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SUMMARY

The thermal decomposition in vacuo of lithium agzide, in powder and pellet form,
has been investigated. The temperature range was 160° - 220°C. The results
obtained were highly reproducible, and a study of the reaction kinetics was

made for both the pelleted and powdered forms of the azide.

Mathematical analysis of the results obtained indicated that discrete nuclei

are formed over the induction period which then grow two-dimensionally over

fhe acceleratory period. The nuclei increase in'nﬁmber linearly with time and
.overlap and ingestion of thq nuclei occurs during the acceleratory period. This
was shoﬁn by the appliéability of the Avrami;Erofeyev equation with the exponent
n assuming the value 3, for the analysis of the acéeleratory period p/t‘plot.
The nuclei are formed‘mainly over thgpeg£e¥nai surfaces of the decomposing

particles.

The effects produped by pre—ifradiatiqn with -, X- and U;V.— radiation.on the
subsequent thermal décomposition have been studied. These studies were largely

on the powdered‘lithium:azide, but some attention was also'given to pre-irradiating
the pelleted material{ Pre-irradiation of the powdered material resulted in a
marked shortening of :the length of-the induction period followed by an increased
acceleratory rate, for the types of radiation employed. X- and U.V.-radiation

did not have any significant effect on the decay period reaction rate. The p/t

plots were sigmoid, as found for the unirradiated azide.

Applicability of the Avrami-Enofeyev equation in the analysis of the acteleratory
period for the irradiated azide indicated that two-dimensional nuclei formed and
grew on the surfaces of the particles, except in the case of ¥-irradiated lithium

azide when the reaction was largely confined to internal grain boundaries.
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Similar mechanisms operate over the induction periods for the unirradiated and
irradiated azide; ZA change in the value of the activation energy for the
‘acceleratory periods, indicated that the rate determining step for fhis stage
of the reaction is altered after pre-irradiation° The same mechanism was

applicable-for~the decay stages of the unirradiated and irradiated- azide.

The effects’of'pre-irradiation with all three types of radiation, resulted in a
double-sigmoid p/t plot in the case of pelleted lithium azide. Theé initial
reaction was confined to the surface of the pellet pre-irradiated with U.V.,
and occured throughout the bulk of the pellets pre-irradiated with ¥~ and

X-rays.



1. INTRODUCTION

The work presented in this thesis involveé & study of the thermalv_
decomposition of lithium azide and‘then the effects of various radiations,
namely X, X and U.V., on the subsequent thermsl decomposition of lithium azide.
Consequently it is deemed riecessary to reﬁiew thermal decomposition studies alone,

and then the work associated with the interaction of'the above radiations with

solids.

1,1 THE THERMAL DECOMPOSITION OF SOLIDS
Chemical reactions involviné one sélid phase and producing another
invariably proceed preferentially at the interface between the two phases. The
thermal decomposition;of solids is generglly'a'reaction that proceeds via this

process. Reaction is usually initisted at some specific locality and is termed

the nucleation process. -This results in thg-formation of suf—microscdpic particles
of the solid product phase called ggélg;. Thése may be distributed over the surface
of, or embedded in, the buik of the rggctgnt mafrix. Further decompbsition is
localised ét the intérface between tﬁélnﬁclei ;nd the feactant matrix, so that

the nuclei grow in size as the reactibn proeeeds. Aé the nuclei grow,.the area of

this interface increases.

‘The chemical reactivity is influenced to a m;fked exteht by the numérdus types of
»impeffections or defects in the solid. Although it is not immediately obvious why,
ron electronic grounds, sdiid state reactions such as the fhermal decomposition of
carbonates(l) and azides(2'3) shoul&zﬁe favoured'at dislocations, growth defects
ahd mosaic block boundéries, it is neﬁertheless reasonéble to expect that chemical

. transformation may be facilitated at.these points on the internal and external
surfaces of a crystél because both thé chémica1~potential and steriOChémical
environment of ionic species in. the immediate vicinity of these imperfections differ

from those of similar species at "ideal"lattice sites. It has been shown that many

thermal decomposition reactions of sblid_éubstances begin at the point of emergence



2.
of dislocations at the crystal surface and at the boundaries of their groupings(4-7).

Besides being influenced By the line defects mentioned above, the thermal
decompositioo;procesé may oe influenced by point defects in the lattice, such as
anjionic and cationic vacancies, interstitial ions, impurit& atoms or ions and
electronic.defects (free eiectrons, excitons, colour—centfes and positive holes).
The mechanisms of all thermal deoompositions in the solid state have tentatively

been divided into two groups bvaoldyrev(e_lQ). One group involves reaction

proceeding through cleavage of bonds within an anionic or cationic lattice

component (for example the decomposition of potassium permanganate(ll’lz)) and

the other group comprises reactions in which the decomposition process occurs as
a result of transfer of an electron from anion to cation. Decompositions of the

| (13)

latter group are exemplified by the inofganic azides P

As mentionod above nucleation ma& occu# over the‘surface of the crystal or be
embédded in the bulk of the'reacpant matrix. Chemicol reaction is generally
accepted as proceeding via this (i) hucieus formation, followed by (ii) nucleus
growth, The nature of the nuclei-formed—io'not'olways clearly defined but it is
generally accépted‘that they are oomposed of solid reaction product. This general
type 5} mechenism involving the two stagos of formation and giowth is rarely inv
dispute and, at least in many solid decompoéifions, no alternative analysis haﬁing
sufficient flexibility to account for the variable kinetics and for rates ranging
from times of half-change of a few seconds to many days, has been advanced, It is
now customary to associate the unique sites at which nucleation takes place with

imperfections at both the internal and external surfaces, as has been mentioned

above (these in turn reflect the imperfect structure of the solid).

The nuclei may be classified into two main groups, namely compact nuclei and

diffuse nuclei. The latter nuclei are spread uniformly throughout the solid. In

support of this classification visual examinations of decomposing barium azide(l4’l5)



o 5.
(16,17) (18)

sodium azide and lead, cadmium and silver azides have been made, and-

thé nuclei observed directly,

Generally:tﬁe activation:energy.for-nucleus formation is greater than that for
.nucleus growth, with fhebcbﬁSequencé that compact nuclei are formed. Similar
écfivation'energies-for nuclear formation and growth generally favou:s the

- formation of diffuse nuclei.  Compéct nuclei are observed to have characteristic
(17)

shapes and in sodium azide platelets , these were observed to be two-dimen-

sional and approximately circular, initially, and were formed on preferred
crystallographic faces. The reaction then moved along a twoadimensionalipath

towards the centre of the crystal. Hexagonal nuclei were observed in the thermal

L ..(19)

decomposition of potaésium hydrogen oxalate

The number of nuclei formed during thermal decomposition may be greétly influenced

by the prerreéction treatment of the sample, thereby increasing greatly the

(20’21), scratching of the

(23)

" number of potential nucleus forming sites. Grinding
(22)

and the method of sample preparation have been shown to

crystél surface

‘play an important role in this respect. Pre-irradiation. of the solid.prior to
| U ey (24-27) .

decomposition with ionizing radiations (a’- and X-rays ), ultra-violet

(28,29) (30) (31,32)

’ electrons or reactor radiation has generally been

light
. found to.enhance the subsequent thermal decomposition of the’'solid as a. result of
‘the formation of‘crystai defects and deposition of radiolysis products in the.

crystél lattice.

The majority of thermal decompositions investigated are of the type:

Asolid B Bsolid- - Cgas

The reaction is performed isothefmally and the course of the decomposition is
followed By pfessﬁre measurements'of fhé evolved gas. A decomposition'curve
representing the course of the deéomposition is obtained by plotting pressure
againgt time (p/t’plot) or fhe fractional decomposition,;i, against time. In the

'géneral case the decomposition curve has the features illustrated in FIGURE 1.1,
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although any of these features may be absent in sPecifié cases., Features of the

decomposition include (i) an initial rapid evolution of gas A, followed by (ii)

a section B, termed the induction period, characterised by a slow evolution of gas,
which in some cases is scarcely measurable. At the conclusion of the induction

period, an (iii) acceleratory period, C, results, which normally extends up to

fractional decompositions(a)'of 0.1 to 0.5. After the inflexion point the (iv)
decay period, D,or period of deceleration operates during the final stages of the

decomposition.

These divisions are usually_associated with the production of miclei, their growth,
and beyond the inflexion point the overlap and merging.of the nuclei and contraction
| - (3,20,33)
of the product/reactant interface. In the decomposition of inorganic azides
the p/t plot is generally sigmoid and no initial burst of gas is observed, prior
to the induction periéd. The shape of the p/t curve in the thermal decomposition

of solid materials offers information regarding the physical nature of the reacting

80lid and the nature of the chemical process.

The acceleratory period is that part of the decomposition plot that has been

studied most intensively, because,when it can.be analysed uniquely, it yields the
most‘information; The recognition of numerocus types of imperfections in crystals
and of thé way in which their number and mutual influence may vary suggests that

the kinetics of decomposition of a crystai, depending on micleation and preferential
reaction at crystal imperfections, should be a complex process..Névertheless the
good overall fit obtained with relatively simple kinetic equations indicates that
complexity of crystal stfucture is not obviously reflected in chemical decomposition
and that it can be made evident only by rather detailed observation and kinetiec

analysis, - -

A decomposition model constructed on the basis of the analytical form of the

decomposition (p/t) functions should ideally be supported with further data obtained

for instance by ionic éonductivity(34’35) measurements, observations of the
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~ decomposition under light microsbqpé or electron microscoPe(5’14), structural
. (36) . . (37) o e .
studies s Spectroscopic studies and analytical investigations of the reaction
products(38).

Nucleation in the reactant matrix may involve a single step and it is assumed that
a single molecule will lead Fo the formation of a nucleus, The formation of nuclei

. then follows the EXPONENTIAL LAW:

aN/dt = k

lNo e}{p -(—klt) .too00'00ov.lo.foo.offco'uto-.00 (lﬂl)

where N is the number of nuclei at time t, No is the number of nucleus-forming sites

and kl is the rate constant. In the early stages of the reaction, and especially if

the activation energy for nucleus formation is large (i'.e° k1 is small) then:

av/at = k N

Under these circumstances the number of nuclei increase linearly with time, This
was observed in the dehydration of copper sﬁlphate pentahydrate(39)@

When multiple steps are required for nucleus formation, the POWER LAW describes
the decomposition:
dN/dt = DB tB—l ..'0....lOOOO...OO....".‘QO'(192.)

D is a constant related to the rate constant k2 as

B
. = N
'D ok2

Bl

and where B is an integer, representing the number of successive molecular

decompositionsat a single site required to form a stable growth nueleuéo ‘Nuclei

containing less than B ﬁroduct atoms are not;growth nuclei but germ nuclei, which

may become growth nuclei. by vauifing the requisite number of pfoduct atoms., This
-(40)

in essence was the theéry'considered by Bagdassarian' ; but was concerned only with

the special case where:

ko=kl=k2= Peeesescssese = kB—l

k, =k = k = eseevconess= K, and where k is the rate

B B+l B+2
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constant for the addition of a product atom to a mucleus containing i atoms.

(41)

Allnatt and Jacobs recently considered the general solution, where firstly, they
consider the situation in which the rate constants are all different and then they

‘consider the modifications to the theory, which are necessary when the k's are all

different up to i = r, where r refers to the number of product atoms in a nucleus.

The concept that the reaction interface advances at a constant rate has been
confirmed in the majority of cases for which the velocitj has been measured directly,
but there do exist deviations from this ideal behaviour. The deviations have been
attributed to the dipolar ngture of the water molecule, in the case of the

dehydration of salt hydrates(39)

(42,43)

and it has been suggested that the reason is

(44)

trivial for the non-ideal case of the chrome alum decomposition .However,

(45)

Young suggests that this difference arises from detailéd changes in the

interfacial conditions.

Nuclear formation and growth may be explained using several models which for
convenience may be divided into four groups. The mathematical ielationships
deseribing these are: |
(1) The Power Law
(ii) The Exponential Law
(iii) The Prout-Tompkins equation

(iv) The Avrami-Erofeyev equation..

(i) The power law. This class of thermal decomposition comprises those in which

micleation proceeds according to equation 1.2. Normal growth is assumed.and overlap
of the growing nuclei is neglected. With these conditions it can be shown(46)
that:

'ﬁ:%t v””“”””¢“”””“““““”“(Lﬂv
where p is the gas pressure at time t during an isothermal,decomppsition, k3 is the
rate constant end n = B + A . B has the same meaning as before and A= 1,.2 or 3

depending on whether the nuclei grow 1, 2 or 3-dimensionally, i.e. are rod-like,

plate—like'or spherical.
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The POWER LAW, equation 1.3, has been applied in the above form, and in a slightly

2
modified form, with good results, to a mumber of compounds. Several workgrg’47’48)

have found the power law with n = 3 to hold for the decomposition of calcium azide.

(49)

Leiga found that n took on values between 3.02 and 5.30 when the power law was

used in the decomposition of silver oxalate. As the nuclei were observed to be
3-dimensional (i.e. A= 3), B then took on values O to 2. A theory of instantaneous

nucleation and further nucleation according to the exponential law, was suggested

Al

as the mechanism for this reaction.

(50)

(ii) The exponential law. Garner and Hailes were led to the concept of linear

branching reaction chains, to apply to the decomposition of mercury fulminate.

Assuming a constant rate of nucleation and a constant branching coefficient, k4,
p = C exp (k4 t) D G S

This is termed the EXPONENTIAL LAW. C is a constant and is a function of temperature
and contains the rate constants for nucleation, growth and branching. Although the
equation was applied with success to the decomposition of mercury fulminate and

large crystsls of lead styphnate(5l),'it is now generally accepted that the concept
of linear chains required some modification. The rapid propagation of linear chains
through the crystal would tend to separate it into mosaic blocks, which would then
decompose slowly. Modifying the original assértions so that branching plate-like
nuclei propagated through the crystal, was an improvement on the theory. This idea
was applied in the decomposition of silver oxalate(52) and it was suggested that

decomposition proceeded along grain boundaries and dislocation lines, and branching

occurred at intersections of these defects in the crystal lattice.

(iii)  The Prout-Tompkins equation. Prout and Tompkins(53) noted that Garner's

linear branching chain theory in the form it was originally presented took no account
of the overlap of branching chains at higher degrees of decomposition. Modifying

the original equation by introducing a term for the probability of chain termination,



an equation of the form: : -
b
10 _—-_ = k t+c 0 00000 S0 CHLNORORNSDOEN SIS 105
g o1 5 1 ( ‘)

was derived on integrating the equation derived to represent the rate of decomposi-
tion,dcydt- This equation is termed the PROUT—TOMPKINS EQUATION. These workers
found that this equation was applicable tovthe particular prepafation of potassium
permanganate studied by them, This equation has been found té be applicable to many

permanganate decompositions(54).

Prout and Tompkins found that analysis of the decomposition of si}ver permanganate
was improved if a modified form of equation 1.5 was used. The equation:

1§g 5;—:—;— = ké 10g £+ €, airecnrscnnenacanancnn (1.6)
was derived and is termed the.modified Prout-Tompkins equation. This equation takes
into account the fact'that the branching coefficient k5 was not constant but varied

inversely with time.

Hi11(23’56) has postulated a diffusion chain mechanism for the decomposition of

potassium permanganate and has found that the appearance in low temperature runs of
a low activation energy, 15 k.Cals/mole, can be associated with a diffusion process
in the dislocation netwbrk, resulting in the formation 6f product:nuclei at points
throughout the crystal lattice,

(iv) The Avrami-Brofeyev equation. In an attempt to obtain a more general kinetic

(57)

equation, Avrami dealt with the nucleation process in a study of the kinmetics of

phase change. He made the assumption that the new phase, as a result of the
thermal decomposition of the solid, is nucleated by tiny "germ nuclei" which already
exist in the old phase. These germ nuclei are capable of developing into observable

"egrowth nuclei" after commencement of the transformation, The number of germ nuclei

decreases in two ways as the reaction pfoceeds. The first effect is the normal
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activation and growth of the nuclei and the second effect is the ingestion of
germ nuclei by actively growing growth'nucléi,_which thus rendérs the germ nuclei
inoperatives These nuclei incorporated before activation are termed "phantom |
nuclei, Eor convenience, the germ nuclei are now termed "nuclei" and the growth
nuclei are termed "grains", The grains (phantom nuclei included) taken to full
growth and neglecting the impingement upon one anotﬁéf are referred to as

"extended grains",

The rate of disappearance of nuclei during any time interval dt from a system

originally containing No nuclei per unit volume at t = 0 is given by:

- dN' = AN 4+ AN eeeieeeeeeeneees (107)
where
aN = K N'Jq£ P ¢ J=))
and
N'. :
an = Ty W Cereetesseceesenos (;.9)

The number of nuclei at t = 0) Nol decreases with time and at time = ¢ their
number will be N'(t) since N(t) become grains and N"(t) are ingested (phantom
nucléi) by the growth‘of the N(t) gréins. Thus, from 1,7, the decfease in the
number of potential sites in an& time interval dt is equal to the number of graips
plus the number of phantom nuclei formed. This is the general case for random
nucleation,( Equation 1.9 is obtained by considefingvthe number of nuclei per
unit volume which the advancing front of the product phase encounters during the
‘time interval dt. hThis density is given by the number N' of nuclei at time t,
divided by the untransformed volume (1 - V),per unit volume, dV is the volume
swept out by the graing of the product phase during a time interval dt. Equation

1.9 can be used in the form

dN" = d“. ses00esesecceose (1910)

where eX= p/Pf , the fractional decomposition of the solid.
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Equations 1,7, 1.8 and 1.10 now give

k” N, + N' d‘! + dN' = 0 .o....-tnncn-o(l.ll)
1-o dt - dt

Rearranging and integrating this then gives
N’l - - l_ ! a0 s s 80000000000 L]
(1-«) N exp (- t) ‘ (1 12),

Using 1.8 and 1,12 %hen
L - 1 1!
= (1-a) k/ N exp ( kzt) creescnsnnnees (1,13)

Integrating 1.13 the equation obtained is

t 1
N(t) = KN f e-k'y[_l-oc(y)]dy .............(1.14)

0
whlch is the expression for the density of grains (growth nuclei) as a

function of time. Rewriting 1. 14 for the growth of 3-dimensional (spherlcal)

nuclei the expression obtained for the fractional decomposition is

oft) = X' N kz ft 'é,'kl'?’ (t - y)° [1 - oc(yﬂ dF veveeeeas (1.15)
o vo o . S

where S is & shape  factor and V6 is the final volume of product obtained from
complete decompositioh of W6 gms ofithe reactant. Equation 1.15 is not amenable

to direct solution but can only be solved approximately. For the particular

case of random nucleation, however, Avrami has shown how a solution may be
obtained using the concept of "extended volume", ‘The extended volume,'(Vex?, or
fractional decomposition, (aex(t)), was defined as the total volume of all nuclei
including overlapping regions and those.gfowth nuclei (grains) which woﬁld have
been'formed from ingested germ nuclei were this a pﬁysically realistic process.
The assumption was made that cessation of growth due to impingement of grains does

not occur in the reactant matrix., The rate of formation of all nuclei is %% ;

whence the extended fractional decomp031tlon is given as

ol ®) B T O = f"(t ) [dt] W (1.26)

v
0



llﬂ
where Vo is as defined above. The term v(t, y) is the volume of a nucleus

formed at time t, formed at t = y.

R (t, ¥) = S[ké (t - yl-l3 '(1.17)

where ké is the linear rate of isotopic growth and S is a shape factor for

3-dimensional growth. Thus eqﬁation 1,16 reduces to

| L I -
o (1) = uy kN f K (4 -3 ag  eeennennaa(1418)
v

0 0

This equation can be evaluafed preciseiy and to obtain «(t) a relationship
between the actual volume of the product V, ©(t)), and the extended volume
Vex(t), (aex (t)),gust be found. The general method presented by Avrami to this
problem produced‘rather cumbersome’formula and as a method of simplification it
was stated.that on the average the ratio of "non-overlapped volume", ?i, to
extended volume V. oy ? 18 egugl to the density of unreacted matter at that time,

lex
(1 -V), to give the expression

= ceerennnannennn. (1419)

where

. .
A (R ORI T ORI

1l ex
_ )
integrated over the whole crystal. The non-overlapped volume v' is considered

to be that part of the volume which contains no product phase whatsoever.

Taking into account the increment of the product grains over the time interval dt,

dv! - 1=V -
dVl ex V ouun....oo.o._..‘ooon-ooutoog.(lozl)
and whence
do
d_a = 1‘“ NN TN FNRENNNENNENNNY ] (1922)
ex

Using equations 1.18 and 1,22,
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and hence 1.24 becomes

-log (1 -a) =6k N [; Kt gy k't -

-----

(t - y)3 Y eenens eo.(1.23)
v 12 v o3I
-1+ Kt (k] +) (kl t) oo (1.24)
o1 31
............ ceieeeans (1e25)

02 ge)’
ik . :]_ eerna(1.26)

Y .

This is the most general solution to the case of random nucleation of three-

dimensional product nuclei.

Several limiting cases may be obtained from equation 1,24.

(1) o _small. When « &1, the contribution of overlapping and phantom nuclei

will be negligible and « . may be replaced by «.

Equation 1.24 then becomes:

1t
=6k N [:%,klt -1+ k't -

Thus for kit small,

‘ (kit)%:] e (1a27)
3! B

teeessesasecnssessessansessrrenses (1.28)

or for plate-like nuclei, or instantaneous nucleation followed by three-

dimensional growth

o = ¢, t

-------
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or for linear growth

X = Ct : '........................‘ ------ see (1030)

’ n
Equations 1.28,1.29 and 1.30 are seen to be the power law, & = ¢ t , where

n =P +A, as described by equation 1.3.

(ii) t large. - In the decay period, when t is large, equation 1;24_

reduces to

~ log (1-';;)‘ = kN ¢ RN ¢ 5. ' D B

or _
a:'l" exp (_kNO t3) .v...........00.0.'.0!..'. (1.32)

The equation 1.32 is applicable for analysis of the decay period.

MAmpei (58), using a different approach‘investigated the probléms of overlap
and.ingestion and considered the farious ways in which a surface correépdnding
to that of a spherical particle could'be covered by discs. Discs falling within
other discs are phantom nuq%éi, While discs which partially cover one another
represent nuclei Which ovef%ép during grbwth. He derived equations which

have the same general form as 1.15 derived by Avrami.

(59)

Using a different approach Efbfeyev first derived a general kinetic
bequation o
' t

a = l-ex_p (_det) .oo.oop-n-‘o.io..o-.u'-nu.. (1033)

where o = fractional decomposition as before and p is the probability of the

reaction of an individual molecule in an interval dt.

Equation 1.3%3 may also be written

t .
~1n (1= o) =det eeeirreeeeenneeiea. (1.34)

le -
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The equation was then applied to the formation and growth of nuclei in the

golid state.

If the fate of formation of nuclei is given by dv/dt, then for constant rate
of nucleation,

dv/dt = cénst .,......f.....................; (1.35)
and in the second limiting case when the réte is a power of time

dv/dt = const. tz_ i iveeeieesienateneecaces (1.36)
In either case the probability p.dt is pfoporfional to the total volume of
the spherical la&ers traced at the iﬁstaﬁt t'aroifid the riuclear centres that
havéiarisén,at the instant t*, The fadii of the spheres limiting the layers are:

r=u(t-t*) amd r+dr=u(t+dt-1t*) .ieeeeai(1.37)

Acoordingly,
' ‘ % _ :
pdt = di;[g. w (% - t%)2 -%% (A% sieeeseerscnssasees  (1.38)

If the rate of formation of nuclei is dependant upon time, then from
" equations 1.36 and 1.38

p dt = const, 777

dt 20 000G 820000000000 (1039)
and from this equation and equation 1,33

« = 1-exp (-kt? " 4)‘ R BT

For the first limiting case, (for constant rate of nucleation),

(6 = 1= exp (KT errereresneeeenneeenenenes (1a41)

Considering equation 1.40, if the rate of nucleation is as the square of
time, then

6 .

& - 1_exp (_kt) qn_---'loloaola.onao-ons....(1.42)

which for small valués of t_reduces to

b= et e e et ineeenes (1043)
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(14)

This is the powér law equation postulated by Wischin for the thermal

decomposition of barium azide.

Considering equation 1.41, the powef 4 corresponds to three~dimensional

growth, increasing in number at a constant rate.

For cylindrical nuclei (the centres of formation of the nuclei are edges or-
surface cracks) the expression analagous to 1l.41 is
)

eveeeervessessasssesenssas (1o44)

o« =1~ exp (- xt
and correspondingly, for flat nucleis
N .
x=1-exp (-kt) ..iiiiiinnns Cereeserenens (1,45)

In general, according to the shape of the nucleus and the number of electrons
necessary for the formation of a stable nucleus, Erofeyev states the general
equation:

=1 = €xp (— .k6tn) ................... s eeesases (1.46)

or

- lOg (l - OC) = k6tn T2sess IR LIILILIRIRRRIERCEIOEOEOLS (104'7)

where n % 4, and n = 3 + )\ y where B = number of intermediate stages in the
formation of the initial centres of a reaction and A = a value with three
possible alternatives depending on whether the reaction nuclei are 1,2 or

3-dimensional.

Bquation 1.46 is seen to be of the same form as the equation derived by Avrami,
equation 1,26, but is the general equation for the kinetics of reactions which

proceed by way of formation and growth of reaction nuclei in a solid. Equations
1,46 and 1.47 are known as the AVRAMI-EROFEYEV EQUATION.

The use of the Avrami-Erofeyev equation is almost universal amongst Russian
(60 - 63) (3,64 - 68)

workers and hag also been widely used by other workers

Ishkin and Dubil(63) examined the kinetics of the thermal decomposition of
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‘sodium and potassium bicarbonates, and Acheson and Galwey(65) studied the
kinetics of the thermal decomposition of nickel terephthalate,:using the
Avrami-Erofeyev equation; These l;tter workers showed that thebcarbOn dioxide
formation reaction Qbeyed the Avrami—Erofeyev equation though the reaction
rate and the exponent value,‘nv, varied for different salst preparations;
They reported that the value of n = 1.5 for pure nickel teraphthalate
indicated cosiderable restriction of growth of nuclei so that this process
did not exert a major controlling influence on the reaction kinetics. They
concludéd that after nucleation of a‘particular crystallite the subsequent
growth of that nucleus was largely confined to that particle although there
was a small but significant probability that growth may extend to |
'neighbouring salt particles. This model is closely comp;rable to that
proposed(64) by Galwey and Jacobs for the thermal decompositionrof
powdered (éubic form) ammonium perchlorate, where grqwth was considered to
.occur essentially in oné dimension, n = 2. Later work on ammonium perchlorate
was also analysedAuSing the Avrami-Erofeyev equation with n = 2 or_3.
Herley and Lev§67) investigated thé effects of pre-irradiation (7—rays) oﬁ :
the thermal decomposition of ammonium perchlorate. For the material used,
n had the value 4 for‘the unirradiated salt, and on irradiating and
decomposing the salt, although n = 4 held over the range 0.07 < & < 0.25,
in the decay stage with n = 3, the fit was over the range 0.40 (&« <0.98.
These workers assumed the mechanism of Galwey and Jacobs(64) to hold for the
irradiated salt as well.
Proﬁt and Moore(3) applied the Avrami~Erofeyev equation in the kinetic analysis
of. the théfmal decomposition of unirradiated and irradiated barium azide.
The exponent n, was found to be 4 in both cases. It was,considered that the

reaction proceeded through the formation and growth ofﬂgﬁaimensional nuclei,

which increased in number linearly with time. The effect of pre-irradiation

(y-rays) was to increase the number of nuclei, and so increase the reaction

)

(66

)
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rate on pre-irradiation.,

Criticism of the Avrami-Erofeyev equation has recently been offered by some

(69_,7_0) (69)

Russian échools . ‘Razumov and others maintain that the Avrami-
Erofeyev has the shortcoﬁing ofvdescribing reaction only in a continuous

' medium during the formation of the nuclei in the volume, during thermal
decomposition, They hold that the nuclei are formed only on the surface, ahd
on this éssumption have derived a theorefiéél equation invqlving two
dimensionless variables, to determine the procéss of thermal decomposj.tiono

70)

Sakovich( has derived a'topokinetic equation and has fitted this to the-

process of decomposition of solids.
Sakovich offers the equation

do/at = Kfoxm T " (1= a") euieninna(1.48)

where K isg the rate chstant, o the fractional decomposition, m a parameter
constant and t the time, . By integrating for time t one obtains the expression
for the part of the substance which underwent reaction,

m —Kt : : '

“ .— l"e ) ».’Ao.ccontooc'ooono-co.-u"eou050000(1949)
In virtually all the thermal decompositions that have been studied the
acceleratory peridd cén be accounted for tdpographically_in terms of a
reaction mechanism described by one of the above rate equations, for the

formation and growth of nuclei in solids.

During the decay period, oveflap Qf the compact nuclei has occurred and the
reaction then proceeds from a shrinking of the reactant/product intefface.
‘Ar‘lalyéis‘ of ‘the decay ey be achieved using a FIRST ORDER EQUATION but for
this equation to be applicable, two conditions are necessary. First, one
can obtain & first order e‘xprei_ssioniif by chance the particle size
distribution of completely:nuéiéatéd particles is exponential, or secondly..'

as a result of separation'of-tﬁé'reactant-matrix during the acceleratory period
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~one can obtain a large number of precisely equivalent particles which do not
contain active growth miclei. The first-order equation is rarely used and is

seldom of real value.

The decay period may be analysed by the AVRAMI-EROFEYEV EQUATION in the form

« = 1 - exp (—k6 t3) S ¢ (o)
provided the contracting interface remains intact. Because of the difference
in molecular volume between product and reactant phases, the interface may

collapse leaving isolated blocks of material in which no nuclei are present.

The same condition may arise from extensive growth of plate-like muclei. 1In
these isolated blocks if each molecule has an equal probability for decomposition,
then the rate of reaction is simply proportional to the amount of substance

undecomposed. Consequently

dofdt = ko (1= @) e (1051)
and therefore

log =5 =kot e (152)

Equation 1.52 is referred to as the UNIMOIECULAR DECAY LAW.

If the rate-controlling factor in the decay reaction becomés the nﬁmber of
remaining‘unreaéted molecules, not all of the molecules will be favourably
situated next to a product molecule and

ap/dt = k! '(pf e D) P eiiiiiirnnnnenoeess (1.53)

where P is the probability of the favoured situation, and is determied by p/pf.
On substitution and integration
log (p/pf -p = ‘kBt FOg e (1.54)

which is the PROQUT-TOMPKINS EQUATION only with a different rate constant than for

the acceleratory period.
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Frequently, in cases where there is rapid and efficient surface nucleation
of particles, thé.surfaces of the particles become coated with a layer'of
product in the early stages of the réaction. The rate determining step could
then be the rate_of penetratidn of this interface into the particleé. ‘For
spherical particles of initial radius a, then the\fraction decomposed at.time

t is given by

R
1

437 80 = 4370 (8 = k't)° /A3 80 eeenernnnansnonse (1455)

1-(1 - k9t)3 - SRR ¢ 1

or

1/3 = k.t ;o-.-.n.o.o.ofoooo.aouoaenocnﬁ (1.57)

1-(1-«) 9

Equation 1,57 is known as the CONTRACTING SPHERE EQUATION.

For contracting interfaces in geometrical shapes other than sphericél i.e.
parallelopiped and rectangle, a similar treatment to the contracting sphere

method above, may be applied.

Mathematical analysis of the acceleratory and decay periods of the p/t plots

for isothermal decompositiéﬁ of‘Solids can thus yield much informétion_on,the
reaction mechanisms. Using this analysis, iﬁformation can be obtained regarding
the process of nucleation, the approximate shape of the nuclei and the

mechanism by which they grow in size as the reaction progresses through the
solid. Growth may be from a constant number of nuclei or from nuclei increasing
as.a power of time, or via branching chain mechanisms. .The exact nature of the
nucléi formed, however, is speculative. Further evidence should ideally be
sought, as mentioned earlier, and a method suited to this end is the.study of
the effects of exposure to various types of radiation prior to thermal
decomposition. Pre-irradiation of the solid with ultra-violet radiation, X-rays,

y-rays, elebtrons, heavy particles and reactor radiation has been extensively

studied and the effects of these preQirradiations have often been invaluable in
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elucidating the nature of the irradiation damage.

1.2 THE EFFECTS OF ULTRA-VIOLET RADIATION ON SOLIDS

Considerable_ihformationson the effect of ultra-violet radiation on
s80lids has been obtained by aistddyvof:thé actual decomposition of solids by
 light, namely the phenomenon of photolysis. Consequently, it is profitable to
review tho salient featuresjof fhis:brénch of solid state chemistry, in particuiar
;thefphOtolmsis¢6fdthgﬁinoréamiqjazidgﬁir;Thejoonqepts developed in these,
resoarchos have beeo tronsferredvto other classes of substances and consequently

it is furthermore useful.to‘giVe détailed consideration to such work.,

When crystals of certain inorganic 'solids are irradiated with ultra-violet
light of wavelength correSpondihg to a characteristic absorption band of‘the[>‘
solid, photo¢homical deoomposition (photolysis) takes place. The course of the
reoction is geﬁerally'foilowed byipressure measurements of the evolved gas at

- fizxed time intervalg during the photolysis.,

In the decomposition of solids under the influence of ultra-violet light, the
energy of the quantum is comparable in magnitude with that of a chemical bond

and this type of decompoéition by radiation represents the simplest type of de-
(71)

composition of the solid « Since on exposure the light flux is incident on
the surface of the crystal, any chemical interaction oetween light and matter
_which does occur io iocalised mainly at the surface, Photolysis usually ceases
when the crystal surface.has.become covered wifh.a layer of product, which protects

deeperllayers of the crystal from the action of light (provided that further

development of the_reaction‘by a thermal process,'by conversion of the energy
| (72) |

: of'the‘light quanta into heat»ehergy , is excluded).
The rate of photolysis is generally thought to depend both on the probability of

transfer ofﬁan;éledxronito'wheacondudtionfband.dnd'on'whe,possibility-of‘iis

recombining with a_pqsitive hole. Boldyrev. and Medvinskii(73) point out,
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hoﬁever, that together with the width of the forbidden zone or other energy

characteristics of electronicAexcitafion, no less important characteriétics are
.thought to be the lifetimes of the excitations, their concentrations and their .
mobilities.

The first real attempt at a theoretical explanation of the mechanism of the
photolysis of any inorganic azide was due to Mott(74) when he proposed the
mechanism of the reaction occurring in the photolysis of barium ézide, The

(29) and

mechanlsm was based on the results of work done by Garner and Maggs

(14)

Wischin . The theory was the seme as that applied to the photochemical reaétipn
of the silver halides(7l’ 75). Mott considered the solid to be an ionic
conductor ﬁith mobile metal ions in iﬁterstitial positions and on irradiation
electrons and positive holes were formed which diffused through the, lattice. The
' electrons;were tfapped at some*unépecified "sensitivity;specks" where the mobile
metal ion was subsequently neutralised. Accumulation of the metal atoms at these
centres resulted in prbduct,nuclei which grew. Further electrons were trapped
by the metal to form, in the casé ofvsilver bromide, an Agﬁ ion:,a process
favouréd by a high concentrétion_of conduction electrons, A mobile Agf ion
would then neutralise the negative-ién and contribute to a Secondany.growth
mechanism, The mobile pOSitiVé holes forméd were thought to diffuse to the

surface and neutralise anions with the evolution of the halogen or nitrogen, for

the halides or azides, respécfively, g

Hence, the overall result was a growing'nuclegs accompanied by the evolution
of gas, accounting.for the observed formation of nuclei on the surface of the
crystals during photoéhemical decomposition. This mechanism, onefof the first
. attempts to elucidiate the photoiysis mechanism, has since been criticised and |
modified and other mechanisms pbstulated. These will be dealt with below.

(76)

Thomas and Tompklns made a detalled 1nvest1gatlon of the photolysis of

barium azide and concluded that Mott's theory required modification. A theory
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was proposed involving the production and trapping of excitons and it was
thought that this would account more satisfactory for the results, and for

. (14,29) L - N ‘
earlier results » The original results of this investigation showed that
using light of wavelength prédominantly 25372, there was a constant rate of
evolution of gas at constant temperature and constant intensity, and the rate
varied as the square of the intensity at constant temperature. At constant -
'intensity, but varying the temperature however, the rate was found to increase

in a complex manner,

(77)

 After a suggestion by Baidins that the metallic reaction product of the

photolysis of barium azide was inert, the interpretation of the photélysis of
barium azide was re-assessed bvaacobs and Tompkins and others(78’79). New(78)
kinetic mgasurements ofvthe photol&éis reacfion showed the reaction to be.more
complex than first fealised and a theory involving the production of both
excitons and positive‘holes was postulated. The nature of the light source, the
extent of the decomposition and the intensity of thé radiation were examined in
relation to thé rate of the photodhemical reaction. One of the mostvsignificént
results of the whole work was the variation in the rate of photolysis wifh time.
It was observed that the rate first decreased and then increased. This
acceleratory region‘wag followed by a period of constahf rate of evolution. This
behaviour,ﬁas observed using lamps with (1) 25373 as the principal line and

(ii) a more or less continuous spectrum with principal lines superimposed.

It was found that whén bérium azide was irradiated with light from a high
pressﬁre arc having a 36503 line, or with a iow pressuré lamp having eséentially
fhe 2537R line, the initial rate was proportional to the square of the intepsity
and had an activation energy of approximétely'S k.cals./mole. This was
interpreted in terms of bimoleculaf recombination of excitons at an

unidentified trap, T:
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where D répresenté a vacancy, and * the exeited state of the anion or
-compl'ex." After a while the square law was found to be unapplicable and the
rate of N2 eVolgtion increased, It was.éssumed that the traps T were.
'co'nsume.d priér to this 'increase 1n ra“ce._‘ The final rate was coﬁstant and was
found to have ap'activation ene.rgyvof approximately 20 k.cals./mole for the

25378 and 37.4 k.cals./mole for the 36508 line.

It was suggested that once the Ba atoms were formed as above, a second process

became operative:
hY

- -+
Ba == Ba + e

+

Ba® + N; EBa + N, where E~1leV

3
hy

~ - :
N3 + N3 - 3_N2 + e
2N3 - 3N2

Ba + Ba2+v+2e - Ba2

Phc;toemissio-n from. theb barlum atoms results in acceleration of the reaction with
the formation of Nziby coxﬁ}gina‘tiq’r;l‘of excitons and radicals. The Ba atoms then
aggregate to give Ba metal. If the irradiation was terminated_ when constant
rate had been attained, a,niaximum dark. rate was measured. This v}as considered

to be a thermal decomposition due to:
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2+

Ba + Ba > (Baz)z+

followed by electrons transferring from azide ions to the positively charged
barium and the positive holes then react together t6 liberate the "dark rate"

3

N2.A

It was later shown(eo) that the acceleratory period could be removed by filtering
the 25372 line radiation with a water.filter. It had previously been shown(79)
that this could be achieved if the high pressurev(36502) lamp was filtered with
an OY 10 (Choice) filter,

Verneker(al>

recently reported an investigation into the phétol&tic decomposition
of barium azide and used ultra-violet light in particular wavelength ranges. It
was found that (i) irradiation with U.V. light of wavelength 1849 + 25578 and
(ii) 2OOQ - 30002 gave rise to the rate/time plot previously reported(79).
’Howeiér, irradiation with monochromatic ﬁ.vi light of wavelength'2537ﬂ produced
no acceleratory region. Barium nitride was also detected after each reaction in
the product, irrespective of the reaction températurea Photolysis of barium
nitride was found to yield an acceleratiﬁg rate. It was proposed that the
decréase-iﬁ rate initially, was due to a gradual consumption of defects as
previously pfoposed and that tﬁe reaction ought to have proceeded to zero, as
these defects are consumed. However, metallic épecks are produced and the
second proéeSS based Qn.the photoemission of electrons from the metal keeps the
reaction going. After the minimum value, the acceieratory period was proposed

. to be due to the photolysis of the nitride formed.

The photochemical decomposition of the azides of sodium, potassium, rubidium,

| * , -y (4,29,61-8
caesium, strontium, mercury(-ous), thallium(-ous), silver and PICEIL ™

have been investigated in addition to barium azide. Similar results have been

obtained and related mechanisms have been proposed for the reactions.
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Rubidium, potassium and strontium azides have been shown to exhibit similar rate/

time characterigstics as barium azide, in that\an initial deceleratory region

was foliowed by en aéceleratory region. This in turn was found to be followea

by a constant‘raté'reaction. For potassium azide(82) it was found that if a low
pressure lamp was used with a wafer filter, énly & deceleratory process followed
.by a constant rate processvwas obser&ed.

In the case of the photolysis of rubidium and caesium azides(84) it was

suggested thét.three mechanisms were responsible for the rate/time plots, Caesium
azide displayed an initial debelefatory process onvphotdlysis, which becomes
constant briefly, Ana then-decréases before becoming constant again. Thé first
two mechanisms as proposed for barium azide initially were thought to be valid
and a third mechanism was proposed in addition to involve the reaction of excitons
and excited azide ions af metallic ngclei, with the formation of N4-. The
subsequent thermal decomposition 6f these N4_ ions was thought to be responsiblg
for the dark rate, when the ultra—vioiet lamp was switched off.- The following |

mechanism was proposed for the accelefétofy reaction (the third mechanism in the

process of photoiysis):

h
N5 =y (exciton)
_ 3
hvy -
My —> Myt + e (M, = metal nucleus)
N3' ..E!; [N3"]* (excited azide ion)

% ' - R
Nz~ + Nz My - M +N~ + Ny + [ (anion vacancy)
Mn  + M+ e > M +1 l
Thus the overall kinetics are described by (i) an initial decelerative region, (ii)
a region of linear growth (second mechanism for barium azide) and (iii) an

accelerative process involving the production of N4—.
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These prev1ous investigations of the azides contained much speculative work

(80) (s0,88)

and measurement of absorption spectra s photoelectric ~ properties,

(4,89,9,91) - - (92-97)

colour centre absorption bandg and electron spin resonance
results offered considerable support to nechanisms considered by Jacobs(83) and
others, They'reported that the rate of photolysis of sodium azide does not
increase at any stage of the reaction, while that for potassium and strontium
_did,'and proposed that two mechanisms applied in these latter cases; Absorption
bands and e.s.r; resu1ts show that on ultra-violet radiation of potassium and
sodium azides, the products\positively identified were F-centres and F2+ centres
for sodium azide (F2+ centre is a single electron associated with a divacancy)
and Nz-'and N4— ions for potassiun azide,'as well as nitrogen.gas in both cases.-
Almost nothing is,however, known about the colour centres or e.s.r. results for
strontium azide. Tne information suggested that vwhile excited azide ions formed
in the perfect crystal‘revert to‘the ground state, those which formed adjacent
to imperfections (impurity ions, dislocations, Vacancies) decomposed in the
following way: »

N+ 1‘{'* - N4- +Be + ¥,

. e i ,
N + N, - N2 +B_e.+ 2N2-

N-*+ N—* - BeB+ e + 3N2

This mechanism can account for the decelerative process, and it was suggested

that this may also apply to barium azide, but the N, ion has not yet been

4
identified in the U.V, irradiated salt. Jacobs et alia suggested the second
process had the mechanism of photoemission from the netallic specks. The dark

rate on switiching of f the lamp was proposed to be due to the reaction:
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In a more thorough examination of the kinetics and results of photolysis of

- (86)

sodium azide the constant rate reaction observed after the deceleratory

period was proposed to be due to a photoemission process from the metallic

nucleus 1 .
‘Na, — Na e
n n
- N -* +‘ Na'+:;'a Na + N
3 n ¥ T n 3

-
BEither by repetition of these steps, or by the reaction of an exciton,(N3 L
and a positive hole: 1\13 + N3 > .3N2 + ZE + e, there are formed
three molecules of nitrogen; two electrons and two anion vacancies. The electrons
produced are trapped by anion vacancy pairs forming transient F2+ centres, which
" then react with Na+ to fofm Na atoms, the net result being nucleus growth. These

workers did not observe any acceleration in the photodecomposition of sodium

azide, and they ascribed it to topochemical features.,

In a review of the photochemical decomposition of sodium, potassium, barium

(81)

(reported above)’ silver and lead azides, it has been reported

after using
various wavelengths of ultra-violet radiation that except for lead and silver
azide, a deceleratory process followed by an ;cceleratory process was observed
during the photochemical decomposition of the azides. It was considéred that the
work functions of all the metals of the salts studied, were such that irradiation
with lightiof anelengtﬁ 1849 + 25372 could cauée photoemission, and yet no

' acceleratofy process was oBServed in the cases of Pb and Ag azides. As
described above for barium azide,the metal is considered to be in the atomic
form, and hence the ionization potential of the atom is used, This would
account for the loss of electron release from Pb or Ag. Also, for those metals
which form the nitride, i.e. Né, K and Ba,it was proposed that the acceleration

is caused by the photodecomposition of the nitride. It was also stated that all

azides can show an acceleration in their photolytic rate if light capable of

photoionizing the metal atoms, formed during photolysis, is used as a photolyzing

source.
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Apart from the inorganic azides, considerable work has been done on other

classes of substances. The photodecomposition of the silver halides has been

(98,99) -and more recently lead iodide and chloride have

(100)

extensively examined

(100,101)

been investigated + It was proposed that the primary;act on

(102) . ©

irradiating lead iodide, in agreement with earlier results , was the
creation of mobile excitons. Two excitons were considered to combine at specific
traps (suggested as anion vacancies) yielding a molecule of iodine and an atom -

of lead. The lead atoms then diffused to form metallic lead nuclei. |

(101)..

The formation of lead in irradiated lead chloride’ is thought to proceed
also by way of trapping at anion vacancies, but it is suggested thst excited
electrons are trapped. The colour-centres thus forned.cen induce immediate

charge transfer with the subsequent precipitation cf thefneighbouring_lead ions.

Photodecomp051t10n studies have been carried out on several perchlorates,-

class of substances | the thermal decomposition of which has been w1dely studied
The-photodecompcsition of nitronium perchlortate(l 3) yielded results that
suggested that two nrocesses took place during phctolysis.A Study,of the photolysis
of silver perchlorate(lo4) indicated thst‘three nechanisms were possible during
U.v. irradiation, ihe mechanisms propcsed were considered to account for the
observed rates andlinvolved creation of defect centres leading to an acceleratory
rate, consumntion.of defect centres resulting in deceieration and a steady-state
rate origineting from the initietion of the reactionffrom the photoemission from
silver specks. This latter mechsniSm was put fprward in the photodecomposition -
cf the inorganic azides,

A multiple.atom anion solid that has‘received attention recently isksodium_

(105-107)

bromate . In addition, the effect of pre-irradiation ﬁitrp ¥—rays

(6000) on the photoreaction, was investigated} Rate/time plots characterised

by an initial deceleratory process followed by a constant rate of gas

(86) - (3)

evolution, as found for sodium .and ‘silver and lead , azides, were
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reported. Yy-rays had the effect of decreasing the initial rate and decreasing

the time required to attain the final constant rate.

(106,107) to ac¢ount for the photochemical

A phendmenonoiogical theory was proposed
decomposition of sodium bromate, A rate equation was derived with the
assﬁmptions that (i) photolysis is essentially a solid state electroniélprocess
and that (ii) deCompositioﬁ §ccurs, at leaét part of the time, at ‘
decomposition>sites, Wheh these become doubly excited. The sites were

suggested to be either fixed or mobile excitons, which yield oxygen on

decomposition ass .

1.3 THE EFFECTS OF PRE-IRRADIATION WITH ULTRA-VIOLET LIGHT

'ON THE THERMAL DECOMPOSITION OF SOLIDS

The effect of pre-irradiétion‘on:the thermal decomposition of many
crystalline solids, in ﬁarticular the azides(zo’21’29’74’108’l09), has been
studied in chsiderable detail. These studies have led to increased knowledge
~of the mechanism of the thermal decomposition of the unirradiated solid and
also té}the néture of the radiation damage. The general effects of

pre-irradiation of the solid, on the subsequent thermal decomposition are:

(1) shortenizig of the induction period,
(ii) accelératioﬁ of the reaction,
(1ii) changesiin‘the activation energies associated with the
decomposition process(es), o
(iv) changes in the mathematical analyses governing the p/t plots,

and their extent of fit.

The effects of the pre-irradiation are generally long 1asting(92) but may

evolution, o ... .
undergo ageing. Some substances are insensitive to pre-irradiation by ultra~
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(110) (111)

violet light e.g. silver oxalate ‘and silver permanganate s while

(68)

others show extreme sensitivity e.g. strontium azide .

The thermal‘decomPOSition of many inorganic solids is thought to proceed by
'wsyﬂof'an»elegtronftranSfer mechanism, snd in view of this and the discussion
| of the effects of ultra-violet radiation on matter and the mechanisms of
photochémical deCompositioh, it is feasiblé tojétate that a positive effect

ﬁay be expected on the thermal decomposition,when solids of this nature are
pre~irradiated with ulﬁra—ﬁiplet light. The inorganic azides are an example

in point, Garnervand Maggs(zg) wer;-the first workers to_s;udy the effects of
'pre-irradiation with ultra-violet light, when they studied its effect on the
subsequent thérmal-decomPOSitionyqf barium and strontium azides°  They fbun&
~that tﬁe induction periqu‘for these two azides were shortened, and in the
casevof bafium azide, noted an increase of the rate constant k, in the equation
« =k (t - to)s, with increasing pre-irradiation with ultrafviolet light. No
attempts were made tq measure the activation energies when the pre=-irradiated
specimehs ﬁére therﬁally decomposed, and it was assumed tﬁat the nature of the °
reaction mechanisms was not markedly affected by pre-illumination with ultra-

violet light.

They éfopqséd fhat ul tra~violet ifradiation produced "holes" and diffusion of
barium atomé, (in the»éase-of barium ézide), to these"holes" resulted in the
fbrmatibn.df nuclei, frdm which the reaétion initiated. Mott(74), as
‘mentioned previoﬁsly, pfoposed that barium azide was'aﬁ ionic conductor by
yirtue of the presence of an equilibrium concentration of interstitial barium
ions and that under U.V.—irradiation electrons are ejected from azide ions to
the conduction band of the crystal. ‘Thesevelectrons wander arounq until they
are traéped by a speck of metallic barium, when the resulting electric field
attracts interstitial metal ions. The»speCk therefore grew by a process of

internal electrolysis.' Thisvreaction occurs on the surface of the crystals and
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on internal surfaces e.g. cracks.

(108)

 Later investigation by Thoﬁas and'Tompkins confirmed the experimental
findings that pre-irradiation of barium azide shorténed the induction period
and increased the rate of the thermal decomposition. -These effects weré
accounted for in teims of the iarge number of anion vacancies (Gamer and
Magg's "holesﬁ). It was found also th;t‘the’exponent 6. only remained constant
at low doses, and large doses reduced thé value to 3. They explained their
results by étating that at low doses, more potential nucleus forming sites of
the type requifed to sustain the nucleation law dN/dt = kt2, are dreafed; The
~site involved was assumed to be an anion vacancy. At higher doses it was
proposed that these sites became activated, presumaﬁly by trapping electrons
and so relaxing the reéuirement for fhérmal activation. In the limit this
means that all the potential nuéleus forming sites become both activated and

equivalent, and accordingly a cubic acceleratory period is obtained.

(68)

Prout and Moore found that the exponent in the AQrami—Erofeyev equéfidn
'Changéd from 4 to 6, when barium azide was pre-irradiated with ultra—viblet
radiation. They proposed the formatioﬁ of .large numbers of F-centres on
irradiation, whiéh aggregate and collapse on heating, with the formation of

barium atoms. These then migrate and crystallise atifavourable sites to yield
metallic nuclei, frém which the reaction then proceeds. They proposed the same
growth mechanism for these nuclei as they proposed for the unirradiatea azide(B),

The change of n from 4 to 6 was accounted for by assuming that after irradiation

the number of nuclei no longer increase linearly with time, but rather with the

cube of time (cf. Wischin(;4)). Although it was shown that exposure to ultra-
. : 2 .
violet light effects photochemical decomposition in potassium azide(-8 ), it
_(21)

was subsequently shown that pre-irradiation with ultra-violet radiation,
even though the salt was coloured blue, had no effect on the thermal decomposition.

However, it was observed that on heéting the blue colour rapidly faded. It was
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proposed that in this case, mobile excitons are formed and the electron from

the exciton tunnels to a vacant site forming :a. single entity, the colouration
complex, which comprises an F-centre and a positive hole. A second exciton‘

can then form a complex adjacentJtolthéjfirst and-reaction to give three. -
molecules of nitrogen can then result. Nitrogen was obser&ed in the post-
irradiation périod. On heating‘it was proposed that the reverse process in fact
pccurred, when both.the bimolecular combination of positive holes and the
unimolecular recombination of electrons from F—cenfres with positive holes by
tunnel effect took place, This wouldtaccount for the failure to detect

photoconductance,

Studies of the thermal decomposition of potassium and sodium azides,as may be
seen from the above, -have been complicated by the volatility of the metal

product. at the decomposition temperature. This is unfortunate because it is

‘relatively easy to obtain physical data on these salts(4'37’8°)

(92)

. For example
Miller has showh by using the dual techniques of electron spin resonance

and cryoabsorption spectroscopy that under treaiﬁent wiiﬁ.ultra-violet radiation
and heat, sodium azide develops centres of coiloidal sodium, The mechanism of
formation of the colloidal parficles is attributed to photochemical reduction
b& irradiation, leaving an excess of sodium in the lattice which forma clusters
during thermal diffusion. Aggregation of the metal was proposed via vacancy or

electron diffusion. No other wbrk on the effect of ultra~violet radiation on the

subsequent thermal deéomposition of these two azides has been done.

.. (20,48,68) (29,68,109)

Calcium azides have been examined and similar

(109)

and strontium
results have been found far both these azides. Garner and Reeves found

that the power law with the exponent n = 3 held for the decomposition of both
calcium and strontium azidesf and for these salts pre-irradiated with a doae of

ultra-violet radiation. Shoitening of the induction period and a 3 to 4 times

increase in the rate constant for the acceleratory period were observed when the
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salts were irradiated prior to decomposition. It was stated that for the
,.unirradiated azides, the nuclei were three-dimensional and alllof approximately
the same size at the end of the induction period. On irradiating with ultra-
violet light, nuclei are formed and are thought to be more even in size at the
end of the induction period as thé fit of the power law improved. It was
assuméd that ultra-violet radiation caused sites (points of emergence of
dislocation) to develop into ;ﬁclei, which would not normallj so develop on
thermal treatment. Tompkins and Young(zo) confirmed the fit of fhe power law
with n = 3 for calcium azide pre-irradiated with ultra—violet light. .They
examined the effects of‘pre—irradiatiqn on aged and annealéd calcium azide,

an& on the fresh material. With fresh material it was reported that the rate
cdnstant increased continuously with the irradiation dose, unlike the aged . |
material for which the rate constant was a constant for all doses up to 10‘:.'4
photons/cmz. The differende was atffibuted to the activation of excess bulk |
vacancies in the fresh calcium‘gzide.' For the aged material it wéslsupposed
that an excess of electrons due.to ifradiation were captured by surface clusters
and these transformed into growth.nuclei. In the unirradiated material the rate
was controlled by the slow rate of production of electrons which were always in
short supply. In fresh material containing excess grown-in vacancies, pre-
irradiation was reported to activate germ nuclei throughout the system. However,
"Prout and Brown(48) report ﬁowageing effect for unirradiated calcium azide, over

a four month period. They report internal nucleation on pre-irradiating the

salt.

In later work, Prout and Mooré68) further studied the effects of pre-irradiation
on calcium azide and strontium azide and found the results to be very similar for
both salts. They found for both azides that for heavy doses of ultra-violet

radiation, the power law with n = 3 was not valid, but rather n = 2 gave a

better fit of the decomposition p/t data. Both azides did not darken on
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pre=irradiation and as previously reported, shortening of the induction period,
followed by an increase in the rate constant for the acceleratory region, was
observed and the inflexion point of the p/t'plots was seen to fall steadily

‘on increasing the pre-irradiation dose. It was stated that primarily surface
damage oCcurred,_and two dimensional nuc}ei growing linearly with time for the
vhighly irradiated azides were supposed. On heavily’irradiating’the azides pribr
to decomposifion, any further increase in the nﬁmber of surface nuclei is
virtually "swambed" there being such a large number formed as a result of the

irradiation. and n accordingly chahges from 3 to 2,

A study of the effects of pre—irradiation with ultra—violet.light on the thérmal’

(2)

decomposition of silver azide showed that neither the form of the'p/t
decomposition curve nor the maximum rate were affected within experimental

reproducibility, but it could not be determined if this treatment affected the.

 length of the induction periods Low reproducibility was found for this salt.

