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SUMMARY 

The thermal decomposition in vacuo of lithium azide 9 in powder and pellet form, 

. 0 0 . 
has been investigated. The temperature range was 160 - 220 C. ·The results 

obtained were highly reproducible 9 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 

the acceleratory period. The nuclei increase in number linearly with time and 

overlap and ingestion of the, nuclei occurs during the acceleratory period. This 

was shown by the applicability of the Avrami-Erofeyev equation with the exponent 

n assuming the value 3 9 for the analysis .of the acceleratory period p/t plot. 

The nuclei are forrried mainly over the .eftternal surfaces of the decomposing 

particles. 

The effects produ?ed by pre-irradiatiqn with~-, X- and u.v.- radiation on the 

subsequent.thermal deco~position have been studied. These studieswere largely 

on the powdered lithium azide 9 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 rater The p/t 

plots were sigmoid 9 as found for the unirradiated azide. 

Applicability of the Avrami-Enofeyev equation in the analysis of the ac·celeratory 

period for the irradiated azide indicated that two-dimensional nuclei formed and 

grew on the surfaces of the particles, except in the case of r -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 unirra.dia.ted a.nd 

irradiated azide •. A change in the value of the activation energy for the 

a.cceleratory periods, indicated tha.t the rate determining step for this stage 

of the reaction is altered after pre-irradiation. The same mecha.nismwa.s 

applicable for·the decay stages of the unirra.dia.ted 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. The initial 

reaction was confined to the surface of the pellet pre-irradiated with U.V., 

and occured throughout the bulk of the pellets pre-irra.dia. ted with¥- a.nd 

X-rays. 



1. 

1. INTRODUCTION 

The work presented in t~is thesis involves a study of the thermal 

decomposition of lithium azide and then the effects of various radiations, 

namely r, X and U. V., on the subsequent thermal decomposition of lithium azide • . 
Consequently it is deemed necessary to review 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 involving one solid phase and producing another 

invariably proceed preferentially at the interface between the two phases. The 

thermal decomposition,_of solids is generally a reaction that proceeds via this 

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

the nucleation process. This results in the formation of sub-microscopic particles 

of the solid product phase called nuclei. These may be distributed over the surface 

of, or embedded in, the bulk of the r~actant matrix. Further decomposition is 

localised at the interface between th~ nuclei and the reactant matrix, so that 
r 

the nuclei grow in size as the reaction proceeds. As the nuclei grow, . the area of 

this interface increases. 

The chemical reactivity is influenced to a marked extent by the numerous types of 

imperfections or defects in the solid. Although it is not immediately obvious why, 

on electronic grounds, solid state reactions such as the thermal decomposition of 

carbonates(!) and azides( 2 , 3) should: be favoured at dislocations, growth defects 

and mosaic block boundaries, it is nevertheless reasonable to expect that chemical 

transformation may be facilitated at these points on the internal and external 

surfaces of a crystal because both the chemical·potential and steriochemical 

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 solid substances begin at the point of emergence 
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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 

decomposition process may be influenced by point defects in the lattice, such as 

anionic and cationic vacancies, interstitial ions, impurity atoms or ions and 

electronic defects (free electrons, excitons, colour-centres and positive holes). 

The mechanisms of all thermal decompositions in the solid state have tentatively 

(8-10) been divided into two groups by Boldyrev • One group involves reaction 

proceeding through cleavage ofbonds within an anionic or cationic lattice 

component (for example the decomposition of potassium permanganate(ll,l2)) 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 

1 tt 1 . f. d b th.· . . ' . . d . ( 13) a er group are exemp l le y e lnorganlc azl es • 

As mentioned above nucleation may occur over the surface of the crystal or be 

embedded in the bulk of the reactant matrix. Chemical reaction is generally 

accepted as proceeding via this (i) nucleus formation, followed by (ii) nucleus 

growth. The nature of the nuclei formed is not always clearly defined but it is 

generally accepted that they are composed of solid reaction product. This general 

type of mechanism involving the two stages of formation and growth is rarely in 

dispute and, at least in many solid decompositions, no alternative anaiysis having 

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 (~hese in turn reflect the imperfect structure of the solid). 

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

diffus.e nuclei. The latter nuclei are spread uniformly throughout the solid. In 

t f th . 1 ·f· t· · 1 · t· f d · ba · ·d (l4,l5) suppor o lS c assl lCa lon Vlsua examlna lons o ecomposlng rlum azl e 
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sodium azide( 16 •17) and lead, cadmium and silver azides(lS) have been made, and 

the nuclei observed qirectly. 

