani immersed in liquid oxygen.

- constant pressure, corrected for thermal transplratlon,
°R.vV. in the volmue of the reaction vessel immersed 1n the
various constant temperature baths.

f ~ various factors for converting pressures to micromoles of
oxygen in the various sections of the apparatus.

Apparatus constants during Run 19(a).

Volume of reaction vessel up to immersion level = 102.1 c.c.
Volume of McLeod (in doszge space) = 218.1 c.c.

Volume of remainder of dosage space (i.e. between C.0.(3) and
C.0.(4) with McLeod just cut off at the bulb) = 128.0 c.c.

Volume of traps below the immersion level =_82.26 C.C.
Volume of Pirani below the immersion level = 17.4 c.c.
Volune of burettes when all at 150 c.c. = 600 c.c.

Constant volume at room temperature between CG.0.(4) and C.O.
(5) = 282.1 c.c.

Internal Diameters of glass tubing over which temperature
gradients are operative,-

Traps - 15 mm, Pirani - 12 mm. Reaction vessel 15 mn.

Temperatures of baths employed in Run 19(a).

Bath '
Boiling liquid N, TT7.45
Boiling liquid © 90.19
Melting 1sopenta%e 109.97
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Bath 7oK
Melting n-pentane 139.14
Melting cyclohexane 145.25
Melting ether 157.15
Melting toluene 176.52
Cardice 194.20
Melting ChCl., 208,95
Melting ciethyl malonate - 219.80
Melting CClg4 250.35
Melting methyl benzoate 260.68
Melting ice 27%.16
Running tap water 294.%6

%,1.3.3. Results.

Activation cnergics were found to increase with
increasing f£ilm thickness (e.g. fig. %.11., run 19(a))

1 at thicknesses of

varying from approximately 1 keal.mole™
about 8-12 atomic layers on initially clean metal surfaces
(runs 8, 9, 19(a)) upr to approximately 11 keal.mole™* at
thickness around 15~18 atomic layers (see tableé 3.eB.y Beley
3.6.). |

Furthermore when the temperature and oxide thickness
reached certain critical values, breakaway occurred, giving
an enormously increased rate of uptake. However, on lowering
the temperaturc, and repcating thce activation energy
dcterminations, rcsults identical to thosc on initinally
clean films were obtainecd.

In runs 18(2) and 18(b), a clean film was deposited, a
layer of oxide of thickness greater than that corresponding

to the breakaway point was allowed to form and then activa-

tion energics were determined as for a clean Film (18(a)).
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When'the breakaway point was again reached, and further oxide
had formed above it the results were repeated 18(D).

After run 19(a) on the clean metal surface, two further
runs 19(b) and 19(c) werc carricd out above the first and
second breakaway points respectively; a further breakaway
was observed following run 19(c). (See Tables 3.5, 3.6.).

Becausce the apparent areas of films oxidized above the
breakaway point arc not known with the same degree of
accuracy as thosc of the clean netal surfaces, results will

1 against uptake

be given as plots of either, E in kecal.mole™
in micromoles or the reciprocal of uptake, rather than against
thickness or the reciprocal of thickness. The uptake is of
course related to the thickness, by a proportionality factor
involving the arcea of the surfacc.

In order to calculate the proportionality factor it
was assumed that the major lattice plane (100), was oricnted
parallel to the metal surface and that the roughness factor
was unity. Thesce arbitrary assumptions were made merely
to fix a standard of reference for average film thickness for
comparative purposes, wherc the surface area was known with
reasonable\accuraby.

Since\the nunber of oxygen atoms in the (100) planc

016 cm_2 and the distance

of the LiZO lattice is 1.89 x 1
between planes is 2.301 K9 (138),
% = 1468AX W (1)

where x is in K, w in micromoles and A is the apparent
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surface arca of film in cmg.

Since some variation in the graphical dectermination of
tangents to the point of intersection of the w/t plots was
unavoidablc, the maximum sprecad of error in the activation
energies due to this has been shown in the graphs and ftables,

Reasonably good lincar plots were obtained when E was
graphed against 1/(WFWO)9 where o, is an empirical constant,
both on initizlly clean mctal surfaces and on surfaces which
had been subsequently oxidized above the breakaway point.

On extrapolation of the curve to 1/(w—wo) = 0, there was
good agrcenent between the valucs of the intercept W. (See
%/&/(W—WO) plots, Figs. 3.12., %.13., for runs 19(a) and (c)
being a typical clcan film and oxidized film respectively.)

Table 3.3. Variation of cexperimental activation energy with
untake, reciprocal of uptake, and oxide thickness.

Bun 8.
Apparent area of metal surface = 91.1 cmz.
TlOK T20K kcal?mole"1 ! Wgwg * ggggig giide
WO=1,13 layers.
77.45 90,19 0,98+40,07 1.778 1.543 28.64 12.46
90.19 109.97 1.55+0.15 1.867 1.357 30.08 © 13,08
138.6 177.0 5.85:0.35 1.948 1.222  51.38  13.65
177.0 194.0 7.20+0.50 2.245 0.897 36,17 15.73
221.0 250.,9 9.85+0.35 2,697 0.638 4% .45 18.90

w is the uptake in micromoles and x is the thickness of the

oxide layer in X.
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Table 3.4.
Run 9.
Apparent area of metal surface = 101.6 cmz.
TlOK TZOK kcal?mole_l K W—];’Vo * giggig 8£ide
WO=O.6 layers
90.19 109,97i 1.45+0.15 1.509 1.101 21,81 9.49
138.6 146.6 3.85+0.35 1l.674 0.931 24,19 10.52
146.6 177.8 4,50+0.30 1,740 0.877 25.14 10.94
177.8 194.0 5.75+0.45 1.866 0,790 26.96 11.73
194.0 221.0  6.45+0.35 2.030 0.699 29,33 12.76
221.0 250.9 9.00+0.50 2.182 0.632 31.53 13.72

w is the uptake in micromoles and x .is

o
oxide layer in A.

Table 3.5,

Rune 18(a).

Apparent area of film in run 18(a) and

breakaway = 78.4cm2 (approx.)

0

the thickness of the

18(b) oxidized above

TlOK T2 . 1«:calE:mole"l K W="s * g%%ﬁiﬁ ggide
WO=5.4 layers.

77.45 90.19 0,86+0.04 5.844 2,255 109.40 47,59
109,97 1%9.14 2.05+0.25 5,870 2.1%0 109.89 47,80
145.25 157.22 3.60+0.20 5,918 1,931 110.78 48,19
176.52 194.20 5.3%35+0.25 5,981 1.722 111.96 48,70
208,95 219.28 8.90i0.40‘ 6.264 1.157 117.26 51.01
248,20 260,90 10,7540.15 6.514 0.898 121.94  53.04
273.16 289.0 11.60+40.30 6,704 0.767 125.50 54..59
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Table 3.5. continued.
Run 18(b).
T_OK 7, %K B w e x number of
1 D - V= . .
kcal.mole o} atomic oxide
wo=ﬂw2 layers.
TT7.45 90,19 1.2540.05 11.753 1.808 220.02 95.71
145.25 157.22 5.00+0.20 11.856 1.525 221.94 96.54
176.52 194.20 5.25+0.25 11,951 1,332 22%.72 97.32
208.95 219.68 8.35+0.55 12.396 0.836 232.05 100,94
248,20 260.90 11.15+0.55 12.636 0.696 236.55 102,90
273.16 289.80 11.85+0.3%5 12.809 0.622 239.78 104,30

w is the uptake in micromoles and x is the thickness of the

oxide layer in R.

Table %.6.

Run 19(a).

Apparent area of metal surface =

(See Tables 3.1., 3.2. and Figs.
3.9.,%.10., 3.11.,3.12.)

1

90.3 cm?

Behoy3a5032:e6.53.T033.84,

TlOK TZOK kcal?mole- K =y * E%%gig giide
WO=O.5 layers.
T7.45 90.19 1.30+0.10 1.156 1.524 18.80 8,18
109.97 139.14 2.4540.15 1.187 1.455 19.3%0 8.40
145,25 157.15 4.3540.35 1.309 1.236 21.28 9.26
176.52 194,20 5,5040.20 1.477 1.024 24.02 10.45
208.95 219.80 9.4540.15 1.8%5 0.749 29.84 12.908
250.35 260.68 10,15+0.35 1.973 0.679 3%2.08 13.95
273.16 294.36 12.4040.40 2,252 0.571 36.62 15.93
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Table 3.6. Continued.

Rurr 19(b). Apparent area of surface oxidized above brealk-
avay = 6.4 oms (approx.)

TloK TZOK i -1 W WEW‘ X Number of
kecal.mole 0 atomic oxide
wo=7,08 layers.