In the first study of the effects of pre-irradiation with ultra-violet radiation
on the thermal decompositibn of ﬁercuric oxalate(llz),-it wés stated that the
irradiated salt decomposed with a higher rate than the unirradiated salt. The
unirradiated salt decomposed with an initial surface reaction which was . |
acceleratory and was represented as the expansion of discs from‘a_number of
point nuclei.l Af ter pre-irradiation the acceieratory period, which normally
extended to « = 0,15, wag réplaced by an initial burst of gas followed by a
short‘constant rate period. Later investigafion by Prout and Moore(113)_showed
the unirradiated and irradiated decomposition could be represented by the power
law with n = 2. They proposed that the effect of exposure to sunlighti(ultraé.
violet)was to creaté an unidentified irradiation product by an electron transfer
process whiqh formed and grew under the action of light, on the surfacerof the

mercuric oxalate. The product was tentatively suggested to have been mercurous

oxalate,
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Silver oxalate is anothervoxalate that has been examined with respect to tﬁe
_influence of ultra—violef radiation on the subsequent thermal decomposition.
Benton and Gunningham(ll4) and Tompkins(115) were the early contributors to the
so-called péwer law school of thought on the decomposition of silver oxalate.
Theyvfound that the acceleratory period of fhe decomposition cquld be
represented by an expression of the formz « =k (t - to)n where 3,54 n <4.
 Benfon and Cunningham note that éfter exposure to. ultra-violet radiation, the
‘rate constant k increased and as was later confirmed by Tompkins, the'value of
n fell off toﬁards 3. The effepts wefe attributed to the first-order formation '
»at.certain sites of compact nuclei which grow inAthree-dimensiong the nﬁmber
of unfertilized sites decreasing as the ultra-violet dose is increased. Other

workers(Sz’l;s).

on the btherphandﬁpcsﬁula&ed.aﬂbrgnching'chainsmechﬁniSM‘for the
~decomposition and found no change in the rate constant for light doses of
ultra-violet light, but did observe a change in the pre-exponential faétor.

(117)

Decomposition of single crystals of the unirradiated salt were later

observed to follow a cubic law; however, More recently Ha&nes‘and Young(118)
have indicated that the exponential law appears to offervthe best analysis and
explanation for the éecompositioh beha&iour. in irradiated silver oxalate they
propoée that the‘number of starting points on the surface are increased by
pre-irradiation and»thesé then develop into growth nuclei, with simultaneous

decomposition along a line joining two of these nuclei, hence explaining the

use of the exponential equation.,

The mechanism of photolysis has been found to be of great value in achieving a
better understanding of the nature of the thermal decomposition of solids,ISince
:the photo~ and thermal decomposition p‘rocesses can ffequently be equated. - This
is especially the case for the processes of nuqlear formation énd growth/;n

solid state decompositions.



36.

1.4 THE EFFECTS OF HIGH ENERGY RADIATION ON THE
' THERMAL DECOMPOSITION OF SOLIDS

(i) Pre-irradiation of the inorganic azides
Prior to.1954, very little work had been done in this field.
The earliest attempt to study the effects of radiation on the thermal

(119) (120).,

decomposition of solids was by Garner and Moon and Muraour

Muraour bombarded « - lead azide and silver acet&lide with high energy electrons.
and decomposition at room temperature, analagous to that on heating the compounds,
Mwas observed. Garner and Moon, however, after pre-irradiating barium azide at
room temperature with a radium needle and finding no effect on the thermal
decomposition, irradiated the bgrium azide during thermal decomposition. In
this case a four-fold increase in the reaction rate was-observed and the nuclei

on the faces of crystals nearest the needle were larger than for other faces.

The main effect of the emission was on the nucleus growth and not the fofmation;.

In 1939 the_effect of emission from a radium needle on the thermal decomposition
of strontium azide was studied(l21)'in similar fashion. It was féund that fhe
induction period was reduced énd a largé increase in k, in the equationt

vlog ﬁ =kt + ¢, was observed. It was réported thét the effect of the radiation

‘was either to increase the rate of growth of the nuclei or to increase their rate

- of formation,

Interest in the effect of pre-irradiation on the azides was revived in an

(122) irradiated among other compounds

indirect way in 1954,‘when Bowden and Singh
lithium, cadmium; silver and lead azides, in an attempt to detonate them. They
weré subjected to irradiation by electrons, neutrons, fission prodﬁcts and
X-rays, but other than explosion on irradiating with an electron stream, no

success was forthcoming from the investigation. It was explained that detonation

in the case of bombardment with electrons was a consequence of a thermal effect
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due to bulk heating of the crystals. However, it was observed that the effect
of irradiation on these azides, did effect their subsequent thermal decomPOSition.
The effect of neutron pre—irradiation on lithium azide and &«-lead azide was
compared and found to be more marked in the case of lithium azide. Shortening
of tne induction periods, followed by increased reaction rates, was observed
for both the azides. Other than thisvcursory investigation, no other results
concerning the effects of pre-irradiation on the thermal decomposition were

reported,

The effect of reactor radiation and high energy X-rays on the subsequent thermal

decomposition of o~lead azide has been studied(124’125). Some of the

difficulties resulting from the study of lead azide were indicated by Todd(126)
who showed that irradiation in air by X-rays led to the formation of a basic
carbonate. Groocock irradiated a-lead azide in air with X-rays from a 1 MeV
generator and with pile radiation and reported no'change in the characteristics
of the p/t plot for the thermal decomposition of the irradiated material, for
doses less than 104r,vusing both forms of radiation. Howerer, for larger doses
of X—rays and pile radiation, a reduction in the activation energies and increase
in the reaction rate was observed. No definite conclusions as to the nature of

(124,125) however,‘reports an explanation

the radiation damage were reached. Jach
for the effects of heavily reactor-irradiated colloidal «~lead azide. As found
by Groocock, the effects of pre-irradiation enhanced the subsequent decomposition,
and eliminated the induction period. The maximum rate was changed from o« = 0.4
to o« = 0, and the activation energies were reduced in agreement with Groocockfs

findings., The dose was given as 35 hrs. at a flux of 7 - 8 x 10:'"2 neutrons/ -

2
Clle SECe

It was stated that the initial reaction in the unirradiated salt was thought to
- be complex and occurred along surfaces, cracks and dislocations, and in the

~acceleratory period there was some indication that a surface and 3-dimensional
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-reaction occurred simultaneously, and it was thought that some cracking of the
émall single crystals occurred at the beginning of the reaction. The effects of
the pre—irradiation were thought to create a large ﬁumber of nuclei aﬁd potential '
nuclei and on attaining the furnace temperature a rapid surface reaction resulted,
foilowed by a contracting sphere penetration of the surface. The radiation

damage in the crystals was conéidered analagous to that found in nitrate_study
'(127'130);., and it was thought that N, was produced at internal and external
surfaces. Further radiation caused decomposition at normal lattice sites, with
build up: of gaseous N2 internally, which would cause crgcking of the crystals
and so expose further new surface to the radiation. The vacancies and/or
clusters of vacancies left behind formed sites where lead atoms accumulated,
resul ting in nuclei., The decrease in.the activation energies was associated-
ﬁith a‘change in the excitation energy of the electrons resulting from the

excessive local strain induced by a radiolYéis of 20% prior to thermal

decomposition.

The azide that has probably received the most amount of attention has been

| barium-azide. Apart from the effects of ultra-violet iight on the éubsequent
fhermal decomposition and studies of the photolysis of this azide, the effects
of X-rays and y-rays on the thefmal decomposition have been studied in some
detail. Among the earliest work was that of Garner and Moon, mentioned

' éreviously. The same acceleration of the decomposition reaction was observed

in later work with preliminary exposure to X—rays(131’132), ynrays(B’lBB)

(30,134)_

, and

electron bombardment

Groocock and Tompkins(Bo), using electron bombardment with accelerating potentials
of 100 to 200 V, studied the decomposition of barium azide at room temperature
and the effect of pre-irradiation on the subsequent'thermal decomposi tion,

They observed similar characteristics of the reaction, as previously found when
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studylng the effect ofultra-violet light on the thermal decompos1tlon(21 76, 108)
‘».One s1gn1flcant difference was the fact.that the exponent n in the equation -
p =c (t- y)n, remeined constant et 6, even for prolonged exposure to the
electron beam. It was assumed that this was an indication that no nuclei were
created during pre-irradiation and it was proposed that the primary ect was the
ejection of.electrons from azide ions:; and surface vacancies were rapidly oen—
verted to chentres in the high excess of electrons., These were immobile as
their mobility depended upon the presence of anion vacancies, and thus nucleus
formation during.bombardmeﬁtpdwas not considered feasible., During the warm-up
period it was considered that regeneration of azide ions and vacancies from
positive holes and Feeentres took place and these vacancies, (greater in
number after pre—irradiation), assist in nucleus formation in the thermal procees;

which is thus accelerated. Osinovik(134)

also reported a large increase in the
maximum rate after pre-irradiation of barium azide with electrons., He also
stated that there was a marked shortening of the induction period after several

~

days exposure of the salt to y-rays.

Erofeyev and SViridoslsl) studied the effect of pre-irradiation with X-rays on
~the'subsequent-thermal‘decomposition of barium azide.d These authors found

that there existed a considerable degree of analogy between the effects

produced by dlfferent types of radiation, with X-rays producing more dlscernlble
changes in the kinetics. The Avrami-Erofeyev equation was used to analyse the
p/t plots and the wvalue. pf n for the irradiated salt was found.to vary in a
complex fashion, whereas this value was fouﬁd to be between 8 and 12 for the
unirradiated salt. It was found that pre-irradiation steadily decreased the
duration of induction period, and radiolysis was detected after long exposures

to the beam. A decrease in the total activation energy for thermal decomposition

was also detected.

The effect of X—irradiatioﬁ at the instant of thermal decomposition of barium
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azide has been studied in some detail(132’135’136). Boldyrev and Skorik

(132)
found that ﬁre—irradiation at this moment produced a greater irradiation effect
thanipre—irfadiation at ambient temperafures. It was suggested that nuclei,
which were only stable abo#e a critical size, were formed and grew by trapping
of electrons followed by neutralisation of the charge by migrating vacancies.
The nuclei were originally aggregates of atoms or F-centres. At room
temperature it was explained that the mobility of vacancies was low and hence
only a‘few stable nuclei were formed, while at the threshold temperature, their
mobility had inéreased. Thus a large number of gtable nuc;ei could form and
hence a higher rate of decomﬁosition took place. These aufhors later(1359136)
extended their study to include silver, calcium and strontium azides. Using
pellets of silver and barium azides and irradiating with X-rays of up to

400 rads/min at the threshold of decomposition, no effect on the‘thermal
decomposition of silver azide was observed, while a prdhounced enhancement of
the decomposition of the pelleted barium azide was observed at 12500. It was
stated that the electron transfer from the valence band into the conductioﬁ
band during the thermal decomposition of ionic salts, can be the'limifing stage

only when.a certain restriction concerning the ratio of free electrons and

effective electron traps is satisfied.

The effect of pre—irfadiation with high-energy (1 MeV) y-rays on the thermal
s : , . . (3,133)

decomposition of barium azide was investigated by Prout and Moore recently o

. They noted that exposure to 20 M rad. y-irradiation. coloured ‘the salt a buff

colour. It was noticed that as the y-ray dose was increased the induction

period was progressively shortened, the rate constant for the acceleratory period
increased steadily and the decay reaction commenced at lower &« values. A study

of the same preparation as used in the pre-irradiation studies. showed that the:

Avrami-Erofeyev equation with n = 4 fitted the unirradiated p/t plots,

irrespective of the temperature, and this was also found to be the case with
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the 7—irradiatedvsalt. Although a change in the ionic conduqtivity was
“observed on irradiating the material, the acfivation energy for the ionic
(anionic) conductivity was ﬁnchanged. A lowering of the activation energy for
the induction period on pre-irradiation was observed. It was étated thatvthe
Y-ray: pre-irradiation was equivalent to an internal bombardment by electrons
with varying velocities, and after irradiation the salt could contain N2,
cation and anion vacancies and F—céntres, according to a sﬁggested mechanism,
It was proposed, with supporting evidence obtained by exposing the partially
decomposed irradiated barium azide to water vapour and then continuing the
reaction, that the irradiation effect was associated with the production of
F-centres, which aggregated and collapsed during the induction period within
the particle to form barium atoms. These then migrated to the surface to

crystallise and form barium metal nuclei.

Prout and colleagues studied the effects of ionizing radiations on the

(48,137) (138,139).

subsequent thermal decomposition of calcium and strontium azides

(48) that similar mechanisms could be applied to calcium azide

They found
pre-~irradiated with Xgrays and 1 MeV y-rays. 1t was suggested that vacancies
are formed in excess on irradiafion, which aggregated at the surface, and
accordingly the time faken to reach a critical concentration of calcium atoms to
form a metal nucleus should be reduced, shortening the induction period. ‘This
was in fact observed. Consequently, the explanation for the increase in the
rate constant for the reactionbwas the result of the creation of many more

centres over the un-irradiated azide., The centres or nuclei were proposed to

form at internal surfaces along.grain boundaries and at external surfaces,

Further investigation on the effects of pre-irradiation on the thermal

1 - 140
decomposition of strontium azide, after Maggs(12 )andNSv1r1dov( 40) had made

cursory investigations of the effect of pre-irradiation with a radium source

. 138,1 . .
and X-rays respectively, was done by Prout and Moore( 38, 39), They investigated
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the effects of pre~irradiation w1th X-rays and y-rays (1 MeV) and féund that
similéreargument:could be applied to the effects of both these irradiations
| én the subsequent_tﬁermal decomposition. The thermal stability of the
sfrontium azide pre-irradiated with y.—rays from 6O'Co was found to Ee
considerably reduced; A parallel investigation of the thermal decomposition
of'thé unirradiated and y-irradiated strontium azide showed that the power
law with the exponent as'3 fitted the unirradiated snd irradiated salt p/t
analysis for doses.up to 100,000 rad; For y-ray doses greatér than this, an

exponential law was found to apply.

A study of the éffects“of.water vapour at various staées of the décomposition
éf the irradiated salt established the role of strontium metal product‘on the
reaction rate. For the unirradiated salt, it was proposed that the formation
and 2—dimensional growth of nuclei, increasing in number linearly with time,'
took place at favoured sites éf the crystal surfaces. It was suggested that
the cores of emergent dislocations would be sites favourable to decomposition.
Decomposition of adjacent azide ions resulted in the formation of nitrogen and

a strontiim atom, which crysta}lise to fgrm a metallic speck and reaction»
,theﬂ.sppeads from thesernuclei. The pre-irradiated material was found not
to have different values of the activation energies involved in the -
"'decomp0sition prbcess. It was assumed that a high concentration of F—centrés
.fesulted from the 7—préfirradiation_ and that nuclei could be expected to

grow on.the surfaces or in the bulk of the material, Water vapour experiments
however indicate that as for barium azide(j’.l}})and'for the unirradiated salt,
nucleation and growth takes place only on the surface. This'is thought to be
as a result of aggregation and collapse of F-centres with the formation of
strontium metal within the particles. The strontium atoms then migrate along”

‘ grain boundaries to the surface where they aggregate and the reaction proceeds

as before, for the unirradiated salt. The change in mathematical analysis for
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‘heavier doses was attributed to a branching chain mechanism from the
nuclei along‘dislocations, with a mechanism similar to that described for

(52)

silver oxalate .

The effects of radiation on sodium azide have been studied in some detail,
but studies of the effect of pre-irradiation on the thermal decomposition,
similar to those reported above have not been rigorously attempted. This is
also the case for potéssium azide. The metallic nuclei formed in both these
salts are volatile at the decomposition temperature and this presents a
éertain amount of difficulty in investigating the decomposition mechanisms,

and accordingly, the effects of pre-irradiation.

A study of the effects of y-rays and fast and slow neutrons on sodium

(141)

azide by reflection measurements, showed that yfirradiation produced
three absorption bands, two of which decayed completely at room temperature,'
while the third was stable at temperatures up to 9000. The stable band was
attributed to colour-centres, such as those found in the alkali halides.
Nitrogen should be expected to Ee trapped in the crystal. No identification
of these colour-centres, or those attributed to the upstablé bands was
attempted.‘ An absorptionlband resulting»from fast neutron bombardment at
réom températufe,'which wés also identified in material pre-irradiated :with

| slow neutrons, followed by heating at 900C wag attributed to the aggregation

of sodium atoms, to form colloidal particles.

Heal(142)

investigated the radiation damage due to X-irradiation in sodium
azidé, by chémicalbmethods, to determiné whether the irradiation damage was
trapped electrons, or sodium metal dispersed atomically or colloidally as a
principalvdecomposition_product. His‘findings were that azide ions

decomposed mainly to molecular nitrogen and electrons, and little if at all

to nitride ions. The effect of temperature on the decomposition rate of
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sodium azide by X-rays between-186oC and 20200 was also studied. The rate of
decompoéitioﬁ was reported to be proportional to the rate of energy absorption
at all the témperatures studied; and the effect was tentatively intepreted in
terms of the fbrmation of azide radicals, both directly by the radiation and
also by thermal activation of trapped excitons and their subéequent

decomposition,

Other investigations on the nature of the irradiation damage when sodium and
potasgium azides are subjected to X-irradiation, have been done using electron

88
spin resonance(;43)f and the effects on the photoelectric pr0perties( ), as

(89)

well as on the absorption spectra . Uging E.S.R. methods, a N2 defect:
stable at room temperature was detected in X-irradiated sodium azide. and by.use
of photoemission spectra it was shown that sodium azide, X-irradiated at 77°K
gave rise to a compiex spectra, whereas potassium azide yield no such speétra.
No explanation was attempted to account for the photocurrent spectra recorded.
Barlier investigation by Gumningham and Tbmpkins(sg) on fhe'effects of X-irra~
diation at low temperatures.on sodium and potassium azides yielded some
iﬁformation as to the nature of the damage. By studying the optical absorption
spectra of these two azides at liquid nitrogen temperatures, they identified Rl
and R2 bands, along.with the large band éttributed to F-centres in potassium
azide. }fradiation at f7800 resulted in bleacing of the R2 bands and it was

proposed that the resulting F-centres diffused and formed potassium atoms by

donating their electrons at grain boundaries to potassium ions.

The formation of V-centres (trapped positive holes) at -170°C was reported in

both azides, élong with the F-centre band, and on warming to ulOOOC, the V-centre

band disappeared completely.

| - 60 e
Keating and Krasner(l44) studied the effects of ~Co y-rays and pile irradiation

on sodium azide, and found that decomposition, faulting and strain resulted in
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_ the specimen. The faulting was attributed to the motion of dislocations under
internal stress resulting from decomposition. Although the two irradiations .
producéd qualitafiveiy similar results, the inhomogeneity of the reactor
irradiation was attributed as the cause of the quantitative differences,
Annealing did not reduce the faulting and part of the strain. The damage

was studied using X-ray diffraction techniques.

(ii) . Pre-irradiation of inorganic salts other than the azides

These compounds are generally non-explosive substances although
some oxalates and perchlorates and the styphinates afe explosive. The azides

on the other hand are generally classed as primary or secondary explosives.

: The permangonates have probably received more attention than other salts of the
.above classification and the effects of various types of irradiation.on the
snbséquent thermal decomposition have been studied in some detail° A similarity
in the behaviour of potassium and silver permanganate on pre-irradiating the
salts with various irradiations, was reported by Prout and others(l45’146).
They repofted.that pre-irradiation with reactor irradiation, protons (145>MéV),
thermal.neutrons and 60Co D’—rays drastically altered the subsequent thermal
decomposition, by shortening the length of the induction period and increasing
the rate of the reaction. The shattering of the crystals at the end of the

’

induction period was observed to have become more marked after irradiation.

The nature of the damage was considered to be the displacement of potassium
vioné into interstitial positions by Compton elecfrons which had energies in
excess of the threshold energy for displacement and as a result it was
congsidered that Frenkel-type defects were formed throughout the bulk of the
orystals. On heating it was proposed'that that recombination occurred‘with

the release of Wigner energy of sufficient magnitude to rupture bonds. A centre
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‘of decomposition, a "decomposition spike", which increased in_number and size
through the induction period, was formed as a result. Severe internal strains
caused violet shattering at the eﬁd of the induction period. Reaction proceed
then by the Prout-Tompkins mechanism, which involved propagation by branching

planes through the material.

A systematic study of the effects of pre-irradiation with 1,1 MeV y-rays on the

thermal decomposition of a series of permanganates was then done by Prout and

(54).’

colleagues. The effect of y~irradiation on lithium, sodium, caesium

(147) (148) permanganates was studied. . Lithium and barium

barium and rubidium
permanganates only showed small effects, while larger effects were observed with
the other permanganates. On account of a lack of systematic behaviour, as the

| (54)

atomic weight of the cation incréased, a mechanism was proposed taking

Varley's displacement mechanism(l49 lel)

into accoﬁnt and involving‘multiple
ionization of permanganate ions. Coulombic repulsion could then occur bétween
the positively charged permangénate ions and cations, with the formation of
Frenkel defects. Since crystallographic investigation indicated fhat the
cations have spatially greater degree of freedom, it was proposed that cationic

interstitials were formed.

This theory was criticised by Boldyrev and others(lsz-lSS) when it was stated

that tﬂé increased rate on irradiating the permanganates could notrbe reduced
to displacement effects alone, but it was associated to a considerable extent
with the catalytic action of radiolysis products formed by icnization effects
in the lattice, in analogy with photolysis and thermal decompbsition of solids.

(111)

They showed that exposure of silver permanganate to gamma quanta of lesser

energy than is necessary to displace a cation to an interstitial position still"
accelerated the subsequent thermal decomposition. In a study of the effects of
X-radiation on the thermal decomposition of lithium, potassium, rubidium, caesium

(153)

-and silver permanganates s the Prout-Tompkins equation, as used by Prout and
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colleagues for the kinetic analysis of the p/t plots, was found to hold-
satisfactorily. It was reported that the effect of the pre-irradiation
increased with the radii of the cation. No attempt was made to identify the

radiolysis products mentioned.

(156)

~Huang™™ = ° reported that distortion cehtres in a lattice may be observed by a
reduction in the intensity of the Bragg reflec%;ons by an artificial temperature
factor, by slowly varying backgropnd scatter'aﬁ& a diffuse scattering in the

(157)5used this analysis as

neighbourhood of Bragg directions. Senio and Tucker
well as electron density profiles drawn through the carbon atoms, when they

investigated the effect of reactor radiation on boron carbide. They found

displaced carbon atoms.

In a gimilar fashion, Prout and others attempted to_detect displaged atoms in
Y-irradiated silver(l58) and potassium permanganates(48'l59).v In the study of
silver permangenate no displaced a£0ms could be detected by the X-ray diffraction
technique bﬁt Laue photographs taken at the end of the induction period showed
marked aéterism indicafing‘high internal stresses. It was feported fhat‘ﬁhe
difficulty of resolving thé oxygen atoms was due to the heavy silver atoms.

Xkray diffraction studies of.preéirradiated potassiuﬁ permanganate indicated
that pairs of defects appeafed-to have been created, basing this assumption on

(160)

work by Konazaki ‘s However, Fourier projection and difference methods were

not successful in identifyiné‘interstitial oxygen atoms after irradiation, for
counter techniques must be,épplied, as indicated by Azaroff(l6l);wif changes in
the elgctmn density distribuf:‘L‘or.l':fc‘iue to the lighter oxygen atoms are to be
detected. 'The presence of oxygenfin crystals of potassium perméngaﬁate affer
maséive 7—preirradiation‘has sﬁbéeéuently been detected by mass spectroﬁetry.

(162)

In light of these investigations , 1t is now considered that irradiation

causes rupture of the Mn - O bond, with formation of interstitial oxygen. These
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atoms, along possibly with additional atoms due to heating and further
decoﬁpositioﬁ, then diffuse through the crystals and form poekets of gase The: :
stresses set up by these pockets of gas then cause shattering of the crystals,
exposing fresh surfaces, which are rapidly nucleated, causing acceleration of

the reaction.

(62)

‘Protashchik and Erofeyev regentiy investigated the effects of varying doses

o% y-irradiation on 23 preparafidns»of potaséiu@Apermanganate?having five degrees
of surface area, ?he p/t plots were analysed uéing the Avrami-Erofeyev equation,
%hey report the effect of irradiation on the decombosition co#sisted essentially

of increasing the number of potential centres on which appear the initial growth

centres of solid products .

The oxalates of lead, nickel, mercuny(ic) and silver have been studied and the
effecté of pre-irradiation on the reaétion kinetics examined using thermal
néutrons, y-rays and X-rays. ‘Young(l63) invéstigated the decomposition of

uranyl oxalate trihydrate. It was found that on irra&iation with thermal neutrons,
the reactant became traversed wifh Tods of decomposition product’ at the sites

of the fissionirecoil tracks. It was found when analysing the p/t ploté of the
irradiated material, that an extra parabolic term had to be added.tq the

function describing the acceleratory period of the unirradiated material. This

was taken as proof of the topochemical nature of the reaction.

(112)

Mercuric oxalate was first examined by Progt and Tompkins and the effects
of ultra~violet light, cathode rays and a high density electron beam on the
subsequent thermal decomposition was studied. .Radiolysis was observed on
irradiating with electron beam, but no effect on the rate of the reaction was
detected.' However, cathode fays’increased the rate of the initial reagtion but

did not effect the decay stage. It was proposed that surface damage, with the

{possible production of mercurous oxalate by electron transfer, caused the higher
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initial rate.

(113)

Ip_e recent examination of the effects of X~-rays and (1 MeV) Yy=rays on

the thermal decomposition, Prout and Moore found that considerable radiolysis
resulted with y—pre—irradiation, but not with X-irradiation., The effects of
X~irradiation‘ﬁere to increase drastically the rate of the initial reaction and
to reduce the duration of the reaction. It was considered that X-irradiation
increased the number of potential nuclei in the oxalate particles. This.was

followed by formation and two-dimensional growth of reaction centres, which

touch and overlap earlier, accounting for the decrease in the inflexion point.

On irradiating mercuric oxalate with y-rays, the salt darkened and the efﬁect
‘on the thermal decomposition was to accelerate it, the acceleration occurring
after an initial burst of gas accounting for 22% of the final gas pressure,
This was not observed with the unirradiated salt. With increasing y-ray dose,
there was progressive loss of weight of the samples It was proposed thaf in
addition to a radiolysis product, an "irradiation product" was formed, which
decomposed on heating, The.decomposition mechanism was proposed to occur throuéh
a branching chain mechanism and the initial reaction occurred internally in the
particles. This was thought to be the result of the formation of irradiation.
product along dislocations. The observed difference between the activation
eneréies for the decay reaction of the unirradiated and irradiated salts was
explained to be a consequence of the presence of radiolysis,/thermal decomposition

products and in addition, undecomposed reactant.

Herley and Prout found that pre-irradiation of lead oxalate with y-rays had

(26)
the effect of shortening the induction period and slightly increasing the
reaction rate. Their p/t plots for the unirradiated material were different
. : . (164) : . (45)
from those obtained by Bircumshaw and Harris end this was possibly due

to the latter workers using larger particles. It is‘suggested(45)”that the o/t
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plots of the highly irradiated material be analysed according to a power law
)3

of the forms & =k(t+ t

Although silver oxalate has been studied from 1935, and many conflicting and
contrasting theories proposed for the decomposition mechanism of the
unirradiated and ultra-violet light irradiated material, a relatively small

amount of work has been done on the salt pre-irradiated with ymrays(60'6l’118).

(60,61)

Al though the Russian workers carried out most of their experiments at
high temperatures where self-heating occurred, the general conclusion 'of the
effécts of y-irradiation on silver oxalate were that the radiation produced
nuclei throughout the crystal apd affected the whole'deéomposition. Haynes and
Young(lls), studied the thermal decomposition qf the salt at much lower tempera=-

tures, after pre-irradiation with reactor radiation and y-rayse

Although différent schools had proposed eithér an expdnential law or cube law
to account for the acceleratéry period of the uﬁirradiated salt, Haynes and
Young fouﬁd that for the fresh material they used, the exponential law gave
satisfactory ahalysis. After irradiation with thermal neutrons, a certain
degree of irréproducibility was experienced, but the power law with the exponent -
at 3 waé found to give consistently the best fit to the acceleratoryvperiod.

It was found that shattering of-the particles occurred on initial heating of the
ifradiated material, but only after 20 mins with the unifradiated salte Thev
irreproducibility was attributed to the distribution of the reaction product
formed during radiolysis. The effect of a light irradiation dose was to poison
the branching process  and the germ nuclei of the bfanching process were
probably converted to growth nuclei which greWAaccording to a cube law on the
surfaces of the crystals. The decay mechanism was found to be the same for the
decay period in both the unirradiated and irradiated salts° It was found that
thermally annealing the material prior to irradiation, gave a better fit to the

cube law, and no. cracking of the particles was observed at all. The cracking
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was atiributed to the occlusion of solvent.

y-irradiation was proposed to create nuclei of low density in the bulk of the
material, possibly at residual solvent occlusions not removed by annealing. As the
reactor irradiation proceeded electron traps were created by y-radiolysis on the

bulk and germ nuclei were created by fast neutron damage.

The effects of pre-irradiation on the subsequent thermal decomposition of nickel
oxalate, a salt which decomposes similarly to the silver salt, were done
N . (31,165) :
simul taneously by two independent schools o« These have been the only
investigations into the effects of irradiation on this oxalate. Jach and
Griffel(Bl) studied the effects of reactor irradiation in the temperature range
=0 ) - (165) . .. L - L
253 = 360G, while Prout and Brown studied the effects of y-irradiation

on the main decomposition over the range 240O - 26000. They also dinvestigated

the initial reaction over the range 1050- 12500.

A study of the main acceleratory reaction by Jach and Griffel showed that this‘.
could best be described, in theicases of unirradiated and irradiated salt, by

a relationship df the forms (& - ao) =‘a(t - to)m where m was always found to
have the value 2, The rate constant was a and o« and to were constants which
separated the complicated initial reaction from the main accele#atory ferioda
This may be seen to be a modified form of the power law. On the‘otherlhand,
Prout and Brown proposed a branching mechanism for the main aéceleratory periods
for both the unirradiated and y-irradiated nickel oxalate. It waé proposed that
the Proul-Tompkins equation fitted the unirradiated p/t plot, while the modifiéd
Prout-Tompkins equation gave more satisfactory results for the analysis of the
Hifradiated salt, These workers also fbund tﬁ;t the.confrapting sphere equation
was épplicable;in'analysing the decay reactioﬁ for both irradiated aﬁd_

unirradiated nickel oxalate, whereas Jach and Griffel proposed an exponehtial

type of relationship for these decay reactions. The equation
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- - - t!
o = D{l exp [kd (+ to)]] was used,

The general effects of pre-irradiation on the subsequent thermal decomposition
were found to be the same in both investigations. The induction period was

shortened and the rate of the acceleratory reaction was enhanced.

Jach and Griffel propose that the activation energy fér nﬁcleation was lower
than that for growth, and the effects of irradiation was to.greatly enhance the
number of potential nuclei but not affect the rate of growth. It was thbught»
that reaction began at the surface of the crystallites frém these potentiai
nu'clei., and growth then proceeded two dimensionally into the crystal, |
preferentially along preferred planes, thus explaining the exponent value of 2.
On irradiation, as there were so many more potentiél nuclei and hence-more
growing nuclei after a certain time, the power law tended to reflect growth and
the better fit of the analysié with m = 2 on irradiation was thgn underétandable.
The decay reaction was considered to proceed by a contragting'sphére mechanism,
even though an exponential analeis‘was applied. The exponential law fit was
possibly due to an exponential particle size distribution resulting from break-

up due to strains.

Prout and Brown(l65)

s however, made a careful study of the initial reaction,
prior to the acceleratory period and expressed the belief that the effects of
the irrédiation were to be found in the initial deceleratory region., Their
analysis of the subsequent acceleratory period was in agreement with that of

(166). It was found that the activation energy -of the initial

Dane$ and Ponec
reaction for the irradiated salt was ~16 k.cals./hole, whereas that for the
acceleratory region was ~ 33 kecals,/hole, indicating the reaction iﬂ the former
to be different from the main reaction. The primary act of the radiation was

proposed as stripping electrons off oxalate ions with the production of nickel

atoms at subgrain boundaries, dislocations and crystal imperfections and the:
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initial reaction was the decomposition of thié intermediate product, Further
changes in the decomposition after_y—irradiation were assumed to be the result
of the formation of anion vacancéies. Reaction was proposed to spread through
the subgrain boundary netwofk'and over free surfaces,and the strain at the
vresulfing interface was responsible for the usual accelerating reaction by the'
Prout-Tompkins mechanism. It was stated that this accelerafion differed from
that of the unirradiated salt, in that the probability of branching decreased
with time. The decay mechanism in both the unirradiated and irradiated salts

was due to the reactant/product interface shrinking in a 3-dimensional contraction.

Of the inorganic perchlorates, ammonium perchlorate has received most attention
in view, probably, of its use in rocket propellants. Althbugh the salt has been
éubjectéd to exténsive regearch and various mechanisms have been published
concerning the kinetics of the thermal decomposition, relatively little has been
done concerning the effects of pre-irradiation on the kinetics and mechanism of

the subsequent thermal decomposition.

An initial study(167)

using differential thermal analysis (DTA), showed:that
the reaction rate was enhanced, when ammonium perchlorate was pre—irradiéted

| with X-rays. Thé effects of X~rays and y-rays on the salt were then observed .
by Freeman, Anderson and Campisi(24), using DTA and thermogravimetric analysis
(TGA) under atmospheric and reduced pressures. -The investigation showed that
the decomposition was a multistage one and fhe low temperature stagésvof the
reaction were appreciably enhanced as a result of the irradiation dose. - A

similar decomposition pattern was found for ammonium perchlorate pre~irradiated

'with X-rays and y-rays.

These workers favoured the "electron transfer" mechanism (asﬂopposed to a

school of thought on a "proton transfer" mechanism) as the mechanism for the

thermal decomposition.' It was thought that positive holesAwerevcreated during



54.

irradiation and doping experiments appeared to confirm these findings. Electrical

conductivity measurements(167) lent support to the electron transfer mechani sm,

(168)v

It was later reported that E.S.R. spectra on the irradiated salt were

interpreted as being the result of NH; , the ammohia radiecal, trapped in the

(169,170)

crystel lattice. Other workers have also reported identification of

+ : '
NH3 and the €10, radical in irradiated ammonium perchlorate, using E.P.R.

3

(electron paramagnetic resonance) methods,

The reaction nuclei were considered toi be chains that grew by branching and to
account for the higher acceleratory and maximum rates observed on irradiating
the salt it was proposed that the initial network of nuclei was very extensive

and so chain termination became important sooner.

(67)

Herley~and Levy latei investigated the effects of y-irradiation on the
thermal‘decomposition of carefully selected c¢crystals of ammonium perchlorate.
It was observed that on irradiation the clear crystals turned milky white

and the sigmoid p/t plot characteristics were retained for the irradiated salt,
but the reactioh rate was greatly enhanced and the induction pefiod shortened.
No cracking or shattering of the”crystals during decomposition was observed.
These workers found that the Avrami-Erofeyev equation with n = 4 described the
accelefatory period for both the irradiated and unirradiatéd materiai, al though
a larger fit was found with the unirradiated analysis. The decay period in
both casés was analysed by the Avrami-Erofeyev equation with n = 3. This

| (64)

acceleratory period analysis was in agreement with that of Galwey and Jacobs

for crystals of ammonium perchlorate.

Thése latter workers proposed the decomposition to occur principally on mosaic
boundaries after initiation by defects. Assuming this mechanism to be correct,

Herley and Levy stated that the effects of y-irradiation appeared to be a

shortening of the induction period and an increase in the rate of the three~-
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dimensional growth during the acceleratory period until a coherent interface'
was built up on the material between the mosaic blocks. The increase in the
acceleratory rate could be attributed to an increase in the number of

decomposition nuclei present.

A1l the solids discussed above have exhibited a common tendency on
pre-irradiation with high energy radiation prior to thermal decomposition.

This tendency is the enhancement of the reaction rate, and this is generally
explained topochemically in terms of centres of damage,.fornation of vacancies
and clusters and aggregations of associated point defects and electron trapping,

A notable exception to this trend, however, is the effect of 4-irradiation on
' (171)

the thermsl decomposition of silver nitrite. chhneller and Flanagan
recently reported that the effect of an increasing pre-irrediation dose of

1.3 MeV y-rays on the thermal decomposition was to progressively decelerate

the rate of the reaction and the duration of the induction period increaeed.

No significant loss of weight was reported dufing irradiation. It was further
observed that irradiationiin poor vacuum or at atmospheric pnéeSure?ﬁadtnO“efTect
'on"the'subseQuentfthermal decOmposition;-Furthermore,leveh if the'NOéffdrmedgduring
decomposition was continually removed, the rate constants determined.from the
linear slope of the p/t plot, fell below the extrapolated Arrhenins plot, for
temperatures above 6000, thus making it imperative to study -the decomposition

(172)

- 0
-below this temperature, while previous investigations were above T2 C.

(173)

Similar behaviour has also been reported by Boldyrev and Eroshkin in 1966,

when they studied the effects of pre-irradiation with X-rays.

Schneller and Flanagan advanced no mechanism for the radiation effect. They
suggested that the reason for the fall-off of the rate constants from the

extrapolated Arrhenius plot was due to N02 which could not be removed quickly

enough and had a poisoning effect on the reaction.
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2. PREVIOUS WORK ON THE THERMAL DECOMPOSITION OF LITHIUM AZIDE

As a consequence of attempting to initiate explosion in a number of
- : T . (122)
sensitive azides by irradiation with slow neutrons, Bowden and Singh

observed that pre-irradiation considerably accelerated the subsequent thermal

decomposition of lithium azide.

No exhaustive study, however, was made on the thermal decomposition of the

unirradiated or irradiated materisl.,
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3. OBJECTS OF THE RESEARCH

The effects of the subsequent thermal decomposition on irradiéting the

»-

azides of barium, calcium and strontium with ultra-violet light, X-rays and

(3,20,29,48,68,109,131-133,137-140)

y-rays have been extensively investigated

(21)

While it was shown that pre-irradiation of potassium azide with ultra-violet
light had no effect on the kinetics of thermal decomposition, no other

investigations concerning the effects of pre-irradiation on the kinetics of

the thermal decomposition of the alkali metal azides have been reported.

The present work was undertaken in an attempt to determine whether 1ithium
azide could be sensitised in a manner similar to that found for the azides
Jjust mentioned. As a precursor it was necessary to study the thermal

decomposition of the unirradiated salt.

The objects of the research were thus twofold, namely a study of the
decomposition of the unirradiated salt and the decomposition of the sensitised

salt.
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4, APPARATUS AND EXPERIMENTAL PROCEDURES

4.1 APPARATUS

4,1,1 The high vacuum line
The course of all the thermal decompositions was followed
using a constant-voluﬁe high vacuum 1ihe.‘ This is shown diagrammatically in
FIGURE 4.1, It consists eésentially of a pump section, a pressure measuring
gauge'and the decomposition séction.v.The latter two were in duplicate, so that

~ two separate decompositions could be carried out simultaneously.

The pumps comprised a twofstagé Edwards "Speedivac" rotary high vacuum pump,
model 2SC 20A (A), ‘backing an Bdwards "Speedivac" oil diffusion pump model
203B, (B). Pressures_of better_thaﬁ'10-6 torr, as measured on a Pirani gauge,

“could be obtained with this'system}

Two calibrated McLeod gauges, (C), were employed, one for each decomposition

sedtion. The volumes of the MclLeod bulbs were 123,1 ml and 111.3 ml at 25°C.

Decompositibns_yere carried out in the décomposition section, (D); This has been
described in detail by Herley and Pfout(l73). The temperature-control was

: 0.0300 in the temperature range used. Silicone oil (Midland Silicones Ltd.,
MS‘704) was used in'thé outer jacket and nitrobenzéne in the inner jacket, A

temperature range of 130o -u210°C was obtained with these liquids. Replacing

the nitrobenzene with ethyl salicylate_gave a temperature range of 160° - 23090.

In order to transfer the weighed samplé for a particular decomposition from the
drybox to the line, the glasé section (E) was used. The sample was loaded into
this in the drybox and the'two 10 mm tapsifhen closed, sealing the sample off
from the atmosphere., Tap (F) was usedfas a point at which to evacuate the

decomposgi tion chember by using a portaﬁle rotary high vacuum pump. This was
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ddne prior to opening the bottom 10 mm, tap to the vacuum line and pUMpS.

Traps (G) and (H) were surfbunded with‘liquid hitrogen to condense out water
vapour or any other condensable gaseé. These werevpbsitioned (i) between the
rotary pump and thé back line/main"l'ine and (ii) between the decomposition

chambers and thé McLeod gauges, to protect the formef from mercury and water

vapour.

The volumes of the two reaction sections of the line, i.e. with pump section
isolated, were found to be (i),1334 ml and (ii) 1557 ml at 2200,using dry

nitrogen,

4a1e2 The hot-stage microgéope
A Leitz Microscope Heating Stage {Vacuum type) 17500, with a
. ) o}
copper-constantan thermocouple capable of measuring temperatures up to 300°C
was employed. Temperatures were read directly, using an internally compensated

Scalamp Thermocouple Galvanometer connected to the thermocouple.

The hot-stage is illustrated in FIGURE 4.2. The essential features of this

- are:

1, radiation screen _ | - 10. clamping wedges
2. gasket , | © 11, viewing hole, 1.5 mm diameter
3.  vacuum connection | _ ' 12, tantalum sample container
4. ‘heating current connection » 13, capillary tube with thermocouple
5. Tbase platé' A t S 14. double-walled vacuum tank
6. electrode column with clamp 15, bleed valve
7. thermocouple flange _»’ | 16, cooling'wétérucﬁnneétions
‘8,  screw cup | . T, thermocouple bush
9. cover with quartz window 18, base with spherical bearings and

magnets
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The lower diagram in FIGURE 4.2.1 illustrates the positioning of the
tantalum box heating element, with 1id and viewing hole. Screws ’a’ are

used to loosen the wedges which.clamp the heating element in position.

The hot stage was mountedron a Leitz Ortholux Microscobe fitted with the

Ul tropak incident light illuminator, mo objectives were used viz. U.0 6.5
and U,0 11, with 10X and 25X eyepieces., Coupled with a magﬁification factor
of 1,25X, this enabled visual observations under magnifications of 81, 138,

203 and 344.

Photomicrographs weré taken using a Leitz film-holder and transport mechanism,
coupled to: the microscope with & Leit% microsattachment with ééntral shutter.

Magnifications of 65X and 110X were possible.

'The hot stage was connected via glass tubing and a ball and socket glass
junction to the pumps at point (J), (FIGURE 4.1), The volume of the hot stage
and line containing the McLeod gauge was found to be 1346 ml. at 220C, using

dry nitrogen, after isolating the pump section.

4.1,3 Pelleting Apparatus

A ten-ton apex Type 341/4 hydraulic press was used to
pellet ground lithium azide in an evacuated 5 mm, die (Research and Industrial

Instruments Co, Model KB-0)

4,1.4 Pre-irradiation equipment

(a) y-rays. All pre~irradiations with y-rays. were
done at the Radio ISotOpe Section of the Food and Fruit Institute, Stellenbosch,
60, ' o . (174)
Cape. A ~Co irradiation unit was used, employing a source of 290 curies .

For comparative purposes all irradiations for a particular series were carried

out simultaneously. The dose given each batch of samples was calculated in
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roéntgens, from calibration curves derived by using a ferrous dosimeter,

| (b) Zﬁ;gig. A Phillips PW 1009 X-ray geﬁerator, using a
sealed Cﬁ tube,was employed fdrvthe Xrirradiatiqns. Thé tube was mounted
horizontally so that the beam was directed vertically ontb the sample. Unless
otherwise stated, the tube was operated ﬁt an-applied voltage of 10kV and a

filement current of SmA., White radiation was used throughout.

(e) Uifra—violet light. Irradiations were done using a low
intensity Hanovia portable ultra—viOlef 1amp; incorporating a medium fressure
mercury straight arc tube.in quartz with an effective length of 44 cm. The
principal radiation output was at 3650, 3021, 2972, 2650 and 2537 X5 Irradiatéon
with a medium pressure Hanovia U.V.S. 500 lamp of higher intensity was done on
a few samples. These will be referred to éé_being irradiated with the high

intensity source.
4.2 EXPERIMENTAL PROCEDURES

Because of the déliquescent and light sensitive nature of lithium
azide, all handling was done in a dry-box under dry nitrogen and under darkroom

conditions. A weak red light was used as a source of illumination.

4.2.1 Pelletin

Powdered lithium azide, ground for 5 mins, in a vibration
‘mill (Research and Industrial Instruments Co;, agate container) was weighed
into the die which was then evacuated ahd seaied. These 0perations were
performed in the drybox. After transfer to the press the die was evacuated
for 10 mins. and a steady pressure of 1000 lbs/sq. in, applied for 15 mins;

The resulting pellets were 5mm in diameter and 0.1 - 0.2mm in thickness.

Such material is referred to as pelleted lithium azide.
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4.2 2 Grinding
The crushed pellets (agate mortar in drybox)_were loaded into
aiitight agate containers with two agate balls per container. These were
agitated for 30 secs. in a Grindex (Research and Industrial Instruments Co.)

and the material then stored in a vacuum desiccator over P20 , in the drybox

- . >
in the dark. Such material is referred to as powdered lithium azide.

| 4.2.3 Pre-irradiations
(é) Pre-irradiations with y-rays were carried out in
blackened, evacuated and sealed Pyrex ampoules. The ampoules were baked before

use, and stored in a vacuum dessicator,

The ampoules were L-shaped so:that ultra-violet light from the blow-torch

flame did not reach the sample when the ampoules were sealed,

“(b) On account of the deliquescent nature of lithium azide,
all pre—irradiations w;th-x—rays were carried éut with the sample in an air-
tight glass container using a 0,016mm thick aluminium window, through whiéh
the X-ray beam/passed. The sample was spread thinly over a brass piate to
facilitate sample handling in the drybox where an extremely large éléctrostatic
charge was present. All irradiafions were performed under dry nitrbgen. The

container was placed approximately 27 cm directly below the window of the

‘X~ray tube. ‘
(¢) Pre-irradiations with ultra-violet light were performed
in the drybox in an atmosphere of dry nitrogen and with the azide in an open

glass containér. The external surface of the container was covered with
aluminium foil to reduce electrostatic effects. The container was placed at
a distance of either 6.5 or 28 cm beneath the U.V. lémp. The lamp was allowed

to warm up for 15 mins, before the sample was irradiated.
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‘For comparative purPoSes the pre;irradiations with y-, X-rays and ultra~violet*

light (in any one series) were dpne‘simultaneously.

4.2.4 Decomposition procedure
" Platimim buckets were generally employed to contain the lithinm
azide in the apparatus. Substitution by nyex buckets had no effect on the

thermal decomposition, other than to cause a longer heating lag.

The bucketsvwere cleaned in ﬁot concentrated nitric acid and then in distilled
water, They were finally'heeted iﬁ a bunsen burner to a red heat and allowed
to cool before use. The requifed weight of sample was placed in the bucket,
which was winehed into position between the two 10mm taps in the sample-
containing section (E). Thiefwas dene in the drybox. The complete section
was then transferred to the7high vacﬁum line and opened to the high vacuum
syetem. The line was pumped hard'for 10 - 12 hours prior to commencing a -
decomposi tion, (?reliminary tests‘showed that a satisfactory vacuum with the

furnace on and the sample in (E), could be maintained for at least 24 hours).,

The pumps were then isolated and the buckef lowered with the winch into the
decOmposifion chamber. A stopclock was simultaneously started and pressure
readings were'taken at various times throughout the course of the reaction.
The liquid nitrogen traps were t0p§ed every 10 mins..during a run, The final
pressure, p s was read after raising the reaction temperature to 220°C and

maintaining it at this value for one and a half hours.

4,2.5 Water ihterruptions
Runs were performed where after the decomposition had
proceeded to a certain stage,'the decomposition was interrupted, the sample

exposed to water vapour for a fixed length of time and then the run was
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continued, The water Vépour was introduced by removing the cold trap; (H)
prior to evacuation and placing 2 - 3 ml degassed conductivity water in it.

The water was then solidified by the liquid nitrogen.

The line was then evacuated, the pump section isolated and the run done in the
normal manner to the selected point of interruption. The bucket containing
the sample was then raised, allowed to cool for 5 mins. and after noting the

pressure the line was evacuated to a hard vacuum (20 - 25 mins.),

The sample and the pumps were then isolated from the trap and the liquid

nitrogen Dewar removed from the trap, which was then warmed to Toom température
(2000). The resulting water vapour was alloWed to come into contact with the1 
sample for the'requisite.time. The 1iquid nitrogen Dewar was replaced and the :
whole line evacuafed for 12 hoprsf .The decomposition was then continued after:

isolating the pumps.

4.2.6 Interruption followed by irradiation

Decompositions were interrupted at certain points, the sample

~irradiated and the run continued.

As the product of the thermal decomposition of lithium azide is extremely .
reactive in air, special precautions were observed when removing the sample

and during irradiation.

For y-irradiations, special Pyrex‘ampoules were used, these being slightly
larger than the normal Pyrex.bucket. The sample was loaded into the ampoule,
placed in the decomposition line in the nQrmal manner and the décompositibn
followed to the desired point‘of interrubtion. The sample was then raised
into the glass section (E) and transferred to the drybox. The ampoule was

removed under dry argon, evacuated, painted black and then gealed with a blow4
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torch flame, After irradiation the paint was'removed, the ampoule opened under
dry argoh and loaded into the section (E), The procedure from this point was

as described above (4.2.4).

For X-irradiations, a large amount of azide was decdmposed to the desired
point of interruption when the bucket was raised into thé section (E), which
was then transferred to the dryboi. Thé azide and its decompoéition products
were loaded (under dry argon)‘into the glass container described above

(4.2.3 (b)). After X-irradiation, the procedure of weighing out a specimen,
loading it into the decomposition line, pumping and performing a ruﬂ, was the

usual one.

A similar procedure to that followed above for X-irradiations was adopted for
ultra-violet irradiations. The large smount of azide was irradiated in the

drybox in the aluminium coated glass dish used for all ultra-violet irradiations,

The sample was weighed out and the run continued as before.

4.2.7 Photomicrpgrapgx

Photomicrographic studies ﬁere carried out on pelleted lithium
azide. The pellets Were prepared:as -described abbve..T-Tﬁeipellet‘Tf, IR
was loaded into the hot-stage, onto a tantalum element shaped like a box. This
was carried out in the drybox. The stage was transferred to the microscope,
connected to the vacuum line via the ball and socket joint (J) and the whole
apparatus evécuated for 12 hours. Pressures of better than 10-6 torr were
obtained. During a run, for reasons given later; the pumps were not isolated.

The "differential method" of plotting the course of the reaction was used.

This method involves isolating the pump section for 20 secs and allowing the
pressure to buildup in the decomposition section over this time interval. The

pressure was noted on the Mcleod gauge and the pump section then re-connected
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to the line. Readings were taken in this manner during the course of the

decomposition,

The light from the 60 watt Ultropak illuminator was shown to affect the thermal
decomposition of the specimen and accordingly the light was only used at a low
intensity and was exposed to the sample for brief periods, namely for

observations and for the purpose of taking a photograph.

The film used for the photomicrographs was Agfa Isopan I.S.S. (100 A.S.A.).
Two-second exposures were used. It was not possible when printing the negatives
to maintain constant conditibns for a. series of negatives, as darkening of the

- background of the photomicrographs increased as the.reaction progressed. To

. obtain good contrast, a hafd printing.paper and suitable developing times

- were employed.
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5. IHE THERMAL DECOMPOSITION OF LITHIUM AZIDE

“THROUGHOUT THIS AND:THE FOLLOWING SECTIONS, (6,7,8 and 9), THE RATE CONSTANTS,
"k, ARE NUMBERED SO THAT THOSE FOR THE ACCELERATORY PERIODS CARRY A LOWER
NUMBER THAN THOSE FOR THE DECAY PERIODS, THESE CONSTANTS ARE NOT EQUIVALENT
T0 ANY CORRESPONDINGLY NUMBERED ONES IN THE INTRODUCTION. THE NUMBERING OF
THE MATHEMATICAL EQUATIONS DOES NOT CORRESPOND TO THAT IN THE INTRODUCTION,

BUT IS CONSISTENT THROUGHOUT SECTIONS REPORTING THE EXPERIMENTAL RESULTS.

| Unless otherwise stated, (i),all préssures]are recorded in units of 10-2 torr,
(ii) in.any one series (for comparative purposes) the results are all normalised
to a common final pressure, D, , = 160 x 10”2 torr. The final pressure

_ acfﬁally measured before normélisafion'is p, - Time is recorded in minutes.
.'. The p/t fesults for the decomﬁosition runs dotte in this and the following sections

(6,7,8 and 9) appear in the Appendix.

5.1 PREPARATION AND ANALYSIS OF ANHYDROUS LITHIUM AZIDE, LiN5

5.1.1 - Preparation

Anhydrous lithium azide Li N3 , was prepared by a method

 similar to that used by Gray and Waddington(l75). The relevant chemical

reaction iss

» Li 0HH20 + I-INB‘—._ Li N3 + 2H2o o-o..no-o-o(Sol)

Conductivity water was used in the preparation of hydrazoic acid, HNB,and 1ithium
= -6 -1 -1
azide. It was found to have a specific conductance of 2,0 x 10 ~ ohms = cms ,

at 20°C.

* Hydragzoic acid was obtained by an ion-exchange method, using an "Analar" grade

cationic resin in the H% form. A 10% solution of sodium azide (British Drug
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' Hbuses), NaN3 , was passed through the bed of the resin. The resulting 3%

solution of hydrazoic acid was found to contain no iron or sodium ions as

impurities, by the use of "Ferron":.reagent and flame photometry.

Lithium azide was obtained by neutralising a concentrated solution of lithium
hydroxide with the prepared solution of hydrazoic acid and then adding a slight
"excess of acid. The water was removed by pumping at 4000. Throughout this
procedﬁre the solution was maintained ih an acid state, by extern:al testing

using phenolphthalein,

jLithium.azide was prepafed_as a white pdeer and was dehydrated over P205 with
» vcéntiﬁuous pumping for 36 hours; Tﬂese operations were performed in a dark room,
:- using é wéék red light. After dehydration all further sample:handling was
carriea out in a glaés—fibre ary—box; under dry nitrogen, as fhe salt is

extremely hygroscopic.

5.152 Analysis

Differential séanning calorimetry, thermogravimetry and infra-
E réd spéctré.of the lithium azide_dehydrated as described above, showed no traces
of water of -cryétallisafiozi. FIGURE 5.1 (a) illustrates the effect of water
on the infra-red spectra of 1ithium ézidee Freshly prepared azide and material
that had been allowed to become visibly damp by standing in the atmosphere, show
absorption peaks at 3360 cms_l. Lithium azide, dehydrated as described above,

showed no traces of water.

FIGURS 51 (b) shiows the thermogravimetric trace of 34.4 mg of lithium azide
dehydrated as described above; Decomposition was performed under a nitrogen
flow of 1 litre/hin. The heating rate was 2;6°C/hin. After no detectable loss

in weight, that could be expected during a dehydration process, the salt decom-

posed at 218°¢, A steady final weight was obtained after the rapid reaction. A
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temperature-time plof illustrates the héating rate.” The salt was thus considered

to be free of any traces of water, within the limits of experimental condi tions.

Chemical analysis of the dehydrated lithium azide by Dr. F. Pascher, Bonn,

Germany, showed the salt to be better than 99.6% Li N3 , by determination of

Li as sulphate and N2 by combustion.,

5.2 - REPRODUCIBILITY

Approximately 4.5 = 5.5 mg of lithium azide were used in each run.
Initially the unground azide'W&Swusedréﬁd'it wasjfoqu'that'the'decogposition
was extremely erratic and irreproducible. Some ruﬁs showed no apparent
. decomposition. Typical p/t curves obtained using the same material at 210°C
may be seen in FIGURE 5.2, with the regﬁlts given in TABLE 5.1. These results

are not normalised.

The material was then ground in a vibration mill for 10 mins, using an air-

tight agate container and ggate balls., This gave variable results as before{

The ground material was annealed "“in situ" at 13000 for one hour and then
pumped for a further two hours before decomposition. The two runs done showed
large discrepancy, as illustrated in FIGURE 5.3, with the results in TABLE 5.2,

Pressures are not normalised.

Unground lithium azide was then pressed into pellets (5 mm diameter, : 5.0 mg)
usging an evacuable die. The die was evécuated for 10 mins and then a steady
pressure of 1000 lbs/sq.in. applied for 15 mins. Reproducibility improved but
was still not satisfactory. Results of two runs at 19500 and two runs at 210°C
are given in TABLE 5.3 and are seen graphically in FIGURE 5.4. The induction
period was 29 and 31 mins. at 195°C and 24 and 17 mins. at 210°C. Rate constants

kl and k3 (equations 5.2 and 5.3 | see 5.3.2] ) for the acceleratory and decay
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periods respectively, were as follows:

(i) Acceleratory period: (a) 195°C : 1.99 x 1072, 1.91 x 1072 min
(b) 210% : 2,21 x 1077, 2.17 x 1of2min'°1 respectively

1.26 x 1072, 1.25 x 102 pin™",

1,68 x 10_2, 1.77 x i0_2 minm1 respectively

(ii)' Decay period : (a) 195°G

(v) 210°

Gfound lithiﬁm azide (10 mins vibration mill) was pelletéd in a similar manner
to the above, when the reproducibility of the thermal decomposition was found: to
be of a high order. This pfocedure wés adopted throughout the course of this
résearch. The‘azide ugsed was always less than four weeks old, during which time
no change in the reproducibility was detectable. Results of four consecutive
runs at 21000 are presented in TABLE 5.4 and FIGURE 5.5. The induction period
was foundvto be 25,24, 25 and.25 mins respectively. Rate constants k) a;d k3
(equation 5.2 and 5.3) for the acceleratory and decay periods respectively, were

as follows:

(i) Acceleratory period: 3.36 x 10-2; 3.0 x 10_2, 3.14 x 1052, 3,09 x 1072

min respectively

(11) Decay period: 2.82 x 1072 2.72 x 10~ 2.79 x 10725 2.72 x 107° min ™

respectively.