Generally the activation energyfor nucleus formation is greater than that for 

nucleus growth, with the consequence that compact nuclei are formed. Similar 

activation energies for nuclear formation and growth generally favours the 

formation of diffuse nuclei. Compact nuclei are observed to have characteristic 

shapes and in sodium azide platelets (l7), 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 two.,..dimensional: path 

towards the centre of the crystal. He:x;agonal nuclei were observed in the thermal 

decomposition of potassium hydrogen oxa~a te ( 19 )• 

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

by the pre~reaction treatment of the sample, thereby increasing greatly the 

b f t t . l 1 f . . t G . di (20 ' 21 ) t h' f th num er o po en ~a nuc eus ormmg s~ es. nn ng , sera c ~ng o e 

(22) . (23) crystal surface and the method of sample preparat~on have been shown to 

play an important role in this respect. Pre-irradi~tion of the solid.prior to 

. (24-27) 
decomposition with ionizing radiations (~-and X-rays ), ultra-violet 

. . (28 29) (30) . . (31 32) 
l~ght ' , electrons or reactor radiat~on ' has generally been 

found to enhance the subsequent thermal deco~position of the solid as a. result of 

the formation of crystal defects and deposition of radiolysis products in the 

crystal lattice. 

The majority of thermal decompositions investigated are of the type: 

A solid ~ ·: B solid + c gas 

The reaction is performed isothermally and the course of the decomposition is 

followed by pressure measurements of the evolved gas. A decomposition curve 

representing the course of the decomposition is obtained by plotting pressure 

against time (p/t plot) or the fractional decomposition,~, against time. In the 

general 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 specific 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(~X)·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 nuclei, 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 peri~d. The shape of the p/t curve in the thermal decomposition 

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

solid 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 numerous types of imperfections in crystals 

and of the way in which their number and mutual influence may vary suggests that 

the kinetics of decomposition of a crystal, depending on nucleation and preferential 

reaction at crystal imperfections, should be a complex process. Nevertheless the 

good overall fit obtained with relatively simple kinetic equations indicates that 

complexity of crystal structure is not obviously reflected in chemical decomposition 

and that it can be made evident only by rather detailed observation and kinetic 

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 conductivity(34 ,35) measurements, observations of the 
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decomposition under light microscop~ or electron microscope( 5, 14), structural 

. (36) . (37) 
studies , spectroscop~c studies and analytical investigations of the reaction 

(38) 
products e 

Nucleation in the reactant matrix may involve a single step and it is assumed that 

a single molecule will lead po the formation of a nucleuso The formation of nuclei 

then follows the EXPONENTIAL LAW: 

•••••••••••••••••••••••••••••••• (lol) 

where N is the number of nuclei at time t, N is the number of nucleus-forming sites 
0 

and k
1 

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

the activation energy for nucleus formation is large (~~e. ~ is small) theng 

dN/dt = k1 N
0 

Under these circumstances the number of nuclei increase linearly with time. This 

. . . (39) 
was observed in the dehydration of copper sulphate pentahydrate · • 

When multiple steps are re~uired for nucleus formation, the POWER LAW describes 

the decomposition: 

•••••••••••e(t••••••••••••eo 

D is a constant related to the rate constant k
2 

as 

D "" N k 13 
0 2 

F 
and where 13 is an integer, representing the number of successive molecular 

decompositionsat a single site re~uired to form a stable growth nueleuso Nuclei 

containing less than 13 product atoms are not growth nuclei but germ nuclei, which 

may become growth nuclei. by ac~uiring the re~uisite number of product atoms. This 

in essence was the theory considered by Bagdassarian( 40~ but was concerned only with 

the special case where: 

kl3 = kl3+l ~ kl3+ 2 = •••••••o•••= k, and where k is the rate 
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constant for the addition of a product atom to a nucleus containing i atoms. 

Allnatt and Jacobs( 4l) 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 velocity has been measured directly, 

but there do exist deviations from this ideal behaviour. The deviations have been 

attributed to the dipolar nature of the water molecule, in the case of the 

dehydration of salt hydrates( 3g) and it has been suggested that the reason is 

trivial( 42 ' 43) for the non-ideal case of the chrome alum decomposition( 44) .However, 

Young( 45) suggests that this difference arises from detailed 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 relationships 

describing these are: 

( i) 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 

nucleation 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: 

n 
p = k t 

3 
eaiOCIOIOOIIOCIOOOOIII .. OIOIOOOIIIOOIOO (1.3) 

where p is the gas pressure at time t during an isothermal decomposition, k
3 

is the 

rate constant and n = f3 +A. f3 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 

dif · d f · th d lt t b f d Several '·'ork( 
2
rs0 ' 4 7 ' 48) mo ~e orm, w~ goo resu s, o anum er o compoun s. ·~ e 

have found the po,,rer law with n = 3 to hold for the decomposition of calcium azide, 

. (49) 
Le~ga 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. /\= 3), ~then took on values 0 to 2. A theory of instantaneous 

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

as the mechanism for this reaction. 