77,45 90,19 2,00+0,20 7.718 1.569 144.48 62.85
145.25 157.22 5.5040.20 7.784 1.420 145.72 63439
177.05 192.13 5,5040.20 7.889 1.237 147.68 64,24
208,95 219.28 8.104#0,40 8,207 0.888 153.64  66.83
249,80 259.67 10.85+0.45 8.487 0,711 158.88 69.11
273,16 294.66 10,65+0.35 8.759 0.596 163.78 71.24

Run 19(c). Apparent area of surface oxidized above break-
away = (8.4 cm.2 (approx)

7.%  1,% E R— x  Number of
1 2 keal.mole™ T W=y atomic oxide
‘WO=15.5 . layers,

77.45 90.19 1.25+0.15 16.086 1.705 301.13 130.99
145.57 157.25 3-70i9.20 16.190 1.449 303.08 131.84
177.09 191.60 6.45+0.25 16.289 1.267 304.93 1%2.64
208,95 219.68 8.50+0.20 16,524 0.977 309.33 134.56
250404 259.86 10.70+40.20 16;956 0.687 317.42 138.08
275;16 294.36 11.75+0.25 17.231 0.578 322.56 140,31

w 1§ the uptake in micromoles and x is the thickness of the

oxide layer in 2.

Various parameters of theoretical interest obtained from
the Q/&/(w—wo) plots, have been collected in Table 3.7.

They are the slope, S, of the linear plot, 6139%2W‘7’ the
[}
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intercept on the E axis, W, which is the activation energy

after extrapolation to l/(w—wo) = 0, the values of l/(W—WO)

when B = 0 i.e. the intercept on the l/(w—wo) axis, L., and

values of (% + WO) = 14, the point of direct uptake above

which E first assumes a positive value.

1

Table 3.7. Values of parameters obtained from E/i/(w—wo)

plots.

o kcgl. kcil moii'l movl‘foa-*,-l moig

mole=l  x107  x10 %106 x10~
8 17.07 10.84 1.58 1.13 1.762
9 17.10 14.02 1.20 0.60 1.43%
18(a) 17.00 7.00 2.43 5. 40 5.812
18(1b) 17.04 8.48 2,01 11.20 11.698
19(a) 17.00 10.00 1.70 0.50 1.090
19(b) 16.80 8.70 1.93 7.08 7.593
19(c) 16.85 8.71 1.95 15.5 16.013

Aver~ge 16,98
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%.1l.4. Dependconce of Rate on Pressure.

The effect of pressure on the rate at constant fhickness
was studied in a similar manner to the determination of |
activation energies. The rate curve was characterized at
a constant low pressure in the 10—4 to 10"3 m.m. range at a
fixed temperature, then as rapidly as possible the pressure
was raised, by adding a large dose, into the 1072 nm, region
and the rate curve characterized at this new constant
pressure. A period of 2-3 minutes was necessary for
temperature equilibration of the new dose and the attainment
of sfeady state conditions. The w/t curves were then
extrapolated to the instant of pressure change, to obtain
comparison at constant thickness of oxide, and the rates
determined graphically. It was assumed that any variation
in physical adsorption was negligible.

The pressures measured experimentally, in the two regions,
paﬁand piy were the values of pressure within the sygtem at
room temperature, while the effective pressures, for cal-
culating the rate dependence, were the pressures of gas, in
contact with the oxide film, at the temperature of the £ilm,
ig) and Py being the lower pressure and higher pressure
respectively. =) and p, were calculated from Qi and p£
by means of the usual thermal transpiration method since
quite large corrections were necessary at the lower
temperatures and pressures.

If at any temrerature the functional variations of p
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and w, on the rate are independcnt variables, i.e.

r = f(p) = £(w)

Then at the same w, Ty - f(ph)
Ty f(pl)

The simplest assumption which can be made about the form of
the pressure dependcnce is that it is a simple power law,

i.€o “f(p) = p

or

The pressure dependcnce, n, was examined at 77.45, 90.19,
109.97, 176.52, 194.20, 223.0% on initially clean metal
surfaces rune 15 and lé sumilar to run 19(a) with pressurechanges
varying over approximately an order of magnitude in the
range 10~4-1072 mm,Hg. An average value of 0.52 was found,
which was independent of temperature and oxide thickness over
a wide rwnge,
/indicating that the rate was proportional to the square root
of the oxygen pressure. The thicknesses of oxide varied
during the determination from approximately 8 to 16 atomic
layers. A typical example of a determination has been
shown in Fig. 3.14.

The results, listed in Table 3.8. were obtained by

pressure increase, since it was found that attainment of

steady state conditions was more rapid than when the pressure
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was decreased, when the time lag was large enough to make
the positioning of the tangents at the point of intersection
difficult. Nevertheless, the results indicated a rough
gualitative agreement with those obtained by pressure

increase.

Table %.8. Approximate values of n.

Ran 17K L Py molr% x;14m01§§ X 4 i
10=7miny~ 10-9min;

15  77.45 1.346x107° 4.362x107° 0,512 0.926 0,50
90.19 1.850x107° 6.3%2x1072  0.595 1.173  0.55
109.97 9.743x10~% 6.712x107°  0.241 0.926  0.70
176.52 1.115x107° 8.073x10™0  1.511 3.876  0.48
194.20 1.676x107° 8.408x107°  1.314 3,003 0,51
219.8  1.168x107° 7.385x107°  2.045 4,902 0,47

16 77.45 1.644x107° 1.060x1072  2.865 6.726  0.46
109.97 1.9%4x107° 8.146x107°  0.802 1,606  0.48
176.52 1.602x107° 7.687x107°  2.193  5.207  0.55
194,20 1.886x107° 1.044x107°2 2,388 5.792  0.52

Average value of n = 0.52,
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%3.1.5, The Point of Breakaway.

LY

In run 19(%), on changing the temperature from 21.5°C
to 33.4OC, the onget of breakaway was observed, i.e. the
usual protective curve changed to an accelerating non-
protective curve. (Pig. 3.15.). Thereafter, at constant
volume the pressure deccreased rapidly to the Pirani zero.
With further large additions of oxygen, uptake was rapid,
the pressure falling to zero within 2 minutes.

Breakaway phenomens were observed after run 19(a), 19(b)
and 19(c), before and after run 18(a) and after run 18(b).
The temperatures at which breakaway occurred, the
approximate thicknesses and the amounts of oxygen added to
the £ilm above breakaway for these runs have been set out
in Table 3.9.

Further analysis of the data in Tables 3.7., 3.8., and

3.9. is given in the discussion.
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Table 3.9. Thickness and temperature of oxide film a% brealkaway point and smounts
absorbcd above breakaway.

Amounts added ahove

Run Stage Thickness at Breakawey
Breakaway tempe breakaway
0 No. of o No. of
w XA layers _EBOK W XA | layers
13 Before commencing
run 18(a) ndt observied 299,5 5.578 | 104,42 | 45.42
Before run 18(b) 6.761 | 126.57| 55.06 296.2 4.738 | 88.70{ 38,58
After run 18(D) 12.866 | 240.85 | 104,77 296,.6 %3.593 | 67.26] 29.26
19 After run 19(a) 2.363% 38,42 16.71 294.4 5.030 94.16 | 40.96
After run 19(b) 9,181 | 171.87 74,76 20b.6 6.428 | 120.33| 52.3%4
After run 19(c) 17.329 | 324.40 1 141.11 294.0 2.762 51L.70| 22.49
Average 297.C

*YTT
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%.1.6. Discussion.

The linear relationship between the reciprocal of uptake
and activation energy (E/&/(W—wo) rlots) and the fact that
the kinetics obeyed the inverse logarithmic form, (see
‘section 1.3,2,1.1.(3)(11)) provided strong evidence that
Mott's theory of the formation of very thin films (L 40-50 X)
was applicable, i.e, that the rate of reaction is governed
by the rate at which metal ions are released ffom the metal
and move through the oxide lattice under the influence of
the electric field, ¥, arising from the constant potential
difference V set up between the metal oxide interface and a
chemisorbed layer on the outer oxide surface.

According to this theory, the rate of increase in

thickness of the oxide layer is,

%'?EC = N'p 82 exp(-q%T:—Y-v) (2)

where N = the number of special sites/unit area (cm?z) from
which a metal ion moves into the oxide layer.