Since pelleting of the material gave the oﬁly reproducible results, it was
decided to investigate the effect of varying the pelleting pressure to determine
whether a critical pressure exisfed. Duplicate pellets were made using pressures -
of 1000, 756, 500 and 250 1bs/sq.in. _The maxi@um pressure that could be applied
to thé omm die used was 1000 1bs/sq.in.. In the subsequent thermal decoﬁpositionv
of thekpellets the reproducibility became poorer with decreasing pelleting
pressure. The results appear in TABLE 5.5 and are graphically illustrated in

FIGURE 5.6. The reaction temperature was 195°C. ‘

Having achieved reproducible thermal decomposition with pellets, it was
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considered advantageous to obtain similar reproducibility with lithium azide
powder, so that this study could be compared with previous research on the

decomposition of the azides(3’l33’138’139’176).

Lithium'azide‘pelleted as above was ground in a Grindex, with agate conteiners
and balls, for 30 secs.v The results of three coneecutive runs at 195°C are
given in TABLE 5.6 and depicted graphically in FIGURE 5.7« The reproducibility
was of a high ofder. The curves are sigmoid with a well defined induction
period. The latter was found to be 33, 33 and 35 mins. respectively. Rate
congtants k. and k3 (equations 5.2vand 5.3)‘for the acceleratory and decay

1

periods respectively, were as follows:
(i) Acceleratory perfod: 1.05 x 10™2; 0.96 x 10™2; 1,06 x 1072 min™

respectively

(ii) Decay period: 0,94 x 10-2; 0.91 x 10-2; 0.97 x 10-2 min“l respectively

Measurement of the particle-size'of the lithium azide powder as determined

microscopically was found on the average to be 5.0 microns.

The effect of eeveral-pellefihg and grindingv0perations on lithium azide was
examined, to determine if a limiting effect had been achieved when the material
was pelleted and ground as described ebove. The results for ground material
taken through three consecutive pelleting and grinding stages are given in
TABLE 5.7 and FIGURE 5.8 for a reaction temperature of 190°C. The pellets were
ground for 10 secs in the Griedex after each pelleting stage. It appears from
the results that the limiting stage has been reached with the single pelleting
and grinding operation. The slight discrepancy in the curves can be attributed

to variation dvue to grinding (see below).

An examination of the effect of varying the grinding time in the Grindex, after

the initial grinding (10 mins vibration mill) and pelleting, was made.
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Reproducibility of material ground for 3 mins. was of a high order and the

p/t results for two runs are presented in TABLE 5.8 for a reaction temperature
of 19000. Runs were done at 18500 using material that had been ground in the
Grindex for 10 secs, 30 secs, 3 mins and 10 mins respectively. Theseiresults
appear in TABLE 5,9 and FIGURE 5.9. It is seen that the inductipn period
increases, being found to be 55, 56, 75 and.94 mins respectively and the
inflexion point decreases as &« = 0.58, 0.54, 0.44 and 0.37 (estim.) as the
particle size decreases with increasing grinding time. It is observed that the
p/t curve is drastically changed for lithium azide ground for 10 mins. Analysis
of the acceleratory period shows that the maximum rate (obtained from the slope
of the p/t plot) decreased with grinding time (and hence decreasing perticle

size) asefollows:

Maximum rate: 2.20 x 10-2; 1.84 x 10_2; 2.0 x 1052; 7.04 x 10“2 mm/hin.'for
the 10 secs, 30 secs, 3 mins and 10 mins grinding times

respectively.

Mathematical analyeis of the 3 mins run however is seen to give a poor fit to
the Avrami-Erofeyev equation (see 5.3.2) withn =3, Withn = 2 a good fit is
obtained, for 0.5 ¥ 0.58. Thus it appears that excessive grinding with the
Grindex, viz, 3 mins,damages and/or reduces the particles te such a size that a
change of the equation fitting'the p/t plot occurs. This was shown to be the

case with two different preparatiens, ground separately.

Insufficient grinding of the pelleted lithium azide resulted in non-sigmoid

p/t curves. This is illustrated in FIGURE 5.10 and the results appear in

TABLE 5.10. The reaction temperature was 18500; The samples were of the same
preparation but were ground in two portions which were then used. The vibration
mill (10 mins) was used for one portion. bThe action of this mill is very mild

compared to that of the Grindex's. The other portion was ground using the
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Grindex (3 mins), Optical examination of both samples showed that large iumps _
of unground.peliet were present in the sample groUnd in the vibration mill,

The flat section of the p/tvcurVe is ‘thus attributed to this.inéfficient
grinding. .(This in turn appears to stem from the quéntity of material placed
»in the agate contaiﬁer.- Larger amounts require longer grinding times for the
same effect as when gr;pding a small-ampunt. In light of this, the figures

quo ted for.the duratioﬁrthe lithium azide was ground are arbitrary, as varying

amounts of material were ground each time).

From the above results it is seen that reproducibility was obtained for lithium
azide in both the ﬁowder and fellet forms. In the experiments performed above
it was assumed that moisture and light would affect the decomposition and the
azide was always handléd in a dry-box under dry nitrogen end in the dark (red
1ight). These assumptions were chécked~by exposing the pelleted material to‘
sunlight prior to decomposition., The results of the thermal decomposition of
such a pellet, composed fo a pellet handled in dark conditions, are given in
FIGURE 5.11 and TABLE 5.11. The resction temperature was 100°C. It is seen |

that the induction period was shortened and the p/t curve was no longer sigmoid.

In an attempt to obviate the usé of the drybox, lithium azide, pelleted'aﬁa
powder; was handled in the atmosphefe until it became visibly moist, beforé
thermal decomposition. The finél pressure in the decomposition ﬁas lower than
that for the same weight of material handled under dry conditions. For this
reason, all further éample handling was performed under dry conditions. However,
comparison of normeliged runs.at 21000 of pelieted 1ithium azidevand powdered

lithium azide at 195°C, shows no effect. These results are given in TABLE 5.12.

- The effect of using an inert gas, dry argon, instead of dry nitrogen, in the
-drybox, was examined. This had no effect on the reproducibility or reaction

~rate of pelleted or powdered lithium azide., Similarly, no effect on the thermal
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"decomposition of powdered azide was found,. when dry air was allowed to come
into contact with a sample in the decomposition line, prior to decomposition.
After 3} hours, the line was pumped for 18 mins and. the run done. The p/t
results of this run and a blank run,(viz. material handled under dry nitrogen

and the vacuum line and sample pumped for more than 12 hours), are presented

in TABLE 5.13.

Thermal annealing in vacuum of the lithium azide was found to have no effect
on the”reproducibility or reaction rate. The-thermal decomposition_of,powdered
lithium azide annealed at ié@QC for 1 hour, followed by ten hours pumping is
shown graphically in FIGURE 5.12 and the results given in TABLE 5.14. It is
seen that on coméaring the p/t curve with a control run, there is no detectable

effect,

The high vacuum apparatus was generally evacuated for more than 12 hours prior

to a run and not longer than about 15 hours.

5.3 RESULTS

UNLESS < OTHERWISE STATED, ALL MATERTAL USED IN THIS SECTION AND THE
FOLLOWING SECTIONS (5, 7,8,.9) of' THE RESEARCH WILL BEv,'I‘ERMED (i) PELLETED LITHIUM
AZIDE AND (ii) LITi_“IIUM AZIDE POWDER. THE FORMER SHALL BE TAKEN AS GROUND
LITHIUM AZIDE (VIBRATICN MILL, 10 MINS) PELLETED UNDER A PRESSURE OF 1000 LBS/sQ.IN
IN A Som DIE. THE LATTER SHALL BE TAKEN AS GROUND (GRINDEX, %0 SECS) PELLETED

LITHIUM AZIDE, WHERE THE PELLETS WERE PREPARED AS FOR (i) ABOVE.

5.3.1 The effect of varying the temperature of decomposition

The mathematical equations applied and the relative constants

determined in this sectionﬁa;e discussed below, (5;3.2, 5.3.3).
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In order to obtain the critical increments of the various chemical process(es)
occurring in the thermal decomposition of both pelleted and powdered lithium
azide, two methods were used, viz (1) Individual runs and (2) Split run methods.
(1) .individual runs

Separate decompositiohs carried to completion at a fixed tempera-
ture were done and are described as "individual runs".

(1) Pelleted lithium azide. Approximately 4.5 - 5.0 mg pellets
were used in each run,. &he temperature range was 195o - 220°C. The p/t results
aréiﬁresented in TABLE 5.15. Rate consténts were détermined over the temperature
range used and theiaccelergtory and decay period rate constants kl and k3
(equations‘5,2 and 5.3) and the duration of the induction pefiods (mins) are
'given in the table following 5.3.2.. (The induction period was taken as the
time for the decomposition to attain & = 0,006). The effect of varying the

temperature of decomposition is graphically illustrated in FIGURE 5.13,

(ii) Lithium azide powder. Approximately 5.4mg of specimen was

used for each run. The temperature range was 185° - 205°C. The rate constante
kl and k3 (equations 5.2 and 5.3) were determined at each temperature and the
duration of the induction period (mins) measured. A repeat series of the effecf
of varying the temperature df decomposition on the induction period was done
using a different preparati;ﬁ. Only the pressure time readings to 4.0 x 10'-2
torr and the p, were noted in each run. The results of the varying temperature

series are given in TABLE 5.16 and fhe rate constants and induction periods

(mins) are presented in the table following 5.3.2 below.

(2) split runs

The actiVationvenergy fbr the acceleratory and decay periods
was determined using this method with pelleted lithium azide, while only the
activation energy for the acceleratofy periocd was determined for powdered

lithium azide. . The decomposition*was allowed to proceed at the lowest temperature
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at whieh the first rate constant was to.be calculated. After an appropriate
time the run was interrupted by raising_fhe bucket and allowing it to cool,
wnile the furnace temperature was_adjusted to the next higher temperature. It
was shown (see below) thaf interruption of a run had no effect on the
decomposi tion other than a:small time lag due to the bucket and contents
attaining thermal equilibrium. The run_nas then continued. Five or six rate
constants were found in this nannervfor an acceleratory or decay period from

a single‘decomposition. Fresh samples were used to obtain the rate constants .

for decay periods.

(1) Pelleted 11 thium azide. Approximately 4.5 ~ 5.5 mg single
pellets wene used fof_eaoh activation energy determination., The results for the
acceleratofy period‘are given in ?ABLEVB.17 and the rate constants kl (equation
5.2) are 1is£ed in the table following 5.3.2 below. The tenperature range was
160° - 190°¢. The'uecay period results for a temperature range of 165° - 190°C

" also appear in TABLE 5.17. The rate constants k (equation 5.3) also appear in

3
the table below. A decomposition was ‘taken to completion at a fixed temperature

(19500) to check the applicability of .the mathematical analysis. The results of

this run appear in TABLE 5.17.

(ii)‘ Lithium azide gowder. The acceleratory period was followed
using the split run technique.. 5.0mg of lithium azide was decomposed over the
temperature range 165o - 18500. The results of the decomposition, together with
the results of an uninterrupted'decomposition of 'the same meterial at 19000 to
check the applicability of.the mathematical analysis, are presented in TABLE 5.18.

The rate constants kl (equation 5.25 appear in the table following 5.3.2 below.

5.3.2 Mathematical analysis of the results

(i) Pelleted lithium azide. A typical pressure-time curve

showing the thermal decomposition of pelleted lithium azide at 21500 and the
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mathematical analysis appears in FIGURE 5.14. The p/t results appear in
TABLE 5.15, The marked features are (i) a well defined induction period with
no evolution of gas followed by (ii) a period of acceleration and (iii) a decay

period. The inflexion point is at &« = 0.58 (¢ = p/pf).

Since no gas was evolved during the induction period no mathematical analysis
of this part of the decomposition was possible. For the determination of

activation energies the lengths of the induction periods (mins) were used.

The acceleratory period was well described by the Avrami-Erofeyev equation with

n= 3, i.e. .
[- lOg (l—p/pf)]l/3 = klt+c -onovonomew.-oae‘ (592)

The fit covered the whole of the acceleratory period and was found to be over
the range 0.02 ¢« (0.58. The plot of I:-log(l - p/pf)] 1/3 versus t (time in
mins) is shown in FIGURE 5.14. In the same figure, the plot of fhe power law
in the form pl/.'3 versus t shows the extent of fit. The fit is not good,

A

covering the range 0,02 {x € 0,25..

The decay reaction was well defined ‘by the contracting sphere formula i.e.

1-(1- 1?’/’]91,)1/3 TR (5.3)

‘The plot of (1 -p/pf)l/3 versus t is shown in FIGURE 5.14 and is seen to

hold over the range 0.50€«<0,95,

The Avrami-Erofeyev equation with n = 3 and the contracting sphere equation
were found to be applicable in the mathematical analysis of the accelei'atory
and decay periods respectively over the temperature range studied. The

temperature range was 1600 - 220°¢, _

(ii) Lithium azide powder., A typical pressure~time curve

showing the thermal decomposition of powdered lilthium azide at 18_500 and the
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mathematical énalysis is shown in FIGURE 5.15 and the results appear in .

TABLE 5.16,

The p/t plot is characterised by the same three features as found for the
pelleted material (induction, acceleratory and decay periods. The inflexion

point is at o = 0.52.

As for the pelleted material, the lengths of the induction periods (mins)

were used to determine an activation energy.

The acceleratory period was described by the Avrami-Erofeyev équation with
n = 3 as found above. The extent of fit covered the acceleratory period
from 0,09 (% <0,51, The power law with n = 3 was found to hold over the

same range as found above for pelleted lithium azide.

The decay period was fitted by the contraéting sphere equation as was found

above, The fit was over the range 0.'49‘(0“ 0.483._

The plots of [—log(l - p/pfﬂ 1/3 and (1 - p/pf)l/3 versus t (mins)l are

to be found in FIGURE 5.15,.

The Avrami-Erofeyev with n = 3 and the contracting sphere equations were found
to be applicable in the mathematical analysis of lithium azide powder over

the temperature range studied. The temperature range was 165° - 205°¢,

Equations 5.2 and 5.3 were found to fit the acceleratory and decay periods

respectively irrespective of the method used to determine the rate constants

(i.e. individual or split runs).
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Specimen Individual Temp. vInduc'ztion o 4
or : Period k (mlns ) k (mlns )
' Split runs OC (mins) 1 3
Pellet | Indiv. | 1950 | 48 5.43 x 107 | 4,18 x 107 |
20,0 | 37 6.91 x 107 5,89 x 107
2050 | 2 1,08 x 1072 7.30 x 107
210.0 19 1.26 x 1072 | 9.35 x 107
215.0 17 1.95 x 102 1.61 x 107°
220,0 12 2,86 x 1072 2,05 x 1072
Pellet | Split 160.0 |- 1.01 x 107
165.0 1.41 x 107
170.0 | 2= 10n3
175.0 | 3,42 x 107
180.0 | 5.10 x 107
185.0 7.52 x 107
190.0 | 8.85 x 107
Pellet | Split 166.0 7.41 x 1074
170,0 | i 9,03 x 107
175.0 | | 1,22 x 107
180.0 - | 2.49 # 1072
©185.0 ' 5,69 x 107
190.0 | 3,77 x 107
Powder | Indiv. 185.0 39 | 8.9 x107° 6.94 x 107
190.0 30 1,12 x 1072 1.04 x 1072
195.0 | 23 1.59 x 107 1.19 x 1072
200.0 18 2.82 x 1077 2,02 % 1072
205.0 14 3,29 x 1072 2.1 x 107
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Specimen ‘.Individugl Temp. InducFion 4 o
: . 9r. o Perlod kl (mlns ) ’3 (ming )
Split runs c (mins)
Powder Indiv, 180.0 64
| 185.0 52
| 190,0 38
195.0 29
200.0 23
Powder | Split 165.0 1.97 x 107
171.0 3,54 x 107
175.0 4.94 x 107
181.0 6.34 x 1of3A
©186.0 8.20 x 107

5.3.3 Evaluation of the activation energies -

. The critical increment for the chemical process(es) ocecurring
in the thermal decomposition of pelleted and powdered lithium azide was

obtained by applying the Arrhenius equation.

For the determination of the activation energy for an induction period, the
logarifhms of the lengths of the induction periods were plotted against
l/TOK. T is the temperature of the decomposition in OK.‘ The plot was a
straight line from the slope of which an activation energy Was_calculated,

\
For the determination of the activation energies for the acceleratory and

- decay periods, log kl and log k respéctively‘ were plotted against 1/T.

3
These plots were straight lines and were treated‘as above to obtain the
activation energies. If is-estimated that the error involved in the

determination of the activation energies throughout the course of this research

is ha 2 k.cals./mole.
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The values of the activation energies calculated for the induction, acceleratory
and decay periods for the thermal decomposition of pelleted and powdered lithium
against

azide are tabulated below.. The plots of log I.P., log k. and log k

1 3

1/1°K for pelleted lithium azide using individual and split methods are to be
found in FIGURES 5.16 and 5.17 respectively. FIGURE 5.18 shows the plots of
log I.P. (duplicate); log kl and log k3 against l/ToK for powdered lithium

azide using the individual runs method, FIGURE 5.19 shows the plot of log kl

against l/ToK for the latter azide, using the split run method,

ACTIVATION _ENERGIES

v .} Individual Induction Acceleratory -
Specimen or _ _ period period Decay period
Split runs Activation Activation Activation
‘ energy energy energy
k.cals./mole _k.cals./mole k.cals./mole
Pellet Individual 24 29 29
- Split 29 - 30
Powder | Individual | . 21 28 29 o
22 '
Split ‘ ‘ 28

5.3.4  Effect of interrupting a thermal decomposition
| Thé effeqt of interrupting a decomposition by raising the bucket
containing the sample out of the decomposition chamber was examined. The bucket
was allowed to cool to ambient temperature and then lowered into the decomposition

chamber after. 15 mins, and the run continued as before at the same temperature.

(i) Pelleted 1lithium azide. _Interyuptiohs-Were done at the end
of the induction period (= 0.006), at &= 0.06 and = 0,65, at 190°C. The
interruptibns at ®=0.06 and o= 0.65 were in the acceleratory and decay periods.

Apart from a small time lag (5-8 mins) during which the bucket and contents
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reached thermal equilibrium, there was no effect i.e. quenching during a

decomposition produced no effect,

(ii) Powdered lithium agide. Interruptions were done at the
end of the induction period, at & = 0,07 and & =,0'4l at 19500. The interruptions
were in fhe acceleratory period and at the inflexion point respectively. As
found above, apart from & small time lag_(3—5mins) there was no effect on

resuming the decomposition.

The results for the pelleted and powdered lithium azide appear in TABLE 5.19.

5¢3.5 The effect of admitting water vapour onto the salt in an
interrupted decomposition

These runs ‘are termed "water interruptions". The general
technique followed has been described in'4,2.5. The paftially decomposed sample:
_of.lithium azide was exposed to water vapour (17.0 torr preesure) for certain
periods of time, after which the liquid nitrogen trap was replaced and the line
pumped fof 12 hours, The pump section was then isolated and'the.run continued at

the same temperature as before,

All the results presented in this section (5;3.5) are notvnormalised to illustrate
the effect of the water interruptions on the P, * The azide, both pelleted and
powdered, was exposed to water vapour for 30 secs. Several runs were done,
however, using exposufe times of 5 mins and these will be treated after each
series receiving SO secs., The method of determining the percentage decompositions

is presented in 5.3.6.

(i) Pelleted lithium azide

%0 secs exposure to water vepour. The effect of 30 secs

exposure to water vapour at &= 0,03, 0.13, 0.23 and 0.70 on the same pellet
.(5.6mg) of lithium agide at 19000, was investigated. A blank run with interruptions,
but no exposure to water vapour, was also done. For comparitive purposes the same

weight of azide was used for the blank run.
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It was found that the final pressure was reduced due to the water interruptions
andlthe reaction rateSron.continuing the decomposition after an interruption were
obServed to be decr;ased. There was virtually_no further decomposition after
interruption in thé decay period.: Thé time taken for the reactibn to resume
 after water interruptions,(l2—l4 mins),was slightly longer than for the blank
run (3-7mins). These results are tabulated in TABLE 5.20.and the table.below
and the runs illustrated in FIGURE'5Fé0. | |

(b) 5 mins expdsure to water vapour. To investigate the presence

of metallic nuclei at t = 0, pelleted lithium azide was exposed to water vapour
for 5 mins to ensure the reaction between nuclei and the water vapour, as 30 secs
exposures above did not appear to have an effect on the subsequent thermal

decomposition.

5.6mg pellets were uéed for a blank uninterrupted run and a run exposed to 5 mins-
water vapour at t = 0 (i.e; prior to décomposition). The reaction temperature
Vwas 190°C. It was found that the.only effect therwateﬁsexposure'had'oﬁ the
reactidn, was to decrease the final pressure by approximately 30%. There was no
significant change of the reaction rate‘or the length of the induction period,

when these values were compared to:those for the blank uninterrupted run,

Since 30 secs water interruption just after the induction period, in (i) (a)
above, did not retufn the reaction_to zer§ time, it was decided to observe_the
effect of 5 mins exposure to water vapour at this point. The reaction tempera-
ture was 19000. On recoﬁmencing the reaction an induction period of 21 mins
resulted, ﬁhich was considerably shorter than that for the blank run (56 mins).
A second_interfuption at the end of this induction period pfoduced an induction
period of 17 mins., A third interruption at this point produced a third induction
period of 14 mins. At this stage the reaction was allowed'to g0 to.completion

and it was.seen that the percentage décomposition was 50% lower than that for

the blank,as was the acceleratory period rate constant kK, (equation 5.2).
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The above results are tabulated in TABLE 5.20 and fhe table below.

(ii) Lithium szide powder -

(a) 30 secs exposure to water vapour., Approximately 5.0mg of
the azide were used for a run. Water interruptions were done at t = 0, 0.5 I.P.,
end of the I.P., &= 0.06, inflexion point and &= 0.75, A blank run with no

interruptions was also done. The decompositioh temperature was 19500.

There was no change in the length of the induction period for the t = 0 inter-
ruption and the acceleratory period rate constant was not affected but a
lowering of the percentage decomposition was observed. For interruptions at

0.5 I.P., end I.P. and &A= 0,06, new induction periods of equal.length to the in~-

ductiér period for-the uninteérrupted . run, were formed on resuming the decomposition.

The rate constants kl; for the end of the I.P. and the &K= 0,06 interruptions

were lowered.

Interruption at the inflexion point and beyond virtually destroyed further

decomposition.

Since interruption: at tho end of the induction period resulteo in a new induction
period; equal in durotion fo that of the blank run, the run was interrupted at the
end of the second induction period and exposed to 30 secs water vapours The run
was'ailowed to continue and the process repeated, with the formation of an
induction period after each interruption. Aftér the fifth water interruotion,

the run was allowed‘to go to completion., It was observed that the acoeleratory
rate constant was lowered compared to that of the blank uninterrupfedrrun'aﬁd'the

percentage decomposition was only 46%.

It was observed that the final pressures‘were_lower than that of the blank run

in all the water interrupted runs.

The p/t values for these results appeaf in TABLE 5,20 and the table below contains
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the values for the rate constants k., lengths of the induction periods and

1’
percentage decomposition values. The results are graphically illustrated in

FIGURE 5.21,

(b) 5 mins exposure to water vapour. Since 30 secs exposure.to

water vapour at t = 0 had no effect on the subsequent thermal decomposition, it

was thought that 5 mins exPosure at t=0 may have an effect.

Accordingly, two runs were done; one a.blank run and the other was interrupted
fof 5 mins at‘t=0. The reaction temperature was 19000. It was fdund, ag above,
that no effect on the reaction was 6bserved other than a 1owefing of the
percentage decomposition value. This was seen to have been lowered by 6&%,

as opposed to 30% for 30 secs exposure to water vapour. These results appear

in TABLE 5.20 and the table below.

In all the above cases, for pelleted and powdered lithium azide, it was
observed that the P, was lowered afterlexposure to water vapour. Heating the
end product(s) of. the reaction to épproximately 400°C‘for 15-25 mins in vacuo

enabled recovery of a percentage (approx. 35—4%%)'of_the "ost" gas.

Ex Point of Acceleratory Induction Percen-
Specimen p9sure Interrup- rate constant | period tage
(mins) 1
tion (X) kl (mins™1) after inter-| Decom~
_ ruption position)
(mins)
Pellet Blank 0.0 - 55
" ) " 0.01 - 7
W " . 0.06 X ] . -
» » '0‘.‘65 - 3 102
" 0.5 0.0 - 58
" n 0.03 - 13
" " 0.13 - - 12
n n 0.253 - 14
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Pellet 0.5 0.70 - - 44
| Per1et Blank 0.0 1.22 x 1072 56 98
" 5 =0 1.25 x 107 54 68
" " Successive - 21
- 17
0.71 x 1072 14 48
Powder Blank 0.0 1.06 x 1072 35 9%
” 0.5 40 1.05 x 107 34 65
" " 0.571.P. 1.08 x 107 31 56
" " ~ End I.P. 0.88 x 102 39 73
" " 0.06 0.53 x 1072 29 66
" u Inf. Pt. No reaction - 55
" " 0.75 No reaction - 78
" v Successive - 42
| - 34
- 34
- 40
0.70 x 10~° 40 46
Powder Blank 0.0 0.87 x 107 43 93
" 5 $= 0.88 x 107 45 27

5.3,6 Percentage decomposition

This was calculated assuming the overall reaction was
‘represented by:

2LAN > P Y

3 2L + 3N2
In calculating the percentage decomposition, the volume of the particular
decomposition section used was taken into account and ambient temperature was

taken at 292°K. While performing the experiments, three lines were used

having volumes 1.132, 1.334 and 1.557 litres.

It was observed that the error involved in weighing out the sample of lithium
azide in the dry-box was considerable (t 0.2 - 0.4mg in 5.0mg). This was the

result of working in a restricted volume with the chemical balance in the dry-
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box. Variations in the internal pressure of the drybox atmosphere (by movement

of hands in the gloves) resulted in chsnges_of the scale reading. The percentage

- decomposition figures can accordingly be taken as a rough estimate only.

" The percentage decomposition of the decomposition runs reported above in the

vafying’temperature Series are as follows (decomposition temperature in bmackets):

(i) Pelleted lithium azide: 701(195°);
| 74_(210°)3
(1i) Powdered lithium azide: 87 (185°);
82 (200°);

5.3.7 The effect of ageing on

55 (200°); 100 (205°);
96 (215°); 100 (220°); MEAN: 7%
85 (190°); 102 (195°)3

o1 (205°); MEAN: 89%5.

.the thermal decomposition

Lithium azide powder was sealed in a baked evacuated Pyrex

ampoule, This was blackened and stored for six months in a vacuum desiccator

over P.0_.

275

After this period of time the ampoule was opened and three runs done

 in the normal manner at 19500. 5.0 - 6.,0mg samples were used. Triplicate runs

were done on the "fresh" and"aged" material. The p/t results appear in TABLE

5.21 and the rate constants kl

(equation 5.2) for the normalised p/t plots,

lengths of .the. induction periods and the percentage decomposition appear in the

table below. The normalised pressure-time curves for "fresh" and "aged" samples

are illustrated in FIGURE 5.22,

Specimen Induction period Rate constant Percentage
(mins§ ' kl (minsfl) decomposition
Fresh 33 1.05 x 102 123
" 33 0.96 x 1072 104
" 35 1.06 x 10~ 112
-2 '
Aged 35 1.02 x 10 84




Aged 3% | 0.89 x 107 | T2

n 7 0.9 x 1077 &

5.3.8 The effect of ﬁsing Pyrex buckets for the decomposition
Normally a platinum bucket was used in the decomposition runs,
‘For some runs, it was necessary to use & Pyrex container. Two runs were done

using powdered lithium azide in Pyrex and platinum buckets at 1950C.

The resulting curves show no effect when different buckets are used. These

results are presented in TABLE 5.22.

5.3.9 The gffegtrof mixingvlithiﬁm‘azide with the solid end product

The mixing was done by decomposing a sample of lithium agzide
and adding to it some fresh sample, under.drywbox condifions.

(1) Pelleted lithium‘azide.' Approximately 2mg of product was
mixed with»5.3mg lithium azide powder and' the mixture was then pélleted in the
usual manner. A blank pellet, i.e. the Samé powdered lithium azide with no end'
product, was also ﬁsed, The specimens were decogposed at 195°C and the results
appear in TABLE 5.23 and FIGURE 5.23. It is seen that the‘induction period is
reduced from 29 mins to 19 mins and the rate constants k .

1
are 2,oo;x:10‘2 and 1.62 x 10'2'mins'l, for the blank and the specimen with end

for the decompositions

product, respectively.

(ii) Lithium azide powder., A mixture of 5.3mg powdered salt

and 1.9mg product were decomposed at 19500. The induction periods for the
"plank" and mixed specimens are 25 mins and 23 mins and the rate constants kl for

- p -2 -
the decompositions are 2.72 x 10 2 and 2,16 x 10 ~ mins 1 respectively.

These results also appear in TABLE 5.23 and in FIGURE 5.23. From the results it
is observed that the improved physical contact achieved through pelleting had a

more pronounced effect on the subsequent chemical reaction, in that the induction
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period was reduced by 34%Iin the pellet§d material and only 8% in the"powdered

azide. There is also a small decrease of the rate cogstants in both cages.

5¢3.10 The effect of'pellet;pg‘;ithium azide powder

The effect of pelleting lithium azide was studied. It was
found that no significent change in the rate of the subsequent thermal decomposition
resulted,fbut that the induction period was increased slightly from 25 mins to

29 mins. The reaction temperature was 19500.

The results for the p/t plots appear in the previous table (TABLE 5.23, Runs 2

and 4.) .

5.3.11 ViSual‘observgtiqns

(i) After a water interruption when the water vapour was in
contact with the undecomposed salt for 5 mins, the water in the trap (H) was
refrozen,. the vacuum broken and the trap removed. After melting the ice the .

liquid was. tested wittheCl3 (10% solution) but no positive results indicating the
3 - . .
hydrolytic reaction would be detectable in the water.

presence of the N ion were obtained, It was thought that hydrazoic acid due to

(ii) The brown reaction products after a decomposition were
placed in.a glass tube and a drop of water added. A vigorous reaction was
observed with a flame and the product dissolved completely to yield a clear

alkaline solution.

' (iii) Examination of the pelleted maferial after completé
decomposition showed the pellet to be dark grey-brown on thevsurface_and generally
.. patchy or. of non-uniform colour. Exgmination of a cross-section of the product
.pellet showed the interior to be uniformly brown. More detailed observations

appeéf in 5.3.12 when the pellet was observed at various stages of the decom-

pqsition'using the hot-stage microscope.
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-Interruption (during the cburée of thermal decomposition) and low poWer=
microscope examination of the powdered azide exhibited the following features at

the various points throughout a decomposition, The magnification used was 25X.

Point of ;gﬁgr;gptipg : Observatiqns
(i) End of induction period, = The material was white. No visible change

could be seen when the materisl was

compared to the unreacted salt.

(ii) Immediately after the end . The material had turned a uniform light
Qf the induction period, grey colour.
(iii) o = 0.28, The material was uniformly grey, No

distinct nuclei could be observéd on the

particles.

(iv) Inflexion point, ' The material was dark grey and uniformly
decomposed as above. No distinct nuclei

could be obsgerved.

(v) X = 0,75 ' - Powder was a dark grey;brbwn colour at

this stage, with dark grey particles
admixed.

(vi) Completion of reaction The material was dark reddish-brown and

of wniform colour.

Thp percentagevdecomposition for the interruption (vi) above
:vwas 95%. It was generally fodnd that for decomposition below this figure the
product had a nbneuniform;colqur and contained 1umps.and particles of dark grey
‘material admixed in the dark brown product, For the lower percenfage decomposi—
_tions fhe end product. contained more of the grey particles. |
Théﬁab0ve'OBSérvéfidnsmbn fﬁe“péfceﬁtégé;deCOmpSsitioﬁ”appliéd”to“ﬁatériai“given.
“%;tef intérfupfi;hs“ énd fhé‘éﬁd product after successive interruptions along the
induction period variéd from grey to dark grey and of uniform colour generally.'

3
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5¢3.12 Photomicrography of pelleted lithium azide
Pelleted lithium azide wag studied as poor thermal contact
with the heating element and of the particles themseives gave erratic

decompositions with the powdered salt, : -

The hot-stage mlcrescope and illuminator used have been described in 4 1. 2 and
the sample. handllng and loadlng of the hot-stage have been described in 4.2.7.
’The“method.and”details,of the photographic technigues are also given in the

latter section.r

4 Initial,attempts,using 8 fiat heating element with the thermocouple situated
directly beneath thls, gave unsatisfactory results. It’was observed tbat to
obtain the temperature of the heating element the thermocouple bead had to be
" in thermal contact.with the element.' This was done throughout the course of

" the work using the hot-stage,

Tantalum metal wasqsbaped into a box-like eontainerbwith no 1lid initially and '

" this used as a heatdné element and container for the pellet. The tantalum .

- used was 0,010" thick and the box had dimensions 6 x 6 x 2,5mm, Using this
.beatingmelement,‘erratio thermal‘decomposition of the lithjum azide pellet was -
,.achieved,\at“h:UZOOQQé" ‘A lid was:then placed so that this was in oontact with

=“the.pe11etnand,inteleetricalneontact_with two of. the walls.of tne e;ement; A

1.5mm"hole in the lid permitted viewing of a section of the pellet surface. -

Adjusting the‘temperature.to an initial value of 19500,;va1ues for the

.induction period of the salt at this temperature were in‘agreement with the

: Mvalues determined in the normal manner, but the reaction rate was well.below
_ the expected value, It was noticed however that the temperature dropped with

. increasing gas,_(n2), pressure and had fallen by more than 40°C during the

course of & run. It was found that if the pumps were kept in the line, the

temperature remained constant, The temperature was independent of the gms

pressure, if this pressure was < 2.5 x 10™ -3 torr.
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The “diffefentiai" method bfvrecording the progress of the decomposition was
therefore adopted and proved to be satisfactory and was used for all.subsequent
.deferminations. This method has been described in 4.2.7. Values of dp/dt
were obtained and a dp/dt vs time graph plotted. A "blank" run done at the
same temperature using the conventional decomposition chamber gave an'infleiion
point at 79-80 mins at 197°C.> The hot-stage determination at thé same

temperature gave the inflexion point at 76~77 mins which was in good agreement.

When observing the érogress of the thermal decomposition the 60 watt Ultropak
illuminator ﬁas found to drastically affect fhe specimen; At 19500 with the
illuminator at full intensity affer}lo mins the section of pellet illuminated
turnéd v dark,orange—brbwn in:colour and the rate of the reactionlwas greatly
,.enhanéed, ﬂTriai rﬁns showed that if the Ultropak was uéed'at 2/3 the normél
amperage.(4 amps),and viewing was done for short intervals of time no effect

-.of the Iight source was detected on a thermal decomposition.

The effect of illuminating a pellet of lithium azide for 1 hour with no
hegting, using the Ultropak at full inténsity,is shpwn in PIGURE 5,24 and the
results given in TABLE 5.24. The temperature for this run and a blank run,

both done in the normal decomposition chamber was 1950C.

During the thermal decomposition of a pellet of the salt, dp/dt readings were
recorded and photomicrographs taken at various stages during fhe reaction. The
photomicrographs were taken with a 2 sec. exposure. Visual observations were

_also noted during the coursé of the reaétiop and the colours of thg pellet and

decomposition areas and nuclei noted.

Plate 1 shows the photomicrographs of the thermal decomposition of pelleted
lithium azide, at 188 = 2°C. Magnification was 65K, FIGURE 5.25 shows the dif-
ferential plot and the arrows indicate whére the photomicrographs were taken. .

TABLE 5.25 contains the results,

. L '
The series of photographs in plate 1 yield the following information (In brackets

!
\
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fér comparitive purposes is the exposure time in secs, used to print the
‘negative, at a constant light intensity from the enlarger, for the series.
The time of exposure had to be reduced with progressive decomposition as
contrast decreased on the negatives due to the diffuse dark background and

dark nuclei).

(&) The photomicrograph shows the unreacted pellet surface viz t = 0. This

was seen to be uniform and pure white in colour. - (14)

.(b) After 89 mins it is seen that the pellet has darkened generally to a grey
‘colour with the appearance of dgrk greyablaCk centres of deéomposition.
The photomicrograph represents reaction shortly after the induction period.
It was observed that no visible reaction occurred until this point, when

the reaction progreséed rapidly with the_darkening of the pellet. (14) .

(c) After 109 mins. when the reaction was in the acceleratory period; the
surface had darkened considerably and although very few extra areas of
decomposition could be discerned, those originally present were observed

to have increased in size. Merging and overlap were noticed. (10):

(a) Mosaic pattern began to appear at 128 mins G~'ck= 0.35) and the decomposi~-
tion areas appear to have overlapped to,a large extent., The diffuse areas .
i : :
(parts of the pellet surface which have generally turned a uniform grey)
increased in size and intensity. L (10)
(e) Extensive overlap of dark areas of decomposition and a further increase

in the intensity of the background is seen. ' (10)

(f) The photomicrograph shows the reaction at the surface at the inflexion
point, after 147 mins. and the sufface is seen to be almost totally
dark. _ , | - (8)

(g) There was no increase in intensity of the surface colour, but complete

reaction appears to have occurred at 165 mins. The mosaic structure is
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clearly visible, | ‘ _ (8)

(h) The photomicrggnaph shows & higher magnification,\(llOX),'of the mosaic
stfucture at 180 mins i.e. well “into the decay period. The surface was
dark browﬁ;black at this point and no further'change in the surface was

noticed during the remainder of the decomposition. (8)
5.4 . DISCUSSION

The reproducibility of~the isothermal decompésition of both pelleted
and powdered unirradiatédilithium»azide was highly satisfaétory, The ﬁ/t plots
showed an initial period during which ﬁo gas evolution was detectable, followed
by an/acceleratory periqd described by, the-Avraii-Erofeyev equation with ﬁ =3
and then;final;yza,decay”period‘conforminé to the QontractingJSphere,formﬁla. N
The degree of fit of the mathematical equations was the same at all temperatures
and there was little change in the vélue of'°(i s the fractionai decomﬁosition
corresponding to..the inflexion ﬁoint in the p/t plots.

In the study of the“thermal4decomposition of several azides<l4’108’109) the

péwer law has genérally been used to deéc;ibe the topochemistry of the
‘deCOmﬁosition. However, this equation, whilé describing centres of decomposition
or growth nuclei, which are increasing in nﬁmber‘according to a fixeq}power
“of.fime and growing 1, 2 or 3-dimensi§nally, takes no account of o&erlap of
nuclei or ingestion of nuclei by eacﬂ other. Avrami énd Erofeyev(57f59) made

such allowances and derived the equation which has previously been discussed

namely:

Eln (1 -o(zl = kt® + C (5.4.1)

where k,ic‘andmn“are constants, the value of n being the sum of two integers,
one relating the diﬁensional growth of the nuclei and the other the rate with

which they are formed with time. The equation has been used in this work in
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the forms

,...[-1og'(14-0<)]1/n = kt--o-: C tiirarnecanse. (54442)

The intéger n was found to assume the vglue 3‘for the decomposition of both
powdered and pélleted.lithiuﬁ ﬁzide,.when the equation was applied to thek

vaccélerétory.period. (For comparitive pufposes when n = 3, the rate conétant
k has been numbered kl and when n = 2 (see Seétion 6,7,8) the rate constént

was numbered k2). The degree of fit using n = 3, was over the whole of the

acceleratory period, namely 0.05 < X <0,50,

. For small values of «, In(l ~ )= and thus &= l_c'-t3 cen be expected to

/3

fit the early part of the main decomposition. The plot of p~ versus.t is
a straight line over the range 0.02< & <0.25, indicating that overlap and

ingestion are not significant up to &= 0.25 (FIGURE 5.14). ..

'The value of n =.3 in the Avrami-Erofeyev equation can be ascribed to one of

the following types of nuclear formation and growth:

(i) one+dimeﬂsi§nal growth of/nuclei, increasing invnumber with the
square’of time,
- (44). twofdimensional growth of nﬁclei, increasing in number 1inearly;ﬁithh
time, |

(iii) three-dimensional growth of nuclei from a fixed number of centres.

- It is proposed'that the possibilities (i). and (ii) are unlikely and nuclear

growth is considered to be twofdimenéignal, with the numbervof nuclei increasing

linéarlygwithitime.

Péssibilityr(i)fis considered unlikély because of the relatively high value of
og and the épplicabi;ity of the contracting sphere formula in thg decay region.
_ The effécfiéf interrupting the run before the decay period, destroying the
surface nuclei by the admission of water vapour and then conﬁinuing the run

was to reproduce the induction périod and reduce the rate constant, kl. These
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results contradict thé possibility (iii) since destruction of the fixed
number of nuclei at the time of interruption should destroy the reactibn,.or

at least cause any new rate to be very different from the original value.

Metallic nuclei were not present at the commencement of he;ting since admission
. of wafer.vapou? (5 mins and 30 secs) at t = 0, on both the pelleted and

powdered lithium azide,:had no efféct on %hé.subsequept thermal decoﬁposi?ion

,othef than lowering the final pressure. It is thought fhat this reduction in
percentage decomposition was the result. of partial hydrolysis of the azide.

.The effect of water vapour on the decomposition at any time after t = 0,. \ :
- indicates that,thg nuclel are metallic ones, as the reaction is returned to'

. zero time, .It is considered that the nuclei{are surface‘ones, as are fofmed
during the decomposition of ti.v.-;rraaiatéd- lithium azide, (Section 8).
, Similarities‘in,thé decay reactions for the unirradiated anduU;vleirradi&ted _ ;
material tinditaté similar. topochemigtrit ofi nucleatidn, whigh: ﬂras:n:céncbusi.vdy

béhOantO be largely confined to the .surface. of the déccmposing;particles of

U.V.-irradiated lithium azide. -
These are discrete nuclei in the initial Stages of the acceleratéry period,
but as the reaction progresses independent growth of the individual reactibn

centres is no longer ensured and overlapping occurs as indicated by the use

of the Avrami-Erofeyev equation, over the acceleratory period.

The fall in k .after intefruption and admission of water vapour can be

17
attributed to the de-activation of certain areas of the particle surface.
The rate constant, k., , is dependant on the number of nuclei at the start of

the acceleration and a decreasevin this number will reduce the value of kl.

The decay peribd commences when the two-dimensional surface nuclei touch and
the surfaces of the small particles are covered by reaction product. Reaction

proceeds inwards with the reactant/product interface taking the form of a

contracting envelope as shown by the fit of the appropriate equation.
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Turning from the analysis of the topochemical nature of the decomposition to
the mechanism of formation and growth of‘nuciei,the sites at which reaction
commences muot be considered, The deoomposition of solids is governed by
the formation.and’growth of nuclei and these have often been observed and
photographed. They are gonerally formod on the external surfaces and to a

lesser extent, within the crystal.

Clustering maj.be observed, or the distribution of tho nuclei maj suggest
places where formation is preferred. These preferred positions arellikely to

be localities onwtho surface of the'?artiole, such as surface cracks or lines
of strain;.wherevdisorganisation or mechanical damage has taken place and where
there is a higher thermodynamic instaﬁility end unsaturation of cohesive forces.
,,A.theoréticalstreatment of the formation of nuclei at such sites.in the thermal
decomposition of barium azide, was put forward by Thomas and Tompkins(108).
It was proposed thatwtwo adjacenf azide groups on the surface are electronically

- excited by‘receipt of sufficient thermal energy and these decompose to give

nitrogen,

An emergentwedge diolocation, either isolated or in é grain boundary terminnting
at.the.surfaceuwiithave‘a core near which the lattice is severely strained and
thus é‘region favou;ing decomposition is present. The chemical potential and
the stereochemicalﬁénvironment of ionic species in the immediate'vicinity of

tho dislocation differ from those of similar species at "jdeal” lattice sites,
Thomas_and’Renshaw(%) have studied the proférential dééomposition of calcium
carbonate at régions of emergenoe of disloootions and Singh(6) has discussed
decomposition at préferential gites on the-surfaoevof'glowly decomposing
norcury fulminato crystals. Bowden énd McAuslan(5) have studied the slow
surface decomposition of metallic azidos using.the écanning electron microscope.

(125) /

Jach has also discussed decoﬁposition along dislocation lines and

Dreyfus and LeVy(l77) showed that decomposition of ¥ ~irradiated potassium
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azide, occurred at preferential steps on heating, produced by subjecting the
qrystal_to shock ' or strain, Such steps will contéin a large number of

dislocations.

The stresses induced in lithium azide during preparation (dehydration, pelleting
and grinding) will have generatéd a large number of dislocations which will

have grouped to form high angle grain boundaries. It is highly probable
-that a large number of incomplete planes of edge aiSlocatioﬁs in an emergent

. .grain boundary will contain only azide (N3”) or 1i ions, 'The decompésitisn of
“”tWOwadjacent_azide'ipns'at the core of a disloéation will be faﬁoured,

particularly if they both lie on the sﬁrface.

. Two adjacent azide ions on the suﬁface decompose when these are electronicaliy
. excited by'receipt of sufficient thermal emergy, to give nitrogen and two
electrons. The ions are considered tQ be at points of strain on the su:face;
. .resulting from the method of sample preparation. The ﬁnsaturation of
‘cohesive forces at these points facilitates the reaction and a slow sﬁrface

decomposition resultss

N5~ + Nz~ ——3Np 4 26 ooveeiineienenneninne (50403)

Lithium atoms will be formed as the lithium ions combine with the freed
. ‘electrons. . These Li atoms on the surface of the particle will be initially

at the interatomic spacing in LiN,, but after formation they will diffuse over

39
the. surface and, at a critical concentration, they will crystallise to form
lithium metal, with the»associafed electronic properties of a metal. Work oh
. the structure and pr&perties of thin films of metals(l78) indicates that the
structure of a metal in a thin'film is that of the bulk metal and that
pseudomorphism“;s not shown except by eléments with a high degree of homopolar

.bonding e.g. Bi and Ge. Films are formed by lateral growth of nuclei and may .

become continuous at thicknesses as low as 503. The character of the
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conductivity of such metal:films corresponds very closely to that of the
@assive metal. Thus it will be possible for a very thin 2-dimensional metal
ﬁucleus with the electronic properties of.the bulk metal to form on the

surface of the particles at discrete centres,

Thus in the decomposition of lithium azide, the reaction is assumed to occur
-at. strained areas and at points of damage on the crystal suffa%sy With the
pelleted material,;which is regarded as a composite of crystaliites,:reacfion
wili occur in thé bulk of the pellet and on the external surface. The.
..particles comprising the pellet behave as if they were isolated particles.
The activation energy for the process of nuclear formation in pellets

. (24 k.cals/mole) was found to be slightly greater than that found for the
;powdered material (22 k.cals/mole). This difference_may be due to the
formation of pockets of nitrogen in the bulk.bf the pellet. Thus an

. activation energy of diffusibn will exist in gddition t§ that for the

described reaction.

Pelletiﬁg powdered lithium azide was shown to lengthen the inductioﬁ périod
from 25 to 29 mins., which also lend support to the theory fhat the ni£rogen
during this stage of the decomposition was hindered invéscaping from the bulk

. of the pellet. Thezinduction-pefiod was arbitrarily taken as the time for

ithe reaction to give a gas pressuré Qf 1x 10—2 torr. It is also seen from the
ﬁhotomicrographs (Plate l), that during.the early stages of the réaction the
prellet surface remained uniformly Qompact,‘while during the acceleratory period
. a "mosaic" pattern appeared as the surfaces of the particlés constituting the

pellet decomposed.

The failure to detect nitrogen during the induction period with the pressure
gauges used, was probably due to absorption of the gas on the véry large
surface of the particles of powder or, as suggested by Torkar and Spath(33)

in the case of barium azide, the sensitivity of the McLeod gauge used was not
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sufficient to record small pressure differences over the induction period.

For reasons considered later, the rate determining step over the induction
period is proposed to be the diffusion of lithium atoms over the surface,

to coalesce and form metal nuclei, The activation energy of 22 k.céls/mole,
associated with the induction period correpondé to that for this change in

the powdered azide,

The mechanism for the formation of nuclei has Been supporfed by the "water
interryption" experiments. Exposure of both pellets and powdered 1ithium
azide to watér vapour at F = O‘had no effect on the subsequent thermal

decompo#ition, indicating that at t = 0, ﬁo metallic nuclei or metal atoms

179 founa that

were present at the start of the decomposition. Reitzner
the thermal decomposi tion of oca.l.ead azide was affected by water vapoui‘, due
to deposition of a basic lead azide and the poisoniﬁg action of the watervvapour 
on the autocatalytic lead nucleifv Young(lao) has reported that hydrolysis
followed_by'expOSure to 002 was also responsible for nucleus~retarda£ion in

the . thermal decomposition of a-lead azide.

It was observed that the final pressures were lower than was expected on
exposiﬁg lithium azide to wafer vapour and this is attributed to partiel
hydrolysis of the azide. This was supported by exposing both powdéred and
peileted lifhium azide té water vapour for 5 mins at t =0 when the final

pressure was found to be lowered even further,

The deposition of hydrolysis product on the surfape of the particles did

not appear to create regions of strain or sites of preferential decomposition
as no effect on the subsequent rate of thermal decomposition -was observed.
The fact that the induction period was repeated shows that the watef'vapour

attacked only the metal atoms and did not affect the "thermal sites"

(i,e. reaction initiating points), at which the reaction:
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N3“ + NB_’ '—_5 3N2 + 26 IO’..C.'DQO#‘.'[.DQ..I (50403)

occurred.-

- Interruption at the end of the iﬁdﬁéfion period, did not have the effect of
,.fepeating the induction period,. in the case 6f.pelleted azide. Increasing
thg time of éxposuré to water vapour, to 5 mins., had the effect of
producing a longer induction period (21mins) than breviously obtained, but
this was still shorter than that for the uninterrupted run (58 mins), The
water vapour.largely destroyed nuplei sifuated oﬁ the surface of the pgl;gg
lea&ing a number in the buik of thé meterial intact. The increased exposure
. time to water vapour, allowed an increased amount of penetration into the
pellet and it is observed that the length of the induction period after
.interruption at.thé énd of the induction périéd was longer for the 5 mins;
exposure to water vapour, whgn decompdsitioh was resumed; The shofter'
inductionvperiéd obtained with the pelleted azide on resuming reaction can
be expeéted if a number of growfh nuclei gre sfill present in the bulk of
the material and reaction commences immediately on heating but at fewer
centres. After.successive water interrupfions aloﬁg the inductionvperiod,

the rate of the subsequent reaction was lowered significantly. -

Sucqéssive water interruptions along the induction period, on powdered azide,
had the effect of destroying the nuclei each time and so returning the
reaction to zero time. It is therefore conciuded that there must be a very
.large number .of poténtial sites for nucleus formation. "True" induction
periodsvwere‘ﬁdt found with the pelleted material however, for as

explained above, the water only destroyed sufface nuclei., 'These experimehté '

clearly illustrated the vital role played by the lithium metal during the

decomposition,

There was no effect on the duration of the’ induction period when powdered

azide was decomposed after admixture with end products (11 metal, finely
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divided). This may be expected as thé added metal was nqt incorporated in
the:mAtrix of the decomposing lithiumfazide.. However, a 30% decrease in the
dﬁfatioﬁ of. the induction pgfiod was observed when the end products were

. pellefed with azide énd this decomposéd, This may be expécted aé the

physical contaét is greatly inoreased.

From the prqposed theory of thé mechanism of nuclear formation, it would be
expected that no colouration of the powdered or pelleted lifhium azide |
should-occur‘before the nuclei had fofmed as a result of thé‘lithitm'aéoms

. coalesciﬁg,i.e,”dﬁring(the induetion period, The photomicrography and

visual observations showed this fo be the case and no colouration was
observed up t0 the end of the induction period; JImmediately after this

point, when gas was detectable at the cbmmencement of the acceleratbry'period,
<thevsalt,darkened aﬁd areas of decomposition were observed in the photo-

micrographs.

Interruption of the reaction during the induction periqd by cooling to room
. temperature, had no effect.other. than a s@all.ﬁarm—up time indicating that no

thermal energy chains were involved in the changes during the induction period.

.. At the end.of'the induction period growth of the nuclei commences and the
reaction accélerates. During this pefiod reaction occurs at a’raéidly
exfanding metal/salt interface end at an increasing numbe? of npclei. Thus
& measurable amouﬁt of nitrogen is evolved at fhe éommencéﬁeht-of the
aéceleratbry yériod and this 'is considered to result from a reaction
-involving the tfansfefwof an elecfron from an azide idﬁ, (N35),.into the

- lowest vacant level (condugtion band) of the metal nucleus. This is
analagous. to the mechanism postulated for barium azide byiThomas and

(108) (74)

Tompkins , after modifying Mott's original theory involving transfer

of an electron to the'conduction,band.of the crystal which is an energetically
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- higher process. This transfer results in the fofmation.of a positive hole
(azide radical)_which'is stablé to decomposifioﬁ. This hole may then regct’
‘with an gdjacent azide ion wﬁen the latter receives sufficient thermal
energy‘to raise one of its electrans to ah excited state with the p;bduction

of 3N2 according to the equation:
[N3~]* + NE'—'—* 3N2 + A"‘ F .!lﬁ...:‘.!-un.e?i uuuuu (5a4n4-) ‘

T)* is an excited

3

anion, . The E—centres-combine to form an P-centre complex which is bound to

where A is an anion vacancy and F an F-centre and [w

the nucleus,.

‘The rate determining step in the reaction ié‘éonsidered to be the elevation
of.the electron to the conduction band of the metél nucleus. The measured
activation eneféy*for growth (29 k.calé/mole for pelleted material and |

28 k.cals/mole for powdered lithium azide) is proposed to be the“aetivation

energy of this reaction,

Thomas and Tompkins.report a value of 29 k.Cals/mole for this activatidn

. energy .in their'work on nucleus growth in barium azide and Prout and

(3)

Moore report a value of 27 k.qals/mble. The corresponding values for the

decompositidn of strontium and calcium azides are 25 k.oals/mole(139) and

(48)

27 k;cals/mole , respectively,

The importance of the metal»nucieus duriﬁg the acceleratory period (auto~
catalytic nature of the decomposition)’has been illustrated by “Water‘
interruption" experiments. It was found that exposure to water vapour

(30 secs) during the accelerafory'period, destroyed the reaction and a new
inductidn period of equal length as that foﬁnd for the uninterrupted salt,
resulted. The rate constant kl for the subsequent accelerafory period was

seen to be lowered and this is considered to be due to the removal of

potential nuclear sites by the water vapour, when already growing'nuclei
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were destroyed,

Interruption at _the inflexion poiht in the p/t plot and at greater values. of
& destroys all furiher.reaétion indicatin;;that no new growth nuclei are
poséible after this_pdint of the reaction.‘iReactiqq ceases when the lifhium
which‘totally covers the particle, is destroyed and even though a surface of
‘azide at the original azide/metal intgrface'is present, fresh nucleation
‘cannot occur, From this it can be concluded thet the original (potential)
,Isites for the formation of nﬁclei are on the external surfaces and are at
energetically highly favoured points which_afe not present at the new

_interface,

_.The;photomicrographs of the decomposing pellet showed that a mosaic,
“honeycomb-like" structure developed during the acceleratory period. A
contraction in the sige of the particles-compfising the pellet would produce .
.Jthis.effect.and‘fhé_reaction during the acceleraféry period would be
.equivalent.to. the decomposition of the powdered material. ‘The similarity
‘,foundnfornthe.acfivation energies fdr the powdered and pelleted matérial

is thus . not unexpected,

(64)

Galwey and. Jacobs reported a change in the exponent from 4 to 3, in
the Avrami~Erofeyev equation, when studyihg the thermal decomposition of
powdered and pelleted aﬁﬁonium pefchlorate. They attribute this change to
the fact that. the particles are heavily compressed together so that fhe
reaction cén spread from particle to particle and nucleation is therefore
'relatively unimbortant, They also report an increase in_the activation
energy for nucleus growth on pelleting, of 8 k,cals/ﬁole. ﬁy analoéy iﬁ'the
case df'lithium azide, as no. change in the actiVation energies‘or value of

~ the exponent.n was observed on pelleting, the assumption that the pellet
consiéts of a mass of individual particles, decqmposihg_independently of

one another, is-justified,
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Interruption'w@th water vapour in the acceleratory period resulted in short
induction periods (12 - 14 mins) followed by a reaction, with kl reduced
slightly, in the case of the pelleted material. Tﬁis indicates that

. although the nuc;ei are destroyed, a considerable number are not affected
by the-water vapour and the ensuing reagtion is due fo these pﬁclei._ The
reduction in the number of nﬁclei would account for the lowering-of the rate

constant,

Here again the absence of any effect when the reaction is stopped by cdoling
. to.room temperature during the acceleratory'and decay periods shows that no
thermal energy ohains'are involved in the growth pvogéss in both powdered

and pelleted lithium azide.