(ii) The exponential law. Garner and Hailes( 50) 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, k
4

, 

p = C exp (k
4 

t) (1.4) 

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 crystals 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 assertions 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: 

log 

p 

p - p 
f 

8. 

= k5 t + c1 •••••••••••••••••••••••••• (1.5) 

was derived on integrating the equation derived to represent the rate of decomposi­

tion, d~dt. This equation is termed the PROUT-TOMPKINS EQUATION. These workers 

found that this equation was applicable to the particular preparation of potassium 

permanganate studied by them. This equation has bee~ found to be applicable to many 

permanganate decompositions( 54). 

Prout and Tompkins found that analysis of the decomposition of silver permanganate 

was improved if a modified form of equation 1.5 was used. The equation: 

log 
p 

p - p 
f 

= k5 log t + c2 ···••••••••••••••••••• (1.6) 

was derived and is termed the modified Prout-Tompkins equation. This equation takes 

into account the fact that the branching coefficient k
5 

was not constant but varied 

inversely with time. 

Hill (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 network, resulting in the formation of product nuclei at points 

throughout the crystal lattice. 

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

equation, Avrami (5?) dealt with the nucleation process in a study of the kinetics 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 

"growth nuclei" after commencement of the transformation. The number of germ nuclei 

decreases in two ways as the reaction proceeds. The first effect is the normal 
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activation and growth of the nuclei and the second effe~t is the ingestion of 

germ nuclei by actively growing growth nuclei, which thUs renders the germ nuclei 

inoperative. These nuclei incorporated before activation are termed "phantom 

nuclei". For 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 another are referred to as 

"extended grains". 

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

originally containing N nuclei per unit volume at t = 0 is given by: 
0 

where 

and 

- dN I = dN + dN11 

dN = k 1 N1 dt 
1 

N' 
dN" = 1 - v 

......••••••..••....•• (1. 7) 

•••••••••••••••••• 0 •• (1.8) 

dV •••••••••••••••••• (1.9) 

The number of nuclei at t = 0 , N 
0 

, decreases with time and at time = t their 

number will be N' ( t) since N( t) become grains and N"( t) are ingested (phantom 

nuclei) by the growth of the N(t) grains. Thus, from 1.7, the decrease in the 

number of potential sites in any time interval dt is equal to the number of grains 

plus the number of phantom nuclei formed.. This is the general case for random 

nucleation. Equation 1.9 is obtained by considering the number of nuclei per 

unit volume which the advancing front of the prod~ct phase encounters during the 

time interval dt. This 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 grains of the product phase during a time interval dt. Equation 

1. 9 can be used in the form 

dN" ~ = 1 - ex 
dcx ••••••••••••••• (1.10) 

where o<.= P /p , the fractional decomposition of the solid. 
f 
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Equations 1.7, la8 and 1.10 now give 

k I N1 + _lL' _..:~- + dN.1 
-- 0 (1 11) t ~ • ..• • • • • . • • . • • • 

1 - (X dt dt 

Rearranging and integrating this then gives 

N1 = (1 - ()(;) N
0 

exp (-k}t) • • • • •• •• • ••• •• • (1.12) 

Using 1.8 and 1.12 then 

dt 
•••••••••••••• (1.13) 

Integrating 1.13 the equation obtained is 

J
t 1 

N(t) = k
1

1N
0 

e-k,y [1- "'(y~ dy ••••••••••••• (1.14) 

0 

which is the eocpression for the density of grains (growth nuclei) as a 

function of time. Rewriting 1.14 for the growth of 3-dimensional (spherical) 

nuclei the expression obtained for the fractional decomposition is 

Sk 1 N k3 
= 0 2 

v I
t 

e-k1Y (t- y) 3 ~- o:(y~ dy ••••••••• (1.15) 

0 0 

where S is a shape factor and V is the final volume of product obtained from 
0 

complete decomposition of W gms of the reactant. Equation 1.15 is not amenable 
0 

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, (V ), or ex, 

fractional decomposition, (o: (t)), was defined as the total volume of all nuclei 
ex 

including overlapping region,s and those growth nuclei (grains) which would have 

been formed from ingested germ nuclei were this a physically 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 decomposition is given as 

(X (t) ex · 
v ( t) = ex 

v 
0 

= •.••••••• (1.16) 
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where V is as defined above. The term v(t, y) is the volume of a nucleus 
0 

formed at time t 1 formed at t = y. 