W o= Wi + U where Wi is the heat of solution of a Li ion in

the oxide, and U the activation energy for its diffusion with-
in the oxide lattice, bhoth in kecal./mole. W, therefore, is
the energy barrier which must be sur@ounted by the metal ion
in moving from the special site into the oxide.

a' = the distance between the specizal metal site and the

top of the barrier, (&).

g = the charge carried by the mobile lithium ion in the

oxide, in kecals.(volt equiv.)—:L
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F = V/x the field in units of V omT*

§2= the volume of the oxide layer per metal ion (cst).
/= the frequency of vibration of the metal ion at the
temperature 1% and is assumed to be the same on either
side of the barrier W.
ae'P is therefore the decrease in energy of the barrier in
the direction of the field. |

From equation (2) the activation energy is given by

E=W-qa'V/x (%)

Applying equation (1),
then a'VA
B W - %Zggﬁ (4)

In the present work with thé introduction of the empirical

1

constant w_ equation (4) becomes

_ a'va
E=VW - %Zggrw_wo) v (5)

giving linear plots ofﬁ@/&/(w—wo)

3,1.6,1., Interpretation of the @(%:%~7 plots.

From equation (4) it can be seen that there exists a
certain point of uptake above which the activation energy
becomes greater than zero. This point is given by the

. 1 1 . .
intercept of the E ﬁ:@;) plots on the(ﬁfﬁg) axis, (see figs.

Ze12., 3,13,) defined as I, in table 3.7. The reciprocal

of Ii values plus w_, therefore, gives the value of direct

O’
uptake in micromoles, I, (Table 3.7.) which is required

before the activation energy becomes greater than zeros
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below the value of Id’ uptake is therefore nom-activated,
as can be seen in Pig. 3.11l. showing the direct uptake (B/w)
plot for the clean film used in run 19(a).

Furthernore, for Motts theory to be valid, the potential
V on the growing oxide layers must be constant. Dﬁfing the
growth of the first few layers on a clean film this is
unlikely to be so, consequently Wy is the uptake at which the
conditions at the surface have become sufficiently constant
for V to have a constant value, For the three runs on
élean surfaces, 8, 9 and 19(a), the number of oxidec layers
cquivalent to w_ are 7.9, 3.8 and.3.5 respectively.

While the values for run 9 and 19(a) are in reasonable
agrecment, that for run 8 is not, and can probably be ascribed
to inherent irreprbducibility of evaporated surfaces duec to
the following causes:s
(1) lack of accurate control of the temperature of evaporation
with consequent variation of the radiation factor, and hence
temperature of deposition,

(ii) variation of the rates of evaporation and deposition
producing differ:nces in the structure of the deposit and
hence different behaviour during sintering,

(iii) variation in structure of substrate surface.

Furthermore oxidative sintering, a phenomenon which hasg
been well established in recent investigations (139), is
kmown to be important during the growth of the first few

layers.
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For that non-activated portion of the uptake, after V
beromes constant, represented by (Id - w,) or 1/1i (see

Fig, 3.11.), Mott's theory can provide no interpretation and
it is probable that a different process is operative such
that the rate of electron tunnelling is the controlling
factor.

The theory described by equation (2) is bascd on the
assumption that the rate controlling process is the rate at
which ions are released from the metal interface under the
action of the field. However, as discussed in section
1.3.2,1.1.(a) (i), when the film is only a few layers thick,
the field produced by the constant potential, V, acting
acrose it is so eﬁormous that the ratec of clectron tunnelling
becomes the limit.»g process, j.c. more of the readily
available ions can cross thce barricr per unit area per unit
time than electrons can tunnel through per unit area per ﬁnit

tlm%anco the guantum mechanical tunnel effect is temperature
independent this process is non-activated giving added
support to the specculation. At some film thickness the
fields will decrease to a value at which the ratc of ion
release becomes rate controlling and the activation encrgy
becomes greater than zero i.e. at point Id'

. Af 1 1 _
Extrapolation of the Q(W_WO) plots to TﬁfﬁgT = O,(or

(W—WO) =w0), gives the value of W. These values listed in

table 3.7. give an average result of 17 kcalcmole—l.

Roberts and Tompkins in a similar investigation of the
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nitridetion of calcium found W to be 22 keal.mole - (22).

From Mott's theory, values of S/A = qa'V/1468, (where
1

CW'O)
all films. However, since the assumption that rceal area is

vlot), should be constant for

S is the glope of the E{;

equal to apparent arca is arbitrary, (roughness factors may
in fact vary as much as 200% or more) valucs of S/A may be '
taken as an indication of the reproduoibility/of real areas,
(Table 3.10).

Table 3,10,

Run S/A = qa'V/1468
8 0.119
9 0.1%8
18(a) 0.089
18(D) 0.108
19(a) 0,111
19(Db) 0.111
19(e¢) 0,111
Average 0.112

Maximum variation = 0,1135 + 0.0245 or + 21.6%

The maximum variation of +21,6% is well within the limits of
uncertainty of the roughness factor. Run 9 although

carried out on a purc metal surface was evaporated onto the
surface of the previously oxidized £ilm produced by run 8 and
hence may be expected to behave differently during‘sintering
and to have a considerably differcnt rcal surface area,

The good agrcsment in run 19(a), (b) and (c¢) shows clearly

that despite the very large quantitics of oxide formed above
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the points of breakaway (listed in table 3.9.) no change in
surface area occurred. In runs 18(a) and (b), agreement is
reasonable, a small increase of reai area being possible
after the second oxidation above breakaway. It is there~
fore concluded that films oxidized above the breakaway
point, behave substantially as clean metal surfaces when the
temperature is lowered once more and the activation energies
redetermined.,

FPor films oxidized above breakaway W includes, there-
fore, the amounts of oxide formed above the breakaway point.

It is not possible to evaluate the separate terms in
aa'V/1468 without making further asgsumptions, nor to

evaluate W, and U respectively, from the value of W.

3.1.6.2. The Limiting Thickness and its Variation with
Temperature.

An important corollary of equation (2) is that -
provided the solubility of TLi in the oxide is very small and
V is substantially independent of temperature - at any
temperature below a certain critical temperature, growth
proceeds until a limiting thicknecss x; of thc nitride layer
is attained. Experimentally, xp, is defined as the
thickness at which the rate of oxidation equals some
arbitrarily chosen, very small, vwalue (see table 3.11).

If equation (2) is re-arranged after substituting X = X,

tThen 1

where C = - % 1n(-g—_}EcL mli?') (1M
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Hence on plotting X against xIT 8 linear plot of slope C
and intercept Va'q/W should be obtained. In the present
work plots havc been expressed in terms of uptake, and
include the values of Wy determined for cach film;

) 1468 x (w-w_)
le€e X, = T o'l

] _ Va'qA/1468W
therefore (wuwo)L = e (8)

_ _ R, falw-wo)y _1468
and C=-w ln( o N'AQ#) (9)

Hence on plotting (W—WO)L/(W—WO)LT, the slope = G, and the

intercept = Va'qA/1468Y,

The values of the uptake (W—WO)L, corresponding to the
arbitrarily chosen very small limiting rate, QL%%EQLL, were
obtained graphically from thc empirical w/t plots, (e.g.
Figs. 3.4435345053:6053.7053.8053.9.,3.10.), by drawing
tangents, of slope gig%EOLL, to the curves at the various
experimental temperatures. The results obtained are set out
in Table 3.11.

Table 3,11.

Run 7°K limiting rate w (w=wg)1, (WAWO)LXT
' dgw—inL
d

i e
18(a)  194.2 2.06 6,060 04660 128.23%
210.0 6.258 0.858 180.18
223.0 6.318 0.918 204,71
250.0 : 6.479 1.079 269.65
260.86 6.549 1.149 299.83

288.80 6.737 1.337 386,01



Table %.11 continued.
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Run oK 1igingilzate W (W-—WO)IJ (w=w ) xT
¥ 30-minl

18(b)  195.0 2,06 12.026 0.826 161.07
210.0 12.367  1.167 245.13
223,2 12,418  1.218 271.81
250.0 12.608  1.408 350.62
261.0 12.687  1.487 388,13
273.2 12,778  1.578 4%1.05
289.6 12.863  1.663 481.60

19(a) 77.45 1,77 1.116  0.616 47.71
190,19 1.160 0,660 59.55
139.14 1.217 0,717 99.75
157,15 1.%309 0,809 127.10
194.20 1.495  0.995 193%.21
250.%5 1.935 1.435 359.30
260,68 2.024  1.524 397.15
27%.16 2,222 1,722 470.25

19(b)  157.22 1.16 7.791 0.711 111,70
177.05 7.869  0.789 1%9.62
208,95 8.202 1,122 234, 44
27%.16 8.732 1.652 451.26
294.66 9.166 2,086 614,69

Bxperimental verification of the validity of the
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relationship expressed by equation (8) is shown in Fig. 3.16.
Values of the limiting rate used, C, the intercept It’ and
It'M/A (= qa'V/1468), as well as the values of

S/L (= qa'V/1468) from table 3.10. (obtained from the

E(%_l ) plots) have been collected in Table 3.12. for com-
0

parison.

Table 3.12.