Fr§m photomicrograéhs and visual_obserwations of the pelleted azide, it is
seen that. darkening of the\pellet surface began in:the early stages of the
~acceleratory period, indicating that metal centres are necessafy before
.acceleratién of the reaction begins. Parficular centres were observed to
.growfand,become darker., This is considered fp be the result of very small
nuclei qverlapping and-coalescing to form these darker fegions; The
magnification used (65X'and 110X) was not high enough to_distinguish

. dndividual nuqlei.. The areas of decomposition were obsefved to increase in
number with.timevsupporting the choice of (ii) eariier. The nuclei are also
- formed inside the pellet, consisent with the picture of the pellet consisting
of particles-presééd together and reaction occurring on the individual
particles, At the point at which marked decay of the reaction Qécurs, there
_.is-considérable coverage of the pellet surface by product. No further change

is observed from this point to the completion of ‘the reaction.

‘The .decay reaction commences when the surface nuclei touch and reaction

takes place at the contracting interface. The mechanism here is similar to
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- that occurring during the acceleratory period since the aétivation energiesv
associated with these two processes are approximately the same, for both
pelleted and powdered lithium azide (30 k.cals/mole and 29 k.cals/mole
respectiﬁely). It is proposed that if nucleation occurs only on the
surface of the particles in the powdered and pelleted azide, then in the 
decay stage of the reaction whgn the nuclei have so overlapped as to form a
continuous interface with theﬁsalt, penetration of this interface into the
particles: OCCUTrsS, _It is-expected that é mechanism ofbthis nature would be
described by the contracting sphere formula, |

2) ' .
(7,20,89,181,182) have reported ageing effects in inorganic

. Several -workers
azides anduother.inorganic salts. Comparison of‘the normaliséd rﬁns for the
decomposition of fresh}powdgred lithium-azide and‘aggd (6 months) material of
_tﬁé same ground batch, showed no difference in the rate constants kl and k3,
. for the acceleratory and deeay'periods respectively and the.duration of the
inductionﬁperiods’ﬁas the same in both‘cases; It was ¢bserved,>however,

that the final ﬁressure was approximately.Zo%fldwer for thevsgme weight of
éged,,as fof the fresh.material, Thermal annealing, under the:conditions
used, had no effect on the rate Qf the reaction or the percentage

decomposition. These results on ageing indicate that changes do occur in

 the material over 6 months,

It is considered that physical ageing (disloqation and point defect movement )
takes place and that the percentage decomposition which was 20% lower than

normal, was the result of part of the LiN_ not decomposing at the reaction

3

temperature used because of the absence of nucleation.

Possible contributory factors to the high degree of irrepfoducibility of

decomposition found with the newly prepqred salt, were thé presence of water

'vapour, oxygen and light. These were_systematically eliminated with no
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improvement in the reproducibility. The decomposition was reproducible,

only when the techmique of grinding, pelleting and then grinding, was

adopted.

It is considered that the 1ithium azide as initiélly prepared and as ground
material, was inhomogeneous with respect to physicgl imperfections and that
felleting and subéequeﬁf grinding.had the effect of introducing large nqmbers
of crystal defects homogeneously distributed in the powder, It iskreasonable '
to presume that grinding and pelleting will be similar to cold-working of

(183,184)

metals which produces & high concentration of vacancies and

increases the number of dislocations(lsﬁ’lsé), There will also be the
accumulation .of dislocations to form new high angle grain boundaries, Steps -
will be formed at the sﬁrfaces of the particles and .in general a highly

" damaged salt will be produced with a high concentration of point apd line

defects,

It was obéerved that when the reproducible poWdered lithium azide was pelieted
and then decomposed, no significant change in the reaction rates for the
acceleratory and decay periods was observed, indicating that maximum damage had
‘been achieved.thfough one éycle of grindiﬁg, pelleting and then grinding. |
.Similafly,‘severalvpelleting and grinding operations, maintaining a |
constancy in the. conditions used, had no significant effect on the subsequent

induction periods and rates of reaction.

_ It was observed that vgriatidn of the grinding time, after the initial
pelleting,brought.about a decrease in the rate constént during the acceleratory

v”period.and an increasé in the length of the induction period. These resuits

. can be explained if it ie assumed that the;particle gize before the first

. pelleting is not achieved again in subsequent grinding where the time of

grinding is maintained constant. - The particles may comprise agglomerates of
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the 'small particles, which will decompose as if the constituent particles were
separated. Increasing'the grinding time will result in smaller particles, the
existence of which will produce the effeéts found ivaampel's theoretical
analysis of nucleation witﬁ varying pafticle gize is accepted. He showed(187)

that theoretically the rate could be expected to pass through & maximum as

the particle size decreased,

It was postulated that this happened becauge the acceleratory period only |
lasted until a short time after overlap of the growing surface nuclei and

this happened sooner with smaller than with larger particles. This effect

is bélanced by the greatJihqnease in surface area as the particles decrease in
size unfil a certain critical value is reached, when overlap occurs SQ

quickly that the deceleratory part of the decomposition starts‘mubh sooner

and the maximum rate then drops.

(182,1885190) when the

Such effects have heen reported‘by otﬂer workers
reaction rate was obser#éd to pass through a maximum és-the particle size
decreased. In the decomposition of lithium azide the absence of a-steadily
increasing rate with increasing grinding, brior to a fell in the rate, is
attributed to the severe grinding of the lithium azide in 10vsecs by the
R;I.IAC. Grindex, .s0 that rates were recqrded approximately frgm the

critical point in Mampel's theory, onwards., The results of this series of

runs is good evidence in support of the theorye.
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6. THERMAL DECOMPOSITION OF LITHIUM AZIDE PRE~IRRADIATED WITH y-RAYS
: )

6.1 PRELIMINARY TNVESTIGATIONS

6.1.1 Pelleted 1ithium azide

Irradiations were done in sealed, blackened and evacuated
Pyrex ampoules as has been described in 4.1.4 and 4.2.3., Initial irradiations
with doses of 1.0 and 5.0 roentgens (1 M roentgens = lO6 roentgens),
(characteristic doses for previous studies on thé effects of y-preirradiation
on the alkali metal azides), proved to be too large and even at temperatures
3OOC lower than the lowest temperature (17OOC) used for unirradiated decompo-
sitions, the reaction was too faét. The induction period-was completely
eliminated and rapid decomposition, Virtually explosion, occurred at‘t=l—2 mins,
The p/t plot for the thermal decomposition of pelleted lithium azide (prenirradiated
 with 5.0 M roentgens) at a low temperature (110°C) is illustrated in FIGURE 6.18.
The induction period for the unirradiated material at this temperature was found
by extrapolation of the plot of log I.P. against 1/T (°K), (FIGURE 5,16'), to be
approximately 13 days. The induction period for the run at_llOoC of pelleted

~azide pre-irradiated with a y-ray dose of 5.0 M roentgens was found to.be 25 mins.

The effect of SOO.roentgens y-rays on pelleted material is illustrated in

FIGURE 6.1. The reaction temperature was 19O°C° The p/t plots show a marked
decrease in the length of the induction period followed by the introduction of a
sigmoid reaction and a secondary acceleratory and decay stage. The "initial"
reaction was of short duration compared to the time for the decomposition to go to
completion at the reaction temperature used. The same material that was pre-
irradiated with 500 roentgens was used as a blank run for comparative purposes.

These results appear in TABLE 6.1.
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6.1.2 Eowdered 1ithium azide

As éeen in 6.1.1, dgses of the ordei of M roentgens proved
unsuitable. Accordingly, powdered lithium azide as was used throughout Section
5, was irradiated with a y-ray dose of 15000 roentgens. The effects of~ﬁre—
irradiﬁtion with this dose of y-rays on ﬁhe“subsequent thermal decomposifion
of lithium azide, together with a blank unirradiated run, appear in FIGURE’6.2
and the results are tabulated in TA?LE 6,1, The reaction temperafure was 190°C .

and approximately 5.0mg samples were used.

It is seen that pre-irradiation with‘l5000 roentgens at the reaction temperature
used, drastically affected the thermal decomposition of powdered 1ithium azide.
Pre-irradiation had the effect of eliminating the induction period and greatly
increasing the rate of the reaction; The é/t plot was observed to be siémoid;

as was found for unirradiated pelleted and powdered lithium azide in Section 5.

6.2 REPRODUCIBILITY

6.2.1 Pellete ‘1;thium_azide

Pelleted lithium azide és used throughout Section 5 was
irradiated with a y~ray dose of 15000 roentgens, The p/t plots for two runs at
175°C are shown in FIGURE 6.3 and the results are tabulated in TABLE 6.2,

‘Approximately'4.6mg pellets were used.

The reproducibility which was found with this type of unirradiated material,
was not found, It was observed that double-sigmoid curves as reported above in -

6.,1.1 were obtained.

In an attempt to overcome this irfeprqducibility;the material used for pelleting,

i.e. ground lithium azide (Vibration Mill, 10 ﬁins); was irradiated with a dose of

5000 roentgens and this material then pelleted in thevméthod described. previously.
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Two runs at 19000 are illustrated in FIGURE 6.4 and the results presented in
TABLE 6.2. The runs were not reproducibile. One pressure~-time plot is seen to
have the two pronounced acceleratory periods characteristic of the irradiated,

pelleted lithium azide described-in 6.1.1, while the other p/t plot does not.

It was decided to abandon attempts to obtain reproducible resulis with y-irradiated

pelleted lithium azide.

6.2.2 Powdered lithium azide

AN
" The powdered lithium azide used was the same as was used

throughout Section 5, Irradiation of the salt with a dose of 15000 roentgens

y-rays yielded reproducible results for the thermal decomposition.

'This was particularly satisfying as this enabled comparison with the previous

work on azides where only powdered material had been used.

Four runs at 170°C are shown in FIGURE 6.5 and the results presented in TABLE 6,2,
The pressure-time plots are seen to be smooth and sigmoidal. The induction periods

were found to be 9,9,8 and 8 mins in duration. The rate constants kj (equation

5.2) for the acceleratory period were calculated to be as followss

Acceleratory period: 2,07 x 10°2; 1,98 x 10?2;

2.04 x 10_2 and 2.08 x 10—2/ﬁin re;pectively.
6,5 RESULTS (POWDERED LITHIUM AZIDE)

ON ACCOUNT OF THE IRREPRODUCIELE NATURE OF IRRADIATED PELLETED LITHIUM 'AZIDE‘,_
ITlW_AS DECIDED TO CONFINE THE INVESTIGATIONS OF THE EFFECTS OF y-RADIATION ON
THE THERMAL DECOMPOSITION T0 POWDERED LITHIUM AZIDE. SOME INVESTIGATIONS OF
THE UNUSUAL P/T PLOT OBTAINED WITH IRRADIATED PELLETED AZIDE VERE INVESTIGATED

HOWEVER AND THESE RESULTS ARE REPORTED IN 6.4.
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6.3.1 The effect of varying doses of yrirradiation

The éffect of an increaging doge of y-rays on the subsequent
thermal decomposition of lithium azide is illustrated in FIGURE 6.6 and the
p/t values appear ianABLE 6,3;' The decomposition temperatqre was lowered to
1700C (from 1900C - 19500 at which most of the previous runs were done on
unirradiated 1ithium azide) due to the extreme sensitivity of the azide to
y-irradiation. The decomposition temperature (lVOOC) was constant throughout
the series. The 7—ray.doses used ﬁere 10, 50, 250, 500, 1500, 5000, 15000 and

700000'roentgens.

A marked decrease and virtual elimination of the induetion period was observed
for lafge doses. The inflexion point was at « = 0.35 approximately throughout
the irradiated series, The acceleratory and decay rates increased with

increasing dose.

The accéleratory rate constants kl (equation 5.2) together with the decay period
rate constants k3 (equation 5.3) and the induction periods (ﬁins)tfor the |
various pre-irradiation dpses.are given in the table below. The rate constants
for the decomposition of the wnirradiated salt at this temperature were

obtaihed by extrapolationtof the unirradiated actiVation energy plots.

DOSE INDUCTION PERIOD |  ACCELERATORY RATE IECAY RATE
(roentgens) (mins) CONSTANT, 1k, CONSTANT,
(mins’l) . 53, (mins™1)
1 , -3 a3
0 120 2.34 x 10 2.19 x'10
10 86 2.51 x 1072 2.27 x 107>
50 61 3,66 x 107 2,85 x 107
250 | 33 , 8.25 x 1077 3.95 x 107
500 25 1.5 %1072 6.35 x 10
| -2 | 4 -2
1500 12 1,39 x 10 1.25 x 10
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5000 9 1.62 % 1072 2,06 x 1072
15000 7 | 2,55 x 107° - 444 x 1072
700000 2 - i

6.3.2 [The effect of varying the temperature of decomposition

The mathematical equations applied and the rate constants

derived in this part of the work are discussed below in 6,3,3 and 6.3.4,

The critical increments for the chemical process(es) occurring in 1ithium aﬁide
pre-irradiated with a y-ray dose of 15000 roéntgens were determined using the

‘individual and split-run techniques.

The activation energies associated with the acceleratory and decay periods were
determined using the individual runs méthod, while the gplit-run technigue was
used as an additional method of estimating the activation eﬁergy fof the accelera-
tory period. The rate constants kl and kB_(equations 5.2 and 5.3) were defermined
over thé temperature range 140O - 17000 in the former method and the rate constant

kl in the latter case was determined over the temperature range 145° - 165°¢,

As a preliminary to this study it was shown that no effect was observed on
interrupting the decomposition of y-irradiated lithium azide (see below 6.3.5).

4
Approximately 4.5 - 5.5 mg of the salt pre~irradiated with a y-ray dose of

15000 roentgens, were used for the decomposition runs.,

Even at 140°C the duration of khe induction period was only 20 mins and
acéordingly a series of runs over a lower temperature range than that used above
was necessary to determine the effect of varying the temperature of decomposition.:
The length of the induction period was examined over the range 121° —'14400 and
was found to be 65 - 17 mins, The method employed for recording the induction

period in a series of runs in this manner was to allow the decomposition to
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proceed to 4 x 1()“2 torr at a particular temperature, after which the temperature

was raised to 215°¢ for 1% hours to obtain the P,

The p/t results for the above runs appear in TABLE 6.4. The derived rate constants
kl and k3 (equations 5.2 and 5.3) and the lengths of the induction periods appear

in theztable below.

RS 5 ey
SPLIT RUNS c - {mins) (ming™1). (mins™t)
Indiv. 121.3 65 | - -
126,0 9 - }
130,1 37 - -
135.3 29 - -
140,1 21 - -
144.4 17 - .
Indiv. 140.8 - - 4.30 x 107 4.9 x 107
' 145.0 - 5,18 x 1072 5.85 x 1072
1503 - 6,83 x 1070 8.85 x 1072
155,0 - 9.54 x 1072 1,48 x 1079
160.0 - 1,57 107 | 231 x1072
170.0 - 2,76 x 107 4444 x 1079
Split - 144.9 - 2.19 x 107 -
150.5 - 3,66 x 107 -
154.8 - 470 x 207 -
159.5 - 6,56 x 1070 -
165.0 - 8.42 x 107> -

6.3.5 Mathematical analysis of the results

. Typical p/t plots of lithium azide pre-irradiated with a

y-ray dose of 15000 and 0,7 M roentgens at 17000 and 130°G respectively, appear
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in FIGURE 6.7 and 6.8, The mathematical analysis is shown. The p/t regults
appear in TABLE 6,5. The main features of the curves are similar to those
found for the p/t plots of unirradiated lithium azide. The inflexion points are

at « = 0,38 and & = 0.34 respectively.

Evaluation of the activation energy associated with the induction period for
material pre-irradiated with a y-ray dose of 15000 roentgens was done using the

lengths of the induction periods at various temperatures as rate constants.

The acceleratory period is defined by the Avrami-Erofeyev equation with the
exponent n taking the value.3 for y-réy doses up to and including 15000 foentgens,

deeys

1/ :
E—log(l—p/pfﬂ /3 =kt + 0 ieniieenn. (5.2)
For pre-irradiation with y-ray doses of greater than 0.7 M roentgens the integer

n is 2 i.ee : . ‘
Elog ;(1-1’/pf):]'l/2 = két + @ peeerserrreens (6.1)

The fit for lithium azide pre~irradiated with a dose of 15000 roentgens (equation

5.2) is over the range 0.01<«<0.39,

The decay period is described by the contracting sphere equatipn (equaﬁion 5.3)
over the whole range of y~ray doses. The equation was found to hold from the
inflexion point of thé pressure-time plot {¢ = 0.38 for 15000 roentgens)>to_

o = 0074 - 0-84-.

The Avrami-Erofeyev equation {for the doses sfudied) and the contracting sphere
equation were found to be applicable in the mathematical analysis of y-irradiated

lithium azide over the temperature range 115o - 190QC.
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6.3.4 Evaluation of the activation energies

The c¢ritical increments for the chemical process(es) occurring
in the thermal decomposition of lithium azide pre-irradiated with a y-ray dose of
15000 roentgens were obtained by applying thé Arrhenius equation. For the
determination of the activation energy for the induction period, the logarithms
of the lengths of the induction periods were plotted against'l/T (OK) as

described before in Section 5.3.3.

The values of the activation enefgies and the methods of determination of rate

constants are as followss

(i) Induction periods 20, kecals/mole  (Individual)
(ii) Acceleratory period: 26 k.cals/mole (Individual)
' 24 k.cals/mole (sp1it-run)

{iii) Decay period : 28 k.cals/mole  (Individual)

The plots of log I.P.,log k and log k, against 1/T (°k) are to be found in

5
FIGURE 6.9 and FIGURE 6,10,

6.3.5 [The effect of interrupting a thermal decomposition

The decomposition of lithium azide pre—irradiafed with a

y-ray dose of 15000 roentgens showed no effect on continuing the Tun after
intérruption for 30mihs at the end of the induction'period, in the acceleratory
period and in the decay period., A small time lag of 2 - 3 mins, due to the

bucket and contents attaining reaction temperature, was observed.

6.3.6 The effect of interrupting a thermal decomposition and
irradiating the salt ;

The method used and the preparations taken in performing this

type of experiment have been described in 4.2,6. A platinum bugket was generally



117.

employed for all the decompositions, but for the interruption and irradiation

of the sélt it was necessary to use PyreX'bgckets; Two runs done at 170°C:using~
lithium azide pfeairradiated with 15000 roentgens y-rays and using platinum and
Pyréx buckets, showed no effeét on the subsequent thermal decomposition. These

results appear in TABLE 6.6.

On account of the extreme shortening of the induction period of unirradiated
lithium azide on irradiating with y-rays, it %as not possible to arrange
éxperimenfal conditions so that a blank irradiated decﬁmposition at a reaction
temperature of 175°C would have an induction period of length 2 30 mins and a
maximum reaction rate significantly greater than that for unirradiated lithium
azide at tﬁe same temperature. Accordinély, two y-ray doses were chosen so
that (1) at 175" the p/t plot of the irradiated salt would have a sigﬁificént
induction period and (ii) that.af 175‘o the rate oﬁ'the irradiated decdmposition
would be_qonsiderably greater than the-rate of reaction for unirradiated'azide.

The y-ray doses used were (1) 200 and (ii) 1000 roentgens.

(i) Iﬁterrugtiqnvfblloﬁed by y=irradiation (200 roentgens). The thermal
decomposition oﬁ approximately 5.0mg unirradiated iithium'azide ﬁas interrupted
at « = 0,23 and the salt irradiated with y-rays (209 roentgens). 6n continuing
the decomposition an induction pefiod of duration approximately 17 -~ 18 mins was
observed,bafter which‘time the reactioh accelerated at an enhanced rate. Blank
runs of the same material pre-irradiated with y-rays (200 roentgens) and
unirradiated wére'also done. The blank run using pre-irradiated azide, showed the

salt to have an induction period of 40 mins.

The p/t values for these runs appear in TABLE 6.7 and the runs are graphically

illustrated in FIGURE 6.11.

(ii) Interruption followed b Y=i iati 100! ) = « Approximately

5.0mg specimens were used for a decomposition run. The decomposition was
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interrupted at various stages of the reaction and the sample irradiated with

| y=Tays (1000 roentgens)s Interruptions were made at 0.5 I.P., at the end of‘*
the I.P. {induction period), at é = 0,18, 0,37, 0.47 and 0.78. Blank runs were
done at the séme temperature (1750) using the same unirradiated and irradiated

lithium azide,

At points on the p/t plot up to and including‘the inflexion point of the
unirradiated blankvrun, interruption followed by irradiation of the azide resulted
in a new, short induction period (10 - 12 ﬁins) followed by a period of rgpid

and increased acceleratioﬁ. Interruption and irradiation after the inflexion
point at &« = 0.50 (i.e. in the decay period) had virtually no effect on the sub-

sequent thermal decomposition.

These results appear in TABLE 6.7« At the point of ihterruption and irradiation
of the salt, the word "Interruption" is written in the table. The results are

graphically presented in FIGURE 6.12,

64347 The effect of admitting water vapour onto the salt in an
interrupted decompogition .

The general technique followed in the "water interruption"
- runs has been described in 4.2.5. All the results presented in this section
(6.3.7) are not normalised to illustrate the effects of the water interruptions

on the p_e

The effects of exposure to water vapour for 30 secs on the thermal decomposition

of y-irradiated lithium azide (15000 roentgens), was investigated..

The effect of longer exposure (5 mins) at t = 0 and re-irradiation of 1ithigm

azide was also investigated.

(1) 50 secs exposure to water vapour. Approximately 5.0mg of lithium azide

was used for a decomposition run. The reaction temperature was 16500. Water
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interruptions (30 secs) were done at-t = 0, at 0.5 I.P., at the end of the I.P.,
at &« = 0.24, 0,47 and 0,66 on lithium azide pre-irradiated with y-fays (15000
roentgens). A blank run using the irradiated material, with no interruption,

was also done.

+

There ﬁas no change.of the p/t plot for 39 secs. exposure at t = O and the rate
constént for the acceleratory period was not affected. For interruptions at

0.5 I.P. and beyond new induction periods ﬁere formed, The rate constant kl
(equation 5.2) was observed to decrease for all interruptions beyond t = 0. After

water interruption at « = 0450, virtually no decomposition was observed on

continuing the run,.

Since interruption at the end of the induction'period resulted in a new induction
period, the run was interrupted at the end of the secdnd induction period and'the
saiple again exposed to water vapour. A further induction period was formed on
continuing the decomposition and at the end of this induction period, a further
. water intefruption was done. The procedure of decomposition followed by inter-
ruption and exposure to water vapour (30 secs) ﬁas done fér the founth time and
the reaction then allowed to proceed to completion. The pa was found to be low
at 165°C,Vbut_on raeising the temperature to 215°C_for 2 hours, the value doubled.
Therpa obtained after this procedure was approximately'loolx 10-2>torr, which is

66% of the final pressure value obtained using a blank irradiated run.

The final pressuresv(pa) in all the interrupted runs were lower than for the
blank decomposition. Heating to 40000 enabled recovery of a percentage (35—43%)

of the lost gas.

The p/t results appear in TABLE 6.8 and are graphically illustrated in FIGURE 6.13.
The lengths of the induction periods, values of the derived rate constants and P,

values appear in the table below.
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(ii) 5 mins exposure to Water vapour . Thé effect of interrupfing the
tﬁermal decomposition of Yy=irradiated lithium azide (15000 rOentgens) at t =0
(i.e; prior to the thermal decompositign) and exposing the specimen to water
vapour fér 5 mins, was studied. The sample was fheq decomposed éfter pumping
for 10 hours, at lBOOC. Approximately 5.0mg of the salt was used for this run

and for a blank, uninterrupted unirradiated decomposition.

The effect of interrupting the run was to introduce‘an induction period of the
same duration, ( 73 mins), as found for unirradiated lithium azide at the same
at the same temﬁérature. The rate constant for tﬁe acceleratory reaction was
lower than that for the unirradiated salt and the AvramirErqféyev equation with
n =3 was afplicable, as previously found. The percentage decomposition was

observed to be lower than after exposure for 30 secs at t= 0, above.

These results are graphically illustrated in FIGURE 6.14 and the p/t values for the

runs appear in TABLE 6.8. The results are not normalised, as mentioned above.

Sincé 5 ming exposure to water vaﬁour at t = 0 appeared to destroy the irradiation
effect, the interrupted irradiated lithium azide which had been exposed to water
vapour (5 mins) at t = 0, was re~irradiated with y-rays (15000 roentgens).‘
Decomposi tion ofvthis material showed the p/t plot to exhibit tﬁe features of thé
normal decomposition characteristics of pre-irradiated lithium azide. Interruption
and exposure to water vapour at t ; 0 (5 mins) of another specimen of the
re-irradiated materiél, foliowed by thermal decomposition, resulted once again-in
the formation of an induction period of approximately the same duration as‘thatv

for unirradiated lithium azide (29 mins) at the same temperature.,

& specimen of the material thét had been re-irradiated and interrupted at t = O,
was irradiated with a further dose of'y—rays (15000 rOentgens) and the subsequent

~thermal decomposition displayed a p/t plot with similar features as found for the
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previous irradiated specimens and interruption of a specimen of this material at
t=20 {5 mins) once again showed the irradiation effeéts to be destroyed'wheﬁTthe
‘thermal decomposition was carried ocut. - The p/t plot approximated that éf'the
unirradiated méteriai. When a specimen of this material, which had been taken
through three cycles of irradiation,folloﬁed by 5 mings exposure to water vapour

at t = 0, was irradiated for the fourth time (15000 roentgens) and 1ﬁterrupted at

= 0 (5 mins) 31m11ar p/t plots as found previously were obfalned for the

irradiated and the interrupted spe01mens.

The reaction temperature for these runs was 19500 and approxinately 4.6 ~-5.0 ng

: spec1mens were used for a deoompos1tlon Tun. These p/t results and those for a-

blank unirradiated run appear in TABLE 6.8 and the values of the derived rate
constants kl (equatiog 5.2) for the acceleratory period after water interruption,.
the percentage decomposition and lengths of -the induction periods appear in-the

table.below.

Specimen | BExposure | Temp Point of Induction .
(qins) € Interruption Period - kj i .+ |Percent
N ) after _1 D
interryption (mins~-- 'ecqm?.
(minsg
Irradia- | Blank 165 , - B 10 2444 x 1Qf2ﬂ;u515»mv,f
. ted _ S - ' '
(15000r) . : w2
- - 065 " : =0 10 2438 x 10 |- 74
" " v | 0.5 1.P. 23 1.55 x 2072 49
. " n End I.P. 29 1.09 ¢ 10-“2 - 52
i " " o= 0,24 %1 . 1.11 x 10—2 50
" " " & = 0.47 - - .58
" X " o = 0.66 - - 53
" " " Successive 34
- 54
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Specimen |Exposure Tgmp Point of Induction
(mins) 'C | Interruption | . period kl Percent.
after ‘ 1 D '
interruption | (mins ) econpe
v {mins) A
103"
150 - 58
Unirrad. | Blank 180 - ol 6.94x10’3_ 90
Irradiag-~ 3
ted 5 " t=0 3 4,72x107 57
Spedimen Induction Period k1 Percentage
after interruption ' .
- . .=l Decomposition
(mlns) (mlns ) . '
Blank 29 1,38 x 107° 102
(unirradiated); : : ' '
1st t =0 _3 .
interruption 35 6.80 x 10 89
nd t =90 -3
interruption 34 7.21 x 10 79
3rd t =0 3
interruption 21 7.66 x 10" 74
4th t =0 -3
interruption 36 8.16 x 10 - 17
6438 The effect of thermal annealing

Lithium azide preuirradiated with y-rays (15090~rpentgens) was
- thermally annealed at 125OC for 3/4 hour in the vacuum line with the pumps in

. Y
operation. The specimen was further pumped for ten hours, the.temperature raised

and the run done in the normal manner at 165°C. No change was observed in the

normal decomposition, after thermal annealing of the pre-irradiated azide.

6.3.9 Percentage decomposition

The percentage decomposition as described in 5.3.6 of the runs
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used for the varying temperature series of y-irradiated lithium azide was found

to be as fellowsse

(i) Results from varying temperature seriesy (temperature in»brackets):'
86 (140°); 103 (145°); 115 (150°); 99 (155°); 68 (160°);

85 (170°); MEAN: 9%

'(ii) Series for induction period determination:s -
; p ; A
64 (122°); 83 (126°); 109 (130°)s 100 (135°); 82 (140°);

93 (144°); MEAN: 91%

The percentage decomposition of 1ithium azide, pre-irradiated with a y-ray dose
of 0.7 M roentgens was found to be as follows:

&, 80, 85 (130°C)  MEAN: 84%

6.3.10 Visual observations

As for the unirradiated salf,‘these ebservations_centred'upon
the colour of the eelt at various stages of the deeomp0sition.
(i) It was observed that for doses wsed in this work (j>15000 roentgens)
no colour change resulted from pre;irrediation with y-rays. However, for larger

doses (0,7 M roentgens) a light buff colouration was observed.

(ii) The powdered lithium azide displayed siﬁilar colour changes duripg the
course of the thermal decomposition, as found for tﬁe.unirradiated salt, Up to
the end of the induction period the material was white-but immediately past this
point, the materiel turned grey. From the inflexion point onwards the materiel

changed in-colour to-an increasing dark red-brown.
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6.4 RESULTS (PELLETED LITHIUM AZIDE)

6.4;l The effect of varying doses:of Y=irradiation

The effect 6f an increasing dose of y—rayé on the thermal
decomposition of pelleted lithium azide is illustrated in FIGURE 6,15 and the
p/t results appear in TABLE 6.9. y-ray doses of 0, 50, 250, 500, 5000, 15000
and 1,0 M roentgeﬁs were used. A marked decrease in the induction period followed
by the introduction of a sigwoid character and the second acceleratory and decay
-periodé was observed for doses greater than 50 roentgens, The large dose (1.0 M
roentgens) eliminated the initial reaction and the p/t plot shows the reaction
to commence at nearly maximum rate. Approximately 50mg pellets'weré used, The

reaction temperature was 19000.

The rate of the initial reaction was observed to increase with increasing dose
up to 15000 roentgens. The inflexion point (& = 0,13) for the initial reaction

was approximately the same for the 500 and 15000 roentgens runs,

6e4e2 The effect of interrupting a thermal decomposition

- The decomposition of pelleted lithium azide pre~irradiated
with 15000 roentgens y~rays, showed no effect on continuing the reaction after
interruption for 30 mins at the end of the induction period, in the 1st acceleratory
_period and in the énd decay period. . A small time lag as déscribed earlier . ..

{6.3.5), was.observed.

6.4.3 [The effect of varying the temperature of decomposition

The rate constants for the acceleratory and decay periods
of the y-irradiated pelleted azide were obtained by the split run technique on -

account of the irreproducibility of decomposition uéing separate pellets, This
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method has been described earlier in 5.3.1 (2). The activation energies for the
induction periocd were obtained by the individual runs method. The decomposition
was allowed to proceed to 4 x 10,2 torr at a particular temperature, after which

the temperature was raised to 21500 for 1% hours to obtain the pe

Such studies were made on pelleted azide, pre-irraidated with y—ray.doses of 50

and 15000 roentgens.

{a) 50 roentgens. Approximately 4.8 - 6.4mg pellets were used fér the
individual runs to determine the temperafure effect on the induction period over
the temperature range 165o - 18500. An 11.0mg pellet was used tq determine the
activation energy of the acceleratéry period by the split-run technique. The
temperature range was 161° - 18500° A 4.4mg pellet was used to determine the
activation energy of the decay period by the split run teclmique over the temperam.

ture range 1570 - 18200.

A complete decomposition at a fixed temperature was analysed to check the
applicability of the mathematical analyses. The reaction temperature was 19OOC.

The p/t results for this run appear in TABLE '6.9 (varying dose series).

{v) 15000 roentgens. The pressure~time curves for lithium azide pre-
irradiated with a y-ray dose of 15000 roentgens exhibited a double sigmoid
character, as mentioned in 6.1.1, Fpr the determination by individual runs of
the effect of varying temperature on the induction period over the range 126_b -

14£PC, approximately 4.4 - 6.9mg pellets were used.

A decomposition where the reaction was taken to completion at a fixed temperature,
17500, was done to check the applicability of the mathematical analyses in the

split runs used in the following series.

For the determination of the critical increment for the acceleratory period an

11,0mg pellet was used and rate constants were determined for each temperature over
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the range 1150 - 13000. The first decay and second acceleratory periods could
not be satisfactorily examined by the split-run technique because of the overlap
of these reactions and the difficulty involved in obtaining a reliable estimate

of the p, for the initial reaction.

The results for the second decay period {over the - temperature range 160° - 1900)

were obtained using a 5.0mg pellet.

The p/t results for the above runs (50 and 15000 roentgens) appear in TABLE 6.10
and the lengths of the induction periods aﬁd the derived rate constants k2 and
k3 (equations 5¢2, 641 apd 5.3) for the acceleratory and decay periods respecti-
vely, appear in the table below.

Specimen Individual Temp. Indﬁ?tion o o4
.or oC per?od kl (mlns ) k3 (mlns )
Split runs {mins)
50r Indiv. 165.0 39 - -
170.0 8 | - -
175.0 23 - ‘ -
180.0 17 - -
185,0 13 - | -
507 Split 1604 | - 1 4.96 x 1074 -
170.0 - 1.50 x 107 -
175.3 - 2.4% X 1077 -
185.0 - | 462x107 -
50r Split 157.0 - - 7.08 x 1077
162.0 - - 1,06 x 1072
1670 | - - 1.49 x 1077
172.0 - - | 2.41x107
182.0 . - - 3.10 x 1077
15000r Indiv. 126.0 55 - -
1317 n - -
135.7 30" - | -
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Specimen Individual Induction a , -1
or Tgmp. period k (mins L) k3 (mins )
Split runs c (mins) 1 ’
T
15000r Indiv. 140.4 23 = =
145.5 18 - -
150007 Split 114.7 - 5,18 x 10~ -
120.7 - 8.45 x 10~% -
125.0 - 1.28 5 1072 -
130.0 - 1.5 x 1077 -
150007 Split 160.,0 - - 2,04 x 10”7
170.0 - - 4,44 % 1072
180.0 - - 7.91 % 1072
190.0 - - 1.38 x 107

6.4.4 Mathematical analysis of the results

(a) 50_roentgens. A typical p/t plot of the decomposition of
pelleted lithium azide, pre-irradiated with a y-ray dose of 50 roentgens showing
the extent of fit of the mathematical analyses appears in FIGURE 6.16 .and the

p/t results appear in TABLE 6.9. The inflexion point was at « = 0.35.

The marked features of this plot are the same as those for the unirradiated
lithium azide pelleted material ine,'(i) a well defined induction period with no

evolution of gas, followed by (ii) an acceleratory pericd and (iii) a decay period.

'As was found for unirradiated lithium azide, no mathematical analysis of the
induction period was possible since no gas was evolved. For evaluation of the

activation energy associated with the induction pericd, the duration of the

induction periods at various decomposition temperatures were used.

The acceleratory period was well described by the Avfami=Erofeyev equation

* (equation 5.2) with n = 3. The degree of fit was such that the whole of the
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acceleratory period over the range 0.05€ «<0.35 was described by the equation.

The decay period was well defined by the contracting sphere equation (equation 5.3).

The extent of fit was over the range 0.30< < 0.80,

(b) 15000 roentgens. A typical pressure—time plot fér the
decompogition of pelleted lithium azide, pre-irradiated with a y-ray dose of
15000 roentgens showing the extent of fit of the mathematical analyses, is given
in FIGURE 6.17 and the p/t results appear in TABLE 6.10. The reaction temperature

was 17500.

The main features of the curve are (i) no induction period at the reaction
temperature 17500, other than a small heating lag, (ii) a marked acceleratory
period (iii) a decay period (iv) a sécond acceleratory pefiod and (v) a well
defined deéay period. The two inflexion points are at « = 0.13 and « = 0.53.
When the reaction temperature was lowered a measurable induction period was
obtained. Hence a value of the activation energy associated with the induction

period was obtained, as above, by using the duration of the induction periods at

various decomposition temperatures.

The first acceleratory period was described by the Avrami-Brofeyev equation with

n = 2 {equation 6.1). The extent of fit was over the range 0.02< «<0,14.

The first decay period was fitted with the two-dimensional contracting growth
equation:
1
P A
(1 /pf) S 7 TP PP PPV PIPRRRPRPE (6.2)

The final pressure associated with the initial reaction was estimated to -be

54 x 1072 torr. A reasonably good plot was found.

The contracting sphere formula (equation 5.3) as found above, fitted the second

decay period. The equation was found to hold for the range 0.46<«<0.94.

(¢) 5.0 M roentgens. A typical p/t plot for the decomposition
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of pelleted lithium azide pre-irradiated with a y=-ray dose of 5.0 M roentgens,
showing the extent of fit of the mathematical analysis appears in FIGURE 6.18
and the p/t values appear in TABLE 6.10. The reaction temperature was 110°C. &

4.6mg pellet was used,

It is observed that for the large dose used, the p/t curve is sigmoid. The
inflexion point is at « = 0.32. The indﬁction period is 25 runs in duration.
The acceleratory period was described by the Avrami=Erofeyev eéuation (equation
6.1) withn = 2 and the extent of fit was over the entire acceleratory period
(0.02<x<0.40). As previousl& found, the decay period was described by the

contracting sphere formula (equation 5.3).

6.4.5 Bvaluation of the activation energies

The critical increments for the chemical process(es) occurring
in the thermal decomposition of pelleted lithium azide pre-irradiated with y=ray
doses of 50 and 15000 roentgens were obtained by applying the Arrhenius equation.
For the determination of the activation energy for the induction period, the
lvogarithms of the lengths of the induction periods were plotted against 1/T _(°K), .
as described before in 5.3.3., The values of the activation energies and the

methods of determination of the rate constants are tabulated below. The plots

of log. I.P., log k, and log k,, and log k, against 1/T (°K) appear in FIGURES
6.19 a-n-d 60200 . ’ . -
Dose Individual Activation Activation Activation'
(roentgens) or energy for energy for energy for
Split runs Induction Acceleratory Decay
period period period
k.cals/ﬁole k,cals/mole k.cals/mole
50 Individual . 22
" Split ' 29 28
15000 Individual 19
" Split 25 27
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pellet weig

¥

6.4.6 ht on the initial reaction

The effect of varying the weight of the pellet of 1ithium
azide on the.initial reaction during thermal decomposition; after pre-irradiation
with y-rays (15000 roentgens)9 was eiamined. Thermal decompésition of two pellets,
4.4 and 11.0mg,pre-irradiated with y-rays {15000 roentgens), showed the initial
reactiﬁn to be dependant upon the weight of the pellet. For more than twice the
weight of material an initial reaction of more than twice the magnitude was
obtained. These results appear in TABLE 6.10 and the p/t plots for a reaction
tempefature of 18500 appear in FIGURE 6.2l. The values are not normalised for

comparative purposes.

6.4.7 /Gomparison of pre=irradiated pelleted and powdered 1lithium
' azide and pelleted irradiated_lithium agzgide

The effect of pelleting powdered lithium azide, pre-irradiated
with a dose of 15000 roentgens, compared to pelleted and powdered material pre-
irradiated with the same y-ray dose, is illustrated in FIGURE 6.22. The reaction

temperature was 16500. The p/t results appeér in TABLE 6.11.

It was seen that the pelleted irradiated material has a longer induction period
and the double-sigmoid character of the irradiated pelleted material was observed -
to appear. However, this was not as pronounced as for the latter. The dotted
section.of curve B is the estiﬁated reaction after subtracting the "initial

reaction®.

6.4.8 The effect of thermal annealing

Thermal annealing of pelleted lithium aéideg pre~irradiated
with y-rays (15000 roentgens), at 115°C for 3/4 nour in the vacuum line followed
by 10 hours pumping and thermal decomposition at 18500, showed no effect'on the

subsequent p/t plot. The p/t plot was compared with a blank run handled under
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similar conditions, but no annealing.

6.4.9 Percentage decomposition

The percentage decompositions (as described in 503,6)‘of the
runs used in the varying temperature series to determine the activation energies
‘associated with the induction periods of pelleted lithium azide pre-irradiated with
50 and 15000 roentgens, were found to be as followss
(deeomPOSition temperatures in brackets)

(2) 50 roentgens
95 (165°); 84 (170°)s &5 (175°)s &7 (180°)5 77 (185°).

MEAN: 85%

(b) 15000 roentgens

82 (126°); 87 (132°); 82 (136°): 89 (140%): 85 {146°)

MEAN: 85%

6.4.10 Visual observaticns

Examination of the changes undergone by the irradiated pelleted
material showed that the sequence of colour changes during decomposition was the
same as found for the unirradiated pelleted azide. It was found that at the
inflexion point of the first (initial) reaction the pellet was grey on the outside
with darker patches or areas and‘the inside was dark red=brown. Examination of
the pellet surfaces at the point when photograph (e) was taken {6.4.11) showed
that reaction commenced at both faces simultaneously. More detailed observations
during thermal decomposition appear in 6.4.11 when the surface of the pellet was

viewed at various stages, using the coptical microscope.

No colour change was observed for doses up to 15000 roentgens Y-TaySe However,
larger doses, (as found for the powdered salt) turned the pelleted material a

faint buff colour.
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6.4.11 Photomicrography

Only pelleted material was studied, for reasons given in 5.3.12.

The pellets had been pre-irradiated with a y-ray dose of 15000 roentgens.

Details of the apparatus and experimental procedures have been given in 4.1.2,

4.2,7 and 5.3.12.

PLATE 2 shows the thermal decomposition of y-irradiated pelleted lithium azide,

o+ ,0

at 1607 = 2°C., Magnification was 65X. The dp/dt results appear in TABLE 6.12

and FIGURE 6.23., The arrows indicate where the photomicrographs were taken.

The series of photomicrographs show the following features:

(Figures in brackets are exposure fimes used in printing the photographs, as

explained in 5.3.12).

(a)

()

(a)

(e)

(£),

was taken after 10 mins. (

‘The photomicrograph shows the surface of the pellet shortly after the end

of the induction period. Decomposition was observed to start from one half

of the viewed surface and diffuse grey particles appeared. The photomicrograph

2)‘

j—i

The early stages of the first acceleratory period again appear in the
photomicrograph at t = 18 mins. The grey areas darkened in colour but no

new dark areas of decomposition are seen. (12)

After 30 mins,further decomposition was observed in the dark areas, now
grey-brown in colour. _ ' : (12)

At 36 mins, just before the inflexion point, nearly one half of the observed
area was covered with product, with the remaining area becoming increasingly

darker, {10)

At the inflexion point at 41 mins, further decomposition was cbserved. (10)

(g) and (h). These photomicrographs taken at 51, 65 and 100 mins respectively,
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in the decay period of the initial reaction show progressive darkening of the
viewed surface, until the surface waé completely covered with red=brown reaction
product. This marked the end of the initial reaction and during the second
reaction, no further changes were observed on the pellet surface.

(10, 10 and 10)

6.5 DISCUSSION

Irradiation with y=-rays has definite advantages compared with radiation
by nuclear particles. The y-rays are abscrbed only slightly and therefore effects
produced by y-rays take place practically uniformly throughout the entire

| (191)

thickness of the irradiated crystal . No local heating of the crystal

(formation of thermal spikes) occurs with y-rays, as is found with heavy particles.

The attenuation of the intensity of y=radiation in its passage through a solid is

due chiefly to three effectss

(1) the photoelectric effect,
(ii) the Compton effect,
(iii) pair formation.

v
As a consequénée bf these processes, electrons and electron-position pairs are
liberéted in the irradiated material and.this may be seen to be in effect an
"internal electron (Bwray) bombardment". These electrons may vafy in velocity

from very fast to very siow and the possible reactions in the solid are numerous.

(192)

It has been calculated that atomic displacements following internal irradiation
- A o 6

by Compton electrons as a result of irradiation with OCo y=rays, may be expected

to be a maximum for atoms of low atomic number, with the effect decreasing as this

value increases. Besides elastic scattering of Compton electrons by étomS'resulting

in digplaced atoms, the elastic scattering of photoelectrons can also be shown to

bring about-digplacement of atoms, although the cross-section for displacement by



134,
photo-electrons is considerably less than that for Compton electrons; Galavonov(lgl)
has calculated that Frenkel defects (interstitial-vacancy pairs) formed in
germanium when this is irradiated with 1.25 MeV y~rays are the result of the
Compton effect. This is contrary to earlier investigations by Cleland and

(193)

others who stated that the photoelectric effect and the Compton effect make
equal contributions to the process of formation of defects in Ge. The probability
of displacement of an atom by elastic scattering at.the nucleus of the y-rays has

been shown by calculation to be extremely smsll and is not congidered as a factor

in the displacement of atoms in a =o0lid when irradiated with y-rays.

Y5 (and short wavelength X-irradiation) then in effect transfers part of its
energy to the release of electrons by (i), (ii) and (iii) above, which in tumrm
bombard the crystal lattice.

«
.

In addition to displacement of atoms to interstitial positions, colour=centre
formation occurs when electrohs9 resulting from the interaction of y-rays with the

solid, are trapped at suitable sites in the crystal.

The overall damage is distributed uniformly throughout the lattice since

absorption of the y-rays is small enough to ensure this.

Seitz(194)'has proposed that excitons (bound positive hole-electron entities) may

be produced, which are mobile and diffuse thfough the crystal lattice until they
encounter a lattice irregularity at which point the energy is discharged producing
a local "hot spot™. Jogs at dislocation lines are likely points and the release
of energy at a jog can induce dislocation climb, as vacancies are "boiled off™".
Also, migration of point defects away from their centre of origin may be caused

by further absorption of excitons on the defects.

A further mode of interaction of y-rays with ionic solids characterised by a high

degree of ionic bonding, has been proposed by Varley(l49‘151). He proposed that
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mul tiple ionization of an anion to form an unstable positively charged ion was
possible,with the electrons diffusing eway. Ejection of the ion and recapture of
the electrons resulted in a Frenkel defect. In addition an F-centre could.be

created if a diffusing electron were trapped by the newiy formed anion vacancy.

A mechanism combining those of Varley and Seitz has been proposed(195), where the -

interstitials are formed near dislocation lines; causing the dislocation core to

climb,

The‘effects of irradiation are illustrated generally in the dhanges in the physical
. .. (196) . :

properties of the solid whether it be a metal, a semi-conductor or an

~insulator (eag.'ionic solids). Changes may be observed in the extrinsic semi~

conductivity, photoconductivity, optical»abSofption:bands, paramagnetism

contributing to the susceptibility and paramagnetic resonance, scattering of

conduction electrons, gravimetric density, deformation behaviour, self-diffusion,

thermal conductivity or on certain occasions, lattice structure.

In the light of the above discussion it is likely that irradiation of solids by

y-rays may produce damage which may influence the rate of the subsequent thermal
-decomposition of the solid, as artificial centres and areas of lowered chemical -
potential are formed. The reaction may thus be expected to proceed at an

(197).

enhanced rate in certain favourable cases e.g. the permanganates

6.5.1 Powdered lithium azide

The effects of pre-irradiatidn on the pressure-time plot for
the thermal decomposition of lithium azide were observed to be:
(i) a drastic reduction in the length of.the induction period,
(ii) an increase in -the fate constant for the acceieratory period,

(iii) an increase in the rate constant for the decay period.
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The effects of progressively increasing the y-ray dose on the subseguent thermal
decomposition were to steadily (i) shorten the length of the induction period,
and (ii) increase the acceleratory and decay rate constants. No colouration of

the salt was observed for y-ray doses normally used (15000 roentgens), but for a

‘dose of ‘0.7 M roentgens the salt turned a light buff-cream colour.

The activation energies for the process(es)occurring during the thermal

decomposition were found to be:

(i) Induction period: 20 kacals/mole
(ii) Acceleratory periods | 26 k,cals/mole _(Individual runs)
24 k.cals/mole (Split run)

(iii) Decay period: 28 kgcals/mole

The difference in the vélues of the activation energies associated with the

acceleratory period using the individual and split runs methods may be attributedl
to the inaccuracies involved in thé latter method. Pressure-~time measurements are
taken over small pressure differences at a particular temperature gnd the kinetic
analysis is then performed over a fragment of the acceleratory period, using only
a few values. It is considered in view of the experimental difficulties involved
in .split- run determinatiors that the value of 26 k.cals/mole is ?he closer

estimation of the activation energy associated with the acceleratory period.

The nuclei are considered to form largely ipsidg the lithium azide ﬁarticles. In
addition, some form on the external surfaces. The same kinetic expression was

- found to hold (contracting'sphere formﬁla) for the decay period for the irradiated
material, as for the‘unirradiated salt and the values of the éctivation energy
assoclated with the process was similar (28 k.cals/mole). These facts indicate
that the same decay mechanism is operative in the irradiated salt, but.that the
reactant product interface at the commencemént of the decay reaction is much

larger in the irradiated salt which would be the case if intermal nucleation

occurred.
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Thus it is assumed that internal nucleation along dislocations and along grain -
boundaries {both high and low angle) occurs on decomposition, thus separating the
particlé into mosaic blocks at the start of the decay reaction. - This pictures a
large number of "contracting envelopes" which satisfy the application of the
contracting sphere formula and account for the enhanced decay rate constant

after y-irradiation. With increasing irradiation doses, the number of nuclei and
~ hence the number of decomposing blocks of solid, increases, leading to increased

decay rate constants.

The acceleratory period was found to be described by the Avrami-Erofeyev equation
with n = 3, as found for the decomposition of unirradiated 1lithium azide, al though
the plots of [glog (l ; ai] 1/3 against time were not as good as those for the
unirradiated salt. As proposed for %he unirradiated material, it is coﬁsidered
that the nuclei form and grow 2-dimensionally, increasing in number linearly with
time. "Water interruption” experiments (FIGURE 6.13) indicate that 1- or 3-
dimensional nuclei are not possible. The p/t plots for the decomposition of
lithium azide pre-irradiated with a large dose(0.7 M roentgens) of y-rays, were
found to be well described by the Avrami-Erofeyev equation with the exponent

n

2. In this case it is proposed that 2-dimensional nuclei are formed and grow,
but that these form such large numbers that the effect is almost as if reaction
occurs from a fixed number of muclei. Overlap and decay of the nuclei are thus

the predominating features of the decomposition.

As stated above, y-irradiation of a s0lid is, in effect, an internal bombardment
by electrons varying in velocity from very fast to very slow and the possible
reactions in the solid are numerous. The following changes are considered

possible when lithium azide is pre-irradiated with high energy (~1.3 MeV) y-rayss

N3“ 2 Np 4 e eeeieeniiiee {6.5.1)
Ny # e = NS S P (-2

N- - N=* 2 000020000030 08686006003 0600M8S S (6.5.3)
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3

(described'previbusly), These reactions may be expected to occur uniformly‘

where A = anion vacancy, C.= cation vacancy, F = F-centre and N is an exciton
throughout the solid as the y-ray absorption is low enough to permit this

(-ef. X-ray absorption observations). In addition, the formation of Frenkel
defects is also thought to occur but to a minor degree compared to the formation

of F-centres.

Significant formation of interstitial ion/vacahcy pairs by displacement reactions
is discounted because of the similafity of the effects of y-irradiation on the

thermal decomposition of barium, strontium and calcium azides(j’l379139) and
lithium azide. The cross%séctionifor displacement is extremely small (negligible)

in the alkaline earth azides and the radiation effect is attributed to the

formation of electronic defects.

Thus the LiN3 after irradiation may contain N2, cation and anion vacancies and
F-centres, as the main irradiation products. Although colouration of the salt.

was not observed for doses up to 15000 roentgens, it was noticed that the salt

turned a pale buff-cream colour on irradiating with larger doses.

The irradiation effects are considered to occur, in.the main, along grain boundaries,
at dislqcation pile-ups and along dislocations within the azide particle. In addition,
some irradiation effects will be produced on the .external surface. The effect of irra-
‘ diation on the subsequent thermal decompesition is considered to be aéSoqiated'with
the F-centres produéed_at these places. These aggregate at suitable traps by thermal

diffusion at room temperature., This aggregation will occur in grain boundaries and on
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external surfaces at points at which the Coulombic distortion is sufficiently

large to trap migrating F-centres.

(4)

It has been shown by spectroscopic measurements that on warming potassium
azide, irradiated at a78°C,to room ‘temperature, the large gpectral band attributed
to F-centres diminishes and disappears with the simultaneous formation of another
band, attribuféd to the formation of clusters of F-centres. The F-centres became
mobile arounq_ ~2000 and at room temperature the mobility was very high. It

was also found that irradiation at room temperature produced similar results, when

the F-centres formed diffused to grain boundaries.

On reaching a critical size during the early stages of the induction period in the
decomposition of lithium aéide, the aggregations of F-centres will collapse and

lithium atoms will be formed as:
Lit + e - L P (I ).

The crystallisation of the lithium atoms marks the end of the induction period,

after which point nuclear growth commences.

The lithium atoms can diffuse away from their points of formation on the external
surface and migrate along the channels of emergent edge dislocations as well as
diffusing along the grain boundaries and over the external surface, during the
induction period. The analagous migration of silver atoms during the thermal

. : , . . (198)
decomposition of silver azide has been observed using the electron mic¢roscope "y
coupled with electron diffraction studies to observe change in the atomic.
arrangement. The results indicated that the formation of crystalline silver was

preceded by the migration of silver atoms into the lattice. It was also indicated

that silver was deposited internally at defects in the crystals. Scanning electroh
(122)

microscope observations of the thermal decomposition of lead and cadmium azides
showed that single crystals of these salts broke up into small blocklets and it was

suggested that the reaction in these cases occurred preferentially at defects
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within the crystal.

The slow, or rate~-determining step for the process associated with the induction

. period is proposed to be the diffusion of lithium atoms over the surfaces, external
and internal, to coagulate to form metal nuclei as mentioned earlier for the
unirradiated salt. There is thus a common factor for changes during the induction
period of unirradiated and y-irradiated material i.e. the diffusioh of lithium
atoms and trapping at appropriate sites. WFrom the agreement of the activation
energies it appears that this common process is the slow step in both reactions
and one is led to postulate that the activation energies are associated with the
formatioh of lithium metal. The activation energy for the migratioﬁ of barium
atoms in barium azide has been estimated at 20 to 25 k.cals/mole(74) which is in

agreement with the observed activation energy for the process in y-irradiated

lithium azide (20 k.cals/mole).

The essential difference between nuclear formation in the unirradiated and y=
irradiated material is that the metal nuclei are formed only on the.surface of
the particles in the former case, while they are formed in addition along internal

grain boundaries and dislocations, in the latter case.

It is considered that the process of nuclear formation in lithium azide is
analagous to the formation of the latent image in silver bromide crystals,
. . . . {199-201)
followed by separation of silver in the crystals by chemical development .
Pre-irradiation of lithium azide powder is considered to be analagous to the
formation of the latent image in silver bromide, while heating during the
induction period when the lithium atoms coalesce to form nuclei along grain

boundaries and surfaces is analagous to the chemical development of the latent

image when silver is precipitated along the dislocation network in silver bromides

(199, 200)

Hedges and Mitchell studied the formation of silver in polygonised,

(strained), crystals of silver bromide. The polygonised crystals (achieved by
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straining, and annealing and quenching) were exposed to light.,'Thg latent image
.formed in the silver bromide crystals was then chemically developed and silver
was'observed (using the optical microscope) to have precipitated internally
alongbwhat these workers termed "sub=boundaries"; (the grain boundaries discussed
above) separating the crystal in effect into "mosaic" blocks. Experimental work
in both large single crystals and in microcrystals showed that internal silvér
separated at strucfural imperfections and that the localised separation which is
observed was due to the localised nature of the impérfections. On prolonged
exposures to light, chemical developmeﬁt was not necessary, and visible silver
was always observed to séparate as discrete partiéles internally.along dislocation
lines of the grain boundaries, making them visible.’ These results are illustrated
| (199)

in the photomicrographs taken by Hedges and Mitchell ’ reprintéd in PLATE Z(a).

The magnification was' 1200%.,

Photomicrograph (a) was obtained after a visible image was produced and the single
crystal then developed, whiie in (b) the latent image produced was developed after
dissolving away the surface layer of silver bromide. The létter pho tograph was
another part of the same crystal used for (a). The photomicrographs clearly
illustrate the sub=structure comprising dislocations and grgin boundaries, existing

internally in Ag Br.

The effect of depositing a thin film of silver on the surface of a cnystai of
silver bromide and then storing the crystal in vacuo for a period, was that the
silver diffused freely over the external surface and into the intermnal grain
boundaries of the crystal. It was stated that silver spread by thermal diffusion‘
at room temperature over the internal grain boundaries of the crystals, which were
defined as being arrays and networks of dislocatiqn lines separating s@all volume

elements of relatively perfect material.

(202)

Amelinckx and others _have also demonstrated interior dislocation patterns
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when polygonised sodium chloride erstalS‘after heat treatment with sodium\metai,
were viewed and observed to contain networks of liﬁeé. These were suggested to -
be sets of dislocation lines forming internal grain boundaries, which were effective
traps for the precipitatidn of sodium in the interior of the crystals. Tompkins
and Young(4) have similarly reported that heating potassium azide coloured with
wltra~violet light resulted in the formétion of colloidal centres of potassium.
Tﬁese centres were thought to form by diffusion of potassium atoms along

dislocations to diffusional jogs and crossing points, which acted as deep traps

for the potassium atoms.

Thus, it is considered that heating irradiated lithium azide leads to specks or

nuclei_of lithium metal along grain boundaries and on the external surface. From

this point, nuclear growth commences and the reaction enters the acceleratory

phase.