• • e a • • • • • • e & • e a (1.17) 

where k2 is the linear rate of isotopic growth and S is a shape factor for 

3-dimensional growtho Thus equation 1.16 reduces to 

ex · ex (t) = 
cxk~; 3 k' N 

2 1 0 

v 
0 

Jlt .-k:y (t- y) 3 dy •••••••••• (1.18) 

0 

This equation can be evaluated precisely and to obtain ex( t) a relationship 

between the actual volume of the product V, (0(( t)), and the extended· volume 

V ( t), (ex ( t) ), must be found. The general method presented by Avrami to this ex ex 

problem produced rather cumbersome formula and as a method of simplification it 

was stated that on the average the ratio of ''non-overlapped volumett, v', to 

extended volume v
1 

, is equal to the density of unreacted matter at that time, 
. ex 

(1 - V), to give the expression 

where 

~ 
v 

1 ex 
= ................ (1.19) 

t 
V1 = J v(t.,y) N' (y) dy ••••••• (1.20) ex . 

0 

i·ntegrated 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, 

and whence 

...sL.... 
dV

1 ex 
= 

~ 
doc 

ex 

1 - v 
v ••• ·• •••••••••. • •••••• 0 ••••• !I • (1 0 21) 

= 1 - ex ••e•••••••••••••• •·•• (le22) 

Using equations l ~ 18 arid. l o 22, 
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t 

ex 
ex = f -k'y e l (t-y)3 dy •.••••••• ( l. 23) 

or 

- log (l - ex) = 
6 S N k 13 

0 2 

For simplification, let 

0 

r: -k't L I -

(k' t) 2 
1 + k]_ t - ____,1::.,__ 

2! 

(k' t)j + l ••.• (1.24) 

3! 

s k' 3 
k = __ 2_ O<'li,.Of'•o•oa•••••c••••••••.•••••• (1.25) 

v k' 3 
0 l 

and hence 1.24 becomes 

G k't 
- log (l - ex) = 6 k N - 1 - 1 + k 1 t -

0 l 

(k't) 2 
l 

2! + ..... (L 26) 

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. 

(i) ex small. When ex << 1 9 the contribution of overlapping and phantom nuclei 

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

Equation 1.24 then becomes: 

+ (k't)
3J l •...... (1.27) 

3! 

Thus for k]_ t small, 

. 4 
ex = c t 

3 
................................... (1. 28) 

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

dimensional growth 

ex = o••••••••••••••••••••••••••••a•••• (1.29) 
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or for linear growth 

oc = ................................. (1.30) 

n 
Equations 1. 2~, 1. 29 and 1. 30 are seen to be the power law, oc = c t , where 

n = 13 +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 - pc) kN 3 = t 
0 

••••••••••••••••.•••••••• (1.31) 

-or 

oc = 1 - exp (- k N 
0 

t3) . ·• ..................... . (1.32) 

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

Mampel ( 5s), using a different approach investigated the problems of overlap 

and ingestion and considered the various ways in which a surface corresponding 

to that of a spherical particle could be covered by discs.. Discs falling within 

other discs are phantom nucl:ei, while discs which partially cover one another 

represent nuclei which overlap during growth. He derived equations which 

have the same general form as 1.15 derived by Avrami. 

Using a different approach Erofeyev( 5g) first derived a general kinetic 

equation 
t 

a = 1 - exp ( -J pdt) .......... · ...............• (1.33) 

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

reaction of an individual molecule in an interval dt. 

Equation 1.33 may also be written 

t 

- ln (1 - oc) = j pdt e. 1 e •• e e e e e e e e e e e e ~ e e. (1.34) 
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The equation was then apvlied to the formation and growth of nuclei in the 

solid state. 

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

of nucleation, 

dv/dt = canst, ............................... (1.35) 

and in the second limiting case when the rate is a power of time 

dv/dt = canst. tz ......................... (1.36) 

In either case the probability p.dt is proportional to the total volume of 

the spherical layers traced at the instant t·:a.roiliid the nuclear cer1tres that 

ha.veLari.sen at. the instant t* ~ The radii of the spheres limiting the la;y-ers are: 

r = u (t- t*) and r + dr = u (t + dt ~ t*) ••••••••• (1.37) 

Accordingly, 

J
:t 

pdt = dt 4 ................... (1.38) 

If the rate of formation of nuclei is dependant upon time, then from 

equations 1.36 and 1.38 

zt3 p dt . = canst. t dt •••••••••••••••••••• (1.39) 

and from this equation and equation 1.33 

~ = 1 - exp (- ktz + 4) ...................... 
For the first limiting case, (for constant rate of nucleation), 

.. ~ ...................... . 