Run limiting rate - C_4 I, ItW/A S/A
vogmn ™

8 | 0.119

g 0.13%8
18(a) 2.06 2.53x107°  0.39  0.185  0.089
18(D) 2.06 2.,43x107°  0.55  0.119  0.108
19(a) 1.77 2,55x107°  0.51  0.096 0,111
19(b) 1.16 2.54x107°  0.50  0.107  0.111
19(e) ' 0.111
Average 0,102 0.112

Examinafion of the last two columns in Table 3%.12.,
shows agrecment for the value of qa'V/1468 by these two
independent methods to within 10%, thus giving further
strong support to the applicability of the Mott theory, both
on clean films, and films oxidized above the breakaway
point,

For a roughness factor arbitrarily baken as 2, and
assuming that the distance from 2 gpecial metal site to the

top of the potentisl barrier, a' is 2 X, with q = e,



FI1G.3.16. (RUN 19(a).

2:0¢

(w-- w;,)L )lmo(es.
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(w_wo)LT Jmoles oK) xt0°2.
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(assuming that the Lit ion is the mobile species), then for

a'V 2
1468

from both methods) V = 1.2V, Cabrera and Mott (21) have

= 0.109 Keal.x10™%em? , (the average of all values
suggested that a very rough estimate of V may be obtained
from the equation

eV =E + 7, - g, (10)
where @ is the electronic work function of the metal, E is
the clectron affinity of the gas (02) and T, is the
adsorption cnergy of the oxygen moleccule at the oxide sur-

face. A value of about 1V can be expected.

%,1.6.%. The Critical Temperature.

According to the theory of Mott and Cabrera there is a
temperature, TC, abo&e which (due to the mctal ions becoming
interstitially soluble in the oxide lattice) the growth of
the oxide layer is no longer dependent on the field produced
across the oxide film‘by the adsorbed oxygen. Thus above
this temperature recaction procecds until all the metal has
reacted with a consequent change in kinetics. On the other
hand, below this temperature, since the ions are not
thermally very soluble, growth is dependent on the fisld
pulling metal ions through the lattice. As the thickness
increases for a given temperature, the field decreases
until it is no longer large enough to causc growth and
hencé critical thicknesses exist for given temperatures.

From equation (7), T, = %, as (w—wo)L tends to
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infinity, where C is the slone of the (w—wol/(w;wol? plots
(see Pig. 3.16 and Table 3.12.). The average value is 398°K
or 125°¢.

"3,1.6.4. Concentration of Special Sites at the Metal/Oxide
Interface.

From equation (9),

R d{w-w 1468
C=’Wln<_LTd OlT%Tmcz)

and has a value (for run 19(a)) of 2.55X10*3(0K)_1. The

1

limiting rate is 1.77 x 107° micromoles minTt, and

A‘= 90.3 cm? Substitution of these values in equation (8)
together with the following

- 0=
% = 1012 x 60 minTt, £2 = 12.183 &7

1

W = 17.00 keal.mole™t, R = 1.986 x 107 kcal.mole ™™

and multiplying the resulting value for N' per 32 by 1016

gives the number of special metal sites per mn.z = 1,19 x 109.
From a knowledge of the crystallographic constants for the
b.c.c. Li0 lattice (138), the total number N, of metal
sites per cm? of metal surface in the (100) plane is cal-
culated to be 8,163 x 1014 per cm?, cp. with 1.19 x lOg‘for
Nt.

The ratio N'/N, which gives the fraction of total metal
sites from which Ti ions move into the oxide layer, is nv
10_6 compared with corresponding valucs of 10=3 - 1074 for
the nitridation of Ca (22) and approximately ].O'2 found in
the oxidation of Cu (21).

The value of N'/N found for lithium is considerably
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lower than for calcium and dopper, but the sequence of
results for these three metals is as cexpected. Thus due

to the relatively high sintering temperature of the lithium
films, compared to the melting point, and due to the softness
and malleability of the metal in genegal, surface disorder

would be considerably lower than for/harder metal such as

Ca which would be in turn lower than for Cu.

3.1.6.5, The Point of Breakaway.

It is first necessary to distinguish the phenomenon of
breakaway from that predicted by the Mgott theory above the
critical temperature, TC. The theoretical critical
temperature, Tc’ predicted by the Mott equation is about
398°K whereas the breakavay tempcraturc, Ty, is in the
region of 298°K.

Furthermore when growth was allowed to proceed to a
thickness well above 50 X at Tb, and then the temperature
was lowered to liquid nitrogen temperature, growth should be
stopped completely if Tb were the theoretical critical
temperature since this thickness is very much greater than
the critical thickness predicted by the ¥ott theory for 78%K.

In actual fact, cven with thicknesscs of 200 X, (run
18(b)), and fOO X (run 19(e¢)), (sce table 3.9.), on
returning to lower temperatures rates similar to those for a
clean film were obtained.

This new phenomenon therefors %ears no relation to the
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critical phenomenon which was not observed due to the
intervention of breakaway.

To compare, approximately, the number of layers of
oxide formed at lower temperatures up to the temperature
of breakaway, the quanfity (nb - n,) was!used, where
Ny, = the approximate number of layers at the onsef of
breakaway after a run at lower temperatures and
n, = the number of layers corresponding to the uptake Vi
for the particular run. .

Values of this parameter, (nb~ no), thus defined as the
breakaway thickness, and values of the corresponding
breakaway tempsratures, Tb’ from table 3.9have been collectcd
in Table %.13% below.

Table 3,1%., Critical Teumperature and Thickness at Breakaway.

Run (nb—no) TbQK
18(a) 11.08 296.2
18(b) 1%.57 296.6
19(a) 13.18 294.4
19(D) 17.11 306.6
19(e) 14.89 294.0

Average 13,97 297.6

From these rcesults it would appcar that a critical film
thickness and a critical temperature should be
simultanecously attained for the process to oceur. The
spread in the values of the critical thickness would

result from the difficulty of producing and maintaining a
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constant real arca; furthcrmore, the past history of the
film, e.£., whether produced quickly at higher temperatures
or more slowly at lower tempcraturcs, will undoubtedly
affect both the mecchanical strength of the film and its
coherence to the substrate in turn affecting the thickness
at which stress build-up becomes too great to be sustained.

The main difficulty of interpretation of the brecakaway
phenomena is to cxplain the complete regeneration of the
original surface areca of the mctal covercd by only 2-3 layers
of oxidc, after large additions of oxide have been made above
the breakaway point, and also the corollary, that the
original highly protecctive oxide layer, aftcr breakaway,
offers 1little or no resistance to thce penetration of oxygen
to this regencrated surface.

In the past, the Pilling and Bedworth principle has
usuwally been invoked, Many metals, however, provide
exceptions to this rule (140) and its usefulness has been
quéstioned (141, 142, 48). Somec authors (142, 48) con-
sider that the oxide/mctal volume ratio is unimportant when
oxidation takes place by cationic diffusion and therefore at
the outer oxide surface unconstrained by the substrate. |
These authors conclude that it need only be considered for
anionic diffusion, but even in this case, Vermilyea has
doubts of its validity.

A theoretical discussion of cpitaxial overgrowths has

been given by Frank and van der Merwe (143), and van der
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Merwe (144). The authors considercd the effect of the
substrate on the cpitaxial lattice parameter, using a one
dimensional modcl wherce the oxide layer was concieved as a
‘row of spheres coupled by elastic forces, in the periodic
potential field of the substrate. They define a term "“the
critical nisfit" betwecen the substrate and epitaxial lattice
paramcter, below which the cpitaxial lattice

is constraincd to fit exactly the substrate paramcter, by
either compression or extension, giving an oriented pscudo-
morphic uniform epitaxial laycr, and above which disloca-
tions occur, relieving the strains, and giving a randomly
oriented discontinuous laycr. Mott and Cabrera (21) point
out that as the oxide grows, (initially constrained to fit
the substrate parameter) at some film thickness, breakaway
must occur with the film achicving its cquilibrium lattice
paramcter, since bulk material exhibits a much lower
compressive strength than thin films. Thus a process of
recrystallization will occur,

Some of the concepts involved in this treatment, par-
ticularly that of a critical misfit in terms of resultant
epitaxial orientation, and thc concept of basal planc
pseudomorphism, have been criticized on theorctical grounds by
Blackman and Smollectt (145), and on cxperimental results
by Pashley (146). Necvertheless, the influence of the
lattice paramcter of the substrate on the structure of at
least the first few layers of the oxide will be largé.