The mechanism for nuclear growth during the acceleratory period is considered to be
the same as that occurring during the same phase of the decomposition of
unirradiated lithium azide. This mechanism involves the elevation of an electron
from an azide ion to the conduction band of the lithium metal formed during the
indﬁction period, foilowed by reaction between fhe positive hole so formed and an
-adjacent azide ion, on receipt of sufficient thermal energy for the reaction to
éroceed. The rate determining step is considered to be the same as that for the
unirradiated salt i.e. the elevation of the electron to the metal. The activation
energy for this process (26 kncals/hole) is in agreement with the value found for
the unirradiated azide (28 k.cals/mole and 29 k.cals/mole for powder and pelleted
méterial.respectively). Reaction between an adjacent azide ion and positive‘hole
can be expected to be‘effected more easgily during the decomposition of the irra-

diated salt, due to strain along the internal grain boundaries. The thermo-

dynamic iﬁstability of the azide ion in the region of a grain boundary leads to



143,

the belief that the reaction of azide ion and positive hole will be relatively

easy and rapid, so that the slow step will be as proposed aboves

5 - 5 t e (6.5.9)

Interruption with water vapour (5’mins) at t =0, i.e. prior to thermal decomposi-
tion, was observed to completely destroy the irradiatioh effect and an induétion
period of the same duration as found for the decomposition of the unirradiated
material, resulted. The rate constant kl was reduced to a small extent. It is
considered that the water vapour penetrated into the grain boundaries and the
radiation effect was completely destroyed. It is not unlikely that the water
vapour can diffuse into the gfain boundaries internally in the pafticle, és in

the example of silver bromide the bromine formed readily diffused to the surface

and escaped(zoo)

. Also, in the case of the decomposition of y—irradiated
pelleted lithium azide when large volumes of nitrogen escaped into the reaction

container, no explosion or disintegration of the pellet occurred, illustrating the

relative case with which the nitrogen escaped.

It is thought that two possibilities exist for the removal of the radiation
damage by water vapour (5 mins exposure). These are:s

(i) direct attack on F-centre aggregates,

(ii) attack on trapping sites and suBsequent collapse of F-centre

aggregates.

It is also poséible that (i) anda (ii) above may occur, however, it is thought
that (ii) is the more likely process. The experimental results obtained can be
explained if one assumes that the water vapour destroys the traps by hydrolytic’
reaction and the F-centres aggregated at them to form lithium atoms which would
react with the water vapour. If the new centres formed were still capable of
trapping F-centres then fresh irradiation by y-rays should regenerate the

irradiation effect which was removed by exposure to water vapour. The reason
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that 30 secs exposure to water vapour at t = Okhad no effect on the subsequent
reaction is thought to be that this exposure time was insufficient to produce

the effect that thellonger exposure time did{ The water vapour penetrates the
interior of the crystal {as is supported by the fact that 0.5 I.P. and end of the
induction period 30 sec exposures produced a new reaction, after destroying the
lithium atoms present alcong the grain boundaries) but does not effect hydrolysis

of the trapping sites.

Interruption of the decomposition (30 secs exposure) at « = 0.24 destroyed the
metal nuclei but not any radiation species {t = 0, 30 secs has no effect).

During the new induction period the changes are the same as those taking place
during the induction period of the aecomposition of the irradiated salt. The
new induction period is longer than that for the normal decomposition of the
irradiated salt. This is to be expected as the number of lithium atoms formed is
" only a fraction of the number formed during the original induction period. The

gmalier number of nuclei sccount for the slower rate.

In all the water interruption runs it was observed that the final pressure was

lower than that expected, indicating partial hydrolysis of the azide.

It can be assumed from the series (FIGURE 6.12) involving interruption followed
by iriadiation (1000 roentgens) that internal nucleation due to the radiation
damage always results on resuming the decomposition, as interruption and irra-
diation even at & = 0.47 (at the inflexion point) when the surfaces of the
particles are cevered by "contracting eneelopes"g results in an increased rate on
resuming decompesition° The fact that on resuming reaction the p/t plots did not
follow the original p/t plot (unirradiated) until nucleation along grain

boundaries had occurred is probably due to destruction of some of the thermal

nuclei by water vapour during sealing the sample in the ampoule and during

irradiation. An increasing initial reaction (i.e. no true induction period)
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indicating a reduced number of thermal nuclei preceeds the subsequent enhanced
acceleratory rate, due to nuclear growth along grain boundaries, as mentioned

previously.

The supposition that water vapour destroys some of the thefmal nuclei during
sealing and irradiation is probably correct because with a similar run, along
with an irradiated blank run (200 roentgens) exhibiting a wéll matrked induction
period, the same effect was obtained to a greater degreeg since the subsequent

rate was closer to the unirradiated curve, (FIGURE 6oll)g

It is assumed that thermal energy chains are not operative since interruption of

the decomposition produced no effect in the decomposition of irradiated material.

Annealing the y-irradiated material produced no change in the state of radiation

damage.

At the commencement of the decay reaction and into this period, the reaction
mechanism is assumed to be similar to that occurring during the decomposition of
unirradiated lithium azide, namely blocks of material are enveloped by a layer of
lifhium and reaction occurs at the steadily contracting metal/salt interface,
This type of mechanism leads to the decay portion of the p/t plot being described
by the contracting sphere formula. This phase of the decomposition was found to
hafe an activaticn energy of 28 kocals/mgle which is the same value as that found
for the similar phase of the decomposition with the unirradiated salt {29%.cals/

mole)o

Accordingly it is proposed that as for the uvnirradiated material, the fate determi-
ning step is the combination of a positive hole and an adjacent azide ions

N, + N. = TN 4 €  eoecosccecccecsascsas (6.5.10)

In the decay region, the material is considered to consist of blocks of unirradiated
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material. Interruption and irradiation well into the decay period»produced no
effect on the subsequent decay reaction indicating that the trapping sites in the

crystals had been destroyed at this stage.

The percentage decomposition of the y-irradiated powder was found on the avérage
to be 91%5'this value being slightly higher than that found for unirradiated

‘lithium azide powder.

6.5.2 Pelleted lithium azide

The p/t plots for the decoﬁposition of y-irradiated pelleted
lithium azide are characterised by a double-sigmoid plot, as illustrated iﬁ
FIGURES 6.1 and 6.3. There is marked reduction in the length of the induction
period, as found for the yéirradiated powder. The induction period is followed
by short acceleratory and decay periods, which are in turn followed by a second
sigmoid reaction. The p/t plot obtained when y-irradiated lithiun azide powder
was pelleted and then decomposed, exhibited the same features as found for the
irradiated pelleted material. However, the initial reactionﬁ(i.e. first accele=

ratory and decay periods) was not as pronounced as in the latter case.

The runs using irradiated pelleted material exhibited irreproducibility and the
activation energies associated with the first acceleratory periqd and second decay
period were accordingly attempted by the split-run technique. Values obtained for
these stages of the reaction were 25 and 27 k.cals/mole respectively. For reasons
mentioned below, it is thought that a certain amount of’experimentalverfor was

involved in these determinations.

‘Successful analysis of the initial acceleratory reaction using the Avrami-Erofeyev
equation, with the exponent n = 2, for material irradiated with a y-ray dose of
15000 roentgens gives rise to two possibilities for nuclear formation and growth,

(i) one-dimensional nuclei, increasing in number linearly with time,
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(ii) two-dimensional nuclei, growing from a fixed number of sites,

The results obtained can be accounted for if (ii) is assumed to be the nuclear

process.

As avresult of the pelleting process there will be extreme disorganisation of the
surfaces of the particles as they are pressed togéther, to form new "intermal
surfaces". These regions are considered to be likely ones for the formation of
F-centres. In addition, some F-centres will also form as before at the grain
boundaries in the individual particles, but it is assumed that the concentration
of centres in the new "internél surfaces" is ?ery high, Both sets will contribute
to the reaction but the first acceleratory and decay reactiéns are considered to

be associated with reaction at the new "internal surfaces".

On pelleting the irradiated material, it is suggested that a number of the F-centre
aggregates present in the material diffuse to the "internal surface", Seitz(l94)v

favours the diffusion of the more mobile aggregates but does not preclude the

mobility of F-centres in crystals,

Thus the pelleted material in both cages will represent the same physical condition
at the commencement of heating, -except that aggregation of F-centres and the
number of aggregates already formed at the "internal surface" by thermal diffusion

_at room temperature will be higher in the case of the irradiated pellet,

When heating commences the F—centre aggregates at the "internal surfaces" collapse
to form Li atoms which then crystallise to form metal nuclei. Reaction then
occurs at a fixed number of nuclei which grow two-dimensionally. There will

also be reaction in the grain boundaries of tﬁe particleg but this is considered

- to be>less significant than the one at the “internal surfaces" at this stage of

the decomposition. This process is considered to account for the first or initial

reaction during the decomposition of pelleted irradiated or irradiated pelleted
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lithium azide.

The proposed mechanism will also account for the fit of the two-dimensional
contracting growth law to the first decay i.e. the rate of reaction falls off as
the two-dimensional nuclei overlap. The activation energies associated with the
first acceleratory and decay reactions and for the powdered irradiated material,
.should be the same. It was not possible to obtain a reliable estimate of the
first decay activation energy due to the irreproducible nature of the pelleted
material and to the overlap occurring during this phase. The value of the
activation energy for the first acceleratory period (25 k.cals/mole) is
considered within the experimental errors involved in the split run.technique, to
be in agreement with the value obtained for the.accelerator& process in the

irradiated lithium azide powder {26 k.cals/mole).

i

On completion of the reaction at the "internal surfaces", the normal reaction
along grain boundaries in the individual particles which comprised the pellet
predominates and the second acceleration and decay in the p/t plot are due to this
change. The activation energy for the eecond decay reaction (27‘k.ca1s/mole) was
determined by the split-run method. The decay mechanism is assumed to be
contracting sphere mechanism previously reported for the decay period of the

irradiated powdered material (28 k.cals/mole).

It is considered that the same mechanisms apply in the case of the decomposition

of lightly irradiated (50 roentgens) pelleted azide, as in the decomposition of k
unirradiated pelleted 1ithium aZide. The activation energies for the induction,

acceleratory and decay periods for the lightly irradiated pelleted material

(22, 29 and 28 k.oals/mole respectively) are in agreement with.those’for‘similar
pfocesses in the pelleted unirradiated azide (24, 29 and 30 k.oals/mole respectively).

This would also explain why a sigmoid curve (p/t plot) and not a double-sigmoid.

plot was obtained for the thermal decomposition.
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Viéual observations and.the photomicrographs indicate that extensive external
decomposition has occurred at the end of the first decay reaction as the pellet
was covered with reaction product and the interior of the pellet was uniformly
brown at this stage indicating large surface coverage of the constituent particles
of the pellet. Reaction.had commenced throﬁghout the pellet as evident from
visual observations of a cross-section of.the éellet at the inflexion point of

the first reaction,

The effect of increasing the pellet weight increased the extent of the initial
reaction indicating that this reaction in the decomposition of thé pelleted 1ithium
azide irradiated with y-rays was not dependant on the external surface area of the

pellet, but on the quantity of material.

The average percentage decomposition for the pelleted lithium azide pre-irradiated
with 15000 roentgens.y-rays was found to be slightly higher (85%) than that for
the unirradiated pelleted azide (79%). A similar trend was observed on irradia-

ting 1lithium azide powder.
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T THE THERMAL DECOMPOSITION OF LITHIUM AZIDE PRE-IRRADIATED WITH X~RAYS
7.1 PRELIMINARY INVESTIGATIONS

7.1.1 Pelleted lithium azide

On account of the sensitivity shown by lithium azide to
"pre—irradiation with y-rays, low generator settings were used initially for the
- X-irradiations. The material was irradiated with a tube voltage of 10 kV and a

tube current of SmA.

Examination of the effect of X-irradiation on the thermal decomposition of
lﬁelletedvlithium azlde showed that a double-sigmoid pressuré—time plot was
obtained. The p/t plot was similar to those obtained fér the thermal decomposition
of pelleted material pre-irradiated with y-rays. No colour change was observed

as the result of X-irradiation for two hours‘(lo_kV, 5 mA). The p/t»curves for

the thermal decomposition of pelleted lithium azide pre-irradiated with X-rays

for two hours and a blaﬁk run, appear in FIGURE 7,1 and the p/t resul ts are
tabulated in TABLE 7.1l. The reaction temperaturé was 1950C.. It is seen that

the induction period was reduced from 45 to 8 mins.
7.1.2 Powdered lithium agide

Irradiation of powdered lithium azide (prepéred as in 5.3 and”
as used in previous work on the powdered salt) for 30 mins (10 kV, 5 mA) fdllowed
by thermal decomposition of 5.0mg of the salt at 17500 in the usual manner, showed
the induction period to be reduced ffom 79 to 25 mins. The reaction rate_was

observed to have increased and the inflexion point was lowered to « =-Q.26. No

colour change was observed to occur as a result of the irradiation of the
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powdered lithium azide.
The p/t plots of the decomposition of X-irradiated powdered lithium azide and a

blank unirradiated run appear in FIGURE 7.2 and the results are tabulated in

TABLE 7.1l.

7.2  REPRODUCIBILITY

To2el Pelleted lithium azide

As was found in 6.2.1 with y-irradiated pelleted 1lithium
azide, X-irradiation of pelleted azide resulted.in irreproducible préssure=time
plots. It was aiso observed that interruption of a decomposition had an
irreproducible effect on the subsequent thermal‘decomposition? making investigation
of the acti&ation energies for the various chemical processes, by the split-run |

technique, impossible.

Accordingly, it was decided to coﬁfine the investigation of the effects of

pre-irradiation. with X-rays to the powdered salt.
Te2.2 Powdered lithium azide

Powdered lithium azide was pre-irradiated with X-rays (lO kv,
.5 mA), as has been described in 4.2.3 (b). The equipment used has been described
in 4.1.4 {b). Approximately 4.4 - 5.5mg of the sample of pre=irradiated salt were
used for a decomposition. Decomposition was carried out in vacuo in . the mannerl
described previously, at 17500. The material was pre-irradiated for 30 mins.
Reproducibility was found to be of a high order. The lengths of the induction

periods were found to be 32, 31 and 31 mins.
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The results appear in TABLE 7.2 and the p/t plots are graphically illustrated in
FIGURE 7.3. The derived rate constants k, and k, (equations 6.1 and 5.3) for the

~acceleratory and decay periods respectively were found to be as follows:
. . -2 =2
(i)  Acceleratory periods 1,05 x 10 "; 1,03 x 10
-2 . -1 .
and 1.06 x 10 "min = respectively.

(ii) Decay period: 3,98 x 1070; 4,08 x 10775

and 4.16 x 10'=3minm1 respectively.

Reproducibility was found to be good when the samples were drawn from a bulk of
irradiated lithium azide but p/t rlots were different for different batches of
lithium azide irradiated under "identical" conditions, {30 mins; 10 kV, 5 mA;
100 = 200 mg. LiN3)' This effect is illustrated in FIGURE 7.4 and the results
appear in TABLES 7.2 and 7.3, for two runs done at 17500. The same kinetic

equations were applicable for these runs although the rate constants differed.

7.3 RESULTS (POWDERED LITHIUM AZIDE)

FOR REASONS GIVEN IN 7.2.1, ONLY THE PRE-IRRADIATED POWDERED AZIﬁE WAS INVESTIGATED.

Ta3a1 The effect of varying doses of X-irradiation

.The effect of an increasing dose of X-rays on the fhermal
’decompositioh of 1lithium azide using a tube‘voltage of 10 kV and tube current of
5 mA throughout the series, is graphically illustrated in FIGURE 7.5..‘The reaction
temperature was 17500 and approximately 5.0mg of material were used for .a

decomposition run. The p/t results appear in TABLE 7.4

The azide was exposed to the X-ray beam for 2,5,10, 15 and 30 mins, and 1, 3 and

16 hours.
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There was a‘decrease in the length of 'the induction period and this effect
became more pronounced with the increasiné dogse. The ;ubsequent p/t plof after
the induction period was sigmoid throughout the series and the acceleratory and
decay rate constants increased with increasing dose. The increase in the decay
rate constant, however, was negligible compared to the corresponding increase

following y=preirradiation.

After decreasing from « = 0.46 to « = 0.38 the inflexion point was observed to
remain approximately constant, but é noticeable decrease for the material irra-
diated for l6 hours was observed. The inflexion point for thé latter run was

« = 0.16, After 16 hours exposure to X-rays the salt was observed to be a light
grey colour and a ;ow pa was recorded for the weight of material used in the
decomposition. No visible change in the material was observed for lesser doses

than 16 hours.

The lengths of the induction periods (mins) and the accelerafory and degay'periods

derived rate constants k2 and k_, for the X-irradiated varying dose series and for

3

a blank unirradiated run, appear in the table below,

DOSE INDUCTION PERIOD [ INFLEXION ko k. (ains) |k (mins*l)
(mins) (nins) . POINT («) | 1772 Y 3
0 (I 0.46 7.5 x 107 (1) | 4.70 x 207
2 52 0.38 6.54 107 (k,) | 3.50 x 107
5 22| 0.3 8.75 x 107 3.85 x 107
10 | 36 > 0.34 8.81 x 107 | 3.80 x 1077
15 31 0.28 1,03 x 1072 4,08 x 107
30 25 0.31 - 1,23 x 1072 4,80 x 107
60 16 0.28 1.85 x 1002 | 7.65 x 1070
180 10 0.32 2,50 x 1072 9.20 x 107
960 7 . 0.16 2,86 x 1072 1,02 x 1072
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T.3.2 The effect of varying the temperature of decomposgition

The mathematical equations applied and the rate constants

derived in this section are discussed below in 7.3.3%.

The critical increments for the chemical process(es) occurring iﬂ the thermal
decomposition of powdered lithium azide pre-irradiated with X-rays for 30 mins.
(10 kV, 5 mA) were determined using the individual runs method. Approximately
5.0 mg samples were used for a thermal decombbsition,> The témperafuré range was

165° - 185°C.

The effect of varying the decomposition temperature on- the length of the
induction period was repeated using a different ground batch, irradiated
separately from thé material used in the varying temperature series in this
section. The temperature range was 1500 = 18000°. Reactioh was allowed to proceed
to'épproximately 4 x lOm2 torr at a particular temperature and the temperature ﬁas

then raised to 215°G for 2 hours to obtain the P -

The rate constants k, and k, {equation 6.1 and 5.3) and the duration of the
induction periods (mins) appear in the table below. The p/t values for the
decompositions are given in TABLE 7.5. The effect of varying the temperature of

decomposition is ghown in FIGURE 7.6,

T?mgz§ature Ind?gziz? perioé k2 (minsml) k3 (minsml)
150.0 | 53 | - -
155.0 44 - =
16L.0 33 - =
165.0 27 - -
170.0 19 ' - _ -
175.0 16 = ' : =
1180.0 13 - -
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Te?ggiature ' Ind?iii:? Period k2 (mins u}) _ k3_ gminéml)
165.0 27 6,73 x 1077 1,65 x 107
170.0 | 22 9.60 x 107 2.66 x 1077
17540 18 | 1.21 x 1072 3,91 x 107
180.0 | 13 1 174 x1072 4,05 x 107
185.0 11 | 2.34 x 1077 5,95 x 107
190.0 - 2,74 x 1072 | 8.89 x 107

TaBe3 Mathematical analysis of the results

A typical p/t plot of the thermal decomposition of powdered
iithium,azide, pre-irradiated with erays‘for 30 mins (10 kV, 5 mA), at 1859C
showing the extent of fit of the mathematical analyses, appears in FIGURE:7.7. .
The inflexion point is at &« = 0.20. The p/t resulté appear in IAB#E 7.5. The
main features of the curve are (i) a short, well-defined induction period.with no
evolution of gas followed by (ii) a short acceleratory period and,(iii) a long

decay period occupying approximately 80% of the reaction time.

As found for the unirradiated and y-irradiated lithium azide no mathematical
ahalysis of the induction period was possible since no gas was evolved. The
duration of the induction periods at various temperatures were used as before,

to obtain a value for the activation energy.

The acceleratory period was well defined by the Avrami-Erofeyev equation
(equation 6.1) with n = é. The fit covered the whole of the acceleratory period
and was feund to hold over the range 0.03< &< 0.‘,20.‘ The Avi‘a.mimErofeyev <equation
with n’= 2 was found applicable to all p/t plots for X~-irradiated lithiﬁm azide,

- throughout the dose range examined and over the temperature range 145° - 190°¢.

The decay period was described by the contracting sphere formula (equation 5.3) _
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and the fit was for the range 0.20 {x €0.65 ~ 0.75, The contracting sphere

equation was found applicable over the temperature range studied,(l450 - 19000).

7.3.4 Bvaluation of the activation energies

The critical increments for the chemical process(es)_occurring
in the thermal decomposition of powdered lithium azide pre-irradiated with X-rays

for 30 mins (10 KV, SmA) were obtained by applying the Arrhenius equation.

The activation energy for the induction period was found as described in 5.3.3
by plotting the logarithms of the lengths of the induction periods against

l/T (OK), where T is the decomposition temperature in 9Ke

The activation energies for the acceleratory and decay periods were obtained by

pldtting log k2 and log k3 (equations 6.1 and 5.3) against l/T (OK).

The above plots were straight.lines from the slopes of which the activatidnvenergies

were obtained, The plots of log I.P., log 32 and log k3 against”l/T (OK) appear
‘in FIGURE 7.8. The values of the aCtivatiQn energies calculated for the induction9

acceleratory and decay periods for the thermél decomposition of X-irradiated

lithium azide are as follows:

(i) Induction period: 22 k.cals/mole : ' -
19 k.cals/mole
(ii) Acceleratory period: 25 k.cals/mole

(iii)  Decay period: 28 k.qals/mqle

T.345 The effect of interrupting a decomposition

Interruption of a thermal decomposition has been described

previously in 5.3.4. No effect other than a small {time lag (4 7_6 mins) was
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observed when a decomposition run of lithium azide, pre-irradiated for 30 mins
withAxmrays,_(IO:kV, 5mA), was interrupted. Interruptions were at the end of the
induction period,; at « = 0,10, 0,28 and in the decay period at & = 0,55« The

reaction temperature was 180°C. These results appear in TABLE 7.6.

7.3.6 The effect of interrﬁptihg a_thermal decomposition
- and irradiating the salt

The method used and the precautions taken in perfofming this
type of experiment have been described in 4.2.6. Thevthermal_decomposition of
unirradiated lithium azide was interrupted at various stages during the course of
the reaction and the paftially decomposed salt irradiated with X-rays fpr two
hours at 10 kV and 5mA. Approximately 5.0mg of the salt were used for a run. The

decomposition temperature was 17500.

e
Interruptions were done at t = 0, (prior to deCOmposition), at the end of the
induction period, at « = 0.25, at the inflexion point (« = 0.48) and in the
decay period at « = 0.80._‘It was observed that an increase in the reaction rate
on commencing decomposition.resuited for interruptions up to and including the
‘inflexion point. No new induction periods were formed, other than a small time

lag during which the bucket and contents attained thermal equilibrium. Interrup-

tion in the decay period had no effect on the subsequent thermal decomposition.
The p/t values for these runs are pfesehted in TABLE 7.7 and the results are

graphically illustrated in FIGURE 7.9.

Te3.7 The effect of admitting water vapour onto the salt in an

interrupted decomposition

The general technique used for the "water interruptions" series

has been described in 4.2.5. All the results presenfed in this section (7.3.7)
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are not normalised to illustrate the effect of water interruptions on the p .
; a

The effects of exposure to water vapour (30 secs) on the thermal decompogition of

X-irradiated lithium azide powder (%0 miné, 10 kV, SmA ), were investigated.

- The effect of longer exposure, (5 mins), at t = 0 was also investigated.

(i) 20_secs expogure to_water vapour. Approximately 5.0mg 1ithium azide,
preirradiated with Xﬁrayé were used for a decomposition. Water inhterruptions
were done at t = 0, 0.5 I.P., at the end of the I.P., at « = 0.15, 0.25 and in

the decay period at oa.= 0,50,

The effect of water vapour at t = 0 was to reduce the_peréentage decomposition,
with no effect on the length of the induction period or the value of the rate
constant, kzn Interruption at 0.5 I.P. and at the end of the induction period
resulted in a new induction period. In the former'case, (0.5 IHP,), kz was
reduced and for interruption at the-eﬁd of the I.P. the Avrami-Erofeyev equation

with n == 3 was found to be applicable.

For water interruptions at « = 0,15 and beyond there was virtually no further
decomposition, The P, in all the water interrupted runs was lower than for the
blank decomposition. Heating to 40000 enabled recovery of some of the {35 -~ SQ%),

lost gas.

The p/t plot aftef water'interrupfion at the end of the induction periodbwas SO
reduced that it was felt that it wasvof no vaiue to carry out successive‘
interruptions along the induction period. The difficulty involved in obtaining
even an approximate value for the length of the inductién period after interruption

made the investigation impossible.

(ii) b _mins, exposure to water vapour, X~irradiated lithium azide was
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exposed to water vapour for 5 mins at t = 0, and the sample and vacuum line
evacuated for 12 hours, in the normal manner. A blank run, as well as‘an unirra~
diated blank run were also done. Approximately 5.0 - 5.5mg of the azide were

used for a decomposition.

1t was observed that the length of the induction period after exposure to water
vapour (162 mins) approached that found for the unirradiated run, (220 mins).
The percentage decomposition for the run exposed to water vapour was found to be

4% lower than that for the blank irradiated run.

The Avrami-Ercfeyev equation with n = 3 was applicable in the analysis of the .
~ anceleratory peried for the thermal decomposition of the interrupted run. The .

Tate congtant, klg was higher than that found for the urirradiated run.

The lengths of the induction periods,ithe acceleratory periocd associated rate
constants (kl and kzg equations 5.2 and 6.1) and the percentage decomposition for
all the runs done above appear in the table below and the p/t values appear in

TABLE 7.8, The plots are graphically illustrated in FIGURE 7.10.

Specimen | Exposure Tgmp. Point of Induction Accelera~- Percentage
(mins) c Interruption | period tory decompo~-
after period sition
interruption| rate :
(mins) constant
-‘(mins)"'l
Irradiated| Blank | 165 - 37 7.40510°° 9%
(k)
" 0.5 " t=0 40 744751070 5
" " " 0.5 I.P, 39 5.01%107> 67
" " ’ End I.P. 42 |7.35x10™° 80
- (i, )
" L] ‘ " o = 0.15 . - - 65
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Specimen Exposure Tgmp Point of | Induction Accelera~ Percen-
{mins) C | Interrup~ | period tory tage
tion af ter period decompo-
interruption rate sition
(mins) constant
(mins)"l
Irra=
diated 0.5 165 o« = 0.25 - - 51
w " i « = 0.50 - - 8
Unirra- 3
- diated Blank 165 - 220 1.94x10 - 98
(k)
Irra- =3
diated Blank " - 37 7.40x10 06
(k)
" 5 "l t=0 162 3,42x107° 54
(k) )
7.3.8 The effect of thermal snnealing

Powdered lithium azide pre-irradiated with X~rays for 30 mins

(10 xV, 5 mA) was thermally. annealed at 110%¢ for 45 mins in the vacuum line and

‘the run then carried out at 175°C.

The vacuum line was open to the pump

section -

during the annealing and after the annealing the line was pumped for a further

10 hours.

A blank run was done for comparative purposes with no annealing,

Comparison of the normalised plots showed that thermal annealing had no effect on

the decomposition of lithium azide, pre—irradiated with X~rays.

7.3.9 Percentage decompogition
- The percentage decomposition as described in 5.3.6 for the

runs used for the varying temperature series of X-irradiated lithium azide powder,
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pre-irradiated for 30 mins (10 kV, 5mA) was found to be as follows (decomposition

temperature in brackets):

96 (165°); 100 (175°); 104 {180°); 89 (185°); 100 {190°);

MEAN: 9k
The percentage decomposition for the runs used in the varying dose series was
found to be as follows (irradiation fime using X-rays (10 kV, 5 mA) in brackets)z

97 (wirr.); 78 (2 mins); 97 (5 mins); 102 (10 mins);
100 (15 mins); 96 (30 mins); 98 (1 hour); 104 (3 hours);

93 (16 hours). ' MEAN: 96%

T.3.10 Visual observations

Similar observations as reported for y-irradiated 1lithium

3 It was noticed however
that the salt turned a faint grey colour after prolonged exposure (16 nours) to

azide, 6.3.10, can be reported for X-irradiated LiN

the X-ray beam. Similar changes in colour during thermal decomposition were
observed, there being no change in colour until the end of the induction period

when the salt turned grey.

7.4  RESULTS gPELLETED LITHIUM AZIDE)

To4el  Activation energies

As mentioned previously in 7.2.1, it was not pdséible to obtain
values for the activation energies of the processes occurring in the thermal
decomposition of X-irradiated pelleted lithium azide due to the irreproducibility
of the material and difficulty in obtaining rate constants using the split-run

technique.
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However some qualitative work was done in an attempt to understand the reasons
for the double-sigmoid pressure-time plot. These investigations are reported

below.

Te4.2  The effect of varying pellet weight on the initial reaction

The effect of varying the weight of the pelleted azide
pre-irradiated with X-rays for 2 hours (10 kV, 5mA) showed the initial reaction to
be dependant upon the weight of the pellet as found previously in 6.4.6 for the

effect of y-irradiation on pelleted material { ef. FIGURE 6.21).

Tede3

In attempting to determine the reasons for the initial reaction
observed when pre-irradiated pelleted lithium azide was thermally decomposed,
pre~irradiated powdered azide was pelleted and the subsequent thermsl decomposition
showed a double-sigmoid character. This effect was not as pronounced as for ﬁhé
irradiated pelleted salt.e The pelleted irradiated azide had a longer induction
period than those of the powdered and pelleted lithium azide, pre-irradiated with
the same X-ray dose. All the specimens were pre—irrédiated for 30 mins (10‘kV,

5 mA) and the reaction temperature was 175°¢. The p/t results appear in TABLE

7.9 and FIGURE 7.11l.

The procedure describing the irradiation technique in 4.2.3 (b)
mentioned the reasons for irradiating the lithium azide on a brass plate. The

effects of using a glass surface was investigated. Pellets were made from the
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same ground batch and pre-irradiated for two hours with X-rays (10 ¥V, 5 mA),

using brass and glass supports. The reaction temperature was 19500.

It was observed that when the pelleted lithium azide was irradiated on glass
and brass, the extent of the first acceleratory reaction was less for glass'
than for brass. There was small change in the lengths of the ‘induction

periods.
The derived rate constants for the initial acceleratory period were found as

follows (k29 equation 6.1):

(i) 1Irradiation on brass: 7.60 x lO-2 mins_l

(i1) Irradiation on glass: 1.8% x 1072 mins

The tabulated results appear in TABLE 7.10 and the p/t plots ineluding a blank

run of unirradiated pelleted azide, are graphically shown in FIGURE 7.12.

7-4.5 Visual observations

As found for the powdered material, no colour change on irra=-
diation was observed fof the X-ray doses uséd in the above study. Examination
of the irradiated pelleted material showed that decomposition commenced on both
surfaces simul taneously {as for y-irradiated pelleted azide) and at the inflexion
point of the initial reaction the interior of the pellet was dark red-brown,
while the faces were predominantly dark grey, with brown distinct areas of product.
More detailed observations, however, appear in T.4.7 when photomicrographic

studies were carried out.

To4e6  The effect of thermal annealing . : g

No effect was found on the subsequent thermal decomposition
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S

when pelleted lithium azide, pre-irradiated for 2 hours with X-rays (10 kV, 5 mA),

was thermally annealed in vacuo for 3/4 hour at 1200C.

The reaction temperature for the decomposition was 19000°

74,7 Photomicrography

Only the thermal decomposition of pelleted 1ithium azide,
prenirrédiated with X-rays for two hours, (10 kV, 5 mA) was studied, for reasons

given in 5.,3.12.

PLATE % shows the thermal decompositioh of X-irradiated lithium azide at 164o

* 2°C. Magnification was 65K, FIGURE 7.13 illustrates the dp/dt plot and the
arrows indicate where the photomicrographs were taken, The results appear in

TABLE 7.11.

(The figures in brackets are exposure times in printing the photographs, as

previously explained in 5.3.12).

(a) Tne photomicrograph shows the pellet at t =0 (prior to decomposition).
The striations are due to the piston used in the die when the pellet was

made. The surface was white and uniform. . (17)

(b) The photomicrograph was taken in the early stages of the first acceleratory
period as may be seen from the illustrated differential plot. Darkening of

the viewed surface occurred. (17)

(c) After 85 mins, just before the inflexion point, the surface is seen to have
darkened further, with signs of concentrated regions of decomposition

appearing. . {7

(d) 1Dark areas of product are seen to have formed out of the diffuse background

at the inflexion point of -the first reaction. (15)
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Al though not many more of the distinct areas of decomposition have appeared
after 135 mins, those previously formed grew darker and more intense. The
background was observed to be grey while the dark areas varied from dark grey

to brown in colour. ' - (13)

After 155 mins, in the decay reaction of the initial reaction, the dark

centres of decomposition are seen to have increased in size and number. (13)

The photomicrograph shows the overlap, growth and formation of further areas
of decomposition. The picture was taken after 210 mins, before the onset of

the second reaction. - . (11)

Just prior to complete surface cover at 210 mins before the onset of the

second acceleratory period. The surface was covered with dark grey-brown

product. (10)

7.5  DISCUSSION

_ The effects of X-rays on ionic solids are similar to those discussed

for y=rays, but with the exception that the irradiation damage can be expected to
be the consequence of internal electron bombardment, with displacements unlikely.

The effects of X-rays on solids and in particular on the alkali halideé, have.

(1949203’204) and studies of theveffects on

(89,142,143, 205)

been discussed in detail by Seitz

azides have been made by séveral workers

Irradiation at room temperature has been shown to result largely in the production

of F-centres, produced by the combination of anion vacancies and electrons. The
electrons may result from dissociation of excitons formed during irradiation or
may be secondary electrons resulting from the photoelectric effect(194). .In the
latter case secondary electrons and holes are produced as units which can wander

around until they recombine or are trapped, after which the self-trapped electrons
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diffuse and ultimately come to rest at vacancies.

The F-centres produced may be situated at imperfections (dislocations, grain
boundariés) as in sodium azide or within the lattice as found in potassium

(89)0

azide

V=centres (combination of positive holes and cation vacancies) and aggregates of
(194)

F-centres and V-centres have also been discussed and are generally present

as a consequence of the formation of F-centres.

T.5.1 Powdered lithium azide

The effects of pre-irradiation by X-rays and 7—fays on the
thermal decomposition of lithium azide were similar, but with the notable exceptions

that the rate constant k., for the decay reaction did not change significantly

3

after irradiation in the former case and also the value of ai, (the fractional

decomposition at onset of the decay reaction), decreased with increasingvx-ray

dose.

In the series of varying doses of X-rays on the thermal decomposition of 1ithium

azide (FIGURE 755), the decay period rate constant was found to change from
3

4.70 x 10ﬁ=3 mins=1 (unirradiated) to 9.20 x 10 minsm1 (180 mins X-rays,

10 kv, 5 mA). The corresponding change observed for lithium azide pre-irradiated
. : - —

with varying doses of y-rays prior to thermal decomposition was 2.19 x 10 3 mins

(unirradiated) to 44.4 x 107 ming (15000 roentgens).

The inflexion point in the p/t plots was observed to fall with increasing doses of

X-rays and for very heavy doses it occurred at o = 0.16.

The acceleratory period for the decomposition of X-irradiated azide was found to

be described by the Avrami-Erofeyev equation with the exponent n taking the value
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2 for all X-ray doses studied. Such a value is consistent with the growth of tﬁo
dimenéibnal nuclei, growth occurring from a fixed number of nuclei, The irradia—
tion effect is very pronounced indeed and it is likely that even if there was a
linear increase in the number of the nuclei with time during the accelerétory
period, this effect could be swamped By the very large number of nuclei formed

at the end of the short induction period.

The fall in the inflexion point in the p/t plot as the X-ray dose increases is
probably due to the fact that radioiysis occurs at high doses so that the surface
is partly covered with iithium hydroxide. Thus, when the nuclei cease growing
over the surface a smaller fraction of the §élt will have been decomposed than

with the unirradiated salt.

The decay reaction was analysed usiné the contracting sphere formula. A signifi-
cant feature of the decay réaction; as mentioned above, was that the decay rate
constant k3 displayed negligible dependahce on the X-ray dose., From this
observation it can be concluded that the topochemistry of this‘stagelof the
reaction mﬁst be similar to that in the decomposition of the unirradiated material
and that after surface nucleation growth and coverage, the product/reactant inter—~
face mo%es inwards on the particles of the powder. Also, irradiationfafter
interruption during the decomposition of the unirradiated salt is effectivé only
when the expected time of acceleration due to the X-ray effect is less than the
time at which the deéay reaction commences (FIGURE 7.9). This also indicates

that the nuclei are primarily surface ones.

It is considered that large numbers of F-centres are formed on exposing the salt
t0 X-irradiation. The primary act of irradiation is to strip electrons from the

azide ions:

N, - N, + e (7.5.1)

These electrons then combine with {i) the positive holes (N3)’ or (ii)'are trapped
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at vacant anion sites present on the surfaces of the particles.
The effects of X-irradiation on the subsequent thermal decomposition of sodium(gz)

(123)

and lead azides have been reported to be the result of radiolytic decomposition

1 ' :
al( 42) has reported that sodium azide irradiated with X-rays

of the matérial. He
at room temperature contains large numbers of trapped electron centres. It was

stated that positive holes and electrons result on irradiating the azide, which

then yields molecular nitrogen and electronss

2N3“ - 3N2 + 26 F 2B reenesercnsescennenaees (745.2)
2N, > SN, + 2 R RRERAIALE (7.5.3)
NS o+ Mg o 3N, 4 e 4 24 ""f'°'°""°";°"" (7.5.4)

The electrons and holes are then trapped at suitable trapping centres.

A similar mechanism can also be expected to apply in lithium azide, with the
formation ogﬁF—centres on X-irradiation. A number of aﬁion vacancies will result
from 7.5.2 = 7.5.4; which after tfapping at suitable sites will in turn trap mobile.
electroné yielding F-centres in addition to those formed as a consequence of 7.5.l
above. The F-centres aggregate due to thermal diffusion at the irradiation

temperature (room temperature), as mentioned previously for y-irradiated 1ithium

azide.,

On heating the irradiated lithium azide the F-centres collapse and produce lithium

- atoms and finally 1lithium metal éentres, during the short induction perioda

During the decomposition of irradiated lithium azide, the nuclei are formed
rapidly and in large numbers. It is considered that at the end of the induction
period these are present in virtually a saturation amount and that during the
acceleratory period further formation is "swamped", leading to the value 2 for n

in the Avrami-Erofeyev equation.
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Further support for the view.that reaction occurs only on the surface of the
particle is found when comparing the results for X—irradiated and U.V. irradiated -
- lithium azide. It is conclusi&ely shown (tcf. 8.5) that the U.V. reaction is
entirely a surface one. The close similarity in the results for the X- and U.V.-
irradiated azide confirm the reaction to thus be a surface éne in the former case

as well.

-This view that nuclei grow two-dimensionally on the surface and increase in
‘number fractionally with time, is supported by the seriés of "water interruption"
runse It was observed that exposure to water vapour (%0 secs) at t =0 (i.e.
prior fo decompositibn) had no effect on.the subsequent thermal decomposition,
indicating the absence of lithium atoms or nﬁcléi at that point and the absence
df interaction between the P-centre aggregates and water vapoﬁr. prevér, the same
exposure at points halfway and at the end of the induction period resulted in the
formation of an induction period of length approximately egqual to the induction
period for the decomposition of the uninterrupted irradiated azide, followed by a
slower evolution of gas which passes into the type of gas evolution one wouid
expect with unirradiafed maferial at this point and at the reaction temperature

used.

These acceleratory periods were best described by the Avrami-Erofeyev equation with
n = 3, for interruption at the end of the induction period and n = 2 for interrup-
tion at a point halfway along the induction period; These results indicate that

the reaction is returned effectively to that of the decomposition of unirradiated

" salt,

Interruption after the induction period resulted in virtual destruction of the

subsequent‘reaction. The slow reaction is attributed to the thermal decomposition

of unirradiated azide,

Exposure to water vapour (Smins) at t = 0 had the effect of destroying the
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trapping sites and at the same time the F-centre aggregates (aS‘described
previously for the y-irradiated material). The length of the induction period was
found to approach the value for that of unirradiated material. The acceleratory
period was fitted with n = 3 in the Avrami-Erofeyev equation, as found for the
decomposition‘of unirradiated lithium azide i.e. the irradiation effect was

removed.

In all the water interruption runs the percentage decomposition was lowered
presumably due to hydrolysis. Bxposure to 5 mins water vapour had a greater

lowering effect on the percentage decomposition.

It is proposed that the rate determining steps during the induction périod is the
same as that postulated for the y-irradiated azide. This step is the diffusioﬁ
over the surface of lithium atoms to crystallise and form a metélvnucleus. The
activation energy associated with this process (21 k.cais/mole) is, ﬁithin the
limits of experimental éfror, the same as that found for y-irradiated énd

unirradiated material (20 k.cals/hole and 22 k.cals/hole respectively).

The mechanism for the growth is considergd to be similar to that for the
y=irradiated salt as a consequence of similarity in the activation ehergies (25
k.cals/mole for X-rays, 26 k.cals/mole for y-rays) within the limits of experimental
error. The rate determining step during the acceleratory period is proposed to be
that postulated for y-irradiated lithium azide. This step is the eievation of an
electron from an azide ion to the conduction band of the lithium metal nucleus

with the formation of an azide radical:

N3 - N3 € eereevenscscassesssasse (Te5.5)

This nucleation process proposed for lithium azide is analagous to the surface-
- nucleation postulated for the thermal decomposition of unirradiated and U.V.-

irradiated calcium and strontium aZideS(log). Nucleation was considered to occur
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at the point of emergence of dislocations on the surface of the crystals.' These
were thought to be mainly spiral dislocations and the discontinuities associated

with the mosaic structure (fcf. Hedges and Mitchell(lgg)

and PLATE 2(a))

During the decay reaction whenvthe envelopes of product confract and the interface
moves inwérds oﬁ blocks of unirradiated material the contracting sphere equation
holds, as for the decomposition of unirradiated and y-irradiated lithium azide.
The reaction mechanism in this case is considered to be thelsame. The activation
energy for this process was found to be 28 k.cals/moie as found for the decay

process in y-irradiated lithium agzide.

No effect was observed when X-irradiated material was ammealed under the conditions

employed, as previously found for unirradiated and y-irradiated lithivm azide.

The mean percentage decomposition was observed to be higher (97%) than that for
the unirradiated material (89%). This increase in the percentage decomposition

was ohserved with the y-irradiated material as well.

7.5.2 Pelleted lithium azide

No reliable values were obtained for the activation energies
associated with the first acceleratory and dééay reactions, observed during the
thernal decomposition of X-irradiated 1ithiﬁm azide. This was due to the
“ irreproducible nature of the thermal decoﬁposition and the difficulty associated

with estimating a reliable "final" pressure for the first reaction.

As for y-rays, it is considered that the initial reaction was due to a surface
reaction at points on the "internal surfaces". The fit of the Avrami-Erofeyev
equation with n = 2 indicates two-dimensional growth from a large, fixed number

of nuclei, These nuclei take the form of contracting two-dimensional centres
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during the first decay region.

The photomicrographs show (P1ate 3) thevfbrmation of dark areas of product against
a baékground of diffuse darkening grey. These dark areas increase in number and
size as the initial reaction proceeded, until the viewed surface wasvcompletely

covered by reaction product at the end of the initial reaction.

It was noted thét if the pelletvwas;irradiafed on a glass support instead of the
brass plate used throughout the Xrirradiatidns, the initial reaction was reduced
in magnitude and the overall effect is equivalent to irradiating the material with
a smaller dose of X-rays. The enhanced‘effecf obtained when irradiating on a
brass support is probably due %o the.bombafdment of the pellet by photoelectrons
emitted from the brass. The electroniq work function of brass is several thousand
times less than the energy of the ihéidént X-radiation and cohseéuently a "showef"
of electrons from the brass surface results: _If was found that lithium azide in
the amounts used, was transéarent to the-xrray beam as no imagé of'fhe material
was recorded on a sensitive screen placed behihd the irradiated material, Thus

electrons were emitted from the brass at the point of contact of the azide with the

support,

A similar enhanced reaction due to the emission of photoelectrons has been reported

(89), during a study of the spectra of ultra-violet

by Cunningham and Tompkins
irradiated sodium ahd potassium azides. It was found that the formation of colour
centres (F—centres) was enhancéd by avfactor of 4 in the case of KN3 and by a

factor of 50 in the case of NaN_, when these azides were irradiated on aluminium,

3
instead of quartz. The enhanced effect was attributed to the release of-photo-

electrons from the aluminium, which were then transferred to the conduction band
of the azides and subsequently trappéd at anibn vacancies, the neutrality of the

crYstal being maintained by the formation of surface azide radicals which transfer

the electron of an (excited) surface azide ion to the metal;
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8., THE THERMAL DECCMPOSITION OF LITHIUM AZIDE PRE-IRRADIATED WITH |
- ULTRA-VIOLET RADIATION

8.1 PRELIMINARY INVESTIGATIONS
8aldl Pelleted lithium azide

The effect of irradiating pelleted lithium azide was investigated
initially, to ascertain the shape of the p/t plot. Pelleted lithium azide was
pre-irradiated for 2 hours using (i) the low infensity andv(ii) the high intensity
ulfra—violet lamps, following procedure described in 4,2.3(0). The pellets were
irradiated on one face only at a distance of 6 cm. beneath the lamps. The lamps
used have been described in 4.1.4(c). The pelleted material was decomposed in
vacuo in the usual manher, at 19000. >It was observed that the induction period
was reduced from 65 mins to 4 mins for the material irradiated with the low
intensity lamp. The azidg pre&irradiafed with the high intensity'lamp ﬁad no
" induction period. Both irradiated p/t plots showed small initial reactions, this
being slightly more pronounced in the case of the material irradiated with the
high intensity lemp. After the initial burst of gas the plots aésumed a gigmoid

character.

It was qbserved that the pellet irraediated with the high intensity lamp had
turned yellow-brown on the irradiated face only, while no colour change was
observed in the other irradiated pellet. These results appear in TABLE 8.1 and

the p/t plots are illustrated in FIGURE 8.1.
8.1.2 Powdered 1ithium azide

Powdered lithium azide was pre-irradiated with ultra-violet

radiation using the low intensity lamp at a distance of 6.5cm beneath the tube
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for 15 mins. The azide was stirred every three minutes, Approximately 5 mg. of
the matefial were decomposed at 19500 and a blank run using unirradiated material
at the same temperature was done for comparative purposes. It was observed that
the inducfion period was virtually eliminated and the reaction appeared to start
at maximum rate. This was followéd by a decay reaction. The results appear in

TABLE 8.2 and the p/t plots are illustrated in FIGURE 8.2.

8.2  REPRODUCIBILITY

8,2.1 Pelleted lithiun agide

Pelleted lithium azide, pre~irradiated with ultra-violet
radiation gave p/t plots with good reproducibility. ?elleted material -
irradiated ﬁoryl%-hqurSuat a distance of 6.5cm below the low intensity lamp was
decomposéd at 19800, The results for two runs using pellets of approximately
4.6mg are given in TABLE 8.3 and the p/t plots illustrated in FIGURE 8.3, It is
seen that for this dose there was no induction period at 19000, and the reaction

commenced at maximum rate.

8.2.2 Powdered lithium azide

Powdered lithium azide as described in 5.3 was irradiated for
15 mins, 6.5cm beneath the low intensity lamp. The irradiation was done in an
atmosphere of dry nitrogen as previously degcribed in‘4.2.3(c) and the powder was
stirred every 3 mins. Approximafely 5.0mg were used for a decomposition. The
specimens were decomposed in vacuo in the normal manner, at a reactidn temperature

of 175°C,

The reproducibility was of a high order, as may be seen from FIGURE 8.4. The p/t
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values for the runs appear in TABLE 8.3,

8.3 RESULTS (POWDERED LITHIUM AZIDE)

It was féund (8.4.1) that the initial reactidn observed in the
decomposition of ultra-violet light pre—ifradiated pelleted 1lithium ézide was not
amenable to mathematical analysis. Accordingly, as was done with y- and X-rays,
the investigations of the effects of pre-irradiation with ultra-violet radiation
were largely confined to powdered lithium azide, Some investigations using

pelleted azide, -pre~irradidted with ultra-violet light are reported in 8.4.

UNLESS OTHERWISE STATED ALL IRRADIATIONS IN THIS SECTION (8.3) WERE CARRIED
OUT USING THE LOW INTENSITY ULTRA-VIOLET LAMP AT A DISTANCE OF 26cm BELOW THE

U.V. TUBE.

8.3.1 The effect of varying doses on the thermél decomposition

The effect of an increasing dose of ultra-violet irradiation
on the thermal decomposition of powdered lithium azide at 17500 was studied.
The specimen was irradiated in the nofmal manner under dry nitrogen with frequent
stirring. The specimen was’placed 26cm beneath the tube. Approximately 5.0mg

specimens were used for a decomposition run.
The azide was irradiated for 2, 10 and 80 seconds and 6 and 32 hours.

There was a decrease in the length of the induction period and exposure to
U.,V.-radiation for 2 secs halved the induction peribd. For larger doses (> 80secs)
the induction period was virtually eliminated. The reaction following the induction
period was sigmoid throughout the series with increasing reaction rate. The

inflexion point was observed to decrease with increasing exposure to U.V.,
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while small change in the decay rate was observed.

The lengths of the induction periods, the acceleratory and decay period rate
constants and the inflexion points appear in the table below, for the U.V.-
irradiated ﬁarying dose series and for a blank unirradiated run. The series is
B iilustrated in FIGﬁRE 8.5, The p/t values for the decomposition runs appear

in TABLE 8.4. The changes in the mathemafical analysis of the p/t plots as the’

~

dose is increased is discussed below in 8.3.3,

Dose Inflexion .Induction period Acceleratory -1
point ’ {(mins) period rate . k3 (mins‘ )
’ ‘constant '
(mins‘l)

0 0.40 95 3.26 x 107 (k) | 1.80 x 1077
2 secs | 0.36 5 3,78 x 1072 2,72 x 1077
-3 =3

10 secs 0.34 26 4490 x 1077 (k,) | 2.61 x 10
8 secs | 0.31 12 8,50 x 1077 _ 3.58 x 1072
6 hrs 0.14 4 - 4,10 x 107
32 hrs 0.14 3 - | 4.06 x 1077

8.3.2 The effect of varying the temperature of decomposition

The critical increments for the cﬁemical process(es) occurring
during the thermal decomposition of lithium azide, pre-irradiated with ultra-
violet radiation for 15 secs, were determined using the individual runs method.
Approximately 5.0mg of the irradiated azide were used for a decomposition. The

temperature range was 170o - 19506.

Rate constants were determined over the temperature range chosen and the duration
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of the induction periods noted (induction period was the time taken for the
reaction to reach o = 0.006). The derived rate constants for the acceleratory and

respectively, (equations 6.1 and 5.3),‘and the lengths

decay periods, k_ and k

2 3

of the induction periods appear in the table below. The p/t values for the

decompositions are to be seen in TABLE 8.5.

Specimen Temp. Induction period k, (mins ) | k (mins_ )
0 : . 1 2 : 3
¢ (mlns)
U.V.~irradia- |
ted for 15 170.0 34. - - -
secs.
. -3 -3
" 175.0 24. 5.17 x 10 7 2.64 x 10
. 180.0 20. | 7.08 x 10~ 3,16 x 107
| 185.0 15 . 9.9 x 107 4,50 x 1077
" | 190.0 11, 1.32 x 107% 6.33 x 107
" 195.0 - 1.68 x 1072 | 8.42 x 107

8+3.3 Mathematical analysis of the results

A typical plot of the decomposition of lithium azide pre-~
irradiated for 15 secs with U,V.-radiation atleSOC showing the ext;nt of fit
of the mathematical analyses, appears in FIGURE 8.6 and the p/t results in
TABLE 8.5, The marked features of the p/t plot are similar to those found for
material pre;irradiated with X~ and y-rays. These are (i) a short induction
period with no evolution of gas followed by (ii) a short acceleratory period and

(iii) a decay period., The inflexion point was at o = 0.27.

As previously found, no mathematical analysis of the induction period was

possible since no gas was evolved. The lengths of the induction periods at
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various temperatures were used as before to obtain a value for the activation

energy.

The acceleratory period was well defined by the Avrami-Erofeyev equation (equation
6.1) with n = 2. The fit was such that the whole of the acceleratory period was
described by the equation. The degree of fit was over the range 0.02< %< 0.28.
The Avrami-Erofeyev equation in the above form was found to hold for ultra-

violet doses of greater than two seconds and less than 30 mins, Tor exposures to
U.V.-radiation for two seconds or less, the Avrami-Erofeyev equation with n = 3

as for the unirradiated material was found to be applicable. For doses above

30 mins the reaction commenced at maximum rate over the temperature range studied

and no acceleratory period analysis was possible.

The decay period was fitted by the contracting sphere equation (equation 5.3)

as previously found. The degree of fit was over the range 0.25¢ &< 0.85.

The above mathematical analysis was found to be applicable over the temperature

_fange studied. This range was 165O - 19500°

8.3.4 Bvaluation of the activation energies

The critical increments of the chemical process(es) occurring
in the thermal decomposition of ultra-violet pre-irradiated lithium azide

(15 secs) were obtained by applying the Arrhenius equation.

The activation energy for the induction period was found as described in 5.3.3
by plotting the logarithms of the lengths of the induction periods against

1/T (OK), where T is the reaction temperature in k.

The activation energies for the acceleratory and decay periods were obtained by

plotting the logarithms of the derived rate constants k2 and k3 against l/T (OK).
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The above plots were straight lines, from the slopes of which the activation

energies were obtained.

The plots of log I.P., log k, and log k, against 1/T appear in FIGURE 8.7. The

2 3

values for the activation energies calculated for the induction, acceleratory and
decay periods for the thermal decomposition of U,V.-irradiated lithium azide

are as follows:

(i) Induction period 3 21 k.cals/mole
(ii)  Acceleratory period $ 25 k.cals/mole
(iii) Decay period : 2'7 k.cals/hole

8.%.5 The effect of interrupting a thermal decomposition

Interruption of a thermal decomposition has been described
previously in 5.3.4. Two runs were done with U.V.-preirradiatea lithium azide
powder, at 18500. The material was irradiafed for 15 secs as described earlier,
One run was interrupted at 0.5 I.P. and at the inflexion point and the other
run was interrupted at o = 0.2 and in the decay period at o« = 0.7. No effect
on the subsequent thermal decomposition on resuming the reaction was observed,
other than a short time lag during which the bucket and contents attained
thermal equilibrium. These results are graphically presented in FIGURE 8.8 and

the p/t values appear in TABLE 8.6,

8.3.6 The effect of interrupting a thermal'decomposition and
irradiating the salt ) :

The method used and the precautions teken in performing this
type of experiment have been described in 4.2.6. The decomposition was

interrupted at various points during the decompositions and the specimen
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irradiated for 8 mins at 26 cm beneath the ultra-violet tube. The reaction
temperature was 18500. Approximately 3.0 - 5,0mg of azide were used for each

run.

Interruptions were done at six points during the course of the thermal decomposi-
tion. These were at t = 0 (prior to decomposition), 0.5 I.P., at the end of the

induction period at o = 0.15, at & = 0.48 and in the decay period at « = 0.78.

A large exposure to ultra-violet radiation was used in order to observe the
effect of the U.V. on the subsequent reaction rate. A characteristic of the
U.V. runs was a drastic shortening of the induction period for a small change in

the rate, for lower exposure times.

It was observed that there was an increase in reaction rate after interruption,
up to o = 0.15. Interruption and irradiation at the inflexion point and beyond
‘produced no change in the decomposition rate, on resuming the'reaction° The
results for the p/t values for these runs and a blank unirradiated run appear in
TABLE 8.7 and the derived rate constants k. and k_ for the acceleratory periods

1 2
appear in the table below. The p/t plots are illustrated in FIGURE 8.9.

Specimen ‘ Point of Interruption Acceleratory period
rate constant
(mins'l)
Powder ' Blank o 7.05 x_lO_3 (kl)
-2
t=0 . 3.13 x 10 (k2)
0.5 I.P. . 3,50 x 1072
End I.P. S 3.32 x 102
« = 0.15 3,04 x 1072
o = 0.48 -

0178 -

2
it
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8.3.7 The effect of admitting water vapour onto the salt in
an_interrupted decompasition

The general technique used for the "water interruption" series
has been described in 4.2.5. Unless otherwise stated the results presented are

not normalised to illustrate the reduction of the Py

Exposure to water vapour for 30 secs was investigated. The effect of 5 mins
exposure to water vapour at t = O on the subsequent thermal decomposition was

also studied.

(i) 30 secs exposure to water vapour. Approximately 5.0mg of powdered

lithiuﬁ azide, pre-irradiated with ultra-violet radiation for 15 secs at a
distance of 26cms beneath the U.V. fube were used for each decomposition. The
decompositions were interrupted at various stages and the specimen exposed to
water vapour for 30 secs. Interruptions were made at t = 0, 0.5 I.P., end I.P.,
a‘= 0.11, at the inflexion point and in the décay period at « = 0.60. Blank runs
were als§ done using the same irradiated material and the same unirradiated

o
material. The reaction temperature was 185 C.

As previously found for the y- and X-irradiated lithium azide, interruption at
t = 0 had no effect on the subsequent thermal decomposition, other than lowering

- the percentage decomposition.