(1.40) 

(1.41) 

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

time, then 

~··•••••••••••••ot•••.,•••••(l.42) 

which for small values of t reduces to 

6 
·p = ct ......... ~ ....................... . (1.43) 
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This is the power law equation postulated by Wischin (l4) for the thermal 

decomposition of barium azide. 

Considering equation 1.41, the power 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 1.41 is 

(X= 1- exp (- kt
3

) ·······················••o• (1.44) 

and correspondingly, for flat nuclei:· 

• • • • • • • • • • • • • • • • • • • • • • • • • • • (le45) 

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: 

ex = l - exp (- k6 tn) ........ ·. · • · · · · · · • • • · • · · • · ·(1.46) 

or 

•• • ••• •• • ••• • • •e•••• ••••• (1.47) 

where n ~ 4, and n = f3 + A , where f3 = 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. 

Equation 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 AYRAMI-EROFEYEV EQUATION. 

The use of the Avrami-Erofeyev equation is almost universal amongst Russian 

(60 - 63) . (3 64 - 68) workers and has also been ~dely used by other workers ' • 

Ishkin and Dubil( 63) examined the kinetics of the thermal decomposition of 
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sodi.um and potassium bicarbonates, and Acheson and Galwey( 65 ) studied the 

kinetics of the thermal decomposition of nickel terephthalate~'· u.sing the 

Avrami-Erofeyev equation, These latter workers showed that the carbon dioxide 

formation reaction obeyed the Avrami-Erofeyev equation though the reaction 

rate and the exponent value, n , varied for different salt preparationso 

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 

concluded that after nucleation of a particular crystallite the subsequent 

growth of that nucleus was largely confined to tpat particle although there 

was a small but significant probability that growth may extend to 

neighbouring salt particles. This model is closely comparable to that 

proposed( 64) by Galwey.and Jacobs for the thermal decomposition of 

powdered (cubic form) ammonium perchlorate 9 where growth was considered to 

occur essentially in one dimension, n = 2. Later work on ammonium perchlorate(
66

) 

was also analysed using the Avrami-Erofeyev equation with n = 2 or 3. 

Herley_and Levt67) investigated the effects of pre-irradiation (y-rays) on 

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. 

' {64) These workers assumed the mechanism of Galwey and Jacobs to hold for the 

irradiated salt as welL 

Prout and Moore (3) applied the Avrami-Erofeyev e~uation in the kinetic analysis 

of. the thermal decomposition of unirradiated and irradiated barium azideo 

The exponent n, was found to be 4 in both cases. It wa~,,considered that the 

' -~ . ':,'' \' . -
_reaction proceeded through the f'orma tion and growth of }-dimensional nuclei, 

which increased in number linearlywi th time. The effect of pre-irradiation 

( y-rays) was to increase the number of nuclei, and so increase the reaction 
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rate on pre-irradiat~on. 

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

Russian schools( 69• 70). Razumov( 6g) and others maintain that the Avrami-

Erofeyev has the shortcoming of describing 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, and 

on this assumption have derived a theoretical equation involving two 

dimensionless variables, to determine the process of thermal decompositiono 

Sakovich(?O) has derived a topokinetic equation and has fitted this to the 

process of decomposition of solids. 

Sakovich offers the equation 

doy/ dt = K/mt:i - m (1 - cxm) ••••••••• (1.48) 

where K is the rate constant, ex 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 
ex = 1-e ................................... (1.49) 

In virtually all the thermal decomposi tiona that have been studied the 

acceleratory period can be accounted for topographicall:y 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, overlap of the compact nuclei has occurred and the 

reaction then proceeds from a shrinking of the reactant/product interface. 

Analysis of the de~~~~ -b~-~~Meved using a FIRST ORDER EQUATION but for ., · 

this equation to be applicable, two condi tiona are necessarye First, one 

can obtain a first order expression. if by chance the particle size I 
I . 

distribution of completely nucieated particles is exponential, or secondly 

as a result of separation of the 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 nuclei. 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 

c e • o t1 e o " • • • • • • o • • • ·• • • • • •. • • .--,~-·· ( 1. 50) 

provided the c<;mtracting 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 nuclei. In 

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 

d~/dt = k (1 - ~) 7 . 

and the ref ore 

log 1 
1 - ~ 

•••••••••••••••• 0 •••••••••••••••• 

= k t 
7 • • • • • • • • • • • • • e • • • • • • • • • • 

Equation 1. 52 is referred to as the UNIMOLECULAR DECAY LAW. 

(1.51) 

(1.52) 

If the rate-controlling factor in the decay reaction becomes the number of 

remaining unreacted molecules, not all of the molecules will be favourably 

situated next to a product molecule and 

dp/dt = k' (pf - p) p ... 0. 0 .... 0 ........ (1.53) 

where Pis the probability of the favoured situation, and is determied by p/pf. 