Thus epitaxial strains arc undoubtedly set up, whether or
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not pseudomorphism occurs, in the initial layers of the
oxide film. Consequently as the oxide layer thickens; and
~as the temperature is increased, a point will be reached
where recrystallization processes will occur with the
possibility of cracking and porosity developing in the oxide
1ayer;

Since it is likely that the prcdominantly mobile species
in the growth of the uniform layer is the lithium ion, (dn
account of its emall ionic radius (0.6 %) (1), and the
consequent closc packing and smell intcrstitial sites in
the oxide lattice), metzl vacancics will be generated at the
metal/oxide interface, These vacancics may be partially
filled by a counter flow of anions from the first few layers
of oxidc, under thc action of the fiecld, leaving anion
vacancics in the oxide. As the temperaturc is raised, the
number of defects in the oxide lattice ncar the metal/oxide
interface will tend to increasc leading to a wecakening of
the adhcsive forces ncar the substrate interface. Further-
morc, since a widely differing thermal cocfficient of
expansion is to be cxpected between the lithium metal and
lithium oxide, stresses alrcady present will be cnhanced as
the tenperature approachcs the breakaway point.

Thus, on attainmcnt of a certain critical thickness
and temperaturc, strains present in the metastable epitaxial
layer cannot be sustaincd and a process of '"recrystallization®

to the equilibrium lattice condition occurs. Due to the
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weakoning of the adhesive forces in the layers near to the
metal/oxide interface by the gencration of vacancies the
oxide will tend to sitrip away from the metal surface
regencrating the "original® surface as porosity dcvelops
throughout the bulk of the oxide and allowing oxygen gas

to penetrate once more close to the metal surface. New
growth at lower temperatures will then be possible once more,
with formation of another protective layer at the base of
the porous crust, pushing the porous layer up as it(grows
until thc breakaway point is again reached, whercupon the

whole proccss can be rcnewed.

3.1.6.6. Dependence of Rate on Pressure.

A major problem in the present system is the
eXplanatioh of the observed pressure decpendence.

It is clear that once a three dimensional oxide growth
has been establiéhod i.e. after the formation of the first
2-3 1ayers.which occurs during the rapid non-activated
uptake at the beginning, then all subsequent oxidation must
be preceeded by an initial chemisorption of oxygen on the
outer surface of the oxide layer. The behaviour of the
oxide towards chemisorption will undoubtedly be modified by
the close prozimity of the underlying metal substrate as
compared to that of a bulk oxide. Thus chemisorption at
the outer surface will be taking place in a reducing
gnvironment.

That the rate of oxygen uptake varies as the square

\
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root of the pressure is in agreement with the general view
that oxygen is dissociatively adsorbed. FPor an immobile
randomly adscrbed layer in which the adsorbed species
remains on adjacent sites the act of chemisorption cannot
be rate determining. The rate determining process involves
therefore passage of ions or adatoms into a state of lower
free energy than can be attained directly by molecules from
the gas phase.

Purthermore in order to explain the rapid adjustment
of rates with pressure changegit is neceggary that chemisorp-
tion be pressure reversible. If coverage is low (6 LKl1),
hen the reaction is taking place in the Henry law region of,
say, the Langmuir isotherm which under these conditions
reduces to p = kO, This is consistent with the experimental .
conditions of low pressures - 10~%-10~2 mm.Hg.

For convenience, the adsorbed species will be written
as 05 to *denote a localized electron concentration in the
viecinity of the adsorbed O2 molecules. This type of
incomplete charge transfer is consistent with a weak
reversibly adsorbed species, which unless stabilized during
its lifetime by accepting another electron or by dissociation,
will be desorbed. |

It might be noted that the sites for adsorption must
be unique localities on the oxide surface such as kink sites
or terraces (terminations in the surface, of gpiral dis- |

locations where there is an abnormal electron density), and
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where ion movement, necessary for incorporation, is sterically

and energetically easier.

- A possible mechanism could be envisaged thuss

K1
Oz(gas) + e =,:i.-.O'z' (ads.) (a)
K:
Og(ads.) + e ‘:ig-—- 207 (ads., ) (b)
0" (ads.) + e .Eea 02"(incorp.) (e)

The reaction O,(gas) + 2e =20~ would be energetically
improbable and must go through the intermediate gtep. - The
molecule-ion is weakly chemisorbed until it accepts another

glectron.

P=3

5

? relationship, it is

i

In order to maintain the p
necessary that the OE (ads.) and 07 (ads.) species be weakly
held although the absorptive bond in (b) is stronger than
that in (a). Both equilibria are thus well over to the
left and the adsorption is within the Henry law range (6¢q1).
Incorporation and rearrangement into the lattice (¢) is slow
congsequently ﬁo"(ads.)} is determined by (a) and (b) and the

rate of uptake is therefore

_ 2 %
r = k(e (Klepgas)
[e] represents the concentration of electrons in the oxide at.
the outer surface resulting from tunnelling and is consgtant

since the changes in rate with pressure change were com-

pared at constant uptake w,
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Fig., 3.,17. Diagram of the Mechanisnm.

1. e R
0,
(Lit)
2. . L
O—/g /t 0
(Li*) (ri™)

(2i%) = interstitial lithium ion drawn through the oxide

under the action of the field.

i

The number of chemisorbed species "n" per unit area
determines the Tield strength in the Mott and Cabrera rate

equations

%% = const. exp(ga'F/RT) (2)

where F is the field averaged over the whole surface.

It is therefore evident that since the value of "n"
varies exponentially with temperature, i.e. "n" is some
function of exp.(- AH/RT), where — AH is the heat of chemi-
sorption. V and therefore F if regarded as averaged over
the entire surface, will not be temperature indeﬁendent as
required in the derivation of equation (2).

In order to cxplain this difficulty and also the
pressure dependence, it is concluded that due to the sorbed
species being widely separated on the surface, the field
induced is confined to narrow tubes isolated from one
another and representing isolated active patches on the

oxide surface.
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The field F induced is thus independent of temperature
and independent of the amount of adsorption, although the
nunber of tubes active in the rate process at a constant
temperatre 1d dependent on the square root of the pressure.
This is so, since a tube exists, as far as the rate of
reaction is concerned, only when the adsorbed species is
the 0 (ads.) ion as in the above mechanism - the formation
of this species being dependent on the square root of the
OXygen pressurc.

The potential V is therefore indecpendent of temperature
but the number of tubes depend exponentially on the
temperature. This will not invalidate the relationship
E ©C 1/x, but E, the experimental activation energy, now
contains an energy term which corresponds to the dependence
of "n'" with temperature. If the number of sites is
independent of temperature, i.e. if they represent positions
where dislocations terminate at the surface, then the energy
term corrcesponds to the heat of chemisorption and the true
value of W is (15 + AH) kcal.mole~1 where - OH is the heat
of chemisorption.

Clearly the number of special sites at any temperature
nust be statistically constant with time, i.e. they are
self-generating as oxidation procceds and this suggests that
growth of the oxide layer proceeds from where spiral dis-
iocations are originally present and that the growth of

these is the fundamental process. This provides a



136,

mechanism whereby growth may spread over the surface but
the nunber of isolated special sites throughout remains

statistically constant.
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53,2, Nitridation of Rulk Solid Lithium.

Lithium exists in the solid state up to 186°C; the
reaction with nitrogen wasz first studied from 0°C to about

16OOC, over appnroximately 20 mm. to 600 mm.Hg.

%3.,2.1, Nucleation Period.

After filtering, outbtgassing, and cooling the lithium to
the constant reaction temperaturc, nitrogen was admitted, at
constant pressure, to the reaction vessel. In most cases a
curve of the form shown in Fig. %.18. was obtained with an
initial accelerating period OA followed by a lincar period
of uptake. The uptake at point A for run 14 was 79 milli-
moles N2 which was equivalent to a2 thickness of As1 mm, of
nitride assuming that bulk lithium nitridc has the same
density as the crystallogravhic density of the unit cell,
and that the arca of the reacting surface equals the cross
sectional arca of the reaction vessel (138).

Since thié bchaviour is, in general, indicative of
nucleation, with the nuclei growing cither three dimensionally
into the bulk or sprecading laterally over the surface, (2-
dimensional growth)y a pover law is to be expected of the
form

w o t°
where w is the uptake (in millimoles of gas in the present

work), t is the time (in minutes) and thz value of the
exponent is 3 for three dimensional growth or 2 for two

dimensional growth.
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This was tested by plotting the portion of the w/t
curve, OA, on log log paper. (See Pigs. 3.19, 3.20., 3.21.).
To simplify calculation, plots have in some cases been
expressed in units of PV (cm.cc.). Vhere this has beenA
done a factor has been given for conversion to millimoles
of nitrogen uptake. A value of 2 for the exponent was
obtained in runsvl4 and 10; in run 14 a slightly higher
value was initially found, and in run 6 the value was 3 for
about thg first 7-8 minutes decreasing to 2 and finally the
uptake wag linear,

Frankenberger (104), in an investigation of the
nitridation of 1lithium films over a comparable temperature
renge, reported a similar acceleratory period up to a thick-
ness of approximately 1 mm. of nitride and obscrved on
sectioning that the lithium nitride grew from nuclei at the
surface in concentric hemispherical shells, giving a power
law with an exponent of 3. (Sce section 1.4.3.).