Exposure at all points up to and including the inflexion point resulted in the
formation of a new induction period (33 - 45 mins in duration) on resuming
decomposition. The new induction periods were longer than that for the
uninterrupted irradiated run and less than that for unirradiated azide (48 mins).
The Avrami-Erofeyev equation with n = 2, (equation 6.1), was found to be applicable
in the analysis of the acceleratory period for runs interrupted at t = 0 and

0.5 I.P. The Avrami-Erofeyev equation withn =3 (equation 5.2) was found to be
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applicable in the analysis of the acceleratory period for runs interrupted at

the end of the induction period and beyond.

The rate constants (kl) for the runs interrupted after 0.5 I,P, are seen to be

less than that for the unirradiated decomposition.

Since interruption at the end of the induction period resulted in a new induction
period, a second interruption at the end of the new induction period was done.
The process of exposing the specimen to water vapour atithe end of the new
induction period for 30 secs was repeated five times and the reaction was then
allowed'to proceed in the normal manner after the fifth exposure. The p, was
lowered, as found above, and the Avrami-Erofeyev eQuation with n = 3 was found to
be applicable in the mathematical analysis of the acceleratory period. The
lengths of the induction periods are seen to be similar to that found for tne
unirradiated blank run,

These results are graphically illustrated in FIGURE 8.10.

(i1) 5 minsiegposure to water vapour., Powdered lithium azide, pre-irradiated

with ultra-violet light for 80 secs at a distance of 26 cms below the U.V. tube,
was exposed to water vapour for 5 mins at t = 0. After pumping the sample and

vacuum line in the normal manner for 12 hours, the material was decomposed at 18500.

It was found that the length of the induction period for the interrupted run

(5 mins) was slightly longer than that found for the decomnosition of the
uninradiated material (48 mins). The exponent n changed from 2 to 3 (Avrami—
Erofeyev equation) in the analysis of the acceleratory period for the interrupted
decomposition. The rate constant, kl (equation 5.2), is seen to be lower than

that found for the unirradiated decomposition.,

The rate constants k1 and k2 (equation 5.2 and 6.1), the lengths of the induction

periods and the percentage decomposition of the runs done aboveX(i) and (ii)),
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appear in the table below. The p/t;values for these results are tabulated in

TABLE 8.8,
Specimen Exp?sure Po;nt of ;uP. afte? Rate constant Percentage
(mins) | Interrup- [interruption
| . . =1 decompo-
tion (mlns) (mlns ) .
. sition
Unirra~ : ' -3
diated Blank - 48 8,71 x 10 (kl) 93
Irra- -3
diated Blank - 16 9.08 x 10 (k2) 84
" 0.5 £ =0 18 9.95 x 10~ 74
" " 0.5 I.P. 19 1.23 x 1072 55
" " End I.P. 0 7.7 x 107 () 30
" " « = 0.11 45 5.38 x 107 48
" " Inf. Pt. 3% 8.12 x 107> 49
" " & = 0.60 - - 85
" " Successive 15
32
48
48
30
42 9.30 x 107 66
Unirra- -3
diated Blank - 48 8.71 x 10 (kl) 9%
Irra- -3
diated Blank - 16 9.08 x 10 (k2) 84
" 5 t=0 55 7.66 x 107 (k,) 68




184.

8.3.8 [The effect of thermal annealing

Powdered lithium azide, pre-irradiated for 15 secs with ultra-
violet radiation,was thermally annealled in vacuo at 14000 for one hour with
continuous pumping. The specimen was then further pumped for 10 hours and was
then thermally decomposed after the pump section had been isolated, A blank
run was done for comparative purposes, with no annealing. The reaction temp-
erature was 18500.‘ Comparison of the normalised curves showed that thermal
annealing had no effect on lithium azidey pre-irradiated with U.V.- radiation.
The p/t results are given in TABLE 8.9 and the plots are illustrated in

FIGURE 8.11.

8.3.9 DPercentage decomposition

Tho percentage decomposition as described in 5.3.6 of the
runs uged for the varying temperature series of lithium azide pre-irradiated with
ul tra-violet light, was found to be as follows (decomposition tomperature in
brackets):
103 (170°); 100 (175°)s 102 (180°); 98 (185°); 108 (190°); 91 (195°).

MEAN: 100%

The percentage decomposition of U.V,-irradiated azide used for the varying dose
series was found to be as follows (irradiation time in brackets)z

91 (0); 100 (2 secs); 93 (10 secs); 103 (80 secs); 81 (6 hrs); 77 (32 hrs);

MEAN: 94% (excluding 32 hours)
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8.%.10 Photochemical decomposition of 1ithium azide

This study was made by Mr W G Sears. No evolution of gas was
observed after 2 hours irradiation through an optically-flat quarfz window,
using the low intensity lamp 26 cm above the specimen. For longer irradiation
times (6 hrs) a small amount of gas was measured indicating photochemical

decomposition (}0.1%).

Irradiation of the lithium azide with the high intensity lamp resulted in
instantaneous decomposition and approximately 5% decomposition was estimated

- after 30 mins, from gas pressure measurements.
8.3.11 Visual observationg

It was observed that lithium azide turned a buff-cream colour
after 20 mins irradiation with the high intensity lamp. On stirring the powder,
fresh uncoloured particles were exposed. No colouration was observed after 30

hours irradiation at 26 cm below the low intensity lamp.

Colour changes during the thermal decomposition of the irradiated salt were

gimilar to those reported for unirradiated and v- and X-irradiated lithium azide.

8.4 RESULTS (PELLETED LITHIUM AZIDE)

8.4.1 The effect of varying pellet weight on the injtial reaction

The effect of varying the pellet weight of ultra~violet
pre-irradiated pelleted lithium azide was studied. Two pellets, weighing 8.5mg

and 17.3mg were simultaneously irradiated for 35 mins 6.5cm beneath the low
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intensity lamp. The subsequent thermal decomposition of the irradiated pellets
showed the initial reaction to be independent of the pellet weight. The reaction

temperature was 19000.

As a result of the low evolution of gas over the initial period of the thermal

decomposition, no mathematical analysis could be attempted.

The p/t results obtained appear in TABLE 8.10 and the results are graphically
illustrated in FIGURE 8.12. The results are not nofmalised for comparative

purposes.

8.4.2 The effect of irradiating one and both faces of pelleted

azide

Pelleted lithium azide was pre-irradiated with.U.V.—radiation
for 2 mins on one face and one minute on each face, so that the specimens both
received the same total quanta of ultra-violet radiation. The irradiated
pellets and a blank unirradiated pellet were decomposed in vacuo in the normal

manner at 1950C.

It was observed that the induction period was the same for both irradiated
specimens and the pellet irradiated on both faces decomposed with a higher rate
than the sample-irradiated on one face only. These results appear in TABLE 8.11

and are illustrated in FIGURE 8.13.

8.4.3 The effect of pelleting irradiated powdered lithium azide

The effect of pelleting powdered irradiated lithium azide
irradiated for 4 hours with sunlight and then decomposing the pellet in the
normal manner at 19000 was studied. A blank run :6f irradiated pelleted 1lithium

azide was also done for: comparative purposes.
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It was observed that although the irradiated pelleted material yielded a sigmoid
p/t plot, the p/t plot of the pelleted irradiated material had a double-sigmoid
character (as found with y-rays and X—rays). The results are presented in

TABLE 8.12,

. 8.4.4 Visual observations

Only the high intensity U.V.-lamp coloured the pelleted
azide. The low intensity lamp produced no noticeable colour change after 5 hours
irradiation at 26cm. With the high intensity lamp only the irradiated face was

coloured yellow-brown; the opposite face was white, as for unirradiated 1lithium

agide.

Examination of the pellet faces under the optical microscope at the end of the
induction period showed that the reaction always commenced on the irradiated

face, while the opposite face was still unmarked at that point.

Examination of the pellet at the end of. the initial reaction showed that the
interior and the face opposite the reacting face were grey, indicating commence-

ment of reaction at these points.

8.4.5 Photomicrography

As for previous photomicrographic studies, only pelleted
lithium azide was used. The pellets were pre-irradiated with U.V. radiation
for 30 mins at 26 cms, using the low intensity lamp. The thermal decomposition

was done at 160° : 2°c and- photomicrographs and differential pressure readings

were taken during the course of the reaction.
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Plate 4 shows the thermal decomposition of the irradiated surface of pelleted
lithium azide. The magnification was 65X. FIGURE 8.14 shows the differential
plot and the arrows indicate where the photomicrographs were taken. TABLE 8.13
éontains the dp/dt results. (Figures in brackets below are the exposure times in

printing the photographs as explained in 5.3.12).

(a) The pho tomicrograph shows the irradiated pellet«.surface at t = 0.
The striations are due to the die face used in pelleting. The surface was

white and uniform. . ‘ (19)

(b) As the reaction proceeded into the acceleratory period of the first
or initial reaction, characteristic of irradiated pelleted lithium azide, areas
of decomposition begin to form, amidst general darkening of the entire pellet

surface., . (19)

{¢) Just prior to the first inflexion point, distinct areas of decomposition
are visible over the entire viewed surface. These have increased in number and

have grown. . ‘ v » ()

(a) The photomicrograph was taken shortly after the previous one and
shows the pellet surface at the inflexion point. The pellet surface had
darkened considerably, while no further growth of the dark areas of product was

seen. ' | ‘ (16)

(e) In the first decay period more areas of_decomposition were observed

to appear, with the commencement of overlap of some of the areas of decomposition.

(15)

(f) PFurther increase in the decomposition areas was observed at a point

well into the first decay period. (14)

(g) and (n) These photbmicrographs‘were taken prior to the commencement of the
second reaction, at 50 and 100 mins respectively. It is seen that the entire

surface of the pellet was covered with dark reaction product, prior to the second

reaction. (12 and (ll) respectively
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8.5 DISCUSSION

(37,89)

The spectra of inorganic azides have been studied, as these

yield information on the formation of colour centres by ultra-violet radiation.

(89)

- Cunningham and Tompkins have attributed the formation of F-centres in
potassium and sodium azides to the production of excitons within the lattice in

« The

3 3

excitons formed primarily as a result of ultra-violet irradiation, lose electrons

KN, and in the vicinity of dislocations and grain boundaries in NaN

by the tunneling effect to vacant anion sites, resulting in F-centres and positive
holes. The positive holes may in turn form V-centres or combine with an

adjacent azide ion to liberate N2.

Investigation of the effects of U.V. radiation on the thermal decomposition of

(68) (20)

strontium and calcium azides led the authors to propose that the

formation of large numbersof anion vacancies on irradiation was responsible for
the enhanced reaction rates on subseqﬁent thermal decomposition. The effects of

(68,109)

: (21
pre-irradiation on barium azide and potassium azide‘(2 ) however, have

been attributed to F-centre formation.

8.5.1 Powdered 1ithium azide

The effects of pre-irradiation with ultra~violet light on the

subsequent thermal decomposition of lithium azide were found to be

(1) & shortening of the length of the induction period,
(1) an increase in the acceleratory period rate constant,

(1i1) virtually no effect on the decay reaction rate constant.

The effects of varying doses of ultra-violet light on the thermal decomposition

.were observed to be a progressive shortening of the induction period and increase
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in the acceleratory period rate constant k2, with increasing exposure to ultra-
: : .

violet light. The decay period rate constant was found to change from 1.8 x 10°

to 4.1 x 10_3 min_l (unirradiated to 32 hours irradiation at 26 cms), while for

3 3

y-ray doses (6.3.1) the corresponding change was from 2.19 x 10 ° to 44,4 x 10

mins ~, {unirradiated to 15000 roentgens).

The inflexion point of the p/t plot was also observed to decrease with increasing

dose and for very heavy doses was found to be at « = 0,14,

Although no colouration of the material was observed with light doses of U,V.~
radiation, the material turned buff-cream with heavier doses suggesting the
formation of F-centres. Nitrogen was also evolved and photochemicél decomposition
occurred. This effect was more pronounced when a high inténsity uitra—violet

source was employed.

Irradiation aftef interruption of the normal decomposition of the unirradiated
salt is only effective at low values of o, (x}0.15), {FIGURE 8.9). This is due
to the fact that the product layer on the surface of the particles will screen

the unreacted azide from ultra-violet light.

Analysis of the acceleratory region of the p/t plot for the decomposition of
U.V.-irradiated 1lithium azide was found to be described by the Avrami-Erofeyev
equation with n = 2, as found for X-irradiated lithium azide. The decay period

was well fitted by the contracting sphere formula.

The activation energies were found to have the following values:

(1) Induction period: 21 k.cals/mole
(ii) Acceleratory period: 25 k.cals/mole
(iii) Decay period: 27 k.cals/mole

The above observations are closely similar to those found on pre-irradiating
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lithium azide with X-rays (cf. 7.5.1) and accordingly it is proposed that
similar mechanisms are operative during the thermal decomposition of U,V,-irra-

diated lithium azide.

(131)

Erofeyev and Sviridov have similarly reported that there exists a considerable
degree of analogy between the effects produced by X-rays and ultra-violet light,

when barium azide is pre-irradiated with these types of radiation.

The results of the "water interruption" series of runs, (FIGURE 8.10) were
similar to those found for X-irradiated lithium azide, but as the series was
done at a decomposition temperature of 20°¢ higher (18500) than tﬁat used for
the X-irradiated salt, the resulting p/t plots illustrate more clearly the extent
to which the material was returned to an unirradiated state, af t‘er'ekposure to

water vapour.

"Water interruption" experiments prior to decomposition and ét various points
during the course of the decomposition yielded information concerning the reaction
mechanism. Similar effects were observed as found for y- and X-irradiated

lithium azide, when the U,V.-irradiated salt was'exposed to water vapour prior

to thermal decomposition. . The 30 secs exposure had no effect, whiie 5 mins.
exposure returned the salt to the unirradiated state indicating that the radiation
damage was destroyed. The water destroyed the F-centre trapping sites and at

the same time the F-centres, thus effectively removing the radiation damage and
returning the salt to the unirradiated state. As previously found, the greater
exposure time (5vmins) had a larger effect on the percentage decomposition,
indicating a greater degree of hydrolytic reaction. "Water interruption" up to
the point where the decay reaction commences, returned the salt to the
unirradiated state, as is evident by the change from 2 to 3 in the value of n,

the exponent in the Avrami-Erofeyev equation and the agreehent of the values of

rate constant k; (equation 5.1), after water interruption and for an unirradiated
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blank run.

The slightly higher value of the rate constant recorded as well as the small
variation in the length of the new induction periods indicates that a small
number of nuclei are still formed as a result of the irradiation effect. It is

likely that these will be in the interior of the particle.

The rate determining steps for the induction, acceleratory and decay periods are -
considered to be the same as those proposed for the associated reactions in

lithium azide pre-irradiated with y- and X-rays ( cf . 6.5.1, 7.5.1).

As previously found, (y—, X—rays) the mean percentage decomposition was increased

on pre-irradiating the azide.
8.5.2 Pelleted lithium azide

The initial reaction during the decomposition of irradiated
pelleted lithium azide was found to be dependant én the irradiated surface area
~only, as doubling the weight of the peliet, with the same diameter pellet,
produced the same initial gas.evolution on decomposing the pellet. No activation
energy determinations were attempted as the gas evolution. during the initial
reaction was nbt sigﬁificant enough‘to obtain sufficient pressure readings for

analysis purposes.

It was found that colouration of the irradiated surface only, was observed with
suitable doses. ‘Microscopic observations showed that only the irradiatedvfaée.
decomposed during the initial reaction. These facts confirm the initial reaétion
to be a surface one and to be the direct result of pre-irradiation with ultra-

violet light.

By analogy from the results of U.V. radiation on the powdered material it is
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proposed that the same mechanisms apply to the initial feaction. The main
reaction is the decomposition of unirradiated material at the reaction tempera-
ture employed (FIGURE 8.13). This decompoéition'is due to the unirradiated

material within the pellet.

It was also found fhat irradiating the pelleted azide on one face with a certain
-quanta of energy, and then irradiating both faces of a similar pellet with the
same total quanta produced an increase in the initial gas evolultion, lending
further support to the reaction being confined solely to the sufface. It is
seen for the material irradiated on both faces that the p/t plot is linear from
«x = 0,02 to « = 0.20, which can.be expected if a rapid surface reaction covers
the faces of the pellet with product and then the two interfaces move into the

pellet. The dgcompésition of the unirradigted salt predominates after this.

A similar surface reaction can thus be expected with the powdered material.
More efficient surface exposure was obtained by continuous stirring during irra-
diation in this case. The particles were very small and reaction was that of the

irradiated material only, the first decay reaction being absent.

It was observed that pelleting irradiated lithium azide powder resulted ip an
"initial"'reéction, (as found when pelleting y- and Xuirradiated‘powder) which is
dependant upon the pellet weight. This "initial" reaction occurs at the "internai"
surfaces (described previouslj, 6.5.2) and is cénsidered analagous to the effect
observed with the X-irradiated material. The proposed meghanism for the reaction

is the same as that for the X-irradiated material.

The photomicrographs taken during the thermal decomposition of U.V.-irradiated
pelleted lithium azide (Plate 4) are similar to those for the initial reaction in
‘X=irradiated pelleted lithium azide (Plate 3). Whereas after the first decay
period for X-irradiated material, the pellet was observed on cross-section to

contain product througﬁou%'the mass and over the surfaces, for the U.V.-irradiated



194.

material at the end of the "initial" reaction, only the viewed (irradiatead)
surface consisted of dark product, penetrating a short distance into the interior
of the pellet. The bulk of the pellet was grey in colour, indicating the early

stages of" the decompositioﬁ (acceleratory region) of the unirradiated material.

As for the X-irradiated pellets, the initial surface reaction was observed to
commence at favoured sites. These sites did not increase to any extent in
nuﬁber, but grew in size until the surface was covered with reaction product,

(photomicrograph (h), Plate 4).
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9.  SUPERIMPOSED IRRADIATIONS ON POWDERED LITHIUM AZIDE

-Decompositions were performed on specimens irradiated prior to decomposition
first with one type of irradiation and then superimposed with another type and
vice versa. Y=, X- and U.V. radiations were used and three series were done,

using combinations of these radiations.

In any particular series invol&ing two irradiations9 runs were done so that

(a) the superimposed irradiation dose pfoduced a maximum reaction rate greater
than that found with the ofher radiation dose, when the irradiated azide samples
wére deocmposed and (b) vice versa, with the same particular two irradiations.

Powdered lithium azide was used throughout.the superimposed irradiations.,

The methods used and the precautions taken when irradiating the lithium azide
have been described previously in 4.2.3. Approximatelyb5.0 - 6.0mg samples

were used. The p/t results for the decomposition runs appear in TABLE 9.1.

9.1 The effect of superimposing y-radiation onto_the salt,
pre-irradiated with ultra-violet light

Blank runs were done at 175°C ﬁsing lithium azide pre-irradiated with
(a) a y-ray dose of 15900 roentgens and (b) with U.V. radiation for 30 secs
at a distance of 6.5cm beneath the tube. The y-irradiated specimen had a greater
reaction rate at the temperature'ﬁsed; than the U.V, irradiated.specimen.
Irradiating the U.V. irradiated specimen with 15000 roentgens y-rays and
'decomppsing this specimen at 17500, showed that the'rate of the rééction was the
same as for the y-irradiated specimen. The p/t plots for these runs are

illustrated in FIGURE 9.1.
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9.2 The effect of superimposing U.V.-radiation onto the salt,
: pre-irradiated with y-raysg : :

Blank runs were done at 15500 using lithium azide pre-irradiated with
(a) 15000 roentgens y-rays and (b)_ with U.V. radiation for 30 mins, at a
distance of 6.5cm beneath the tube. The U.V, irradiated material had a greater
rate than the y-irradiated specimen, when decomposition at 15500 was studied.
Irradiating the y-irradiated spécimen with U,V. radiation éf the same dose'as
for the blank run and decomposign the salt at the above temperature it was
observed that. the superimposed p/t plot for this run resembled the plot for the
U.V. - irradiated material, but reached the final pressureg‘pf, before the U.V.

p/t plot. These results are illustrated in FIGURE 9.2.

9.3 The effect of superimposing y-radiation onto_the salt,
pre-irradiated with X-rays '

Blank runs were done at 1750C using lithium azide pre-irradiated with
(a) 15000 roentgens y-rays and {b) 30 mins X-rays at 10 kV, 5 mA. The y-
irradiated specimen had a greater raté than thelX—irradiated specimen. Super-
imposing 15000 roentgens y-radiation onto the X~-irradiated specimen. resulted
~in a reaction having similar characteristics as the y-irradiated rﬁn.- The
induction period of the superimposed run was slightly less than that for the
y-irradiated run. The reaction rates were about the same in these iatter two

decompositions. These results appear in FIGURE 9.3.

9.4 The effect of superimposing X-rays onto the salt,
pre—irradiated with y-radiation.

Blank runs were done at 15500 using lithium azide pre~irradiated
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with (a) ZX-rays for 60 mins at 10 kV, 5 mA and (b) 15000 roentgens y—rays;

The X-irradiated specimen had a greater reaction rate than the y-irradiated
specimen. Superimposing the above dose of X-rays onto the y-irradiated specimen
and decomposing the salt at 15500, resulted in a pressure time plot showing the
acceleratory period rate to be similar to that for the X-irradiated material,
but the decay rate was enhanced. These results are graphicaliy illustrated in

FIGURE 9.4.

9.5 [The effect of superimposing X-rays onto_ the salt,
pre-irradiated with U.V. radiations

Blank runs were done at 16500 using ﬁaterial that wés (a) irradiated
with U.V. radiation for 30 secs at 6.5cm and material that was (b) irradiated
for 30 mins at 20 kV and 10 mA., The X-irradiated specimen had a greater reaction
rate than the U.V. irradiated specimen. Superimpogsing 30 mins X-rays and
decomposing the salt at 16500 résulted in a p/t plot showing the acceleratory .
and decay periods rates to be greater that those for eithef the blank runs. The
induction period of the superimposed irradiatioﬁs thermal décomposition was

_shorter than that for the blank rums. These'results are illustrated in

FIGURE 9.5.

9.6 The effect of superimposing U.V. radiation onto the salt,
pre—-irradiated with X-ravys :

Blank runs were done at 16000 using material that was (a) irradiated
with X-rays for 30 mins at 20 kV and 10 mA and material that was (b) irradiated
with U.V. radiation for 30 mins at abdistance'of 6.5cm. The effect of super-
imposing 30 mins U.V. onto the X-irradiated salt resulted in a p/t plot with
the same induction period as the U.V. irradiated specimen, and with an increased
decay reaction, over the two blank runs. These results are illustrated in

FIGURE 9.6.
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9.7 DISCUSSION

Superimposing a particular radiation on material irradiated with
another type of radiation and then comparing the p/t plots of the thermal
.decomposition of the three irradiated azide specimens, was onserved to lend
further support to the theories proposea concerning the nucleation and growth
mechanisms occurring during the thermal decomposition of pre-irradiated 1ithium

azide.

The effect ofISuperimposing y=radiation on ultra-violet pre-irradiated lithjium
azide (FIGURE 971) was seen to be the ennancement of all stages of the U.V.
decomposition, the-p/t plot for tne reaction being indistinguishable from the

p/t plot.of_the y-irradiated blank run. This result indicates that the U.V;
contribution is completely overridden by the y-dose used whichfinitiates reaction
along internal grain boundaries and dislocation edges as well as on the surfaces
of the crystal. The U.V. effect on the other hand is confined to the externai
surfaces of the particlés only. It is seen (FIGURE 9.2) that irradiating
y-irradiated material with U.V. light exhibited the effect that could be expected
if the U.V. effect was added.to the y-ray effect. In this case the surfaces of"
the particles would be further nucleated, enhancing the reaction rate as
observed. However, although the U.V. dose emnloyed was Iarge and the decay
reaction was observed to commence at a low value of &, no signifiéant change in
the decay period rate as compared to that of the y-irradiated azide; is seen.
This is to be expected, as reaction over this region proceeds via the contracting
sphere mechanism on isolated "blocks" or "islands" ofuunirradiated material.

The Ultra-violet light could not in any way decrease the size of these "blocks"

and so enhance the decéy rate.

Superimposing y-irradiation onto X-irradiated lithium azide (FIGURE 9.3) and

vice versa (FIGURE 9.4) can be expected toIYield analagous results to the above,
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as it has been proposed that similar effects resulted on pre~irradiating 1ithium
azide with X-rays and ultra~violet radiation. Similar effects as found above
for y-rays and ultra-violet radiation were recorded, supporting the porposal

that X-rays and U.V. have similar effects on lithium azide.

Provided that a "saturation" effect on pre-irradiating lithium azide with X-rays
or ultra=violet light was not achieved then superimposing either of these types
of irradiation on material pre-irradiated with the other type, should result'in
" the addition of these effects and a p/t plot representing addition of the p/t
plots of the rﬁns uging the singly irradiated material. FIGURES 9.5 and 9.6
show that this was found to occur. No siénificant change in the decay reaction
-rate indicated that both types of irradiation resulted in nuclear formation and
growth over the same topochemical regions of the particles i.e. the surfaces of

the particles.

A significant feature of the six series of superimposed irradiation effects is
| that the length of the induction period of the p/t plot for the superiiposed
radiafions was always approximately tﬁe same as that of the.p/t‘plot having the
shortest induction period. This indiéated that the irradiétion damage is not
bleached or annealed out be exposure to radiation of another type. Generally
(except_in the case of y-rays on X~ or U.V.-irradiated azide), an increase in the
number of nuclei results and the additive result gives rise to an enhanced

acceleratory region rate.
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10.  GENERAL DISCUSSION OF THE DECCMPOSITION OF THE ALKALI AND
ALKALINE EARTH AZIDES

The thermal decomposition of powdered (polycrystalline) lithium
azide yielded a sigmoid p/t plot over the temperature range studied (165°-205°C).

This result is markedly different from the'p/t plots obtained for the thermal

(21,206) (206-208)

decomposition of potassium and sodium azides ,. but is similar to

the p/t plots obtained for the thermal decompositidn of the alkaline earth

(3,20,68,108,109,121,137,138)

(Ca, Sr and Ba) metal azides For sodium and

potassium azides an initial reaction was observed which was identified as a

(2
unimolecular decomposition in the case of potassium azide( l). Although this
reaction is not pronounced for sodium azide (for some preparations used it was

, 20!
not observed(84)); it was found( 08) that it is enhanced if small single crystals
-are decomposed. This initial reaction has been shown to be related to the

volatility of the metal nuclei at the reaction temperature.

Difficulties were experienced with reproducibility with:lifhium azide and as
explained earlier, (5.4), it was necessary to'pellét the material and then grind
the pellets to obtain powdered lithium azide. Difficulties have also been

experienced with reproducibility of the thermal decomposition of the other alkali

(17,84,206) (84)

’.

that pelleting had

and alkaline earth metal azides It was found

the effect of decreasing the'irreprpdﬁcibility, which was attributed to the

volatility of the metal.

Analysis of the p/t plots obtained for the thermal decomposition of lithium azide
was carried out using the Avrami¥Erofeyev (n =.3) and contracting sphere

‘equations over the acceleratory and decay periods respectively. Previous

(3,131)

workers have made use of the Avrami-Erofeyev équétion for the kinetic

(3)

analysis of the acceleratory period:.for the deoompositionadfibariumﬂaZide

reporting three-dimensional nuclear growth, with the number of nuclei increasing

(84)

linearly with time. Jacobs and Kureishy have reported growth of two-
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dimensional nuclei. in the thermal decomposition of sodium azide, The Avrami-

Erofeyev equation with n = 2 was used. Three-dimensional nuclei have also

(14) (20,47)

been postulated for barium azide and calcium agzide using the less

sophisticated power law. It has also been reported that the analysis of the

acceleratory region for the thermal decomposition of calcium(137) and

(139)

strontium azides indicates two-dimensional growth, with the nuclei
increasing in number linearly with time. The power law was also employed for

these latter analyses. From these results it is seen that lithium azide is

similar to the alkali and alkaline earth azides in that discrete nuclei are

formed and these increase in number with time. Use of the more fefined
Avrami-Erofeyev equation indicates that overlap and ingestion of the nuclei play

a significant role, whereas this was not observed for calcium or strontium azides.

The nuclei are considered to form on the eiternal surface of the decomposing
wnirradiated lithium azide particle, as has been reported to be the case for the

(137) (138,139) (3). (17)

decomposition of calcium , strontium and barium azide Secco s

however, reports decomposition in plate-like crystals of sodium azide as commencing

(206)

along intermosaic grain boundaries.. Barly work on the decomposition of

potassium azide indicated that similar intermosaic reaction occurs in the azide,

while later work(21)

does not present a clear picture of the topochemical
reaction, other than stressing the role played by the evaporation of sufface
nuclei. In this respect then (the topochemistry of nuclear fofmation) lithium
azide resembles the alkaline earth azides, when nuclei are formed on the surface
during decomposition and new nuclei are formed increasing in number linearly with
time. These nuclei then grow two-dimensionally and overlap, after which point
in the reaction the interface contracts radially inwards on blocks of unreacted
material. The reaction, like those for the inorganic azides mentioned above,

is autocatalytic and occurs at the product/reactant interface. This picture

of the decomposition mechanism is consistent with the results obtained.
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The activation energies reported in the literature for the thermal
decomposition of the alkali and alkaline earth azides vary over the wide

range 25 = T3 k.cals/mole. Values of 36 - 49 k.cals/molebhave been reported

(21,206)

for potassium azide and 34 - 73 k.cals/mole for the decomposition of

. , 2 2 v
sodium a21de(17’84’ o6, 07), The larger values in the case of sodium azide

were derived from dielectric constant investigationé, Whilebusing the Avrami-
Erofeyev equation a value of 38 has been reported. The éctivation energy found
for the acceleratory process during the decomposition of lithium azide

(28-29 k.cals/mole), however, appears to be of similar magnitude to those for

(108) . (3) (139)

barium (29 k. cals/mole), strontium (25

k.cals/mole) and calcium
(20,137,209) |

azides (18—34 k, cals/mole).

Although the effects of pre-irradiation on the subsequent thermal decomposition
2 | '
of sodium azide have not been examined, it was reported( 1) that pre-irradiation

of potassium azide with U.V.-radiation had no effect on the subsequent

decomposition. Considerable attention has been given, however, to the

photochemical decomposition of these azides. F-centres are thought to be formed
2
on irradiating potassium azide( l)rand exciton peaks have been.observed for both
(37)

sodium and potassium azides , which have been supported by photoemission

(8§), The excitons are considered to reéact with anion

(68,109) (108)

current experiments

vacancies, forming F-centres. F-centres and vacancies have been

reported to result on pre-irradiating barium azide while vacancies are thought

(68) (20,68)

to result in strontium and calcium azides .

The general characteristics observed as a consequenée of pré-irradiating the
above azides were a shortening of the length of the induction period in most
cases and an increase in the rate of the reaction, when;the‘material was

decomposed isothermally. Similar changes.have been 6bserved for the thermal

decomposition of U.V -irradiated lithium azide and nuclear formation and growth
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is considered to be on the surface of the decomposing particles, It is

thought that large numbers of F-centres are formed on irradiation, which then
aggregate by thermal diffusion at room temperature. During the early stages
of heating, these complex centres collapse with the eventual formation of
lithium metal nuclei on the pafticle surface, This picture is consistent with

the experimental results obtained,

Similar effects were found when lithium azide was ‘pre-irradiated with X-rays

and similar mechanisms have been proposed for the decomposition. The
topochemical.nature of the decomposition is also thought to be thé same as that
for the U.V—irradiated salt. It ié not unexpected that these strong
simiiarities in the effects exist. It has been.reported fhat éimilar effects
have begp noticed when barium azide was pre-irradiated with X-rays and U.VF
radiatioh(l3l),v XEirradiation Qf bafium azide at the threshold decompositioﬁ
temperature(l32) was found to have a greater effect on the thermal decomposition,
than irradiation at room temperature. It was suggested that ﬁuclei wére
aggfegates of atoms or F-centres. When sodium azide was irradiated. with

X-rays at room temperature trapped electrons were identified(l42) but no
investigation of the-thermél decompositipn of the irradiated salt was done.

Thus it appears that lithium azide resembles barium and sodium azides with regards
the prqposed radiation damage, (i.e. trapped electrons or F-centres). The
reaction on heating lithium azide is indicated fo be ¢confined to the surface

however, while damage is though to occur at both internal and external surfaces

of the barium azide particles.

Such damage at the external surface and within the particles, was found to occur
when lithium azide was pre-irradiated with y-rays. F-centre aggregates are
considered to result over the surface of the particle and along internal grain

boundaries and dislocation lines. Similar damage and F-centre aggregation has
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(3) (139)

been proposed for y-irradiated barium azide s While for strontium

(48)

and calcium azides it is considered that large numbers of vacancies are
generated which in fturn aggregate at the external and internal surfaces

(i.e. along grain boundaries).

A characteristic of.the o/t plots for the decomposifion of fY-irradiated
lithium azide is that the decay rate constant was considerably increased when
compared to that of the unirradiated lithium azide. This feature of the decay
rate constant was only observed on pre-irradiation with %-rays and the
topochemical picture presented is the only one consistent with fhe experimental

results.

It was also seen that on X- and 4y-irradiation, the subsequent decomposition
rate constant was incressed and the induction period shortened, as found when

pre-irradiating the azide with U.V.

Althougﬁ no work has been published on the effects of Xr-énd )Lirrédiation 6n
the decomposition of sodium and potassium azides and comparing fhe results of
the decomposition of unirradiated and U.V-irradiated sodium and potassium
azides, it appears that lithium azide resembles the alkaline earth aiides with
regards the thermal decomposition of the unirradiated and irradiated (v.v., %~

and Y—rays) azide.
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TABLE 5.1

Run 1

210% 3.5mg
t P t hs] t p
5 0.04 45 77.61 85 175,51
10 0.67 50 96,57 95 181,79
20 1,44 55. 116.42 105 184,11
25 7.81 60 133.47 120 186,23
30 20,22 65 146.63 140 188,06
35 - 38.24 70 157.03 pa' 190,01

40 58,46 75 165,17
210% Run 2 5.5mg
t hs) t P g P
3 0.07 20 4,42 29 135.66
6 0,11 22 6.71 30 160,67
9 0.20 24 10.19 31 177.63
12 0,41 25 13,69 30 188.56
14 0.74 26 20,32 33 195.16 -
16 1.47 27 48.62 40 208. 66
18 2.63 28 102,11 P, 211,21
210% Run 3 3.9mg
t p t p t P
5 0,07 40 6.25 75 21.74
10 0,09 45 9.47 80 22.82
15 0.14 50 12,33 90 24,94
20 0.20 55 15.14 100 26.41
25 0.52 60 17.14 110 27.56
30 1.30 65 18.99 130 29.12
35 3.47 70 20.52 D 34.17




TABLE 5,2

200°%¢ Run 1 5.1lng
t P t P t D
5 0.02 45 9.27 85 141.33 .
10 0.07 50 18.81 90 147.14
15 0.13 55 33,69 100 151.94
20 0.28 60 53.85 110 154.97
25 0.51 65 82.55 120 156.33
30 1.02 70 106.30 140 158.21
35 2,29 75 121.02 D, 161.01
40 4,44 80 134,47
200°¢ Run 2 5. 0mg
t P t P t P
5 0.02 45 8.01 90 30, 60
10 0.05 50 11,16 100 32.49
15 0.14 55.5 15.16 110 33,80
20 0.37 60 18.12 120 35.08
25 0.94 65 20.83 140 36,22
30 2,00 70 23.54 r, 38,91
35 3.55 75 25.77
40 5.58 80 27.58
TABLE 5.3
195°% Run 1 - 6.2mg pellet
t P t P t P
20 0.13 62 55.51 %5 138.78
30 0.66 65 67.95 105 144,91
40 2,28 68 79.95 120 152,06
45 6.64 71 90.88 140 156.07
50 13.58 74 100,96 P, - 160.00
53 21.42 78 112.87 D, 210,03
56 31,65 82 120.48
59 43,52 88 ' 130.50




195% Run 2 6.2mg pellet
% p % p t p
20 0.20 62 69. 69 105 147.65
30 1.24 65 81.13 120 155.08
40 5.80 68 91.75 140 158.97
45 12.39. 72 104.51 P, 160,00
50 24.39 76 115.%8 b, 178.28
53 34,42 81 124,36
56 46,03 88 134,73
59 58.27 95 142.86
_210°c Run 3 4.%ng pellet
t hs) t hs) t P
10 0.06 45 47,06 95 154.88
15 0.11 50 T4.64 105 156.69
20 0.26 55 99,60 115 158,07
o5 1.01 60 117.94 P, 160.00
30 3,89 65 1%0.76 D, 169,32
35 11.14 75 145.20
40 25,27 85 151.54
210% Run 4 4.2mg pellet
t P t P t - P
10 0.39 45 54.88 95 158.09
15 0.93 50 81.31 105 158.98
20 1.81 55 104.35 115 160.00
25 3.7% 60 123,44 P, 160.00
30 5.8% 65 136.55 P, 160.00
35 14.89 75 150.62
40 31.46 85 155.39




TABIE 5.4

210% Run 1 4.6mg pellet
t P t P t P
5 0.06 39 54,49 65 155.86
10 0.11 41 71.45% 75 159.53
15 0.16 43 88.31 85 160.00
20 0.39 45 104.15 Pe 160.00
25 1.15 47 117.32 P, 193.21
30 7.49 50 132,63
35 27.06 55 147.57
37 39.34 60 153.05
210°C Run 2 4,Tmg pellet
t p t p t P
10 0.16 Al 65.49 75 159.12
15 0.26 43 80.62 85 160.00
20 0.64 45 94.85 P, 160.00
25 1.66 47 106.99 P, 189.01
30 7.89 50 123,81
35 25.82 55 142,77
37 37.26 60 153,16
39 51.44 65 157.06
210°% Run 3 4.Tmg pellet
t p t P t p
10 0.05 41 60.85 75 159.40
15 0.10 43 75.5% 85 160,00
20 0.33 45 90.21 Pe 160 00
25 - 1,08 47 103,36 v, 181,17
30 6.21 50 121.07
25 22.30 55 142,55
37 32,98 60 152,23
39 45.86 65 156.83




4.Tmg pellet

210% Run 4
t p t p t p
10 0.06 41 56.20 7 159.05
15 0.11 43 70.54 85 160,00
20 0.34 45 84.49 P, 160.00
25 1.00 47 97.62 D, 211.29
30 5.71 50 116.04
35 20.39 55 138.31
37 30.49 60 150,37
39 42,59 65 155.15
TABIE 5.5
195% Run 1 1000 1bs/sq.in. 6.7mg pellet
4 P t P t P
10 0.02 66 46.34 97 153.06
20 0.05 69 62.77 120 157.22
30 0.21 72 80.51 P, 160.00
40 0.87 75 97.98 P, 211.08
50 4.02 78 113.73
55 10,28 81 124,45
60 22.23 85 136,85
63 32.56 90 146,67
195% Run 2 1000 1bs/sq.in. 6.7ug pellet
t P -t P t p
10 0.01 63 29.44 85 135,64
20 0.03 66 43,20 90 146.85
30 0.17 69 59,51 97 154.22
40 0.90 72 76.73 120 158.37
50 3.30 5 94.05 P, 160.00
55 8.34 78 109.82 D, 183.27
60 19.30 81 121.57




195°% Run 3 750 1bs/sq.in. 5,9mg pellet

t P t | ‘ P t p
30 0.19 69 43,74 107 139.49
40 0,66 72 58,00 ' 120 143.54
50 - 2,72 75 7%.29 140 145.22
55 7.00 80 97,14 Pe 160,00
60 15.24 85 112,75 v, 178.12
63 20,24 90 125,49 '

66 31,65 97 135,74
19500 Run 4 _ 750 lbs/Sq.in. 5.7mg pellet

t P t P t p
30 0.20 69 72,42 107 154.14
40 ' 1.27 72 85.63 : 120 158.20
50 5.67 75 97.91 140 158.99
55 13,71 80 116,67 pe 160,00
60 30,36 85 129,65 v, 187,11
63 44,25 90 140,90
66 ~ 58.86 97 151.66

195%C Run 5 500 1bs/sq.in. 4.1mg pellet

t P t P t p

20 0.06 65 19,11 97 135.67
30 0.21 70 34.04 106 142.28
40 0.71 75 55.84 120 148.70
50 2.50 80 82,96 140 153.51
55 5.21 85 105.98 Py 160,00
60 10.34 90 122,42 P, 148,02
195°C Run 6 500 1bs/sq.in. 5.6mg pellet.

t P t P t p
20 0.02 65 31.68 ' 97 | - 122.99
30 0.14 70 51.48 106 131.34




40 109 5 69.99 120 140.15
50 4,25 80 85.86 140 14801
55 8.16 85 99.32 p; 16000
60 16,39 90 110,90 Py 172,51
195°% Run 7 250 1bs/sq.in. 6.0 mg pellet
t P t P t P
20 0.06 70 38.51 110 111,71
30 0.24 75 52,61 120 118.89
40 0.82 80 63.64 140 127.56
50 2,54 85 73.61 D, 160,00
60 11.40 92 87.50 D, 157.81
65 23,08 100 101.71 ’
195°% Run 8 250 1bs/sq.in. 4.9 mg pellet
t P t | P t P
20 0,04 63 48.29 % 117.15
30 0.28 66 1 61.15 105 128,90
40 - 1.73 69 - 72,09 120 144.09
50 8,00 73 83.54 135 - 154.46
55 17.47 78 92,34 Py 160,00
60 35,08 85 | 101.36 D, 195.21
TABLE 5.6
>
195 C Run 1 5. 6meg
t P t p t p
5 0.20 65 23,18 115 130,96
10 0,28 70 30,61 120 137,79
20 0,33 75 40,07 130 145.23
30 0,68 80 51,11 140 150,97
35 1.41 85 . 63,76 150 152,36
40 2,69 90 77.65 160 153.99
45 4:91 95 90.75 Pr 160.00




50 8.05 100 103.%3 D, 241,77
55 12,23 105 114,50
60 17.29- 110 123,29
195% Run 5. 6mg
t P t P t p
5 0.02 70 37.90 120 138,56
10 0.06 75 48,18 130 145 .84
20 0.14 80 59.91 140 150.04
30 0.55 85 71,83 150 153.13
40 3,19 90 84,43 160 153,97
45 6.37 95 96,08 180 155.71
50 10,83 100 107,29 Pp 160.00
55 16.18 - 105 117.38 v, 218,36
60 22,42 110 125,03
65 29.35 115 132.42
o -
195°C Run . 5.6mg
t p t P t P
10 0.02 . 70 31,84 115 134,33
20 0.04 75 42,43 120 140.53
30 0,30 80 55 .00 130 148,25
40 1.86 85 67.78 140 152.63
45 3,80 90 81.47 150 155.71
50 6.75 95 95.20 160 156.30
55 10,99 100 107.96 D, 160.00
60 16.44 105 119.32 D, 199,22
65 23,15 110 126.8%
TABLE 5.7
190°% Run 1 1 eycle 5, Omg
t P t P t D |
30 0.16 101 43,61 180 149.86
40 0.45 108 58,70 200 155.24




50 1,13 115 73,09 220 157.16
60 2,40 122 86.26 240 157.36
70 4,32 130 101.21 P, 160.00
80 9.93 140 118.00 P, 184,01
87 17.93 150 129,58
94 29.48 165 143,61
190°%¢ Run 2 3 cycles 5. lmg
% P t P t P
40 0.37 114 65 .45 200 155.99
50 1.04 121 79.81 220 159.54
60 2,37 128 195,40 P, 160.00
70 4,72 137 111.62 P, 179.86
80 9.00 146 127.07
90 18,56 156 137.48
100 34,75 167 145.25
107 49,41 . 180 151,32
TABLE 5.8
190% Run 1 3 mins grinding 5. Omg
t P t P t P
40 0.15 113 35.38 170 128.40
60 0.55 120 50.86 181 137.68
70 1.00 127 65.07 195 143. 67
80 1.87 134. 80.87 215 150.42
90 3.82 141 93.02 240 154.75
100 12,08 150 106.73 Pe 160.00
| 107 23,29 160 120.07 P, 161.14
190°¢ Run 2 % mins grinding 5 .Omg
£ P t D t P
40 0.09 113 28.35 170 131.79
60 0.42 120 42.42 180 138.85
70 0.79 127 58.11 195 145.14
80 1.44 134 74.34 215 15%.54




90 2.97 141 - 88.41 240 157.01
100 8.32 150 105.14 P, 160.00
107 17.43 160 119.20 1 159.80

TABIE 5.9
185°C Run 1 10 secs grinding 5.0mg
t p L p L p

10 0.02 120 40,98 180 133.14

20 0.03 125 48.44 185.5 136,86

30 0.08 130 57.21 190 140.50

40 0.15 135 65.68 200 146.07

50 0.55 140 75.94 210 149,31

60 1.81 145 83.95 220 151.25

70 4.09 150 93.13 240 153.21
80 7.36 155 99.62 280 155,98

90 11.49 160 108.67 Py 160.00
100 17.99 165 . 115.32 v, 209.50
110 27.85 170 121.16
115 33.82 175 126.50
185°% Run 2 30 secs grinding 4,7mg

t p Lz p L | p

10 - 0.03 - 105 29.56 160 134,65

20 0.06 110 39.47 165 137.92

30 0.10 115 50,02 175 146,07

40 0.20 120 61.50 185 149.19

50 0.56 125 71.94 195 152.14

60 1.44 130 83.19 205 153.95
70 2.88 135 92.93 215 155.43

80 5,33 140 103.66 225 156.49

90 10.62 145 113.52 P, 160.00

95 15.27 150 123,07 P, 217.50
100 21.47 155 128.80




18500 Run 3 . 3 mins grinding 4.8mg
t P t 4 1t P
10 0.03 120 8.61 175 117.91
20 0.07 125 14,68 180° 123,38
30 0.11 130 24,09 190 131,81
40 0.16 135 35,31 200 138,38
50 0.25 140 47.25 210 143.43
60 0.43 145 59,46 220 147.47
70 0.70 150 71.06 230 150.81
80 1.20 155 82,37 240 153,29
90 1.83 160 93,12 De 160.00
100 2,83 165 102,68 7, 187.00

110 4.55 170 111.25
185% Run 4 10 mins grinding 4 .8mg
t P t P t P
10 0.04 110 1.85 210 44,24
20 0.12 120 2.69 220 51,27
30 0.15 130 5.18 230 58,30
40 0.19 140 6.24 240 64,12
51 0.24 150 9,25 260 - 75.92
60 0.30 160 13.83 280 86.81
70 0.39 170 19,41 Pe 160,00
80 0,56 180 25,11 P, 218.54
90 0.83 190 31,41
100 1.24 200 37,79
TABLE  5.10
18500 Run 1 Insufficient grinding 5.0mg
£ P t D t P
10 0.04 110 14.04 210 142,56
20 0.08 120 17.92 220 148.08
- 30 0.12 130 23,04 230 151.89
40 0.19 140 31,77 240 153.82




50 0.35 150 47,57 260 157.15
60 0.98 160 71.43 280 158.72
70 2.63 170 93.47 300 159.81
80 5.37 180 110,96 320 160.00
90 8,23 190 123,93 P, 160.00
100 11,01 200 134,38 D, 181.73
185°%C Run 2 Grindex 4.8ug
% p % P % P
10 0.03 120 8,61 175 117.91
20 0,07 125 14.68 180 123,38
30 0.11 130 24,09 190 131,81
40 0.16 135 35.31 200 138.738
50 - 0.25 140 47.25 210 143.43
60 0.43 145 59.46 220 147.47
70 0.70 150 71.06 230 150.81
80 1.20 155 82,37 240° 160.00
90 1.83 160 93.12 P 160.00
100 2,83 165 102.68 P, 187.07
110 4,55 170 111,25
TABLE 5.11
190°% Run 1 Sunlight 4.5mg pellet
t D t P t P
5 0.08 60 36.76 180 92,06
10 1,10 70 41,01 200 103,70
15 4,33 81 45,00 220 114.15
20 8.51 .90 48.39 240 123,48
25 13.10 100 52,05 260 132,19
30 17.94 110 55.94 280 139.25
35 21.75 120 60.10 P 160,00
40 25,32 140 68.95 D, 170.94
50 31.80 160 80,31




190°¢ Run 2 No Sunlight 4.5mg pellet
t P t D t b
10 0.04 110 . 38.3%4 210 148,34
20 0.05 120 55,42 220 151.47
30 0.08 130 73.03 230 153,66
40 0.13 140 89.72 240 156.07
50 0.28 150 103.58 250 157.96
60 0.75 160 115.82 . 260 158. 40
70 2,08 170 123,76 270 158.80
80 5.69 180 - 132.75 Pe 160,00
90 12,77 190 139.51 D, 168.92
© 100 23,67 200 144.61
TABLE 5.12
:210°c Run 1 Rough handling 4,5mg pellet
% P t P t P
10 0,03 40 53,68 75 _157.55
15 0.08 45 82.98 85 159.07
20 0.46 50 117.78 95 159.74
25 2.41 55  136.87 105 160.00
30 10,35 60 140.98 D, 160.00
35 27.16 65 148.69 D, 154.44
1210 Run 2 Blank 4.7mg pellet
t P t P t P
10 0.05 29 45,86 60 152,23
15 0.10 41 60.85 65 156.83
20 0.33 43 75 .53 75 159.40
o5 1.08 45 - 90.21 85 160.00
30 6,21 47 103,36 Pp 160,00
35 22,30 50 121.07 P, 182,11
37 32,98 55 142,55




195°C Run 3 Rough handling 5.0mg
t P t p t b
20 0.06 63 7102 95 154,25
30 0.26 66 93,60 105 155.47
40 1.54 69 113.25 120 157.29
45 3,27 72 127.85 P, 160.00
50 7.21 75 137.98 v, 177.35
55 18.%5 79 143.29
60 48,58 85 150.74
195°% Run 4 Blank 5. 0mg
t P t P t P
20 0.09 63 38.54 %5 146.34
30 0.25 66 59.89 105 149.86
40 1.16 69 80.56 120 153.77
45 2,51 72 99.07 140 155.42
50 5.30 75 114.28 Pe 160.00
55 10,99 79 ' 126,18 P, 190.91
60 24.25 85 138,66
TABIE 5,1
200°%C Run 1 Dry air admitted 5.0mg
t P t P t p
5 0.11 55 34,66 110 153.03
10 0.14 60 48.92 120 155.25
15 0.23 65 64.88 131 - 156.86
20 0.41 70 82,22 145 158.29
25 0.92 R 98,90 161. 159.00
30 2.19 80 114.02 176 160.00
35 4,48 85 126,00 Pe 160.00
40 7.88 90 136,02 b, 204.10
45 13,51 95 142,35

100 147.69




200%C Run 2 Blank 5.0mg
t p t p t p
5 0.11 50 15,32 % 145.30
10 0.12 55 27.45 100 149.60
15 0.14 60 44,77 110 154,25
20 0.20 65 65.09 120 156,88
25 0.40 70 86.05 130 158,17
30 1.01 ‘I 104,89 P, 160.00
35 2,16 80 119.96 D, 212.89
40 4,37 85 131.23
45 8.12 90 139.79
TABLE 5.14
200°¢ Run 1 Annealing 5.0mg
t p t p t p
5 0.01 60 24,28 120 150.49
10 0.02 65 35,32 130 154.80
15 0.03 70 48.98 140 157.21
20 0.10 75 63.74 150 158.34
25 0.27 80 79.89 160 159.29
30 0.75 85 94.34 170 159.53
35 1.58 90 108.63 180 160.00
40 3,13 95 119.65 190 160,00
45 5.64 100 129.81 Pe 160.00
50 9.66 105 136.54 D, 192.90
55 15.69 110 143.01
200°¢ Run 2 Blank 5.0mg
t P t p t p
5 0.02 50 10,47 % 121.51
10 0.03 55 18.10 100 131.24
15 0.05 60 28.72 105 138.738
20 0.12 65 41.33 110 144.43
25 0.26 70 55.48 120 151.97
30 0.63 75 69.89 130 155.72
35 1.43 80 84,73 140 157.66




40 2.90 85 97.99 P, 160.00
45 5.74 90 111.28 D, 219,01
TABLE 5,15 .