On substitution and integration 

• . . . . . . . . . . . . . . . . . . ( 1. 54) 

which is the PROUT-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, the surfaces of the particles become coated with a layer of 

product ~n the early stages of the reaction. The rate determining step could 

then be the rate of penetration of this interface into the particles. For 

spherical particles of initial radius a, then the fraction decomposed at time 

t is given by 

ex = 4/3Tf a
3

- 4/3Tda- k't0311' a
3 

••••••••••••••••• (1,55) 

= 1- (1- k9t) 3 ' ••••.•.•••••.•••••••••••••••••••••••• (1 .. 56) 

or 
1/3 

1 - (1 - ex) = •••••••••••••••••••••oaeeooooo (1 .. 57) 

Equation 1. 57 is lrn,own as the CONTRACTING SPHERE EQUATION. 

For contracting interfaces in geometrical shapes other than spherical i.e. 

parallelepiped and rectangle, a .silililar 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 decomposition of solids can thus yield much information on the 

reaction mechanisms. Using this analysis, information 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 

nuclei formed, however, is speculative. Further evidence should ideally be 

sought, as mentioned earlier, and a method sui ted 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, 

t-rays, electrons, heavy particles and reactor radiation has been extensively 

.studied and the effects of these pre-irradiations have often been invaluable in 



elucidating the nature of the irradiation damage. 

1.2 THE EFFECTS OF ULTRA-VIOX,T RADIATION ON SOLIDS 
." ' ' ' ' ' . 

Considerable irrt'orma.tion on the effect of ultra-violet radiation on 

solids has been obtained by a 'study of the actual decomposition of solids by 

light, namely the phenomenon of photolysis. Conseguently, it is profitable to 

review the salient features of this branch of solid state chemistry, in particular 

researches have been transferred to other classes of substances and consequently 

it is furthermore useful to give detailed consideration to :;3uch work. 

When crystals of certain inorganic solids are irradiated with ultra-violet 

light of wavelength corresponding to a characteristic a'Qsorption band of the 

solid, photochemical decomposition (photolySis) takes place. The course of the 

reaction is generally followed by pressure measurements of the evolved gas at 

fixed time intervals during the p~otolysis. 

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 decomposition by radiation represents the simplest type of de­

composition of the solid(?l)• Since on exposure the light flux is incident on 

the surface of the crystal, any chemical interaction between light and matter 

which does occur is localised mainly at the surface. Photolysis usually ceases 

when the crystal surface has become covered with a layer of product, which protects 

deeper layers of the crystal from the action of light (provided that further 

development of the reaction by a thermal process, by conversion of the energy 

of the light quanta into heat energy(?2), is excluded). 

The rate of photolysis is generally thought to depend both on the probability of 

transfer of· an .eleci;tron :to ;the 'condud:tion ·:band an1i on :the .possibilfty of ·i~ts 

recombining with a positive hole. Boldyrev. and Medvinsldi(73) point out, 
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however, that together with the .width of the forbidden zone or other energy 

characteristics of electronic excitation, no less important characteristics 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) wnen he proposed the 

mechanism of the reaction occurring in the photolysis of barium azide. The 

. . . (29) 
mechanism was based on the resul~ts of. work done by Garner and Maggs and 

Wischin(l4). The theory was the same as that applied to the photochemical reaction 

of the silver halides (71 • 75). Mott considered the solid to be an ionic 

conductor with mobile metal ions in interstitial positions and on irradiatio:_J. 

electrons and positive holes were formed which diffused through the.lattice. The 

electrons, were trapped at some unspecified "sensitivity specks" where the mobile 

metal ion .was subsequently neutralif!ed. Accumulation of the metal atoms at these 

centres resulted in pro~uct nuclei which grew. Further electrons were trapped 

by the metal to form, in the case of silver bromide, .an Ag- ion, a process 

favoured by a high concentration of conduction electrons. A mobile Ag+ ion 

would then neutralise the negative ion and c.ontribute to a secondary growth 

mechanism. The mobile positive holes formed were thought to diffuse to the 

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

the halides or azides, respectively. 

Hence, the overall result was a growing nucleus accompanied by the evolution 

of gas, accounting for the observed formation of nuclei on the surface of the 

crystals during photochemical decomposition. This mechanism, one of the first 

attempts to elucidiate the photolysis mechanism, has since been criticised and 

modified and other mechanisms postulated. These will be dealt with below. 

Thomas and Tompkins ( 76) made a Aetailed investigation of the photo lysis of 

barium azide and concluded that Mo tt' 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) earlJ.er results ' .. ~e original results of this investigation showed that 

using light of wavelength predominantly 2537i, 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 r 

intensity, but varying the temperature however, the rate was found to increase 

in a complex manner. 