The present results suggest three dincnsional growth
of nuclei up to some limiting size, wherceafter, due to
breakaway, caused by stresses set up by incongruence of
lattice parameters, further growth proceeds by lateral
gspreading until the surface is covered. Alternatively,
penetration into the bulk of the lithium may occur two
dimensionally, along dislocations and grain boundaries;

this would also lead to an exponent of 2.
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%,2.2. Linear Uptake.

After the accelératory period OA the uptake becomes
linear with time and remains so in all cases, although
irreproducible rate transitions were frequently observed,
some ocburing spontaneously without change in experimental
conditions whilst others were zpparently related to
variations in pressure or temperature effected during runs.
These rate transitions occurred suddenly giving an increase
or decrease in rate and were often of suéh 8 magnitude as
to make reproducibility of results completely impossible.

In the early stages after the point A had been passed, rate
transitions induced by varying experimental conditions |
appeared to be more liable to catastrophic changes than at
greater thicknesses of nitride. For example in run 15,
after nucleation, the rate became linear, with a value of
0,016 mmolestﬁn:l under a pressure of 40.6% cm.Hg at 100°¢
and remained so for 300 minutes, but on pumping to high
vacuun for- 30 minuvtes and repcating the rate determination
under ident®aal conditions a value of 0.038 mmoles min?l was
obtained, which was constant for at least 80 minutes. The
residual nitrogen was then allowed to react at constant
volume overnight, as the temperature of the reaction vessel
dropped to room temperature. On the following day the
experimental conditions were reproduced exactly; and the
rate was found to have increased to 0.463 rmoles mintt

remaining strictly linear over 30 minutes, Fig. 3.22.
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However, as the crust thickened, and in some cases reaction
was followed up to crust thicknesses of more than 2 cm., it
appeared that a comparatively constant steady state was
attained. Rate transitions (both incrcases and decfeases),
were still observed although smaller in magnitude. The
transitions were always sharp, even vwhen relatively small,
and uptake remained linear both before and after.

Table 3.14. summarizes various atitenpts to isolate the
effect of various parameters, btemperature, pressure,
evacuation etc., to discover the causes of irreproducibility,

but no obvious pattern could be found. .

Table 3.14,

Sequence Opcration T °C P _cm. Rate
of rate c c nmoles
determinations ming+
1. T 4061 20,42 0.100
Rosidual gas pumped
away overnight.
2. Repeated 1. 40.1 20.42 0.185
Pressure raised quickly.
3- 40.1 40054’ 00555
Pregsure allowed to
decrease whilec
reacting.
4. Repeated 1. 40.1 20.42 0,197
Pregsure allowed to
decrease while
reacting then raised
again.
5. Repeated 1. 40,1 20.42 0.204

Residuvual gas pumped
away for 15 nins.
6, Repeated 1. 40.1 20.42 0.272
Residual gas pumped
away again for 15 mins, '
T Repeated 1. 40.1 20.42 0.309



Table 3.14. continued.

Sequence
of rate
determinations

Operation

P .
o

141.

Rate
mmoles
min,

10.

11.

12.
13.

14,

15.

Pregsure maintained con-
stant while tgmperature

lowered to 21 then
raised to 40,1°C then
lowered to 0°C,

Temperature raised
a2gain to 40.19C.

Repeated 1.

Residual gas allowed
to sorb completely,
then pressure raised
again.

Repeated 1.

Residual gas again
allowed to sorb, then
pressure and tempera-
ture raised.

Tempnerature lowered to

209C, maintaining con-

stant pressure then

temperature raised to

1000¢,

Repeated 11.

Repeated operation 11.

Repeated 11.

Residual pressure
allowed to decrease
slowly, maintaining
constant temperature
then pressure raised
again, ‘

Repeated 11.

Residual gas pumped
away and temperature
dropped overnight to
20°9C then raised and
pressure restored.

Repeated 11.

Pregsure held con-
gstant while
temperature dropped
to 40°¢C,

0.0

40,1

40,1

100.0

100.0
100.0

100.0

100.0

20.42

20.42

20.42

20.42

20,42
20.42

20.42

20.42

0.450

0.328
0.364

0.270

0.151
0.138

0.152

0.267
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Table 3.14. continued.

Sequence Operation TCOC Pccm. Rate
of rate mmolis
determinations min,
16. Repeated 1. 40.1 20.42 0.493

Residual gas pumped
away, then temperature
cycled 4 times during
one hour, while pumping
between 100°C and 30°C,
17. Repeated 11. 100.0 20.42 0.227
Regidual gas pumped
away and temperature
dropped to 20°C for
2 days.
18, Repeated 11. 100.0 20.42 0.315

However, it appears that pressure decreases at constant
temperature, brought abdut by uptake‘at constant volume and
pressure increases, by gas introductions, showed smaller
variations (2, 4 and 5) (1% and 14) than temperature changes
at constant pressure (11, 12 and 13). Rapid pressure
changes brought about by pumping for 15 minutes produced
quite large rate increases (5, 6, 7).

Nitridation, when followed to its conclusion, proceeded
completely throughout the bulk of the lithiums in one case

run 14, as much as 19 g. of lithium was nitrided.



143,

2.2.3., Dependence of Rate on Pressure.

In examining the effect of pressure on the rate; two
constant temperatures were emploved, 40°¢ and 100°C and the
rate determined at pressures ranging from 4 to 40 cm.Hg, in
a random manner.

The results exhibited large scatter without apparent
consistency, but trends could be found if] the results were
examined in the numerical sequence in which they were
carried out. Thus one series, in numerical order, followed
a reasonably smooth curve until a rate transition occurred,
then the next series would follow a similar curve shifted
either above or below the first curve. After this a further
series would be ohtained and another transition, and so on.
The empirical plots, for a typical series between rate
transitions, from which rates at various presgsures, were
determined have been plotted in PFig. 3.23. Thus a family
of rate curves were found at both temperatures, Figs. 3.24.

and 3.25. Sce Table 3%3.15.

Table %5.15. Dependence of rate on pressure,

Run Sequence of Constant Constant Rate
determination Temp. Pressure mmoles
T °C P cm. min Tt
c c
17 . 40,2 12.29 0.076

3

4. i 40,54 0.390
5. H 18.43 0,136
6. it 24,41 0.213
7. f 32,49 0.3%33
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Table 3%3.15. continued.
Run Seguence of Constant Constant Rate
determination Temp. Pressure mmolis
T rC P cm. min.
c c
17 8. 40.2 6.37 0.046
9. i 12.34 0.098
10, " 40.54 0.481
11. it 24,41 0.247
12. it 18.43 0.176
13, i 24.41 0.445
14, i 6.37 0.075
i5(a). i 40.54 0.890
rate
transition
15(b)¢ 4‘002 4’0054‘ 00705
17z H 24,41 0.325
17. i 12.34 0.136
18. i %2.49 0.470
19. i 18.43 0.216
20, i 24 .41 0.306
21. i 6.37 0.060
22. i 40,54 0.558
23, i 24 .41 0.231
24 . i 12.34 0.102
25, i 32.49 0.333
26. i 18.43 0.158
18 3o 100.0 24,41 0.232
4(a). 1 2441 0.221
rate
transition
4(v) . 100.0 24,41 0,275
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Table 3.15. continued.

Run Sequence of Constant Constant Rate
determination Tenp. Pressure mmolis
T ~C P cm. min.
C c
18 5 100.0 ‘ 24,41 0,283
6(a). " 40,54 0.739
rate
transition
6(b). 100.0 40,54 0.634
7o I 24 .41 0.256
8, " 12.34 0.094
9. " 32.49 0.456
10. " 18.43 0.166
11, i 6.37 0.033%
12. " 24.41 0.543
13. " 40 .54 0.985
14, " 24,41 0.402
15. i 6.37 0.043
16. i 18.43 0.267
17. ! %2.49 0.660
18. " 12.34 0.111
19. " 24,41 0.398

20, " 24.41 0.435

These curves now showed rates increasing with(pressure)n
where n was approximately 1.6, as determined from the
slopes of the log (rate)/log p plots, Pig. 3.26. Values

of n so obtained are given in Table 3.16.
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Table 3.16.

1A['6 L ]

Run "Series TCOC n Average

17 5,6,7,8,9,10,11, 40,2 1.55
15,16,17,18,19,20,21. 40,2 1.47

18 6(v),7,8,9,10,11. 100.0 1.67
1%,14,15,16,17,18,19. 100.0 1.73 1.6
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3.2.4. Dependence of Rate on Temperature.