195% Run 1 4.6mg pellet
t p t P t p
10 0.02 105 28,37 190 118.17
20 0.03 110 32,97 200 126,26
30 0.05 115 38.07 210 133.17
40 0.20 120 43,63 220 137,58
45 0.42 125 49.12 230 142.06
50 0.87 130 54,57 240 145.80
55 1.55 135 60.27 250 149,32
60 2.54 140 65.95 262 153,29
65 3.98 145 72,56 270 154,39
70 5,52 150 77.70 280 156.13
75 7.54 155 82,77 290 157,16
80.5 10.22 160 88.19 300 158.34
85 13.31 165 94.64 310 159.00
90 16,12 170 99,34 320 160.00
95 19.77 175 104.80 P 160.00
100 | 23.81 180 109,58 P, 159,00
200°%C Run 2 4.6mg pellet
t P t P t P
5 0.09 55 8.29 130 106.38
10 0.14 60 10,52 135 113,47
15 0.19 65 13.74 140 118.81
20 0.22 70 17.91 150 130.66
25 0.24 75 22.79 160 139,52
30 0.32 80 28.56 170 145.44

35 0.47 85 35.13 180 150.50
40 1.49 90 42,64 190 153,95
42 2.87 95 50,11 200 - 155,79
44 3.82 100 58,27 210 156.58
45 4.43 105 66.66 222 157.09




26 4.84 110, 74.36 230 158.27
48 5.71" 115 83.23 240 160.00
- 50 6.74 120 92,07 Pe. 160.00y
52 7.14 125 99.89 P, 111.00
205°¢ Run 4.5mg pellet
t p ot P t P
5 0.01 70 58.84 135 150,98
10 0.01 (b 69.56 140 151.41
15 0.03 80 1 80.10 146 153.25
20 0.17 85 89.18 150 154,23
25 0.78 90 98,62 160 156.69
30 2.50 % 108.39 170 158.18
35 5.43 100 115,69 180 158.51
40 9.83 105 123,71 190 159.17
45 15.53 110 130,18 200 160.00
50.5 23,03 115 135.69 P, 160.00
| 55 30.43 120 141.38 pa 222.51
60 39.41 125 144.52
65 48.65 130 147.87
210% Run 4.6mg pellet
t D t D t P
2 0.16 30 3.21 62 63.55
4 0.19 32 4.36 65 71,05
6 0.24 34 5.83 70 83.74
8 0.30 36 7.44 75 96.74
10 0,32 38 9.87 80 107.55
12 0.37 . 40 12.31 85 118.06
14 0.43 42 15.40 90 126.72
16 0.50 44 18.80 % 131.71
18 0.62 46 22.83 105 142,30
20 0.73 48 27.11 115 148,76
22 0.9 50 31,73 125 152.28




24 1.30 53 39.06 135 154.35
26 i.71' 56 £7.21 o, 160,00
28 . 2.37 59 55.04 D, 168.07
215°% Run 5 4.5mg pellet
t p t p t P
0,02 33 19.33 62 129.88
0.02 35 25.30 65 137.14
0.02 37 32.56 68 142.93
10 0.02 39 40.44 71 147.74
15 0.15 41 49.17 5 152,42
17 0.36 43 57.77 80 156.27
19 0.75 45 66.76 85 156.89
20 1.09 47 75.62 91 157.96
21 1.41 49 84.33 % © 158.46
23 2.46 51 93.16 100 158.75
25 4,12 53 101.17 105 158.86
27 6.49 55 108.95 110 158.97
29 9.66 57 116,09 P, 160.00
31 13.9 59 122,36 D, 212,60
220% Run 6 4.6mg pellet
t - p t P t p
2 0.01 25 32.77 50 142,22
4 0.02 26 38,27 53 144,55
6 0.03 27 44,33 56 148,22
8 0.04 28 - 50.53 60 150.54
10 0.11 29 56.44 65 150.71
12 0.39 30 61.50 70 153.32
14 1.18 31 67.65 75 151.99
15 2.00 32 73.63 80 . 153,48
16 3.09 33 79.54 85 . 154.08
17 4.41 34 85,07 90 154,77
18 6.27 35 90,18 9% 155.47
19 8.57 37 100,65 100 155,91
20 11.42 39 110,50 110 157.47




21 14.80 41 119,27 120 158.08
22 18.82 43 126.41 Pe 160.00
23 22,64 45 131.48 P, 228,50
24 27.50 47 136.60
TABLE 5.16

185°¢ Run 1 5.5 mg

t P t P t he)
10 0.02 70 35.63 118 123.55
20 0.04 73 40.60 127 132.68
30 0.25 76 46,22 136 139.02
35 0.68 79 52.23 147 144.09
39 1.41 83 60.43 158 147.32
44 3.20 87 68.98 170 149.76
49 6.64 91 78.00 185 151,41
54 11.70 % 85.57 Pe 160.00
59 18.26 100 95.35 P, - 195.15
63 24.04 105 103.96

67 30.35 111 114.54
190°%C Run 2 5. 3ug

t p t p t P
10 0.03 56 37.08 90 123.94
20 0.13 59 43,77 94 129.26
25 0.42 62 51.31 99 135.03
30 1.44 65 59.35 104 138.82
35 4,12 68 67.83 110 143.88
38 6.92 71 76.54 117 147.06
41 10.54 74 85.32 125 149.57
44 14.97 77 93.74 Pe 160.00
47 19.75 80 102.14 P, 195.01
50 24.92 83 109.32

53 20.83 86 116.34




195°%C

Run 3 5.8mg
t P t P t P
5 0.02 41 30,09 65 107.51
10 0.04 43 36,12 68 114.64
15 0.12 45 41.93 71 118.42
20 0.47 47 49,23 74 123,12
2% 1.05 49 56.66 78 128.67
26 12,30 51 64,11 82 131.78
29 4,87 53 71.32 89 1%6.30
32 9.30 55 78,23 95 140.85
35 15.19 57 84.87 101 144.10
37 19.61 59 91,10 P, 160,00
39 24,58 62 99.38 P, 207.63
200°C Run 4 5.4mg
t P t P t P
10 0,01 34 50.76 63 150.38
15 - 0.20 36 62,09 69 154.51
18 0.73 38 73.45 75 156.10
20 1.68 40 85.27 85 158.36
22 3.59 42 95.99 95 158,90
24 6.92 44 106.36 105 1159.37
26 12,13 46 115.76 115 159.70
28 19.35 48 123,19 125 159.84
29 23,85 51 132,69 D, 160,00
30 28.80 54 139.44 P, 1182.06
32 39.30 58 145 .59
205 Run 5 5.4mg
% P t P t P
5 0.02 25 57.80 46 141.62
10 0.11 26 65.07 49 143,86
12 0.36 27 72.62 53 147.06
14 0.94 28 79.93 58 149.73




16 2.86 29 87.06 65 152.54
18 6.89 30 93.68 75 156.86
19 10,80 31 98.19 85 158,47
20 16,89 33 108.99 9% 159.28
21 27.28 35 118.29 105 160,00
22 35.27 37 123,58 D, 160,00
23 42.89 40 131.16 D 205.01
24 50.54 43 136. 61 s
Buns 6 - 10 Repeat I.P. series
180°C 5.7mg 185% 4.8mg 190°C 5.8mg
t p t P t p
10 0,03 10 0,03 5 0.01
20 0,03 20 0.04 10 0,01
30 0.04 30 0.06 20 0,02
40 0.06 40 0.14 30 0,09
50 0.16 45 0.30 40 1,12
60 0.52 55 1.20 45 2.84
70 1.55 60 2,21 Py 160,00
D, 160,00 P, 160,00 D, 208.05
D, 226.63 D, 173.27
195% 6.0mg 200°% 4.8ng
t p t P
5 0.04 5 0.03
10 0,23 10 0.04
15 0.25 15 0.06
20 0.28 20 0,20
25 0.41 25 1.25
30 1.26 28 3.19
32 1.94 30 5,19
P, © 160.00 P, 160,00
P 248,06 P 210,40




TABLE 5.17

Acceleratory period Split Run 4,6ng pellet
195°% 170°% 185°¢

t p t p t p
20 0.04 16.48 5 46,73
40 0.52 8 16.99 6 48.41
60 4.81 10 17.77 7 50.15
70 10,42 12 18.54 8 51.74
160°C ‘ 13 18.96 9 53,58

4 10.46 14 19.30 10 55.5%
5 10.68 15 19.58 11 57.12

6 10.59 16 19.90 190°%
7 10.44 175°% 5 69.42
8 10.75 6 23,11 6 71.50
10 10.85 7 23,44 7 74.24
12 ' 11.00 8 23,97 8 76.35
14 11,24 9 24,52 9 78.58
16 11.45 10 24.93 10 80.94
18 11.66 11 25,64 11 83.09
20 11.88 12 26.11 12 85,33
22 12,02 13 26.86 20 105.04
24, 12,51 14 27.51 30 119.28
165° 15 28.00 40 134.19
13,23 180°% 50 141.29
8 13.39 6 32,43 60 150.09
10 13.67 7 33,47 70 154.51
12 14,11 8 34,53 80 157.40
13 14.21 9 35.48 90 159.43
14 14,27 10 36.72 100 161.26
15 14,55 11 37.48 110 162.91
16 14,86 12 38.63 P, 165.90
17 14,96 13 39.34 P, 165,90
18 14,98




4,6mg pellet

Decay period Split Run
200°C 175°%C 190°c
t p t. p t p
40 4,72 6 105.30 6 151.9
45 9.53 8 105.52 7 152.78
50 21.07 10 105.78 8 154.44
55 41,31 12 107,17 9 155. 60
60 68.33 14 108.03 10 156.38
63 86.30 16 109.06 11 157.09
166°¢ 18 109.87 210%
90.72 20 110.84 20 179.64
89.93 180° | 30 198.79
89.98 116.25 40 206.59
10 89.59 8 116.30 50 206.67 .
12 90.08 10 118.27 - 60 206,59
14 90.47 12 119.68 s 206.62
16 91,31 14 121.61 D, 206.62
18 91,90 16 123.04
20 92.55 18 125.41
22 92,70 185°
24 93.65 6 132.57
26 94.10 7 134.79
28 94.70 8 134.99
30 %.46 9 135.63
32 96.42 10 136.84
34 96.88 11 137.39
' 170°%C 12 139.03
97.39 13 140.07
8 98.36 14 141.11
10 98,88
12 99.70
14 100,53
16 101.41




195°% Blank 5.5mg pellet

t o) t P -t P
10 0.01 75 17.25 114 116,04
20 0.03 79 24.56 118 124.92
30 0.09 83 33,40 122 131.%38
40 0.47 87 42,75 127 140,28
45 1,02 91 53,38 133 147.00
50 1.75 94 61.46 140 152,86
55 2.94 98 72.44 150 157.04
60 4.53 102 83.53 160 - 158.60
65 6.81 106 94.86 ps 160,00
70 10.92 110 106.15 P, 202,66

TABLE 5,18.
Acceleratory period Split‘_ run S,Omg
180,5° 170.6°C 180.8%

t o t P t P
20 0.05 12 27.40 12 66,68
35 0,09 15 28,91 13 68.68
45 0.17 18 30.89 14 70.71
55 0.47 21 33.32 15 72.78
60 0.84 23 35.14 16 74.78
80 6.72 175.4°¢ 17 76,67

100 14.29 12 41.91 185.7°%C
166,0°C 14 44..70 12 103.09
15 18.31 15 46.17 13 105.63
20 19.94 16 47.30 14 108.94
25 21.55 17 48.63 15 111.71
30 23.33 18 50.01 16 114.52

35 25.27 19 51.41 210°%C

' P 226.%31
D, 226.31




190°%C Blank 5. 6me
e p t p t p
10 0.02 65 19.55 110 130,31
20 0.05 70 28.69 115 1%6.75
30 0.21 75 40.75 120 142,31
35 0.52 80 54.87 125 145.98
40 1,22 85 69.95 130 148.90
45 2.68 90 87.68 140 153.00
50 4,78 %5 98.81 P, 160,00
55 8.05 100 111.29 D, 240,01
60 12,91 105 121,99

TABLE 5.19
1190% Run 1 Interruptions 5.6mg pellet
t p t p t p

10 0,02 77 10.14 119 106,09
20 0,04 81 12.43 121 107.09
30 0.08 84 17.55 123 110,67
40 0.19 87 2% .25 125 114.51
50.5 1.03 90 30,17 128 120.00
55 1.75 94 41,12 132 126.63

Interruption 98 52.74 137 134.40
59 - 2,02 102 65.75 142 140.01
62 2.45 106 77.95 152 149,76
66 4.36 110 90.30 162 156.80
70 7.22 114 100.34 172 158.24

73 9.69 117 106.03 P, 160.00

Interruption Interruption P, 238.64
19500 Run 2 Interruptions 5.1lmg

t P t P t p

10 0.03 44 11.34 68 82,22
15 0.05 Inferrupt ion 70 89,09
20 0.12 48 11.34 72 95.79




25 0.34 50 15,90 v 103.77
29 0.74 52 23,06 79 113,14
Interruption 54 31.75 83 121,02
30 0.75 56 40.86 88 127.44
32 1.27 58 49.68 9% 134,42
34 1.54 60 58.10 101 139.36
36 2,33 62 65.44 110 143 .87
38 3.55 Interruption 120 148.39
40 5.43 64 66.45 ,I;f 160,00
42 8.23 66 74.24 1 231,40
TABIE 5.20
19000 Run Water interruption (30 secs) 5.2mg pellet
t P t P t p
10 0.03 89 13.39 186 71.48
| 20 0,07 94 13.68 Interruption
30 0.13 98 15.99 193 71,55
40 0.26 102 19.38 206 71.57
50 0.61 106 23.47 226 71.62
62 3.35 108 23.87 266 73.33
Interrﬁptidn Interruption 296 78,66
65 3.37 113 23.75 336 86,97
70 3.77 118 25.09 P, 94.88
75 5.38 126 28.39
78 7.26 134 31.94
81 10.82 146 38,41
84 13.28 161 49.24
| Interruption 176 63.57
190% Run 2 Interruption blank 5.6mg pellet
t p t p t p
10 0.03 77 15.13 119 158.22
20 0.06 81 18.54 121 159.73
30 0.12 84 26.17 12% 165.05
40 0.29 87 34.67 125 1170.89
50.5 1.54 90 44.99 128 179.04




50 2,61 94 61.32 132 188,86
Interruption 9% 78.66 137 200.45
59 | 3.02 102 98.06 142 © 208,99
62 | 3,65 106 116.26 - 152 203,35
66 6.50 . 110 134.69 . 162 233,86
70 10,77 114 149.65 o172 238.43
73 14.45 117 158.14 | p 238,64
Interruption Interruption
190°% Rin 3 - 0 Water interruption (5 mins) 5.6mg pellet
t P t P t p
10 0,00 60 2.62 110 105.15
15 0.00 65 5.17 115 113.97
20 0.00 70 10.70 120 122.30
25 0.01 75 18.14 130 136.41
30 . 0,01 80 28.00 140 144,64
35 0.03 g5.5 41.61 150 152,14
40 0.05 90 54..07 160 156.17
45 0.17 % 68.34 170 157.86
50 : 0.46 - 101 - 84.09 180 159.63
55 1.23 105 93.40 D, 1160.33
190°C Run 4 Blank. 5.6mg pellet
t D ot P t )
10 0.02 65 3,11 120 135.14
15 0,04 70 5.64 125 145.01
20 0.06 75 |10.56 130 154,62
25 | o.08 80 17.22 - 140 168.72
30 0.10 85 | 27,05 150 178.11
35 0.15 90 40.25 1 160 183.83
40 0.20 % 56,15 170 187.56
45 0.32 100 73.62 180.5 190.20
50 | 0.59 105 91.65 190 191.56
55 1.52 110 107.23 200 192.49
60 1,69 15 122,12 ‘pa. 229,32




19000 Run 5 Successive Interruptions (5 mins) 5.6mg pellet

t p t p , t p
5 0.03 65 1.32 120 7.51
10 0,04 70 1.68 125 9.13
15 0.06 T4 2.33 130 10.69
20 0.06 75 2.50 140 115.31
25 0.08 Interruption , 150 22,09
30 0.11 80 2.50 160 . 30,67
35 0.15 & 2.52 170 40.78
40 0.23 90 3.40 180 50.11
45 0,41 91 - 3.49 190 56,26
50 0.83 Interruption 200 62.62
52 1.04 95 3.51 210 65.81
53 1,22 100 3.87 220 68.16
Interruption 105 4.50 230 69.75 -
55 1,22 111 5.50 245 71.61
60 1.22 115 6.21 P, 112,33
195°c Run 1 Water interruptions (30 secs) Blank 5.0 mg
t p t P t p
10 - 0.02 70 39.64 115 167.24
20 0.05 7 52.83 120 174,96
30 : 0.37 80 68.48 130 184.57
40 2.32 85 84.39 140 190.03
45 4.73 90 . |101.43 150 193.86
50 - 8.40 95 118.52 1160 194.60
55 13.68 100 134.41 P, 199,22
60 20.47 105 148.56
65 28.82 110 157.90




195°¢ Run 2 t =0 5.0mg

t P t P t P
20 0.01 60 37,11 100 101.61
30 0.15 65 47.24 110 109,71
40 2.59 70 57.46 120 116.93
45 - 7.27 75 66.78 135 123,10
50 15.4% 80 75.21 150 126,63
55 26,22 - Q0 89.54 pa 135.44
195% Run 3 0.5 I.P. 5, Omg

1 P 1 P 1 P
17 0.11 55 3,10 115 92,04
I:i“erruption 65 11.30 125 100,39
25 0.11 75 25,74 135 106.82
35 0,12 85 43.98 150 111.93
45 0,50 95 62,60 180 115.29
50 1.35 105 79,71 D, 115,78
195% Run 4 End I.P. 5,0mg

t p t p t p
10 0.09 75 2.57 160 111,49
20 0,16 80 4.19 170 119.96
30 0.77 90 10,51 180 126.54
33 1.19 100 21.39 195 133.53
Interruption 110 36,73 210 138.69
40 1.21 120 54,58 240 146,45
50 1.22 130 72.17 " p, 153.20
60 1.30 140 88,39

70 1.80 150 101.05




195% Run 5 o« = 0,06 5, Omg
t P % D t p
10 0.03 70 11.87 150 76.37

20 0,14 80 12.77 160 88.05
30 0,93 90 15.91 170 96.98
40 2,56 100 22,61 180 106.70
50 9.09 110 31.46 190 113.06
53 11.70 120 42,24 200 119.46
Interruption] 130 53.41 220 125.45
60 11.71 140 65.36 D, 138.50
195°% Run 6 Inf. pt. 5.0mg
t P t P t P
10 0.01 75 55.04 140 103.32
20 0,05 80 68.37 150 104.40
30 0.48 90 101.43 160 105.33
40 3.25 Interruption 190 107.96
50 10. 60 100 101.44 220 110.73
60 22,33 110 101.46 250 113,14
65 31,10 120 101.65 D, 120.01
70 41.76 130 102,28

195°¢C Run XK= 0,75 5. 0mg
t P t P t P
30 0.95 100 141.48 160 150.76
55 26.86 105 146.32 170 152.20
65 49,02 Interruption 180 153.42
75 76.21 110 146.42 202 155.75
80 91.21 120 146,46 240 158.14
85 104.99 130 146,76 P, v162.34
90 119.23 140 147.78
9% 132,28 - 150 149,32




195°C Run 8 Successive 5.0mg
t P t p t p
15 0.10 111 4.67 215 6.93
25 0.39 Interruption 225 7.43
30 0.98 120 4.68 235 9.69
35 1,67 130 4.76 245 17,06
Interruption 140 5.19 255 30,99
40 1.67 145 5.77 265 48,76
50 1.69 Interruption 275 63.78
60 1.73 155 5.78 285 75.68
70 2.12 165 6.04 300 85.49
77 3,22 175 6.43 315 91,10
Interruption 185 6.82 330 92.63
85 3,23 Interruption | 1 95.57
95 3.29 195 6.83 '
105 3.79 205 6.84
190°C Run 9 Vater interruptions (5 mins) t = 5, Ong
t P t P t P
10 0,01 70 3.48 140 38,66
20 0.01 80 6.69 160 42.28
30 0.02 90 12,11 180 45,01
40 0.14 100 - 18.60 200 47.12
50 0.61 110 24.89 220 47.62
60 1,63 120 30,32 P, 55,80
190°%¢ Run 10 Blank 4,8ng
t P t P t P
20 0.02 70 28,66 110 112,49
30 0.09 75 37.83 115 122,52
40 - 0.68 80 46,83 120 131,74
45 1.73 - 85 57.59 128 142,59
50 3.99 90 69,07 136 152,14
55 7.84 % 80,52 145 158.00
60 13,29 100 92,05 160 164.38
65 20,39 105 102,25 p 180.68




TABLE 5.21

195°% Run 1 Aged L4l 5 ,0mg

t p t p -t p

5 0,01 67 29,25 119 137.74
10 0.01 73 40,14 130 146,19
20 0.04 79 53,13 145 151,88
30 0.39 85 67.55 161 155,04
40 2,32 91 82,99 180 156,03
48 6.44 97 96.48 P, 160.00
55 12.70 104 112.59 D, 180.48
61 20.25 111 125,63
195°%¢ Run 2 5. 6mg

t o t P t p

5 0.02 65 19.60 116 122.29
10 0.03 70 26.24 124 133.26
20 0,09 75 33,90 135 144,71
30 0.40 80 42.40 150 151.%6
40 1.89 85 52,81 170 155.65
45 3.56 90 64,56 P, 160,00
50 6.05 95 75,91 P, 145.08
55 9.64 102 93,39

60 14.31 109 108.28
195°¢ Run 3 5.5mg

% P b P t P
10 0.01 67 30.58 116 130.54
20 0.05 72 39,70 125 139.84
30 0.49 80 56.93 140 148,10
40 2,74 87 73.05 160 152.87
48 7.31 9% 89.72 P, 160,00
55 13.88 101 104,80 P, 158,96
62 . 22,64 108 117.55




195°C Run Blank 5.6mg
t P t P t D
5 0,02 60 17.29 105 114.50
10 0,09 65 23,18 110 123,29
20 0.23 70 30,61 115 130,96
30 0,68 75 40.07 120 137.79
35 1.41 80 51,11 130 145.23
40 2,69 85 63,76 140 150.97
45 4,91 90 77.65 150 ©152,%6
50 8.05 9% 90,75 P, 160,00
55 12,23 100 10%.33 P, 219.80
195°% Run 5 5, bmg
t P 4 P t P
5 0.02 65 29,35 110 125,03
10 0,06 70 37,90 115 132,42
20 0,14 75 48,18 120 138.56
30 0.55 80 59.91 130 145 .84
40 3.19 85 71,83 140 150.04
45 6.37 90 84.43 150 1153.16
50 10.83 % 96.08 160 153.97
55 16.18 100 107.29 Pe 160,00
60 22.42 105 117.38 P, 218.36
195°%¢ Run 6 5. bmg
% D % D % P
10 0.02 70 31,84 115 134,33
20 0.07 75 42,43 120 140,53 -
30 0.30 80 55 .00 130 148,25
40 1.86 85 67.78 140 152,63
45 3,80 90 81.47 150 155,71
50 6.75 95 95.20 Pe 160,00
55 10.99 100 107.96 P, 199,22
60 16.44 105 119.32
65 23.15 110 126.83




195°% Run ~ Pyrex 4.8mg

L P t p t p
10 0.01 47 22.49 73 126.34
15 0.02 50 29.45 76 134.50
20 0.04 53 37.62 80 142,41
25 0.21 56 48,93 85 147.46
30 1.17 58 58.30 90 151.57
35 4,38 60 68.49 100 158.17
37 6,56 62 78.15 110 158.70
39 9.23 64 89.64 122 159,99
41 12,08 66 99.18 P, 160,00
43 15.35 68 108.76 P, 186.80
45 18.74 70 116.90 |
195°C Run 2 Platinum 6,0mg

t P t p t p
10 0.03 54 38.93 88 146,37
20 0.28 58 53.63 % 151.05
30 1.20 62 71,24 110 156.29
34 3,11 66 89.12 130 158,12
38 6.75 70 106.02 150 159.04
42 12,13 74 119.56 170 159.87
46 19.23 78 130.41 P, 160.00
50 28,00 82 138.43 P, 242,79

TABIE 5.23.

195°¢ Run 1 With end product 5.3mg + 1.9mg pellet

t hs) t hs) t P

5 0.10 42 37.12 74 135.15
10 0.15 45 47.26 .79 143.58
15 0.35 48 58.72 85 147.82
20 1.36 51 70.82 9 154.48
24 3.32 54 81.56 100 155.98
27 5.92 57 93,09 110 158.43
30 9,66 60 103,89 120 159.22




33

14,46 64 113.28 P 160.00
36 20,59 66 119.95 D, 217,13
" 39 28.36 70 129.78
195% Run 2 Blank 7.2mg pellet
t p -t p t p
5 0,02 43 16.27 71 120,18
10 0.02 46 25.14 76 130.66
.15 0,04 49 36.98 82 139.79
20 0.1% 52 48.97 90 146.46
25 0.42 55 62.74 100 150.77
30 1,22 58 76.79 110 152,96
B4 2.79 61 88.56 120 154,28
37 5,42 64 99.71 P, 160.00
40 10,04 67 109.65 D, 261.42
195% "Run 3 With end product 6.lmg + 1.7mg
t p t P t D
5 0.11 40 27.20 68 129,11
10 0,14 43 38,96 72 134,66
15 0,22 46 51.41 77 142.00
20 0,55 49 63.91 83 147.56
25 1.74 52 75.56 90 151,35
28 3,32 55 88,74 110 156.00
31 5.90 58 100.80 120 157.35
34 10.0¢ 61 111.56 Ps 160.00
37 17.21 64 118.74 D, 216.13




195% Run 4 Blank 5. 6mg
t ho t P t P
10 ' 0.02 49 53.21 81 134.68
20 0.20 52 64,39 86 139.64
25 0,92 55 "74.15 92 144,57
30 3,53 58 84.70 100 150.08
34 8,01 61 93,22 110 153.16
37 13.50 64 101.73 120 155,26
40 21,38 68 111,27 Pp 160,00
43 31,04 72 119.60 D, 197,61
46 42.15 76 . 126.52
TABLE 5,24
19500 Run 1 Tlluminated with “Ultropak" 5.0mg pellet
t p t ' P t p
5 0.08 40 56,46 90 141.05
10 0.85 45 69.70 100 145,63
15 3,05 50 82,44 110 148.87
20 8.2% 56 96.53 120 152.16
25 17.70 63 108.69 D, 160,00
30 30,27 70 121,00 D, 192.17
35 43,69 80 132,03
_195°C Run 2 Blank 5,0mg pellet
t P t P t | p
10 0.01 60 7.85 %5 112.74
20 0.0% 65 14,04 102 131.31
30 0.09 70 24,20 110 144,33
40 0.52 75 38.88 120 153,72
45 1.16 80 57.06 137 159.20
50 - 2.40 85 76.55 D, 160,00
55 4,40 90 96.38 D 188,07




TABILE 5.2

188 T 2%

6.0mg pellet

% 4P /a4 % P /44 % P /44

5 0.01 100 0.15 150 2.73
10 0.01 105 0,20 155 2.58
20 0.01 110 0.26 160 1.77
30 0.01 115 - 0.34 165 1.18
60 0,01 120 0.47 170 0.90
75 0.0 125 0.70 175 0,72
80 0.02 130 1.09 180 0.58
85 0.03 135 1.46 190 ©0.37
90 0.06 140 1.9

95 0.10 145 2.61

TABLE 6.1

190°¢ Run 1 500 . 4.6ug pellet

t p - t P t P

5 0.04 50 58.44 190 130.54
10 0.48 60 64.25 200 137.08
13 1.66 70 68.68 210 140.98
15 3.82 80 72.38 220 145.27
17 7.15 90 76.45 230 148.98
19 11,35 100 80.86 240 151.71
21 16.05 110 85.59 250 154.03
23 20.56 120 90.35 260 155.63
25 25.38 130 96.00 270 156.28
27 29.64 140 101,99 280 - 157.84
30 35.83 150 108.04 290 158.55
33 40.14 160 113.55 P, 160.00
38 47,63 170 119.88 P, 164,72
43 52.05 180 125.51




190% Run 2 Blank, unirradiated 4.6mg pellet]
% p % p % p
10 0.02 110 22.41 210 121.44
20 0.04 120 31,12 220 128,74
30 0 05 130 40.85 230 135.87
40 0.09 140 50.79 240 141.26
50 0.31 150 61.87 251 146.99
60 1.04 160 72.19 270 155.87
70 2.55 170 83.03 280 157.78
80 5.23 180 93.60 290 158.63
.90 9.31 190 ©103.61 P, 160.00
100 15.15 200 112.79 P, 155.01
190°%C Run 3 15,000 r. 4.9mg
t p t P t P
3 0.01 11 104.11 40 157.24
4 0.46 12 113.63 60 160.16
5 3.50 : 13 121.05 70 159.50
6 10.41 14 126.99 80 159.81
7 29.53% 16 135.49 P, 160.00
8 54.41 18 141,60 P, 192.07

9 76.16 2% 149.47

10 92.78 30 155.05
190°%C Run 4 Blank, unirradiated 5. 6mg

t P t P t P
10 0.03 75 7.92 130 120.86
20 0.0% 80 12.65 135 128.72
30 0.11 85 19.52 140 133.68
35 0.13 90 28,18 145 138.08
40 0.21 % 37.90 150 143.12
45 0.35 100 51.20 160 148.56
50 0.65 105 64.92 170 152.28
55 1.10 110 79.01 180 155.29
60 1.75 115 90.67 190 156.86




65 ' 2.95 120 102.34 Pe 160.00
70 4.84 125 - 111,34 ‘ 228,71

TABIE 6,2
175% | Run 1 15,000 . 4.6mg pellet
t p t P t D
5 0.01 50 4739 | 135 116.53
7 0.64 55 48.90 140 120.06
8 1,69 60 52.45 145 121.97
9 3.14 65 54.50 150 126,06
10 5.51 70 58,76 160 131.64
11 8.72 75 62.33 170 136.10
12 12.95 80 67.51 180 139.67
13 16.99 85 72.87 190 142.42
14 20,77 90 78.67 200 145,70
15 23.77 9% 83.31 210 149.33
17 28.67 100 89.38 220 151.70
20 33,26 105 93.24 230 152,84
25 37.30 110 97.01 240 155.55
30 40.43 115 102.35 250 157.18
35 42,07 120 106,80 260 159.99
40 43.99 125 109.65 ' 1 160.00
45 45.32 130 113.80 D, 171.03
175%- Run 2 15,000 r. 4.6mg pellet
t p t p ' t p
5 0.04 26 42.71 105 106.98
6 0.27 30 46.49 110 110,73
7 0.72 35 49.87 | 115 | 114.38
8 1.38 40 52.59 120 117.03
9 2.24 15 55.50 130 123.62
10 3.60 50 58.26 140 - 127.83
11 5.21 55 61.67 150 133.35
12 7.46 60 65.24 170 141.06
13 10.39 65 69.15 180 144.98
14 13.70 70 74.15 200 150. 60




75

79.43

15 17.41 210 152,19
16 21.03 80 85.15 230 154.99
;7 24.61 85 90.01 250 158.00
19 30.88 90 94.44 270 159.18
21 35.31 9% 99.25 Pp 160.00
23 38.88 100 103.76 Pa 162,20
'190% Run 3 5,000 r. 4.Tng pellet
t P % P ot P
0.21 24 49,37 80 124.77
7 0.59 27 54.04 85 131.49
9 1.20 30 56.85 90 138.40
11 3.62 35 60.58 95 143,71
13 9.67 40 65.29 100 148.81
15 18.93 45 70.58 105 151.29
16 24.18 50 76.90 110 154.44
17 28.81 55 83.47 120 157.55
18 33.05 60 91.18 130 159,46
19 ~36.89 65 99.11 140 159.72
20 - 40.23 70 108.10 Py 160.00
22 45.45 75 116.24 P, 166.20
190% Run 4 5,000 . 4.6ug pellet
t P t p t p
0.16 24 25.37 80 137.23
0.41 27 31.06 90 146.87
0.71 30 36.66 100 153.36
12 1.68 35 46.47 110 157,25
13 3.13 40 57.73 120 158.52
15 6.21 45 69.82 130 158.94
16 8.34 50 82.68 140 159.99
17 10.67 55 93.99 Py 160,00
18 12.78 60 104.78 b, 137,08
20 17.52 . 65 114.06
22 21.59 70 122,67




46.85

33 65 130,66 B 186,00 |
36 61.75 70 1%5.26
170% Run 8 15,000 r. 5.0mg
t p t p t p
0.02 36 63.46 70 133,07
8 0.39 39 77.53 80 138.75
11 1.87 42 88.40 90 141.50
15 4,20 45 98.10 100 144,34
20 9,34 50 110.22 110 146.16
25 18.16 55 117.98 1120 147.51
30 33.50 60 124.82 Pe 160,00
33 46,92 65 129.44 P, 173.60
TABIE 6.3
170%¢ Run 1 Unirradiated 4.8mg
t P t P t P
10 0.01 - 100 0.37 190 - 16.35
20 0.01 110 0.80 200 20.13
30 0.01 120 1.40 210 24.34
40 0.02 130 2.44 220 28,68
50 0.02 140 3.75 240 39.67
60 0.02 150 5.56 260 52.91
70 0.03 160 7.66 280 67.12
80 0.06 171 10.47 Pe 160.00
90 10,17 180 12,96 P, 182,40
170%C R 2 10 r, '4.8mg.
t P t P t P
5 0.01 70 0.28 180 20.06
10 0.02 80 0.63 195 24,73
15 0.02 90 1.36 210 - 29,69
20 0.04 105 3.35 225 35.99




30 0.05 120 6.34 240 43.86
40 0.06 135 9.40 280 72.24
50 0.09 150 12.87 P, 160,00
60 0.14 165 16.29 D, 180.26
170°C Run 3 50 r. 4.8mg
t P t p t P
10 0.01 110 20.36 210 - 98.43
20 - 0.03 120 25.76 220 105.15
30 0.07 130 31,91 230 112.77
40 0.17 140 39.53 240 118.27
50 0.36 150 47.93 265 127.02
60 0.97 160 56.69 275 135.61
70 2.77 170 65.69 P, 160,00
80 6.28 180 74.32 P, 202.20
90 . 10.78 190 82.23
100 15.58 200 90.08
170°%C Run 4 . 250 r. 4.8mg
t P t P t P
5 0.02 65 - 13.87 135 99.53
10 0.04 70 17.86 145 107.11
15 0.12 75 22,02 155 114.19
20 0,36 80 27.19 - 165 119.90
25 0.60 85 35.05 175 125,15
30 0.84 90 43,12 190 132,96
35 1.10 95 52,07 205 137.41
40 1.59 100 60.75 220 138.60
45 2.58 105 67.94 240 139.43
50 4.45 110 74.64 Pp 160.00
55 7.0; 115 80.57 P, 182,70
60 10.22 125 91.57




170% Run 5 500 r. 4.8mg
tv P t D t P
5 0.01 55 18.54 110 118.32
10 0.01 60 25.34 120 128.69
15 0.31 A 65 35.98 130 137.02
20 0.74 70 47.67 140 142,97
25 1.06 75 59.41 150 147.01
30 1.48 80 70.87 160 149.62
35 2,32 85 80.95 180 153.43
40 4.44 90 1 90.25 200 155.38
45 8.25 95 97.87 Pe 160,00
50 13.14 100 105.53 o, 187.64
170°%C Run 6 1500 r. 4.8mg
t P t P t P
5 0.01 46 37.94 75 127.98
10 051 | 49 56.14 80 134.24
15 1.76 51 64.91 85 138.64
20 2,70 53 73.45 90 142.52
25 4.12 55 81.22 100 147.70
30 6.95 58 91.99 110 151.10
35 12.28 61 100.07 120 - 153.02
39 18.56 65 110,14 Py 160.00
43 26.86 70 120.42 D, 215.80
170% Run 7 5000 r. 5. Omg
t P t p t D
0.02 26 27.92 52 1%6.86
8 0.46 28 33,21 56 142,98
1.03 30 39.64 60 146,58
10 1.59 _ 33 54,67 65 149.73
12 2.52 36 78.11 70 152.47
15 4,20 38 91.60 80 155.37
18 7.32 40 102.38 90 156,76




11.35

20 42 110.82 100 157.98
22 16.49 45 121,30 P, 160,00
24 22.16 48 129.14 Py 200.07

170% Run 8 15000 r. 5.0mg
t Ap x p x o
4 0.01 19 28.92 29 121.15
6 0.04 20 33,96 30 127.25
8 1,03 21 39.03 31 132.23
9 2.31 22 45,53 32 134.84
10 3,07 23 53,23 34 140.59
11 4.99 24 63.99 36 145,33
12 5.88 25 77.39 40 151.49
14 10.71 26 91.49 45 154.41
16 16.10 27 103.90 P 160.00
18 24.68 28 113.50 D, 181.50

170°% "Rmn 9 700000 . 5. Omg
t p t P t p
2 0.01 5 152.81 11 159.87
3 25,12 6 157.21 P, 160.00
4 115,04 8 158,98 P, 195.03

TABLE 6.4
Induction Period series Rns 1 - 6 15000 r. ¥ 4.8mg per run
121.3% 126.0% 135.3°%

t P t P t p

5 0.01 10 0.01 27 0.74
10 0.01 20 0.01 28 1,01
20 0.01 30 0.04 29 1.33
40 0.04 37 0.13 30 1,52
50 0.10 40 0,20 31 1.75
53 0.15 43 0.41 . 32 1.9




56 0.26 46 0,71 34 2.45
59 0.41 49 1.02 P, 203.10
62 0.56 52 1,32 140.1°%
65 0.74 55 1.61 5 0.03
68 0.99 58 1.85 10 0.04
70 1.08 P, 165.20 15 0.08
72 1.23 130,1°C 18 0.28
74 1,34 0 0.01 20 0.82
76 1.42 20 ©0.03 21 1.16
78 1.54 33 0.23 22 1.46
80 1,66 35 0.57 23 1.78
P, 121.20 37 0.93 24 2.05
39 1,32 D, 164.10
41 1.73
1 219.80
144.4°¢
t P t p t P
5 0.01 15 0.36 19 2.47
10 0.03 16 0.85 P, 177.84
13 0.10 17 1.42
14 0.14 18 1.98
140.8°% Run 7 15000 . 4.9mg
t P t p t P
5 0.01 50 7.63 130 73.91
10 0.02 55 9.26 140 89.65
15 0.05 60 11.20 150 101,67
20 1,03 70 16.57 160 110.26
25 2,27 80 23.23 170 116.09
30 3.35 90 30.07 . 180 120.77
35 4.27 100 37.10 200 128,74
40 5.24 110 45.59 P, 160,00
45 6.32 120 58,22 D, 176.20




Run 8

145,0% 15000 r, 5,0mg
t P t P t p
5 0.01 60 20.24 120 101.11
10 0.01 65 24.23 130 110.05
15 0.39 70 28.38 140 116.22
17 0.98 75 22,24 150 120,46
20 1.85 80 36.55 160 123.64
25 3.14 85 41,72 170 125.94
30 4.41 90 48.67 180 127.89
25 5.92 95 57.74 200 130.49
40 7.66 100 68.27 2, 160.00
45 9.92 105 79.06 P, 215.80
50 12.89 110 87.87
55 16.47 115 94,96
150.3% Run 9 15000 r. 5.,0mg
t P t p t. P
15 1.30 60 20.94 105 115.82
18 - 2.53 65 36.77 110 120.08
22 3.95 70 45.12 120 125.10
26 5.08 75 57.03 130 128.58
30 6.43 78 65.65 140 131.31
35 8.41 81 74.34 150 133,30
40 11.43 84 83.27 160 134.73
44 14.39 87 90.73 Py 160.00
48 18.15 91 98.47 198 240.35
52 22.33 95 104.78
56 26,37 100 111.60
155.0°%C Run 10 15000 r. 5.0mg
t hs) t hs) t P
0.01 36 19.51 67 109.73
8 0.01 29 23,41 70 117.99
10 0.11 42 28.19 75 129.04
12 1,30 45 33,01 80 134.30




14

40,32

2.26 48 85 138.52
16 3,06 51 47.18 90 142,52
18 3.97 54 56.05 95 144,53
20 4.92 56 63.56 100 147.08
23 6.84 58 72.62 105 148.09
26 9.10 - 60 82.45 110 149.80
30 12.61 62 91.24 P 160.00
33 16,11 64 99.61 b, 206,20
- 160.0% Run 11 15000 4.8mg
t p t p 't P
4 0.01 34 47.01 55 138.61
6 0.02 38 65.61 60 144,44
8 0.30 40 79.32 65 148.37
10 2.15 41 86.63 70 152.04
12 3.98 42 93.12 79 156.76
14 5.62 43 99.85 90 - 157.86
17 8.30 44 - 106.14 100 158.01
20 11.93 45 111.01 110 158.84
22 15.33 46 115.78 120 159.13
24 19.85 47 119.89 pf 160.00
26 24,96 48 123,48 1 136.9Q
28 29.91 50 129.52
30 35.43 52 133.78
170.0°% Run 12 15000 5.0mg
t P t P t " p
4 0.01 19 28.92 29 121.15
6 0.07 20 33.96 30 127.25
8 1.03 21 39.03 31 132.23
9 2.31 22 45.53 32 134.84
10 3,07 23 53.23 34 140.59
11 4.99 24 63.99 36 145.33
12 5.88 25 77,39 40 151.49
14 10.71 26 91.49 45 154.41
16 16.10 27 103,90 P, 160.00
18 24.68 o8, 113.50 D, 181.50




Acceleratory period Split~run Run 13 15000 r 5.0mg
150.5%C t P 4 p
t p
5 0.01 27 9.88 18 40.09
10 0.07 30 10.75 19 42.04
15 0.46 35 12.20 165.0°
20 1.25 T 154.8% | 10 52,23
25 2,01 16 14.86 11 54.30
30 2.89 19 16.08 12 56.07
35 3.65 22 17.72 13 58.66
40 4.89 25 20,46 14 61.51
43 5.68 28 23,84 15 64.71
46 6.65 159.5°% 16 67.53
49 7.70 12 30.74 7 70.84
144.9°% 14 33.29 210°¢
21 8.41 16 36.47 P, 212,10
24 9.14 17 38.40
TABIE 6.5
170°¢ Run 1 15000 r. 4.8mg
t P t P t P
2 0.01 40 45.33 100 140.65
5 0.04 45 59.45 110 145.73
7 0.33 50 73.26 1215 150.18
9 0.88 55 85.04 130 153.85
11 1.42 60 196.12 140 155.53
14 2.25 65 105.00 150 157.02
17 3.70 70 113.20 160 158.54
20 6.10 75 119.10 - 170 159.01
25 11,94 80 125,23 P 160.00
30 20.42 85 129,36 P, 210.00
35 31,60 90 133.93




130%¢C Run 2 0.7 Mr. 7.5mg
t P t P t P
5 0.01 31 41,27 58 118,23
10 0.03 3% 47.39 61 121,82
15 1.23 35 54,37 65 127,36
16 2.56 37 61.29 70 131.83
17 4.25 39 68.01 75 134,32
18 6.25 41 74.64 80 1136.83
19 8.50 43 79.94 90 139,72
20 10.87 45 86.39 100 140.89
21 13.11 47 92.43 110 142.%33
23 18.10 49 97.90 120 “ 142,95
25 23%.05 51 103,27 P, 160.00
27 28.72 53 108.05 D, 242,80
29 34.89 55 112.54
TABIE 6.6
170°¢C Run 1 15000 r. Platinum bucket 4.8mg
t P % p t p
5 0.06 39 76,08 75 137.43
8 1.04 42 87.77 80 140,33
11 2.69 45 97.38 90 143,74
15 5.18 48 105.17 100 146,38
20 10.54 51 112.84 110 147.88
25 19.39 55 118.70 120 149.56
30 33,75 60 125,97 P, 160.00
33 46.85 65 130.66 D, £186.00
36 61.75 70 135.26
170°¢C R 2 15000 r Prrex bucket 5 .0mg
t p t p t p
5 0.02 36 63.46 70 133.07
8 0.39 39 77.53 ' 80 138.75
11 1.87 42 88.40 90 141.50
15 4.20 45 98.10 100 144.34




20

9.34 50 110.22 110 146,16
25 18.16 55 117.98 120 147.51
30 33.50 60  124.82 P, 160,00
33 46.93 65 129.44 P, 197.90
TABLE 6.7
175°C Run 1 Unirradiated 5.0mg
t p t | P t p
20 0,03 140 17.98 240 120,55
30 0.05 150 24,00 250 126.25
50 0.08 160 31,87 260 130.55
70 0.18 170 42.03 280 135.93
80 0.32 180 55.18 300 140,84
90 0.73 190 69.46 321 145.76
100 1.76 200 82,55 360 150,27
110 4.23 - 210 94.65 Pe 160.00
120 7.85 220 104.61 B, 200, 40
130 12,71 230 113.50
175% Run 2 200 r. at t = 0 5.0mg
5 0.03 55 12,81 100 123.75
10 0.04 60 30.94 110 1%0.55
15 0.05 65 58.51 120 135.27
20 0.08 70 76.81 140 142.91
30 0.52 75 88.31 170 148.20
40 1.55 80 98.02 P, 160.00
50 3,96 90 112.92 P, 203.11
175% Run 3 200 r. at &= 0.23 5.0mg
t P t P t b
100 1.16 169 26,01 214 92,82
120 4,05 174 36.35 224 1102.57
130 9,27 179 36,82 234 109.91
140 15.81 184 37.39 244 115.14




23.40 194

150 45.69 264 122.54
160 35.99 199 63.79 284 127.66
164 36.09 204 77.18 P, 160.00
Interruption 209 85.72 P, 172,11
175°%¢ Run 4 1000 r. at t = 0 5., 0mg
t p t P t P
5 0.02 28 102,29 65 151.24
10 1.41 30 112.14 75 - 153.14
15 3,46 34 124.28 P, 160.00
20 11.29 39 133.68 D, 182.98
23 35.57 45 140.48
26 81.97 55 147.15
175°% Run 5 1000 r. at 0.5 I.P. 5. Omg
t p t p t p
20 0.03 60 3.28 95 125.08
30 0.03 65 13.77 100 130.05
40 0.06 70 59.29 110 136.70
45 0.07 75 86.33 130 143.42
Interruption ‘ 80 100.10 145 147.33
50 0.08 85 109.95 P, 160.00
55 0.21 90 118.71 D, 186.17
175°¢ Run 6 1000 r. at end I.P. 5.0mg
t P t D t P
20 0.03 100 2.51 145 115.51
30 0.05 105 4.35 155 125,84
40 | 0.07 110 7.54 165 131,03
50 0.10 112 '14.65 175 135,27
60 0.16 114 38.59 190 141.73
70 0.29 116 52.53 220 149,71
80 0.67 118 63.56 P, 160.00




90 1.67 122 76.59 D, 163.23
Interruption 128 89.57
95 1,69 136 103.49
175% Run 7 1000 r at X = 0,18 5.0mg
t P t P _ t hs!
155 28,20 177 75.13 215 138.08
Interruption 179 85.96 230 145 .88
160 28,27 182 97.17 250 152,14
165 30,13 186 106.98 P, 160,00
170 32.48 192 117.07 P, 172,21
175 61.18 202 129.74
175% Run 8 1000 r at&=0.37 5. Omg
t p t p t p
180 58.42 203 89.63 252 144.50
Interruption 206 95.95 262 147.37
182 58.45 210 102.56 272 149.54
187 59.36 215 111.05 Pe 160.00
192 60.48 222 122.08 D, 158.97
197 67.95 232 132.69
200 80.99 242 139.96
175% Run 9 1000 r ate(=0.47 5.0ng
t p t p t p
195 75.30 224 101.45 269 143.22
Interruption 229 107.73 279 146.49
199 75 .40 234 114.15 299 152.08
204 76.34 239 120.62 319 154,74
209. 77.97 244 125.92 D, 160.00
214 86.90 249 130.61 D 182.42
219 94,62 259 138.24




175% Run 10 1000 r at &= 0.78 5. Omg
t ' P t P .t 9]
245 125,36 278 128,08 338 148.34
Interruption 288 130,68 358 150,93
253 125,49 298 135.26 378 152.05
258 12569 308 1140.19 Pe 160.00
263 126,40 318 144,13 P, 157.38

268 126.40 328 146,58
175°% Run 11 " Unirradiated blank 5.0-¢
t p t p t p
20 0.03 140 17.98 240 120,55
30 0.05 150 24,00 250 126.25
50 0.08 160 31.87 260 130.55
70 0.18 170 42,03 280 135.93
80 0.32 180 55.18 300 140.84
90 0.73 191 69.46 321 145.76
100 1,76 200 82.55 360 150,27
110 4.23 210 94.65 Pe 160.00
120 7.85 220 104,61 D, 200,40
130 12,71 230 113,50
TABLE 6.8
165°C Run Water Interruption 15000 r Blank run 5.0mg
% p t P t p
5 0.01 33 52,26 85 122.94
10 0.06 36 64.72 100 127.17
15 2.91 40 78.90 120 133.47
20 7.13 45 91.36 140 138.91
24 14,43 51 100,31 D, 169.01
27 25.32 60 110.89
30 38.52 70 116.81




165°C Run 2 15000 r t =0 (30 secs) 5.0mg
t P t P t P
10 0.92 34 66,07 80 126.33
15 3.18 39 80.55 95 133.99
20 9.44 45 91.81 110 137,10
25 26,48 52 102.01 135 142,40
28 41,13 60 111.68 D, 154.08
31 54.61 70 120.50
165°C Run 3 15000 r 0.5 I.P. 5. Omg
t p % p % p
6 0.04 50 17.93 100 74.28
Interruption 55 26.20 110 77.98
15 | 0.09 60 24,69 120 81.49
25 0.43 65 42.52 135 84,65
35 1.79 72 51.89 150 87.72
40 4.26 80 60.33 D, 102,00
45 9.99 90 67.69 '
165°% Run 4 15000 r End I.P. 5.0mg
t P t p t P
12 S 1.71 60 11,11 115 66.81
Interruption 65 16.41 130 75.90
20 | 1.74 70 22,66 145 80.65
30 1.92 75 29.79 160 84.76
40 2.46 80 36,66 180 89.20
45 3.19 85 41,61 P, 108.74
50 4.71 90 48.97
55 7.07 100 56.65
165°¢ Run 5 15000 r = 0.24 5,0mng
t P % P t P
30 37.50 75 45.67 1% 85,10




Interruption 80 49.98 150 89.59
40 37,98 90 58.94 180 96.38
50 38.07 100 67.18 D, 105.18
60 38,56 110 73.48

.70 41,98 120 78.94

165% Run 6 15000 T o = 0.47 5 .Omg

t p t p t P
40 78.88 80 80.33 135 103.17

Interruption] 90 82.39 145 - 105.61
50 78.98 100 86.75 180 112.50
60 79.18 110 92.40 P, 121.11
70 79.47 120 97.62

165°¢ Run 7 15000 o= 0.66 5.0mng

t P t 9] t P
10 0.07 70 110.87 150 117.34
20 8.21 80 111,05 180 119.54
30 40.01 95 111.90 200 121.76
60 110,77 110 114.03 1 124.97

Interruption 135 115.93

180°%C Run 8 Unirradiated Blank 5. Omg

t P t p t P
17 0.09 139 68.58 261 176.62
35 0.16 157 98.59 278 180.50
52 0.39 174 119.40 296 18%.71
70 1.09 191 138.08 313 185.30
87 4.67 209 152 5% 331 186.29

104 16.45 226 163.19 D, 187.21

122 39.03 244 170.72




180°C Run 9 15000 r t=0 (5 mins) 4.%ug
t P t p t P
5 0.00 70 0.59 185 66.01
10 0.00 80 1.16 200 77,21
15 0.00 90 2.30 215 85.85
20 - 0.00 100 4.39 240 98.17
25 0.00 110 747 260 99.70
30 0.02 120 11.9% 280 1102.98
35 0.03 130 17.33 300 105.31
40 0.06 140 23%.59 320 107.54
50 0.14 155 36.85 P, 117.37
60 0.28 170 51.78
195% Run 10 Unirradiated Blank ' 6.0mg
t P t p t p
5 0.06 50 38.08 82 188.27
10 0.31 54 52.95 88’ 199.06
20 0.38 58 72.94 %5 205.42
30 1.63 62 96.88 110 212.55
34 4.2% 66 121.20 130 215,04
38 9,18 70 144.19 150 216.29
42 16.50 74 162.60 170 216.92
46 26.15 78 177.36 D, 248,06
195% Run 11 Irradiated blank 15000 r 5.0mg
t p t p t p
P 0.03 8 80,07 20 159.61
4 0.08 134.21 30 161.01
5 7.91 10 147.81 P, 161.44
6 16.81 12 154.41
7 32.01 15 157.21




1955°% | Run 12 lst t =0 interruption , 5. Omg

ot P t D t ' p
5 0.10 65 9.02 160 130.68
0.92 70 10.76 170 . 141.48
10 .28 80 . 14.55 180 150.92
15 1.37 90 21.28 | 190 | 158.72
20 1.37 100 31.93 200 164.71
25 1.41 110 46.59 210 170.05
30 1.49 | 120 65.41 220 173.93
35 1.84 130 84.89 240 181.17
40 2.62 135 93.80 260 184.32
45 3,74 ‘10 102,98 280 186.22
50 4.86 145 | 110.19 p, 186.50
55 6,12 10 118.10
60 7.51 155 124,42
195% Run 13 Irradiated (2nd 15000 r ) 5. Omg
t P t p t ' p
2 0.01 8 121.54 15 178.82
4 0.02 9 152.53 20 | 180.77
5 3.22 10 165.87 25 ‘ 180.84
6 23.17 1 171.69 p, 181.00
7 73.04 13 176.65
195°%¢ " Run 14 Irradiated: (2nd 15000r 2nd t = O interruption) 5.0mg
t p t P t p
10 0.24 65 8.26 . 165 128.12
20 0.55 70 10.66 180 1138.00
30 0.81 80 17.44 200 146.11
35 1.09 90 . 28.32 220 151.07
40 1.91 100 41.01 240 153,22
45 2.9 110 55.83 - 260 156.11
50 3,72 120 71.69 P, 168,10



55

5.03 135 94.55
60 6.71 150 113,94 I l
195°C Run 15 Irradiated (3rd 15000 r) 5., Omg
t P t p t p
4 6.25 8 119.51 20 156.57
5 26.73 129.96 30 160.87
6 69.33 11 142,10 50 162.58
7 102.09 14 149.21 D, 163.01
195% Run 16 Irradiated (3rd 15000r, 3rd t = O interruption) 5.0mg
t p t p t p
5 0.10 70 33.14 140 130.07
10 0.19 80 48.98 150 - 135.09
20 1.02 90 - 65.13 160 139.15
30 2.24 100 80.61 180 146.88
40 - 4.26 110 95.36 200 150.87.
50 10,15 120 106.69 D, 155.22
60 20.62 130 120,36
195% Run 17 Irradiated (4th 15000 r) 5. Ong
t P t P t P
2 0.03 6 56.16 11 113.99
3 0.06 7 87.94 15 114.90
4 4.43 8 103.08 25 116.22
5 20,13 9 102,78 D, 117.01
195°C Run 18 Irradiated (4th 15000 r, 4th t = 0 interruption)4.3mg
t P t ) t b
10 0,01 70 3,24 140 22,04




20 0.02 80 5.49 160 24.36
30 0.06 90 8.61 180 25,96
40 0,29 100 12.35 b, 29.9%
50 0.84 110 - 15.65 -
60 1.77 120 18.15 .
TABLE 6.9
190°C Run 1 Unirradiated blank 5.0mg pellet
t P t p t | p
10 0.02 110  22.41 210 121.44
20 0.04 120 31.12 220 128.74
30 0.05 130 40.85 230 135,87
40 10.09 140 50.79 240 141.26
[ 50 0.31 150 61.87 251  146.99
60 11,04 160 72.19 270 155.81
70 2.55 170 83.03 280 157.78
80 5.23 180 93,60 290 158.63
90 9.31 190 -+ | 103.61 P, 160.00
100 15.15 200 112.79 D, 155,00
190°% Run 2 507 4,9mg pellet
t P t p t p
5 0.05 75 8.50 125 111.94
10 0,07 79 13,57 132 121.13
15 0.09 82 18.77 139 127.34
20 0.13 85 25,14 147 133,12
25 0.17 88 - 32.31 158 140.91
30 0.23 91 40.17 169 148.52
35 0.28 94 - 47.63 180 154,08
40 0.37 97 55.81 190 158.54
15 0.50 100 63.37 200 159.90
50 0.78 103 70.37 210 ©160.00
55 1,27 106 77.24 P, 160.00
60 1,83 110 85.20 D, 159.10
65 2.83 115 95.99
70 4.80 120 104.96




4.9mg pellet

190°C Run 3 250r
t p t p t p
5 0.02 66 25.65 135 136.00
10 0.06 70 29,04 140 140,68
15 0.09 75 33,91 150 147.89
20 0.16 80 40.02 160 152.25
25 0.39 85 47.17 170 155,01
30 1,22 90 55.84 180 156,21
34 2.45 95 65.73 190 157.53
38 4.32 100 76.93 200 157.80
42 6.63 105 88.21 210 159.00
46 9.52 110 99.47 220 159.51
50 12,75 115 107.90 Pe 160.00
54 15.94 120 117,30 P, 152.20
58 19.16 125 124.49
62 22,36 130 131.21
190°C Run 4 - 500r 5.0mg pellet
t p t p t p
5 0.04 38 47.63 150 108.04
10 0.48 43 52,05 160 113.55
13 1,66 50 58.44 170 119,88
15 3.82 60 64.25 180 125.51
17 7.15 70 68.68 190 130.54
19 11.35 80 72.38 210 140.98
21 116,05 90 76.45 230 148.98
23 20.56 100 80.86 250 154.03
25 25.38 110 85.59 270 156.28
27 29.64 120 190.35 290 158.55
30 35.83 130 96.00 P, 160.00
33 40.14 140 101.99 1 159.50
190°C Run 5 5000T 5.0mg pellet
t p t P t p
5 0.21 24 49.37 80 124,77




85 131,49

7 0.59 27 54.04
9 1,20 30 56.85 90 138.40
11 3.62 35 60.58 95 143,71
13 9.67 40 65.29 100 148.81
15 18.93 45 70.58 105 151.29
16 24.18 50 76.90 110 154.44
17 28.81 55 83.47 120 157.55
18 33,05 60 91.18 130 159.46
19 36.89 65 99.11 140 159,72
20 40.23 70 108.10 P, 160.00
22 45 .45 75 "116.24 1 166.20
190°%¢ Run 6 15000z 4.4nmg pellet
t p t p t p
4 0.94 18 71.42 75 ' 141,32
5 4.67 24 77.22 90 148.51
6 17.72 30 81.76 105 153.63
7 38,37 37 91.23 120 156.23
8 49.21 43 99.43 P, 160.00
9 55.20 49 108.95 P, 134.65
11 61.88 . 55 118.45
14 66.80 64 129,08
190% Run 7 1.0 M . 4.6mg pellet
t P t p t P
1 0.02 10 107.84 60 156.15
2 0.02 15 120.99 78 160.00
3 44.75 20 129.14 80 160.00
3.75 66.97 25 135.19 90  160.00
4.5 77.94 30 139.79 D, 160.00
6 91.62 40 147.31 D, 169.99
8 101.33 50 152.41




TABLE 6,10

Induction period series. Runs 1 -5 50r

165°C 5. Tg 175% 6.1ng

t o} t p t b
25 0.24 10 0.06 D, 182.85
30 0.48 15 0.24 185°% 4. 6ng
35 0.80 18 0.48 : 557
40 1.26 21 0.83 5 0.05
44 1.76 24 1.39 10 0.16
D, 188.10 27 2.17 15 0.39
170% 6.4mg Pq 178.06 14 0.74
20 0.35 180°C 5.9mg 16 1.27
25 0.79 15 0.69 18 2,20
28 1.18 17 1.17 D, 130,73
31 1.70 19 1.92

33 2,15 21 2,94

b, 192.00 23 4.38
Acceleratory period Split run Run 6 50r 11.0mg pellet
t p t p t p

160.4°C 20 52.79 11 93.70

10 37.67 25 55.61 12 95.05
15 38.01 30 58.70 13 96.17
20 38.50 35 61.95 14 97.49
25 39.01 175.3°C 15 99.13
30 39.83 8 68.90 185.0°C

35 40.61 10 70.71 8 119,00
40 41,34 12 71.68 121,61
45 42.48 14 73.93 10 124,08
50 43.50 16 76.31 11 126,62
55 44.43 18 77.98 12 128.79

170.0°C 20 80.29 13 131.80

10 48,09 180.2 c 14 133.95
15 50.45 10 93.42 D, 370.63




Decay period Split-run Run 7 50r _4.4ﬁg pellet
t hs) t hs) t P
190°¢ 14 52.60 172%
40 1.10 16 52.81 60.37
70 10.92 18 52.90 8 60.84
86 25.25 20 53.13 10 61.22
94 36.41 23 53.74 12 61.75
102 47.51 26 54,27 14 62,57
157% 29 54.88 16 63.26
24 48.66 32 55.%0 18 63.92
28 49.02'. 167° ' 182°% ,
32 49.68 ' 55.22 9 72.22
36 50,04 8 55.57 10 72.53
40 50.26 10 55.80 11 73.17
44 51.18 12 56.23 14 74.87
47 ] 51.48 14 56.89 16 75.49
162°% 16 57.55 18 76.44
51.48 18 57.86. 20 76.89
- 8 51.67 20 58.26 22 77.48
10 51.97 22 58.82 24 77.80
12 52.34 24 59.05 18 98.01
Induction period series Runs 8 - 12 15000r
g P t hs] t Y
140.4°% 4.Tmg 55 0.80 20 0.08
18 0.17 60 1.13 25 0.39
20 0.40 65 1.49 29 0.90
22 0.70 D, 129,22 32 1,38
24 1.09 131.7°¢C 6.9mg 35 1.94
26 1.52 30 0.16 D, 169.45
28 2,02 35 0.55 145.5°C 4.5mg
P, 149.01 38 0.91 15 0.18
126.0°C - 4.4mg 41 1.32 19 0.82
35 0.07 44 1.76 20 1,21
40 0.15 47 2.33 22 1.87
45 0.30 D, 215.00 P, 137.00
50 0.53 135.7°C 5.8mg