After a suggestion by Baidins(77) that the metallic reaction product of the 

photolysis of barium azide was inert, the interpretation of the photolysis of 

barium azide was re-:assessed by Jacobs and Tompkins and others ( 78• 79) • New ( 78) 

kinetic measurements of the photolysis reaction showed the reaction to be more 

complex than first realised 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 the radiation were examined in 

relation to; the rate of the photochemical reaction. One of the most significant 

results of the whole work was the variation in the rate of photolysis with time. 

It was observed that the rate first decreased and then increased. This 

acceleratory region was followed by a period of constant rate of evolution~ This 

behaviour was observed using lamps with (i) 2537i as the principal line and 

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

It was found that when barium azide was irradiated with light from a high 

pressure arc having a 3650i line, or with a low pressure lamp having essentially 

the 2537i line, the initial rate was proportional to the square of the intensity 

and had an activation energy of approximately 5 k.cals./mole. This was 

interpreted in terms of bimolecular recombination of excitons at an 

unidentified trap, T: 
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N;* [ N3~ -; '[N3T NJ** 

15 k.cal.s./mole 

3N2 + Ba + 0 + 0 

where 0 represents a vacancy, and * the exei ted state of the anion or 

·complex. After a while the square law was found to be unapplicable and the 

rate of N
2 

evolution increased~ It was assumed that the traps T were 

consumed prior to this increase in rate. The final rate was constant and was 

found to have an activation energy of approximately 20 k.cals./mole for the 

2537~ and 37.4 :k.cals./mole for the 3650~ line. 

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

became operative: 

Ba e 

Ba+ N3 
E Ba + N

3 
where E-leV + -~ 

h~ ... 

N:: ~ -* 
3 ~ N3 

-* 
N3 + N3 ~ 3N2 + e 

2N3 -7 3N2 

Ba + 2+ Ba · + 2e 

Photoemission from the barium atoms results in acceleration of the reaction with 

the formation of N
2 

by com_Eination of exci tons and radicals. The Ba atoms then 

aggregate to give Ba metal. If the irradiation was terminated when constant 

rate had been attained, a maximum dark rate was measured. This was considered 

to be a thermal decomposition due to: 



followed by electrons transferring from azide ions to the positively charged 

barium and the positive holes then react togeth,er to liberate the 11dark rate" 

N2. 

It was later shown(80) that the acceleratory period could be removed by filtering 

the 2537i line radiation with a water filter. It had previously been shown(?g) 

that this could be achieved if the high pressure (3650~) lamp was filtered with 

an OY 10 (Choice) filter. 

Verneker(Sl) recently reported an investigation into the photolytic 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 + 2537~ and 

(ii) 2000- 3000~ gave rise to the rate/time plot previously reported(?g)• 

However, irradiation with monochromatic U.V. light of wavelength 2537i produced 

no acceleratory region. Barium nitride was also detected after each reaction in 

the product, irrespective of the reaction temperature. Photolysis of barium 

nitride was found to yield an accelerating rate. It was proposed that the 

decrease in rate initially, was due to a gradual consumption of defects as 

previously proposed and that the reaction ought to have proceeded to zero, as 

these defects are consumed. However, metallic specks are produced and the 

second process based on the photoemission of electrons from the metal keeps the 

reaction going. After the minimum value, the accelerator,y period was proposed 

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

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

caesium, strontium, mer~ury(-ous), thallium(-ous), silver and lead( 4, 299 Sl-S?) 

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 characteristics as barium azide, in that an initial deceleratory region 

was followed by an acceleratory region. This in turn.was found to be followed 

by a constant· rate reaction. For potassium azide(82 ) it was found that if a low 

pressure lamp was used with a water filter, only a deceleratory process followed 

by a constant rate process was observed. 

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

suggested that three mechanisms were responsible for the rate/time plots. Caesium 

azide displayed an initial deceleratory process on photolysis, which becomes 

constant briefly, and then decreases before becoming constant again. The 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 at metallic nuclei, with the formation of N
4
-. The 

subsequent thermaLdecomposi tion of these N 
4
- ions was thou@lt to be responsible 

for the dark rate, when the ultra-violet lamp was switched off. The following 

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

process of photoiysis): 

N-
3 

--.1.' -
h\) 

N -* 
3 

(exciton) 

Mn· ~ Mn + + e (Mn = metal nucleus) 

N3- 4 [N3-]* (excited azide ion) 

[N3-]* + ~+ ~ N3 Mn 

N3-* + N3 Mn, ~ ~ + N4- + N2 + EJ (anion vacancy) 

~- + M+ + e -.+ ~ + 1 

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 theproduction of N4-. 
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These previous invest~gations of the azides contained much speculative work, 

and measurement of absorption spect~a (80), photoelectric (80,S8) properties, 

. (4 89 90 91) . ( 92-97) 
colour centre absorpt1on band~ ' ' ' and electron spin resonance . 

results offered considerable support to mechanisms 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; resUlts show that on ultra-violet radiation of potassium and 

sodium azides, the products_positively identified were F-centres and F
2
+ centres 

for sodium azide (F
2
+ centre is a single electron associated with a divacancy) 

and N
2
- and N

4
- ions for potassium azide, as well as nitrogen gas in both cases. 