The variation of rate with temperature was examined at
~two pressures, 24.41 cm.Hg and 12.3%4 cm.Hg, at three
temperatures 0, 20, and 40°C in run 18. A great deal of
scatter was observed, as usual, when attempting rate
recoverices, for the lower prcssure determinations,

Rates were also determined in run 14 at 40, 60, 80, 100,
120, 140, and 160%¢ at‘a pressure of 20.58 cm.Hg in order of
increaging temperature. The results obtained are set out

in Table 3.17.

Table 3.,17. Dependence of rate on temperature.

Run Sequence Pccm. T % Rate
¢ mmoles
min, -
14 1. 20,58 £2.0 0.160
2. - 60.4 0.214
3. u 80.0 0.188
A, " 100.,0 0,162
5. u 120,0 0.164
rate transition
occurred )
60 u 120°O 00295
Te ! 140.5 0.294
8. " 160,0 O.335A
18. 1. 12,34 0.0 0,088
2. n 19.5 0.107
3.(a) i 40,2 0,084

rate transition
3,(b) 12.34 40,2 0.096
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Table %3.17. continued.

Run Scquence Pccm° TCOC Rate
mmo;fs
min.

18 4 12.3%4 19.7 0.105

5. i 0.0 0.143%
60 1t 4—0-2 03072
T t 0.0 0.120
8. i 19.7 0.122
9.(a) " 40,2 0,106
rate transition
9.(b) 12,34 40,2 0,120
10. i 0.0 0.055
lle 24-0 /!rl O .O O ° 312
12, it 19.7 0.290
13. i 40,2 0.258

At the lower pressure, in run 18, the spread of error of the
various determinations at the thrce temperatures, OOC, 1997OC
and 40.2°C is 0.099 + ©,044, 0.1145 + 0.0075 and

0,120 + 0.048 mmoles'minflrespectively, These results are
plotted in Fig. 3.27. directly against temperature and it

can be seen that, taking into consideration the magnitude of
indeterminacy in the rate measurements, no dependence of

rate on temperature is indicated.
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3.2¢5. Appearance of Reaction Product.

The Li3N produced was hard, brittle and reddish brown
in colour. If chipped with a chisel, conchoidal fractures
developed in some cases; in others, fractures developed
along parallel laminated cleavage planes, The surface was
covered with macroscopic cracks which tended to lie in con-
centric circles on the surfacc laced with cracks in a radial
direction extending between the circular ones, These
cracks appeared to be perpctuated through the bulk of the
~crust.

It was obvious that large stresses had developed
during growbth since the originally smooth metallic surface,
on changing ‘to the nitride, had become buckled as though
contracted dowvnwards by internal stresses. In some cases
quite large cavities into the bulk (estimated to be as much
as 1 cc. in volume), had been produccd, probably due to
initial preferential attack down largc macroscopic grain
boundaries.

The reaction was allowed to nroceed to completion in

run 14 and chemical analysis of the reaction product showed

that total convergion to the nitride had occurred.
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%.,2.6., Conclusions and Discussion.

Since uptake is linear and rapid after nucleation even
at great thicknesses, the ratce contrelling process is
independent of the thiclness of the nitride crust. An
interstitial diffusion process in a coherent nitride crust is
unlikely since this would lecad to a decrcasing rate as nitride
thickness increased.

Frankenberger (sece section 1l.4.3.), has reported that
LiSN growing on solid lithium, after the formation of an
initially uniform relatively impervious laycer, changes to a
crystalline aggregate porbus to nitrogen. This view is
consistent with the observation that macroscopic cracks are
visible in the reaction product and is in keeping with the
Pilling~-Bedworth rule since the volume ratio = 0.7 for '
Li/LiBN; Similar obscrvations have been reported for the
growth of thick crusts of nitride on solid Ca, at relatively
low temperatures (109). However, if the metal surface were
thus exposcd continuously, with the growing crust offcring
no effecetive resistance to penetration of nitrogen, the
rate of uptake would bec constant and controlled by the
chemical rcaction at the interface, a process requiring an
activation energy.

In the present work, however, the activation encergy is
around zero. It is thercfore likely that the rate of
uptake is contfolled by somc physical or mechanical process

such as the rate of flow of gas through cracks and pores in
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the crust, the number and effcctive dimensions of which
remain statistically constant over a period of time. Once
a crack is formed by the stresseg predicted by the Pilling-
Bedworth rule, it becomes self perpetuating, since crack
tips arce offcctive in rclieving stresses at smaller stresses.
than reguired for the formation of new cracks; thus the
number of cracks will tend to remain constant at a given
temperature and pressure.

Since any form of fluid flow through a porous layer is
dependent on the dimengions and number of pores, these must
remain effectively constant in the present reaction. It is
therefore suggested that only a certain thickness of the
crust is effcctive in restricting the flow. At greater
thicknesses, the cracks widen to such an extent that they
offer no restriction to flow. In the effective region, the
dimensions of the cracks are approximately constant and
small enough to producc considerable hindrance to the flow
of gas to the metal surface.

Cracking may bhe regarded as a transition from a less
stable to a more stable condition; it is analogous to a
phase change, a recrystallizstion process, and as such would
normally proceced from nuclei of the new phase, The nature
of the nuclei is incvitably somewhat speculative: they
could be dislocations, bounderiecs of crystallites,
independent foreign atoms, or groups of foreign atoms, (147).

If as is likely, the stable phasc has a highcr density than
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the metastable one, recrystallization will be attended by

a contraction which will induce cracks. Thué according to
these considerations a stationary condition would be likely
wherc the rate of cracking equals the rate of growth.

Thus it is suggested that as eaoh.new laycr of nitride
is formed at the metal surface cracks existing above it in
the effective portion of the crust continuc into the new
layer. - If, however, this ncw layer does not immediately
change from its metastable condition to the more stable
form there will be a lag in crack pcrpetuation in the_new
layer,; conscquently some of the pores for nitrogen flow will
become temporarily inoperative, and 'a sudden rate decrease
will occur, although maintaining allinearrate, until the
lag period is terminated when the rate will again increase.
Thus local stress fluctuations in the crust in the vicinity
of the metal interface, producing a2 lag in adjustment from
the meta tr he stable condition, would account for sudden
increascs or decreascs in rate, although considered
statistically over a sufficient period of time, approximate
linearity would be likely.

The initial catastrophic increcases iﬁ rate observed in
the relatively thin cruste of nitride after the nucleation
period, are to be expected on this reasoning since they
would ropresent the initiation of cntirely new cracks in

the crust, as the stress increased with increasing thickness.

~
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The form of the curve obtaincd for the pressure
dependence with an cxponent of approximately 1.6 is not
iriconsistent with the above model.

Since cracks and pores of varying size will be present
in the cffective region of the growing crust, some pores
will exhibit strcamlinc and others Knudsen flows

" For streamline flow under isothermal conditions,

involving a compressible fluid which obeys the gas 1w,

the rate of flow (moleculcs scc?l)
2 2 ‘
n _ . P17 =Rl s (1)
el Wi s rea

whercas for Knudsen f£low

dn -
T =k g, (@)

where Py is the pressurc on the outer side of the effective

i

region of the crust and p, (assumed %o be zero herc), is
that at the Li/LiSN interface. L is the thickness of

the cffcetive region, assumed constant in the vresent casc.
Since %%‘z the ratc of uptake of nitrogen, equation (1)
reduces to

rate of uptake of N2 oL p12

and equation (2) rcduces to

rate of uptake of Né oC Dq -

Thus for wholly strcemline flow the rate of uptake should
be proportional to the squarc of the pressure while for

wholly Knudsen flow, the rate should be dircetly
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proportional to pressurc. Ior a (Gaussian) distribution
of porc sizes, with the maximum number in the ¥mdscn
region, a flow ratc varying with pressure having a value

of the cxponent between 1 or 2 may be cxpected.
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3.3, Nitridation of Molten Lithium.

Little is known of the kinetics of oxidation or
nitridation of molten metals, probably because of the
difficulties of working at high temperatures, and the
consequent complications eﬁsuing from the volatility of
the metal. In thig regard, lithium, with the reclatbtively
low melting point of 1860(}9 combined with a low vapour
pressure, cven at temperatures well in excess of the melting
point, provides ideal conditions for study. Since 1lithium
reacts freely with nitrogen below and above the melting
point, a direct comparison of the effect of both a solid and

a liquid substrate upon the reaction kinetics may be made.

3,%.,1, Kinetics of “itridation.