175% Run 13 150007 4.9mg pellet
£ P t D t P
5 0,04 26 42,71 105 106,98
6 0.27 30 46.49 110 '110.73
7 0.72 35 49.87 115 114.38
8 1.38 40 52.59 120 117.03
9 2.24 45 55.50 130 123,62
10 3.60 50 58.26 140 127.83
11 5.21 55 61.67 150 133.35
12 7.46 60 65.24 170 141.06
13 10,39 65 © 69.15 180 144,98
14 13.70 70 74.15 200 150.60
15 17.41 75 79.43 210 152.19
16 21.03 80 85.15 230 154,99
17 24,61 85 90,01 250 158,00
19 30.88 90 94.44 270 159.18
21 35.31 % 99.25 P, 160.00
23 38.88 100 103,76 D, 162.20
Acceleratory period Srlit- run Run 14 15000r  11.0mg pellet
t. hs) 1 hs) t P
130°¢ 15 13.96 10 25.35
1 200 8.88 19 14.21 12 25,64
114.6% 23 14.60 14 26.04
7 11.14 27 14.90 16 26,22
11 11.26 31 15.29 18 26.70
15 11,30 125,0°%C 20 27.10
21 11.47 7 20,29 22 - 27.43
27 11.73 11 20.69 , 150°C
53 11.86 15 21.12 30 58.11
39 12,18 19 21,76 60 - 67.84
45 12,38 23 22.18 80 73.91
51 12,69 27 22,69 100 79.54
120.7°¢ 30 23.31 110 81,04
7 13.%5 130.0°¢ 140 82,03
11 13.73 7 24,91 p! 86,00




. Decay period Split-run Run 15 15000r 5.0mg pellet
t P t P t P
160°¢ 11 77.84 14 97.49
140 56,15 12 78.58 190°¢
144 58.90 13 79.46 1 96.83
148 60.49 14 80.71 3 98.05
152 62.56 15 81,31 5 101.41
154 64.01 180°¢ 7 106.58
157 65.67 1 80,01 8 ©108.52
159 65.88 3 81.68 9 110.79
161 66.77 5 85.04 10 111.88
170°C 7 88,12 11 112.87
1 [ 68.73 8 189,29 12 114.14
3 $69.93 9 91.21 13 115.19
5 72,16 10 92.65 14 116.64
7 74.20 11 93.84 210%
8 75.00 12 " 95.00 | D, 127,00
10 76.80 13 96.11
110%" 5.0 M r. Run 16 4.6mg pellet
t P t P t ' P
10 0.02 65 61.72 140 134.98
20 0,02 70 71.98 150 138,53
25 ' 0.56 75 80. 68 160 141.02
30 3.61 80 87.52 170 143.66
35 8,19 85 96.11 180 146.07
40 14.27 90 101,39 195 ’ 148.68.
45 21.54 100 111.59 210 150,85
50 31.16 110 - 119.68 Pp . 160.00
55 41.36 120 126.31 P, 140.00
60 51.73 130 131.08




185°¢ Run 17 15000 r, 4.4nmg pellet
t p t p t p
3 0,02 19 46.80 70 120,59
5 0.13 23 49.90 75 130. 05
6 0.87 27 53,81 80 139,67
7 2.49 31 57,26 85 146.48
8 6.53 35 61,06 90 153.22
9 15.36 40 66,13 95 156.79
10 24,42 45 71.3%7 101 161.44
11 30,10 50 79. 06 110 164.89
12 34,23 55 86.99 P, 166, 04
14 39,88 60 97.84
16 43,32 65 108.36
185°%¢ Run 18 15000 r 11,0mg pellet
t P t j t p
1 0,01 11 51.48 32 123.67
2 0. 06 12 63,92 37 127.50
3 0.12 13 74.24 43 134.13
4 1.16 14 82.01 50 142.28
5 3,00 15 87.98 60 162,71
6 4,72 16 93. 40 65 173.93
7 7.03 18 101.41 70 187.92
8 12.15 20 107.48 75 204,14
9 22.39 23 113.75 80 251,21
10 36,88 27 118.94 v, 489.52
TABLE 6.11
16500 Run 1 Powder 15000r. 4.8mg
t p £ P t P
5 0.13 30 53,77 80 130,68
10 1.73 33 67.28 100 137,71
15 4,01 37 82,06 130 146,62
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6.64 42 95.71 B, 160.00
21 12.18 49 107.55 1 161.53
24 23.08 60 120.07
27 38.30 70 126,28
165°C Run 2 Pellet 15000 4.3mg pellet
t hs) ot hs) t P
0.03 36 40.61 135 91.21
8 1.26 41 45.11 145 98.89
10 1,60 46 48.22 155 106.48
12 2.80 52 50.36 165 111.21
14 4.45 60 52.70 175 117.40
16 6.84 68 55.50. 185 121.26 |
18 9.95 76 58.12 205 . 126.84
20 13.62 85 60.20 240 132.94
22 17.81 95 - 64.50 P 160.00
25 23.58 105 69.22 D, 153.67
28 29,02 115 76,11
32 35.50 125 83.32
]r.65-°C Run 3 Pelleted irradiated powder 15000r 5.5mg pellet
t P t P t P
5 0.01 45 28,65 135 107.18
10 0.20 50 35.13 150 117.31
15 0.68 57 42,71 165 125.44
20 1.41 65 49.26 180 132.81
25 3.10 5 56.75 200 140.03
30 7.47 90 66,64 240 149.00
35 14,59 105 78.87 P, 160.00
40 22.23 120 92,59 b, 174.21




TABLE 6,12

o+

160° X 2% 15000r 6.0mg pellet
% dp/at % dp/at t dp/at
5 0.03 35 1.13 70 0.48
10 0.05 40 1.36 80 0.42
15 0.10 45 1.34 95 0.39
20 0.20 50 1.10 115 0.36
25 0.34 55 0.74 140 0.34
30 0.67 60 0.60
TABLE
vl95°C 2 hrs X-irradiated Run 6.3mg pellet
t j t sl t P
5 0.27 19 45.32 7 139.12
7 0.92 25 51.66 85 150,63
9 3.78 35 56.88 9% 157.22
10 8.39 45 65.91 105 159.83
11 15.98 52 76.02 P, 160.00
12 23,27 59 92.58 v, 210.10
13 28.99 65 108.40
15 36.90 71 125.62
19500 Unirradiated blank - Run 2  6.1mg pellet
t ho t P t Y
10 0.01 60 7.85 95 112.74
20 0.03 65 14.04 102 131.31
40 0.52 75 38.88 120 153.72
45 1.16 80 57.06 137 159.20
50 2.40 85 76.55 P, 160.00
55 4,40 90 96.38 1 193.40




17500 %0 mins X-irradiated Run 3 5.0mg
t p t P t p
10 0.07 55 41,67 120 119.56
15 0.33 60 652.24 135 128.55
20 0.60 65 61,28 150 134,91
25 1,06 70 70.25 180 145.96
30 2.21 7 77.23 200 151.01
35 5.52 80 84.62 Pe 160.00
40 11,92 90 96.37 D, 201.12
45 20,77 100 105.60
50 31,14 110 113.23

175% Unirradiated blank Run 4 5.0mg
t P t P t P
10 0.02 100 7.68 190 118.49
20 0.03 110 14.57 200 125.62
30 0.04 120 24.81 210 131.94
40 0.06 130 38.23 225 .140.20
50 0.10 140 5%.36 240 144.88
60 0.26 150 69.30 260 148.64
70 0.67 160 83.96 280 150.02
80 1,66 170 97.14 Py 160,00
90 3.74 180 108.25 P, 198.20

TABLE 7.2

17500 Reproducibility series  30mins X-irradiated Rin 1 5.0mg
t P t P t P
10 0.05 60 30.01 120 103,23
20 0.31 65 37.89 135 114.03
30 0.75 70 45.90 150 122,21
40 3,11 80 60,64 170 134.37
45 7.14 90 73.33 190 144.10
50 14,06 100 84.33 pf 160.00
55 21.75 .110 96.57 P, - 198.11




175% Run 2 5,0mg

* p t p t p
10 0.06 60 32.53 110 , 98.85
20 0.30 65 45.37 120 107.60
30 0.83 70 49,11 130 - 114,79
35 1,78 75 56.27 145 124,92
40 4.47 80 64.43 160 132.50
45 9.19 85 70.25 | 185 142,18
50 16.14 90 77.78 P, ' 160.00
55 23,82 100 89.02 P, ©189.10
0
75°C R:n 3 5 .0mg
£ D t P t p
10 0.04 60 33.97 110 1 99.45
20 0.29 65 42,41 120 108.58
30 0.82 70 51.50 - 1%0 114.64
35 1.89 75 58.58 145 123,24
40 4.52 80 66.58 160 130.67
45 9.41 85 72.49 185 ‘ 142.39
50 16.33 90 79.50 Pe 160,00
55 24,71 100 90.39 - ' P, 202,10
TABLE 7.3
175°%¢ Run 1 30 mins X-irradiated 5.0mg
t P t P t P
10 0.09 45 31.61 100 93,91
15 : 0.62 48 36.42 110 102.70
20 1.35 52 42 .47 120 110.47
25 3,05 56 48.16 140 124.92
30 7.50 61 53.83 165 141.91
33 11,51 67 60.69 pe 160.00
36 16.49 T4 68.23 1 193.80
39 21.91 82 76.51 ' '
42 27,04 90 84.80




TABLE 7.4

175% Run Unirradiated blank 5. 0mg
t s t P t iy
10 0,02 100 7.68 190 118.49
20 0.03 110 14.56 200 125,62
30 0.04 120 24.81 210 131.94
40 0.06 130 38,23 225 140.20
50 0,10 140 53.36 240 144,88
60 0.26 150 69.30 260 148.64
70 0.67 160 83.96 280 150.20
80 1,66 170 97.14 P 160.00
90 3.74 180 108.25 P, 198.21
17500 Run 2 mins X-irradiated 5.0mg
t D % D % D
10 0.04 90 23,87 175 114,53
20 0.08 100 36.20 190 123,58
30 0,13 110 48,48 210 132.61
40 0.26 120 61.15 220 144,88
50 0.78 130 73.07 260 148.64
61 2.94 140 8%3.95 280 150,02
70 7.04 150 93.99 P, 160.00
80 13.97 160 102.70 D, 163.71
175% Run 5 mins X-irradiated 5.0mg
t p. t [y t D
10 0,02 80 40,50 155 123.07
20 0,06 90 56.98 170 129.79
30 0.20 100 71.68 190 137,31
40 0.70 110 84.78 210 143.00
50 3.34 120 96.33 240 1149.32
60 11,23 130 104.85 P, 160.00
70 24.35 140 113.66 p 169.10




17500 Run 4 10 mins ZX~irradiated 5.4mg
t P t P t P
10 0.03 80 51.42 160 130,74
20 0,13 90 65 .82 180 140,59
30 0.39 100 78.86 210 150,52
40 1.90 110 90,21 P, 160,00
50 T.77 120 99.73 P, 223.00
60 19.%6 130 109.16 ’

70 34,20 145 121,13
17500 Run 5 15 mins X-irradiated 5 .0mg
t p t P t P
10 0,05 60 30.01 120 103,23
20 0,31 65 37.89 135 114,03
30 0.73 70 45.90 150 122,21
40 3,11 80 60.64 170 134.37
45 7,14 90 73.33 190 144,10
50 14,06 100 84,%3 Pe 160,00
55 21,75 110 96,57 ' P, 188,80
17500 Run 6 20 mins X-irradiated 5.0mg
t hs) t P % P’
10 0.07 55 41.67 120 119.56
i5 0,33 60 52,24 135 128.55
20 0.60 65 61,28 - 150 134.91
25 1,01 70 70.25 180 145.96
30 2.21 75 77.23 200 151,01
35 5,52 80 84.62 P, 160.00
40 11,92 90 96.37 D, 201.12
45 20,77 100 105.60

50 31,14 110 113,23 -




1 hour X-irradiated

175°C Run 5.0mg
t p T p t p
.5 0,02 37 31,70 80 112,01
10 0,30 40 41.64 90 118.41
15 0.93 43 50.51 105 125.49
20 1,54 47 62.69 130 136.14
25 3,92 51 72.69 160 145.32
28 7.67 56 82.42 N 160.00
31 13.88 62 91.83 D, 198.60
34 22,24 70 103,08
175% Run 3 hours X-irradiated 5,5mg
t P t P t p
0.02 29 41.86 65 115.30
9 0,83 31 49.47 75 123,11
13 1.68 34 60,11 86 129.87
17 3,19 37 69.24 100 137.38
20 7.74 41 79.61 120 144.41
23 17.14 45 88.60 D, 160.00
25 25.20 50 98.40 D, 231,70
27 33,46 56 106.30
175°%¢ Run 16 hours X-irradiated 5.0mg
t P t p t p
5 ' 0.09 16 16.20 42 97.27
6 0.58 18 25.14 50 107.27
7 1.16 20 34,17 60 114.40
8 1.67 22 42.82 70 118.45
9 2,15 25 54.84 80 121.07
10 2,62 28 65.63 P, 160.00
12 4,03 32 77.29
14 8,13 36 86.78




TABLE 7.5

Varying temperature séries. 30 mins., X-irradiated Runs 1 - 7
t p t p t p
150°% 4.3ug 36 1.11 Py 187.20
40 0.42 39 1.26 175% 5.1lng
45 0.66 Pqy 157.11 5 0.03
50 0.74 165°C 5. 0mg 10 0.18
55 0.88 22 0.73 15 1.14
60 1,04 24 0.88 20 2,25
65 1.17 25 0.97 25 4.79
70 1.38 26 1.08 30 12.52
Py 134,11 27 1.13 . 33 19.35
155°¢ 4.9ng 28 1.19 Pa 207.10
30 0.45 29 1.28 180°¢C 5.0mg
35 0.67 30 1,41 5 0.01
40 0,92 1 174.11 10 0.42
43 1.09 1700¢C 5.1lmg 15 1.75
46 1,22 10 0.09 18 3.34
49 1.38 15 0.59 21 7.03
52 1.55 16 0.75 24 14.05
Pa 175,94 17 0.90 Py 171.51
1610C 4.8mg 18 1.07
10 0.02 19 1.25
20 0.27 20 '1.40
25 0.54 21 1.55
30 0.84 22 - 1.73
33 1.00 24 2.11
165°C Run 5.5mg
t P t P t P
10 0.03 75 30. 65 163 82.28
20 0.49 79 33.99 171 87.87
25 0.86 84 38,25 179 90.93
30 1.31 89 41.82 190 95.94
35 1.90 93 44.51 200 100.30
40 2,91 99 48.04 210 104.51
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45 4,45 5%.09 220 108.44
50 7.48 115 57.07 230 112.14
55 11,74 123 61.48 240 116.01
59 15.44 131 66439 - 280 130.07
63 19.47 139 70.12 Pe 160.00
67 23.12 147 74.61 P, 215.30
71 27.01 155 79.72

170°¢ Run 9 5.0mg
t p t p t p

5 0.01 47 18.26 97 75.33

10 0.04 49 21.28 105 8l.64
15 0.32 51 24.15 115 89. 64
20 0.86 54 28.72 125 96.77
25 1.40 57 33.49 135 103.05
28 1.92 60 37.59 145 109.21
31 2.74 6% 41.47 155 114.45
34 4.12 67 46.739 170 122.03
37 6.10 ya! 51.46 195 133.66
39 7.90 75 55.23 P, 160,00
il 10.06 80 160,12 D, 174.96
43 12.67 85 64.78

45 15.42 0 69.19

17500 Run 10 5.0mg
t P t g t P
10 0.10 39 20.27 72 69.48
15 0.60 40 21.90 76 74.16
20 1.17 41 23.79 80 79.48
25 2.39 42 25.59 85 85.44
28 4,21 43 27.33 % 9qL.57
30 6.30 44 29.27 95 96.32
31 7.67 46 32.80 100 101,72
32 9.05 48 . 36.14 105 105.97




33 10. 40 51 40.63 110 110,73
34 11.76 54 44.96 115 114,23
35 13.43 57 49.22 120 118.24
36 15.00 60 53.66 P, 160.00
37 16.73 64 58.86 D, 208,91
38 18.45 68 65.50
180°¢ Run 11 5.5mg
t P t P t p
5 0.02 29 22.57 66 80.57
10 0.50 30 25.07 71 86,30
12 0.84 32 29.74 76 92. 24
14 1.24 34 34,19 8l 97.66
16 1.74 36 38,31 87 104,06
19 3,20 38 41.98 93 109.43
21 5.15 40 45.38 100 115.43
22 6.54 42 48.62 107 120, 24
23 8.23 45 52.99 115 125.32
24 10.46 48 57. 27 125 130.44
25 12.68 51 61,04 135 - 135.30
26 15.18 54 65.05 P 160.00
27 17.66 57 68.91 P, 258,10
28 20.18 61 73.90
185°C Run 12 4.9mg
t p L p t p
0.02 27 40.25 66 ©110.75
8 0.25 28 42,81 70 115.60
10 0.84 30 47.84 74 119.82
12 1.50 32 52.21 79 125.31
14 2.58 34 56.65 84 129,64
16 4.92 36 60,71 89 133.71
18 9.93 38 64.66 96 137.79
19 12,97 40 68.67 104 142.04




20 15.92 43 74.17 115 71 146.36
21 19.02 46 79.76 130 151.13
22 22.87 49 85.13 140 154.12
23 26.86 52 %.55 P, 160.00
24 30,80 55 94.90 D, 181.60
25 34,23 58 99.79
26 37.37 62 105.30
190°¢ Run 13 . 5.5mg
t P t P t p
0.03 24 47.89 46 108.67
8 0.73 25 51.41 48 110,43
10 1.66 26 54.73 50 113.89
12 6.07 27 58. 20 54 118.96
13 8.18 28 61.73 56 122,56
14 10.37 29 64.88 60 127.86
15 13.18 30 68.37 64 131.44
16 16.62 31 T1.33 69 136.13
17 20.86 32 T3.48 75 138. 60
18 25.39 34 79.28 82 143.46
19 29.74 36 84.42 %0 147.51
20 33.69 38 89.68 100 150. 46
21 - 37.49 40 94.44 P, 160.00
22 41.03 42 98.42 D, 230.85
23 44.38 44 102.74
TABLE 7.6
180°C Run 30 mins X-irradiated 5.8ng
t p t p t p
3 0.04 21 45.67 44 122.70
5 0.08 22 52.63 46 128.20
7 1.62 23 58,37 Interrup tion
8 4.10 24 64.30 49 130,32
9 7.96 Interruption 52 135,21
10 13.74 26 64.25 56 142.72
11 21.09 28 64.75 60 149. 66




Interruption 30 66.81 67 158.52
13 22.02 32 3,66 75 166,37
14 22,27 34 83,61 0 178.74
16 23.06 36 93.75 D, 232.10
18 26,00 38 101.15
20 34.07 40 108.73
IABLE 7.7
175°¢ Run Unirradiated blank 5.0ng
t P t -p t p
20 0.08 140 32.13 242 117.22
40 0.16 150 40.09 255 124.86
60 0.64 160 48.63 270 131.86
70 1.47 170 57.84 290 139.38
a0 3.06 180 67.37 320 144.15
90 5.59 190 77.08 360 149.17
100 8.99 200 86.19 420 153.81
110 13.22 210 94.81 Py 160.00
120 18.50 220 102.52 P, 222,10
130 24.99 230 109.47
17500 Run t=0 2hrs X—irradiated 5.0mg
t P ot p t p
10 0.79 50 59.59 95 114.99
15 - 2.56 55 67.73 100 119.67
20 7.49 60 75.96 110 127.48
25 16.08 65 82.54 120 133.96
28 21.84 70 ~ 89.50 160 149.90
31 26.98 75 94.79 P 160.00
35 34,20 80 100.75 P, 187.90
40 43,09 85 105.48
45 51.86 %0 111.26




1750C Run 3 End I.P. 2 hrs. X-irradiated 5.0mg
t p t D t D
10 0.01 75 4,25 105 102.81
20 0.02 78 7.48 110 106,18
30 lo0.08 8L 12.91 120 113.55
40 0.21 84 24.09 135 121.56
50 0.64 87 39.91 150 128,68
60 0.89 0 56,63 170 133,21
65 1.00 93 69.59 200 137.38
Interruption| 96 81.98 Pe 160.00
70 1.04 100 93.54 b, 192.70
175°¢ Run 4 o =0.25 2hrs X-irradiated 5.0mg
t. P t P t 9]
20 0,06 173 51.81 210 112,02
90 4.67 176 57.43 217 117.41
130 23.12 179 62.99 230 125.21
150 39,10 182 69.04 250 133,03
Interruption 185 74.94 280 140.35
155 40.05 188 80.79 310 143.28
158 40.19 191 85.85 P 160,00
161 41.58 195 92.82 D, 174.90
165 43.05 200 100.77
169 46.01 205 106.36
175°¢ Run 5 ® = 0.48 2 hrs ZX-irradiated 4.2ng.
t p t p t P
40 0.19 198 78.89 239 128.26
90 6.11 202 79.88 247 133.55
120 19.07 207 85.05 262 140.52
150 42,01 212 95.33 282 146.51
185 75.23 217 104.08 312 152,65




Interruption 222 110.72 352 156,09
190 T7.34 2217 116.95 Py 160.00
194 78.15 232 122,37 D, 110.21
175°¢C Run «=0.8 2hurs X-irradiated ' 5.0mg
t P t P t P
40 0.18 260 126.70 330 145.20
100 9.21 265 127.75 360 152.03
150 41.91 275 128,53 390 154.04
210 {96.71 285 130.41 pf' 160.00
250 124.76 300 1%6.92 D, 192.00
Interruption) 315 141.59
TABLE 7.8
1650C Water interruptions, 30 mins X-irradiated Uninterrupted blank
: A 5.0mg
t P t P t P
20 0.88 90 49.31 180 92.89
30 1.27 100 56.57 200 101.00
40 3,40 110 61.91 220 108.52
50 8.96 120 66.47 240 115.18
60 19.48 137 75.90 260 120,17
70 31.38 150 © 80.89 280 124.19
80 41,60 165 86.96 D, 202.20
165°¢C Run t =0 (30 secs) 4.8ng
t P t P t p
10 0.02 70 17.02 125 47.82
20 0.13 75 21.27 135 - 51,03
30 0.34 80 25.23 145 53.41
40 0.77 85 29.02 160 56 .80
50 2.60 95 35.19 180 61,37




60 8,57 105 40.21 », 133,42
65 | 12.84 115 44.39

165°¢C Run 0.5 I.P. (%0 secs) 4.8ng
t P t P t P

15 0.04 . 75 5,68 180 31,33

Interruption| 85 9,64 210 34,85
25 0.06 95 13.54 240 37.52
35 0,10 - 105 16.94 280 39.29
45 0.21 120 21.00 P, 111.26
55 0.80 140 25. 42
65 2.45 160 28.51

165°¢C Run End I.P. (30 secs) 5.0mg
t p t p t p
30 1.34 K 5.52 200 35.80

Interruption| 100 8.18 220 40.29
40 ‘ . 1«35 110 11.52 240 4‘4040
50 1,37 120 S 14071 280 50. 40
60 1.47 140 20,19- », 159,99
70 2.22 160 - 25.74

80 3.59 180 30.84

165°C Run & = 0.15 (30 secs)  5.0mg
t p t P 't p
10 0.01 Interruption} 135 23.28
20 0.34 70 119.01 1150 24.87
30 0.93 80 19.04 180 28.27
40 2,92 Y 19.24 210 32.45
50 8.21 100 {19.95 - 240 37. 24

- 60 15.27 110 20.84 . 280 - 40.80

65 19.00 120 21,74 p, 135.21




165°C Run 6  &=0.25 (30 secs) 4.8ng

t P 4 P 4 Cp

20 0.07 110 .94 180 51,08
50 7.91 120 42,52 200 55.00
80 40.99 130 43,46 220 . 59.25
Interruption| 140 44.56 240 63. 66
9 41,57 150 4588 20 TL3T
100 41.66 160 47.43 P, 102,31
16500 _ Run 7 o= 0.5 (30 secs) 5.0mg

t P ! ? ot o
0 0.7 140 67.05 225 74.08
50 7.01 150 ) 67017 240 ) 77908 _
80 39,47 160 67,38 - | . 270 85.11 |
100 55.88 .17 67,68 1300 95,95
120 66,90 180 68.24 P, 162.17 -
Interruption 195 . 69.43 B N
130 66,99 210 . TL.52

165°¢C Runi 8 Unirradiated blank 5.0mg
R P ot p + P

30 10,02 210 0,76 395 20.88
60 - 0.04 240 1.7 420 28.57
0 . 0.05 270 3.34 450 . 35,63
120 10,06 300 5,96 480 44.82
150 0.13 330 9.61 P, 204,29 |
180 0,31 360 | 1447 o
16500‘ - Run .9 : s 0 v(“S-‘i._mins) S.lmg |
t p t P t p

10 0.01 100 0.45 285 11,45 |




20 0,01 120 0.53 300 15.57
30 0.01 140 0.59 315 19.42
40 0.03 160 0.64 330 22,52
50 0.12 180 10.84 345 25.17
60 0.21 210 0,99 360 27.26
70 0.27 240 2.17 390 30,03
80 0.32 270 7.31 P, 114.63
TABLE 7.9

1750(}4 Run Irradiated powder . 5.0mg pellet
t P t P t p
10 0,13 57 50.39 161 131,85
15 0.74 65 58.63 180 138.16
20 1.62 75 68.65 210 145.00

25 3,48 85 78.56 240 148,79
30 8.26 95 87.28 280 152,11
35 15.24 105 95,30 P, 160.00
40 24,22 115 104.07 D, 200,31
45 32,88 125 111.19 :

50 40.99 140 120.90

175°¢ Run Irradiated pellet 7.0mg pellet
t P t P t P
10 0,13 55 35.12 160 107.84
15 0.51 60 39.71 180 122,10
20 1.06 70 46.74 200 133,17
30 5.82 80 53,18 220 140.96
35 11,41 90 58. 45 240 146.56
40 17.95 105 66.69 280 150.54
45 24.04 120 76.81 pe 160.00
50 29,87 140 91,91 P, 243,58




175°¢ Run Pelleted irradiated powder 7.0mg pellet
t P t hs) t P
10 0,02 60 28.18 150 105.71
15 0.15 65 34.07 160 111,21
20 0.41 70 39.71 170 116.66
25 0.7 80 49.25 - 180 122.70
30 1.20 90 58.01 200 131.43
35 2.40 100 66.05 - 220 137.65
40 4.58 110 75.19 240 143.41:
45 8.45 120 82.68 280 151,07
50 14.29 130 91.14 - P, 160.00
55 2l1.25 140 98,02 1 244,36
TABLE 7.10
19500 Run 1 Unirradiated blank 5.1lmg pellet
t p t P ot p
10 0.01 60 7.85 95 112,74
20 0.03 65 14.04 102 131.31
30 0.09- 70 24,20 110 144.33
40 0.52 75 38.88 120 153,72
45 1.16 80 57.06 137 159.20
50 2.40 85 76,55 | P, 160.00
55 4.40 0 96.38 P, 193.40
195°¢C Run 2 X~irradiated on brass 5.0mg pellet
t P t p t p
4 0.07 18 45.01 69 120.39
5 0.32 22 49.16 T3 130.85
6 0.65 27 51.70 77 139.74
7 1.00 33 55.53 8L 146.46
8 1.72 38 59.15 85 150.53
9 3.81 43 64.01 92 153,75




10 10.91 48 69,11 100 156.82
11 22,03 53 78.11 1110 156.33
12 28.95 57 87.26 120 157.61
13 33,57 6 97.63 P, 160,00
15 39.84 65 109.04 pa 192,90
19500 Run 3 X-irradiated on glass 5.2mg pellet
t P t P t P
0.10 30 21.15 75 106.38
0.32 35 25.74 80 119.60
0.95 40 31.74 86 132. 64
11 2. 44 45 37.98 94 142.46
13 5,22 50 45.95 105 152,11
15 8.31 55 55. 25 120 155.11
18 12,12 60 66.42 P 160.00
22 15.61 65 78.39 D, 200.17
26 18.83 70 92,16
TABLE 7.11
164° % 2% 2 hours X-irradiated 5.0mg pellet
% dp/dt t dp/dt t dp/at
15 0.01 75 0.22 125 0.36
20 0.01 80 0.24 130 0.34
25 0.02 85 0,51 140 0.31
30 0.02 90 0.34 150 0.28
35 0.0% 95 0.37 170 - 0.24
45 0.05 100 0.40 190 0.19
50 0.07 105 0.42 210 0.16
60 0.10 110 0.42 250 0.1%
65 0.15 115 0.4
70 0.18 120 0.39




TABLE 8,1

4.5mg pellet

190°¢ Run 1 Unirradiated blank
t p t p t p
10 0.02 110 12.78 210 132,42
20 0.03 121 23.16 220 139.29
30 0.05 130 34,18 230 145.39
40 0.06 140 48,01 240 149.50
50 0.09 150 63.08 250 153.12
60 0.16 160 77.82 260 157.84
70 0.42 170 92.20 270 159.26
80 1.04 180 104.63 280 160.00
90 2.94 190 115.22 b, 160.00
100 6.59 200 124,19 D, 177.69
190°¢ Run 2 Low intensity lamp 4.1mg pellet
t P t P t P
7 0.05 60 23.79 180 136.51
4 0.15 70 30.23 190 141.08
6 0.76 80 37.89 201 144.65
8 1.73 ) 46,97 210 147.16
10 2.76 100 57.25 220 148.84
15 5,12 110 68. 60 230 151.69
20 7.04 120 80.37 240 153.02
25 8.92 131 94.12 250 153.31
30 10.71 142 106,72 D, 160.00
35 12.59 150 114.75 P, 120,51
40 14.35 160 123.46
50 18.69 172 132.31




High intensity lamp

190°¢ Run 3 4.5mg pellet

t P t P t P

1 0.20 50 23.26 150 132.57
2 0.60 60 28.63 ol 146.19
3 3.79 70 35.50 200 154.30
4 5.42 80 44,80 220 156.%6
5 6,40 9 56,28 270 160,00

10 9.09 100 70.96 P, 160,00
20 12,41 111 87.39 P, 192,00
30 15.70 120 101.25 | '

40 19.19 130 114.30

TABLE 8.2.

195°¢ Run 1 Unirradiated’ blank ' . 5.4mg
t P t P t P
10 0.02 70 31.84 115 134.33
20 0.04 75 42,43 120 140.53
30 0.30 80 55.00 130 148.25
40 1.86 85 67.78 140 152.63
45 3.80 90 81.47 150 155.71
50 6.75 95 95.20 160 156,30
55 10.99 100 107.96 P, 160.00
60 16.44 105 119.32 P, 199.22
65 23,15 110 126.83

195°¢ Run 2 15 mins U.V. - irradiated 5.0mg
t p t P t P

3 0.35 14 63.31 60 139.02
4 5.87 17 70.75 70 146,23
5 17.07 20 77.85 80 151.80
6 26.12 o5 88.87 %0 154,68
7 - 33.21 30 98.64 P 160.00
8 39.13 35 105.13 p 189.19




10 48.77 40 114.04
12 56450 50 126.25
TABLE 8.3
190°¢ Run 1.5 hrs U.V. - irradiated 4.6mg pellet
t P t P t iy
2 0.80 25 75.83 120 140,21
4 4.70 30 82. 26 130 143,24
5 17.75 35 87.74 150 148.25
6 27.81 0 93.13 170 152.36
7 34.38 50 102.67 190 154.67
8 39.25 60 110.93 220 . 157.59
9 43.56 70 117.37 240 158,93
10 46.86 80 123.69 260 159.78
12 52.56 90 128,66 280 160.00
15 59.55 100 132.95 Pe 160.00
20 68.25 110 136.95 P, 214,86
190°¢ Run 2 4.6mg pellet
t P "t o] t P
> 0.02 25 67,87 130 139.15
3 0.03 30 73.27 140 141.09
4 3.33 35 77.98 160 145.45
5 16.05 40 83.99 180 148,06
6 26.93 50 93.11 200 151.71
7 33,81 60 102.93 220 151.82
8 38.85 70 110.52 240 152,95
9 42.56 80 117,90 260 154.32
10 45.57 90 124,73 280 155.63
12 49.89 100 129.97 P, 160,00
15 55.67 110 133.38 P, 186.12
20 62.49 122 137,06




175%¢ Run 15 mins U.V. - irradiated 5.0mg
t P t P t P
0.44 40 57.96 150 130,01
7 4.08 50 67.61 180 140.27
10 11.86 60 76,22 210 148.01
13 20.94 75 88.10 240 153.72
17 30. 61 %0 99.01 280 156,98
22 36.82 1105 108,71 Pe 160.00
30 47.11 120 117.04 P, 203.10
175°¢ Run 4 5.0mg
t p t p t P
5 0.46 25 44,03 121 119.86
7 4.44 30 50. 26 150 132.08
8 8.33 38 58,62 180 142.21
9 12.24 46 66.35 210 150.00
10 15.56 55 74.21 220 151.12
12 21.37 65 82.04 240 155.22
14 26.19 75 89.35 270 156.21
17 31.92 %0 100. 27 P, 160.00
21 38.41 105 110,12 P, 197.70
175°¢ Run 5 5.0mg
% p t p % P
5 0.60 40 51.65 150 126.43
7 3.87 50 62.20 180 136.84
10 10.80 60 70.08 210 145.01
13 16.93 75 82.07 240 151.24
17 23.59 %0 92.97 280 154.51
22 30.90 105 103.18 P. 160.00
30 41.10 120 111.90 P 205.10




TABLE 8.4

175%¢ Run Unirradiated blank 5.0ng
t P t P t P
15 0.03 150 11.97 320 107.12
20 0.0% 165 18.0% 340 113,56
45 0.07 180 25.40 360 118.67
60 0.13 200 46,84 390 12%3.33
75 0.30 220 49.95 420 126.94

105 1.85 260 78.77 P, 160.00
120 4.02 280 89.48 P, 189.91

135 7.30 300 99.17

17506 Run 2 secs U.V. « irradiated 5.0mg
t P t P .t P

10 0.01 110 118,94 260 122,28
20 0.05 120 24,85 280 131.27
30 0.21 135 34,86 300 138,16
40 0.62 150 45.66 330 144.90
50 1.56 165 57.25 360 149.33
60 2.85 . 180 68.84 3% 152.95
70 4.53 195 80.31 420 154,65
80 6.75 210 - 91.24 Pe 160.00
90 0.88 225 101.40 pa 217-10

100 13,94 240 110.90

175%¢ Run 10 secs U.V. ~irradiated 5.0mg
t P t p t p
10 0.05 90 37.28 200 117.94
20 0.40 100 45.66 220 126,83
30 1.50 110 54.86° 240 134.39
40 3.82 120 62.78 270 142.05




50 7.76 135 75.38 300 146.95
60 13,60 150 -86.84 330 150,32
T0 20.71 165 96.78 pf 160.00
80 29.06 180 106.45 D, 194,30

175°¢C Run 80 secs U,V. - irradiated 5.Tmg
% p ot p t p
6 0.14 50 40.69 110 111.76
10 0.64 55 49.26 120 119.37 .
15 1.58 60 57.48 130 124.59
20 3.36 65 64,91 150 134,65
25 6.58 70 72.01 180 146.25
30 11.39 75 79.02 210 150,33
35 17.64 82 86.96 P, 160.00
40 24,91 90 95.63 P, 245.50

. 45 32490 100 104.20

175°¢ Run 6 hrs U.V. - irradiated 5.0mg
t P t P t P
3 0,01 20 57.59 90 1%1.62
4 0.96 25 68.05 120 141.84
5 4,98 32 79.74 150 148.93
6 11.79 40 91.23 D, 160.00
8 22,98 50 102.19 P, 169.21

11 34.48 60 1il.51

15 45.66 75 123.65

17500 Run 32 hrs U.V., = irradiated 5.0ng
t P t p t p
3 0.05 12 65.21 75 131.09
4 5.97 17 74.51 90 139.08

24,53 25 85.33 120 150.23




153.16

6 36.94 25 96.88 150
44,98 45 105.20 P 160.00
9 55,26 60 118.89 P, 161.00
TABLE 8.5
17000 Run 1 Varying temperature series 15 secs U.V,-irradiated 5.0mg
t hs) t P t 1Y
10 0.0% 30 0.68 b 160.00
15 0.12 35 1,08 P, 214.70
20 0.25 40 1.70
25 0.42 45 - 2.55
175°C Run 2 5.1mg
t hs) t P t hs)
0,03 63 19,78 158 98.18
8. 0.13 68 24,25 173 106,32
13 0.29 73 28,86 188 114.09
18 0.52 78 23.75 203 120,55
23 0.87 83 38,58 218 126.34
28 1.53 0 44,7 233 130,86
33 2.77 97 52.35 263 139.64
38 4.62 104 57.50 293 145.09
43 6.92 113 65.93 323 149,31
48 9.71 123 73.52 353 152.05
53 12.90 133 80.45 De 160,00
58 16,06 143 88.39 P, 213.20
180°¢ Run 3 6.0mg
t P t p t p
10 0.10 65 37.50 150 103.10
15 0.36 70 44,30 165 109.22
20 0.98 75 180 114.48

49.30




25 2.25 80 54..20 200 120.83
30 4.37 86 59.75 220 125,70
35 7.35 93 65.75 240 130. 25
40 11.34 100 71.85 270 135.04
45 16.24 108 77.94 300 139.10
50 21.62 118 . 85.12 3_30 142.90
55 27.49 128 91.35 P 160.00
60 33.18 139 97.20 D, 256.00

185°¢ Run 5,0mg
t P t P t p
5 0.01 39 22.08 97 106. 24
10 0.26 42 26.59 105 114.46
12 0.43 46 32.83 115 122.66
14 0.7 50 39.52 125 129.96
16 1.15 54 45,83 135 135.56
18 1.78 58 52.68 150 143.13
21 3.23 62 58.80 165 147.16
24 5.11 67 66.83 180 150.63
27 7.57 72 4. 64 195 152,66
30 10.69 77 81.61 P, 160.00
33 14.14 83 89.83 P, 204..40
36 17.84 %0 98.82

190°¢ Run 5.3mg
t D t P t P
5 0.05 38 46,23 83 123,66
8 - 0,31 41 53.38 89 130,31
11 0.93 44 60.19 95 134.41
14 2.45 47 66.05 105 142.60
17 4.96 50 T2.33 116 147.81
20 8.62 53 78.37 126 151.60
23 13.39 57 84.07 140 155.76
26 19.29 62 95.06 155 158,16




29 25.70 67 102,52 180 159.78
32 32.33 72 110.89 Py 160.00
35 39.38 77 116.32 P, 239.51
195°¢ Run 6 5.0mg
t P t hs] t P
0.05 28 39.47 65 125.01
8 0.42 30 45,48 70 132.37
10 1.09 32 51.60 75 138.75
12 2.41 34 56,76 - 82 144.29
14 4.63 37 65.82 0 150.53
16 7.63 40 74.51 100 154,45
18 11.41 43 82.68 110 156,73
20 16,14 46 90. 42 P, 160.00
22 21.46 50 98,06 P 190.50
24 27.13 55 108,67 )
26 33.24 60 118.29
TABLE 8.6
1850C Run 15 secs U.V, - irradiated 5.0mg
t P t P t P
5 0.03% 55 32.27 120 112.36
10 0.22 60 39. 69 126 118.58
15 0.74 65 46.36 132 121.35
20 2.45 70 53, 68 140 128.39
23 4.07 75 61.27 150 133,69
26 6.24 80 67.62 160 138.57
29 9.01 85 75.03 170 143.84
32 12.57 0 82,37 180 146.13
34 14.62 95 87.87 200 149.99
36 17.30 100 94,72 220 151.50
Interruption 105 101.14 Pe 160.00
40 17.98 Interruption P, 249.94
45 19.83 110 102,74
50 25.67 115 107,28




185°¢ Run 2 5.0mg
% P b D % P

8 0.09 60 43.95 120 106.11
Interruption 65 50.93 130 114.43
10 0.10 70 57.37 140 120.70
15 0.30 ya 58.61 150 129.27
20 0.91 Interruption 160 134.68
25 2.98 76 59. 23 175 142.14
30 6.03 80 63,37 195 150.31
35 10.62 85 70.35 215 153.40
40 16,27 9 74.93 Pe 160.00
45 22.88 95 79.65 P, 204.58
50 29,63 103 89.14

55 36475 111 96.63

TABLE 8.7

18500 Run 1 Interruption end Irradiation series. Unirradiated blank 5.0mg

t p t P P
10 0.01 100 23,61 170 122,23
20 0.02 107 31.97 181 131.06
30 0.06 114 41.80 195 140.77
40 0.15 121 52,94 210 147.16
50 0.55 128 64.56 235 151.82
60 1.57 135 76.92 275 157.88
70 4.00 142 87.62 P, 160,00
80 8,21 150 98.82 D, 218.05
90 14.43 160 111.88
185°¢ Run U.V. -irradiated at t = 0 5,0mg
t P t P t p
0.50 19 54.69 58 122.48
3.84 22 65.12 68 129,66
9.88 25 73450 80 138,37




11 18.14 29 83.33 95 143.34
13 28.15 34 92.11 P, 160.00
15 37.57 40 102.16 P, 229.35
17 46.32 48 111.58
185°¢C Run 0.5 I.P. 5.0mg
t P t p t p
27 0.05 44 51.99 70 113.28
Interruption 46 59.99 77 122,28
32 0,70 48 67.22 85 128.17
34 4.69 50 73.77 95 134,51
36 12.11 53 82,53 110 141.99
38 22,16 56 89.98 125 147.20
40 33.09 60 97.25 P 160.00
42 43.45 65 105.79 D, 212,40
185°¢ Run 4 End I.P. 5. 2ng
ot p t p t P
10 0.02 66 21.63 97 107,69
20 0.03 68, 31,65 103 115.59
30 0.05 70 41,27 110 123.59
40 0.11 72 50.01 120 129.93
50 0.34 74 57.91 130 135.36
55 0.99 71 67.32 145 142.15
Interruption 80 75.86 160 146.95
60 | 1.29 84 85.97 D, © 160.00
62 5.32 88 94.63 P, 241.20
64 12.41 92 100. 44




4,6mg

185°¢ Run « = 0.15
t p % P t P
20 0.03 113 51.13 158 136,66
50 0.73 115 59. 48 169 142,98
80 8.94 117 65.40 180 147.54
100 24.11 120 T4.54 195 152.04
Interruption 123 81.83 210 153.94
105 24.88 127 90. 61 P, 160.00
109 34.58 140 114,20
111 42.50 148 125.82
185°¢C Run x = 0.48 5.0mg
t P t p t p
50 0.66 150 83.50 210 135.79
80 9,10 155 90.23 225 142,91
100 25.03 160 92.75 240 147.40
140 84.10 180 111.21 ?, 160.00
Interruption 190 121,35 P, 198.71
145 87.70 200 129,31
185°¢C Run « = 0.78 5. 4mg
t P t P t p
90 12.13 180 126.66 240 148.11
110 32.74 185 127.36 255 152.55
130 80.01 190 128.43 270 153,30
150 97,99 200 130.98 Pe 160.00
170 L 22,77 210 13%34.19 pa 215.11
Interruption 220 138.95
177 126.45 230 143,86




TABLE 8.8

185°C Run 1 Water interruptions.

Uninterrupted blank 15 secs U.V. 5.0mg

t P t P t P
10 0.16 80 84.15 160 144,76
20 2,29 90 96.31 180 149.58
30 9.83 100 107.96 210 155.63
40 22,58 110 117.89 240 161.89
50 38.44 120 125.43 D, 175.76
60 54.85 135 134.53
70 - 70.32 150 141.17
1850C Run Unirradiated blank 5.0mg
t p t 1 t P
5 0.02 95 30,17 165 166.57
15 0.03 102 43,57 175 178.60
25 0.08 109 56.97 190 191.84
35 0.21 116 72,15 205 200.54
45 075 123 87.98 230 206,89
55 2,14 130 104.83% 270 215,16
65 5.45 137 119.40 D, 218.05
75 11.19 145 134.67
85 19.67 155 152.46
o) ' v
185°C Run t=0 (30 secs) 4.%mg
t P t p t p
10 0.04 45 27.69 105 91.16
15 0.28 50 34434 120 101.53
20 1.37 55 40.99 135 108.50
25 4.05 60 46.72 150 115.25
%0 8.51 70 59.19 D, 131,77
35 14.17 80 70,25
40 20.71 0 79.30




185°¢ Run 4 0.5 I.P. (30 secs) 4.9mg
t P t P t P
8 0.12 55 28,12 100 78.75
Interruption 60 34,58 110 84.80
15 0,10 65 42,96 120 90.70
25 0.33 70 49.54 135 96.46
35 - 3.12 75 55.87 - 150 100.96
45 13.57 80 61,02 180 105.28
50 20.62 90 TL.20 D, 112.85
185°C Ran 5 End I.P. (30 secs) 5.0mg
t P t p> t P
19 1.40 75 4.07 150 54.36
Interruption 0 10.94 165 58.36
25 ' 1.47 105 22.93 180 61.16
45 149 120 - 36,24 215 62.76
60 1.88 135 47.36 D, 63.35
18500 Run 6 & = 0.11 (30 secs) . 5.0mg
% D § p t p
25 3,11 75 16.13 165 57.57
30 9,10 0 17.68 180 68.19
35 _ 13.11 105 21,06 200 79.18
Interruption 120 27.21 221 86,76
40 15.91 135 36,01 240 91.02
60 15.95 150 46.46 D, 107.67
18500 Run 7 Inflexion point (30 secs) 5.0mg
t P t P t 1
10 0.29 80 42.26 165 T7.57




30 11.47 0 42.94 180 82.87
55 40.19 105 46.57 210 89.54
Interruption 120 53.58 240 93.24
60 42.04 135 62.22 b, 107.19
70 42,08 150 70.38
l85°C Run « = 0,60 (30 secs) 5.0mg
t p t p t p
30 1 9.04 105 93.13 165 105.98
50 33.29 115 93.37 180 111,35
70 67.21 125 94.17 200 116.58
90 92,19 135 95.96 220 119.71
Interruption| 145 98.74 240 122.17
95 93.04 155 102.27 P, 129,62
18500 Run Successive (%0 secs) | 5.0mg
t D t P t 2
5 0.01 115 3.32 240 6.36
10 0.30 125 3.33 250 779
19 1.15 135 3.36 260 11,23
Interruption 145 3.57 270 18.03
25 1.16 155 4,18 280 28.65
35 1.19 157 4.36 290 41,18
45 1.50 Interruption | 300 53.02
52 2.25 165 4,37 310 64.80
Interruption 175 4,44 521 73,58.
60 2.25 185 . 4,81 330 78.85
70 2.26 193 5.45 346 87.13
80 227 Interruption| 361 89.89
90 2.34 200 5.45 390 93.74
100 2.78 210 5.46 420 95.30
106 3,32 220 5.5% P, 101.60
Interruption 230 5.78




185°¢C Run 10 = ( 5 mins) 4.4mg
t P t P t P
10 0.01 % 6.%6 170 89.29
20 0,02 105 14,51 180 97.97
30 0.10 120 28.79 200 109.05
40 0.26 130 41.23 220 115.47
50 0.59 140 55.88 241 120.96
60 1.13 150 68.57 D, 121,96
75 2.66 160 80.77
TABL
18500 Run 1 Blank 15 secs U.Ve - iri‘adiated 5;0mg

t P t P t P

5 0.01 39 22,08 97 106.24
10 0,26 42 26.59 105 114.46
12 0.43 46 32,83 115 122.66
14 0.71 50 39,52 125 129.96
16 1.15 54 45.83 135 135,56
18 1.78 58 52.68 150 143,13
21 3.23 62 58.80 165 147.16
24 5.11 67 66.82 180 150.63
27 7.57 T2 74,64 195 152.66
30 10.69 77 81.61 P, 160,00
3% 14.14 8% 89.83 P, 204,07
36 17.84 90 98.82
185°¢C Run 2 Thermally annealed. 15 secs U.V. irradiated 5.0mg
t P t . P t P

5 0.20 40 36.41 120 131.78
10 0.79 50 53,16 135 140.08
15 2.93 60 68.97 150 146,42
20 6.63 70 82.85 180 154,28
25 11.78 80 95.31 P, 160,00




30 19.08 90 107.14 b, 199.70
35 27.40 105 120.96
TABLE 8,10
1900C Run 25 mins U.V. irradiated 8.5mg pellet
t P t p t P
3 0.09 33 36.08 99 178.84
4 2.92 38 40.78 107 202.68
5 6.05 44 47.81 115 212,98
6 8.21 50 53.68 125 227.87
8 11.08 57 63.30 - 135 237.53
11 14,18 64 75.56 155 248.19
14 16.82 yal 90.10 175 252,51
18 20,08 78 110.56 197 . 254.01
23 25,15 85 131,40 225 254,34
28 30,62 92 157.29 P, 254.30
190°¢ Run 35 mins U.V. irradiated 17.%mg pellet
't p t P t p
4 0.21 44 51,95 105 384.40
5 3.01 49 59.02 110 421.47
6 6.36 54 67.52 115 449,65
7 8.77 60 78.12 120 469,88
9 12.00 65 87.05 130 492,11
12 15.%1 70 101.80 140 502.84
15 17.77 75 122.96 160 511,85
19 21.10 80 147.78 180 512,14
24 25.5% 85 185.51 200 514.37
29 31,12 0 2%0.67 D, 601.00
34 36.88 95 086,22
39 44,14 100 337,62




TABLE 8,11

195°¢ Run Unirradiated blank 5.0mg pellet.
t P t P t p
10 0.02 77 22.00 130 126,51
20 0.04 84 33.81 140 138.75
30 0.16 a1 48,65 150 144.14
40 0.61 98 65.22 165 150.12
50 2.02 105 80.94 180 153.01
60 5.41 112 96.40 P, 160.00
70 13.07 120 113.16 D, 191.21 §

195°¢ Run 60 secs U.V.-irradiated on each face 4.4mg pellet
t P t p t P
5 0.14 45 30.45 104 121,22
10 0.77 50 35.96 112 132.05
15 3.06 57 43.79 120 141.15
20 7.58 64 : 53.67 130 146.50
25 12,12 72 65.62 145 152.80
30 17.02 80 80.09 165 155.27
35 21,18 88 94.22 P, 160,00
40 25.53 96 - 109.34 P, 168.39

195°¢ Run 3 120 secs U.V.-irradiated on one face 5.0mg pellet
t P t P t P
5 0.04 50 20,47 120 121.90
10 0.38 57 25.90 131 134.59
15 2.02 64 32.64 140 144.44
20 4.39 72 40.57 155 150. 60
25 7.53 8 51.04 170 154.43
30 9.74 88 63.68 Pe 160.00
35 12.02 96 78.34 b, 158.30
40 14,48 104 93.42

45 17.37 112 108.27




TABLE 8.12

190°¢ Run Sunlight irradiation pellet 4.5mg pellet
t p t P t P
5 0.04 50 19.56 160 142.23
10 0.34 60 23,36 180 149.23
15 0.70 70 48.45 200 153,50
20 1.%6 80 64,87 220 155.97
26 2.40 0 81,29 240 158,50
20 3.68 100 95.87 P, 160,00
35 6,00 110 107.98 D, 179.21
40 9.49 120 117.88
45 14,16 140 132.46

19OOC Run 2 Pelleted sunlight irradiated powder 4,.5mg pellet
t, P t p t p

5 0.09 60 39.27 180 98.36

10 1.17 70 43.81 200 110.79
15 4.63 81 48.08 220 121.95
20 9.09 90 51,70 240 131.92
25 14.00 100 55. 61 260 141.25

30 19.17 110 59.77 280 148.77
35 23.24 120 64-21 pf 160-00
40 27.05 140 73.66 D, 170.94
50 33.95 160 85.80

TABLE _8.13

160° 2°C Run 1 6.0mg pellet
t dp/dt % dp/at ot dp/dt
10 0.17 30 0.1% 60 0.11
15 0.20 35 0.13 80 0,11
20 0.16 40 0.12 100 0.10
25 0.14 50 0.11 120 0.09




TABLE 9.1

175°¢C Run 1 30 secs U.V.-irradiated at 6.5 cm. 5.0mg
t P t P t p
5 0.05 55 26.52 150 105.53
10 0.35 65 34,11 165 119.35
15 1.02 75 42.51 180 131.42
20 S 2.74 85 51.52 195 136.46
25 5.44 95 58,92 210 144.79
30 8,43 105 68.07 P, 160.00
35 11.82 115 77.36 P, 174.21
40 15.50 125 84.59
47 20. 44 135 92.73
175°¢ Run 2 30 secs U.V. 15000 r. y.  5.0mg
t P t P t p
4 0.02 14 35.96 31 141.48
5 0,26 15 52424 40 151,18
6 0.87 16 67.73 50 156.32
7 1.53 17 78.94 60 159.06
9 3455 18 89.35 P, 160,00
11 8,10 20 104.76 P, 180.21
12 13.35 23 120.70
13 22,06 26 131,08
175°¢ Run 3 15000 r. y. 4.90g
t P t . o) t P
5 0.26 15 39.13 29 134,19
7 - 1.61 16 © 52.84 35 145.46
9 | 3.64 17 65.10 47 154.64
11 7.50 18 76.07 60 157.63
12 10077 20 9504‘5 pf 160500
13 16.43 22 108,81 P, 172,00
14 25,64 25 122.00




5.0mg

155°¢ Run 4 15000 r. 7.
t P t P t P
10 0.12 55 17.51 120 100.16
15 0.70 65 36.02 135 108, 66
20 1.26 75 55.94 150 113,25
27 2.24 85 T1.11 170 117,92
35 3.69 97 83.94 Pe 160,00
45 7.28 108 93.02 D, 194,07
155°¢ ‘Run 5 | 30 mins U.V. at 6.5 cm 5.0mg
t P t P t P
5 0.03 26 37,10 91 84,96
8 2,07 31 43,94 105 89.12
10 6,04 36 50.04 120 93,74
12 10.91 42 55.38 140 97.01
14 16409 50 62.13 D, 160.00
17 22.57 62 70.25 P, 172.81
21 29.52 75 78.07
155°C Run 6 15000 r. y., 30 mins U.V. 5 .5mg
t P t P t p
5 0.03 23 56,70 70 127.20
7 2,02 27 | 65.34 80 133.48
9 8.06 31 74.53 % 136,87
11 17.22 36 84.99 105 139.98
16 36,52 50 107.59 Pe 160.00
19 45.75 60 117.93 D, 192,11




175°¢ Run 30 mins X-rays (20, 10) 5.0mg
t p t p t P
5 0.04 41 44,34 135 125.27
10 0.54 47 50.14 150 131.07
15 1.92 .55 58, 68 165 138.69
20 6.77 65 69.21 180 144.60
23 12.70 75 79.98 200 146.2%
26 19.66 85 91,10 P, 160.00
29 26,06 95 98.90 D, 173.38
32 31,58 105 107.53 '
36 38,19 120 118,96
. 17500 Run %0 ming X-rays 15000 r. 7y. 5.0mg
t P t P t P
3 0.04 11 49.95 26 137.70
4 0.83 12 65.29 .32 145,28
5 3,73 13 78.53 40 151.06
6 6.08 14 89.99 53 155,60
7 8.67 15 99.53 P 160,00
8 12.58 17 11%.8% P, 180,20
9 20.38 19 121.82
10 35,25 22 1%0.59
15500 Run 60 mins X-rays (40, 20) 5e2mg
t 9] t p t P
5 0.02 27 34,35 0 78.92
7 0.67 31 40,63 100 85.18
1.88 36 45,97 110 89.56
11 3,25 42 50,22 120 94.92
14 5.60 50 54,47 140 102,78
18 11.56 60 60.37 Py 160.00
21 19.59 70 '66.09 D, 187.98
24 27.96 80 7%.18




(40, 20)

155°C Run 10 15000 r. y. 60 mins X-rays 4.7Tmg
t P t p t P
5 10.01 26 57.40 0 134.67
7 0.14 30 T1.33 100 136,90
9 1.75 35 83.63 120 142.27
11 4,09 42 96.70 140 144,75
14 - 8.19 .50 106,87 P, 160.00
17 15.29 60 119.35 P, 150.70
20 27,91 70 125.29
23 44,21 80 132.13
175°¢ Run 11 30 secs U.V., 30 mins X-rays 4.9mg
t. P t P t P
0.23 27 55401 0 130.57
8 1,32 31 65.01 106 138,31
11 2,64 36 75.59 120 144,14
14 6,06 42 85.67 140 147.89
17 15.40 50 95.35 P, 160.00
19 24,38 60 106.63 b, 172.09
21 33.56 70 114,66
24 45,47 80 123,37
165°C Run 12 30 mins U.V. 5.0mg
-t P t P t p
4 0.75 17 39.71 85 106.29
5 3581 23 480 23 105 119630
6 9.18 30 5624 120 126.08
7 14.62 40 67.85 140 134.11
8 19.04 50 77.95 P, 160.00
10 25.57 60 87.81 D, 211.46
13 32.75 70 95.23




‘(20, 10)

165°¢C Run 13 30 mins  X-rays 5. 2ng
% D t D t P
10 0.34 40 20.94 105 62,06
15 0.9 45 26.15 120 71.69
20 1.58 52 31,70 140 82. 24
25 3,26 60 35,91 P, 160,00
30 7460 70 41,92 P, 229,04
33 11.79 80 48.05
36 15.85 0 52,84

165°¢C Run 14 30 mins, X-rays, 30 mins U.V. 5.0mg
t P t p t p
2 0,02 15 64.69 0 135.33
3 1.04 19 74.30 105 137.87
4 6.72 24 84.,2% 120 139,12
5 18.77 30 92,90 140 142,19
6 29,43 40 106,09 P, 160.00
7 35.88 50 114.92 P, 209,95
9 45,61 60 122.86

12 56,37 5 - 1%0,01