The uptake of nitrogen,w millimoles,against time t,
iﬁ minutes,is\shown for two runs at 618.5°K in Pig. 3.28.
The uptake decreascs with time, i.ec. a proteotive‘film is
formed in contrast with the non protective film found with
the solid metal. When w° is plotted against time Fig.
3.29., the plot is linear over a period of 100 minutes with
some deviations at the beginning and end of the run for run
2, indicating approximate obedience to the parabolic law.
For run 1, where two discontinuities were evident, the

w2/t plot exhibits linear vortions of slightly different

slope, between the discontinuitiecs. However, if the

whole curve is smoothed, then approximate obedicnce to the
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parabolic relation is still maintained over the whole run.
Other kinetic laws, such as the log forms and the

ag ymptotic ecquation were tested, out agreement was less good.
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3.3.2. Dependence of Rate on Temperature.

Activation energics were determined at a constant
pressure of 10.43% cm. Hg over the range 4£99%K to 638°K, by
determining rates over a series of both rising temperatures
(run 6) and falling tempsratures, (run 3, 4, 5).

A11 runs except the kinebtic determinations were done
on previously nitrided surfaces.

At the end of each constant temperature ratec determina-
tion, the reaction vessel wag evacuated in order to maintain
conditions ag invariant as possible during the period
required to establish thermal equilibrium at the new
temperature, often a lengthy operation (as long as 60 minutes)
on account of the large heat capacity of the metal reaction
vessel and conftents, and the relatively poor heat bransfer
between the furnace and the vessel. In this manner, rates
at different temperatures were obtained at virtual constant
thickness of nitride film. The method adopted for
decreasing tceromait '3 runs, was to allow nitridation to
proceed until the rate had droppred to a relatively low, but
neverthelers easily measurable value at the highest
temperature. The reaction was then stopped by pumping away
the residual gas. The rate was determined graphically by
drawing a tangent to the last portion of the curve, since
the curvature was appreciable, The temperature was then

lowered to the next constant value and the curve
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re-characterized, The rate was sufficiently reduced at the
lower temperatures for the uptake to be small compared to
that at the highest temperature. (onsequently the
curvature of the w/t plot at the lower temperaturcs was
not appreciable and negiigible error in the rate was
introduced by rcgarding the lower Ttemperature curves as
linear. The uptake was followed for periods of 40 to 80
minutes. Deviations from linearity, with a slightly faster
rate of uptake, were usually obscrved in the first 5 to 6
minutes when fresh nitrogen was added at the new constant
temperature., See Fig,,.'j.,"j'oo This portion of the curve was
attributed to diffusion of excess lithium to the LiBN/vacuum
interface during the time necesgsary for attaining steady
state conditions between rate determinations, and was there-
fore neglected.

A typical set of empirical w/t plots for increasing
temperature are given in fig. 3.30. (run 65.

The activation cnergy was celculated from the slope of
the Arrhenius plot of log rate/%, Pigs. 3.31, %.32, and the
values so obtained arce listed in Table 3.18. The average

value of the activation energy was 15.42+0.%4 kcal.mole T,
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Table 3.18. Activation encrgy data.

Run 79K Rate E_
mmoles min, keal.mole

3 618.5 0:1145

579.3 0.0%06

548.2 0.0121

5165 0.0051
4 618.5 0.0%75

576.9 0.0222

548.1 0.0121

512.8 0.0078 15.75"
5 624.3 0.0760

584.6 0.0288

558.5 0.0143

529.6 0.009%

499.0 0.0041 15.08
6’ 524.5 0.0051

565.7 0.0151

605.6 0.0380

638.73 0.0790 15445

* A . . . A .
Runs 3% and 4 werc incorvporated into a single Arrhenius plot.
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%,3,.%. The Dependence of Rate on Pressure.

The effect of pressure on the rate was examined over
the range 10.43 cm, Hg to 44.44 cm. Hg, 2t three constant
temperatures, 499.80K, 516,2°K and 6%8,0%K . Since the
determinations were carried out at large uptakes,‘the rates
were relatively small and in all cases the curvature of the
w/t plots was not appreciable,

A typical set of cmpirical w/t plots at 638.0°K is
shown in fig. 3.33., and the values of the rates so obtained
are listed in table 3.19.

Within the limits of experimental error no effect of

pressure an the rate was found.

Table 3.19. Prcssure dependence.

Run 7K P cm. Rate
mmoles min.

7 516.2 10.43 0.0042
18.44 0.0043
\ 30 .44 0.0053
8 : 499,8 10.43 : 0.0031
18.44 0.0028
8. 44 0,0033
44,44 0.0032
9 638.0 10.43 0.0635
34444 0,0600

3444 0.0600
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3.%.4. Appearance of the Reaction Product.

The surface of the crust was smooth and dull red-grey
in colour. On sectioning it was noted that the crust
consisted of an aggregatec of small translucent ruby red
crystals, ~losely packed with their longest axis oriented
vertically to the lithium surfacc. The crystal habit

could not be distinguished.
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3.345., Discussion.

It is evident that the kinctics of nitridation of
molten lithium are quite different from that for the solid
metal. On general considerations this is to be expected.
Three possible mechanisms are considered, viz. The rate
controlling process is a reaction (i) ocecurring wholly or
partly in the vapour phase, (ii) dependent on the rate of
bombardment of gescous nitrogen molecules at the reaction
interface, and (iii) limited by the diffusion of a reactant
through an intervening nitride crust.

The first can be climinated because a reaction taking
place in the vapour phasc would be pressure dcependent. This
follows from kinetic theory considerations because the
collision frequecncy between the rcacting speciles nmust
decpend on their pressure in the gas phase - the form of the
pressure dependence being determined by the particular
mechanisms operating. However, in the present investiga-
tions the rate was found to be indepcndent of the pressure.

Furthermore, the cexperimental activation energy for a
gas phase reaction must be at least equal to the latent heat
of vapourization of lithium, i.e. 38.9 xeal.mole T, The
experinentally determined activation energy, however, is
only 15.5 keal.mole™t.,

In addition, for a vapour phasc reaction, copious

Yeposits of the reaction product on the walls of the



163,

reaction space would be expected. In fact, the amount was
negligible compared with that in the nitride crust at the
lithium interface.

The second possibility is suggestéd from a comparison
of calculated and observed rates of reaction. The number
of nitrogen molecules colliding with the surface per
second, for a given temperature and pressure is, from the

kinetic theory of gases,

p = 2(zm)

whereAP_= mass sec?1 striking the surface per cm?,
P = pressure, M = molecular weight and the other symbols
have their ﬁsual meanings.

This gives 5.6 X 1023 for the number of nitrogen
molecules striking the total surface area of the nitride
crust per second, at 588,2°% and 10.43 cm. Hg. Using the
experimental activation energy of 15.5 keal.mole T the
calculated rate of reaction is 11.2 x 1017 compared with
the experimental value of 2.7 x 1017. For this type of
calculation the zgreement is good. Despite the nurevical
agreement, this mechanism is unlikely since the rate should
again be pressurc dependent.

The fact that the kinctics of the uptake obey the
parabolic law approximately suggests that the rate controll-
ing process is one of diffusion of a reactant fthrough a
relatively homogencous layer of nitride growing at the

1ithium surface.
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Fnx a nitride layer growing on the mobile surface of a
liquid, a2s contrasted with the rigid surface of a solid,
the Pilling-Bedworth principle is not applicable, since
stresses due to disparities between atomic volumes and
substrate/epitaxial lattice parameters do not exist, It is
therefore likely that growth of the nitride proceceds freely-
with ifs normal unstrained crystal structure, without the
production of cracks and porosity as found for the solid
metal.,

It is assumed herce that the crust growing on the liquid
surface is virtually secaled to the sides of the metal
reaction vessel and prevents access of gas directly to the
liquid interface or flow of liquid metal to the surface via
gaps between the crust and the walls. Now it is apparent
from figs. %.28 and %.29 (run 1) that there are minor
discontinuities, the plot between these being, however,
parabolic in form. Thege discontinuitics are probably due
to cracks appearing in the peripheral region between the
crust and the metal walls, thereby allowing short periods of
dircet access of gas to the liguid interface. |

To account for the rate being independent of pressure,
a reasonable assumpbtion is that the rate controlling sbop is
the rate of arrival, at the surfacc, of metal ions soluble
in The uniform LiBN layer that diffuse outwards from the

liquid interface, under a chemical potential gradieﬁt.
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This diffusion proccss depends only on the stecady state
conditions at the liguid interfacc, and is thercfore
indcpendent of pressurc, 2lthough depcendent on temperaturc,

1 obtaincd for the

The value of 15.42+0.34 kcal.mole
experimental activation cnergy compares reasonably well with
the valuc of 16,98+0,90 l«:ca_lw.molo"l obtaincd by Longton (106),
for a2 slightly higher range of temperature and pressure.

This ecnergy term compriscs the heat of solution of
lithium in the LigN lattice and the encrgy of activation of
diffusion, or mobility, within the LiBN iéttice, but

scparation of thesc two fterms can not bc made without

further assumptions.
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