Almost nothing is,howeve~known about the colour centres or e.s.r. results for 

strontium azide. The information suggested that while 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: 

-* -* 
N3 + ~3 ~ N4- + E]e + N2 

-* ·* 
N3 + N-

-3 N2 - +Be. 2N2 ~ + 

-* -* 
N3 + N3 ~ EJeE] + e + 3N

2 

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

that this may also apply to barium azide, but the N
4
- ion has not yet been 

identified in the U.V. irradiated salt. Jacobs et alia suggested the second 

process had the mechanism of photoemission from the metallic specks. The dark 

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

d. . ( 86) th t . b th d 1 t so 1um az1de e constant rate reac 1on o served after e ece era ory 

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

nucleus hi 
"Na ~ Na + 
~ e n n 

-* N +~ 
N3 + a . Na + N3 n~ n 

Either by repetition of these steps, or by the reaction of an exciton, (N
3 
-*), 

~ 3N + 2 B + e, there are formed 
2 

and a positive hole: 

three molecules of nitrogen; two electrons and two anion vacancies. The electrons 

+ produced are trapped by anion vacancy pairs forming transient F 2 centres, which 

then react with Na+ to form Na atoms, the net result being nucleus growth. These 

workers did not observe a.ey acceleration in the photodecomposition of sodium 

azide, and they ascribed it to topochemical features. 

In a review of the photochemical decomposition of so~ium, potassium, barium 

(reported above) . . . · (81) . 
, s1l ver and lead az1des, 1 t has been reported . after us1ng 

various wavelengths of ultra-violet radiation that except for lead and silver 

azide, a deceleratory process followed by an acceleratory process was observed 

during the photochemical decomposition of the azides. It was considered that the 

work functions of all the metals of the salts studied, were such that irradiation 

with light of wavelength 1849 + 2537R could cause photoemission, and yet no 

acceleratory 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. Na, 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 

extensively examined(gs,gg) -and more recently lead iodide and chloride have 

b - . . t. t d(lOO,lOl) It d t. t(lOO) . een J.nves J.ga e • was propose ha the prJ.mary:.act on 

irradi~ting lead iodide, in agreement with earlier results(l02), w~s the 

creation of mobile excitons. Two excitons were con:sidered to combine at specific 

traps (suggested as anion vacancies) yielding a mol~cu],e of iodine and an atom 

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

The formation of lead in irradiated lead chloride(lOl}.is though~ to proceed 

also by way of trapping at anion vacancies, but it is suggested that excite4-

electrons are trapped. The colour-centres thus formed .c~ induce immediate. 

charge transfer with the subsequent precipitation <;>f the neighbouring lead ions. 

Photodecomposition ~tudies have been c~rried out,on: sev~ral pe;rchlorates, a 

class of substanceslthe thermal decomposition of which has been widely studied. 

The photodecomposition of ni tronium perchlorate(lO:J) yiel,ded results that 

'' 

suggested that two processes took place during photolysis. Study.of the photolysis 

of silver perchlorate(l04) indicated that three me~hanisms were ;possible during 

u.v. ir;radiation. ~he mechanisms proposed were considered to account for the 

observed rates and involved creation of defect centres leading to an acceleratory 

rate, consumption of defect centres r~sulting in deceleration and a steady-state 
. . 

rate originating from the initiation of the reaction from the photoemission from 

silver specks. This latter mechanism was put forward in the photodecomposition 

of the inorganic azides. 

A multiple atom anion solid that has received attention recently is sodium 

bromate (l05-lO?). In addition, the effect of ;pre-irradiation with ~-rays 

{60co) on the photoreaction, was investigated. Rate/time plots characterised 

by an initial dece1eratory process followed by a constant rate of gas 

evolution, as found for sodium(86) -~nd silver arid lead(s3), az'ides, were 
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reported._ ')'-rays had the effect of decreasing the initial rate and decreasing 

the time required to attain the final constant rate. 

(106 107) A phenomenonological theory was proposed ' to account for the photochemical 

decomposition of sodium bromate. A rate equation was derived with the 

assumptions that (i) photolysis is essentially a solid state electronic process 

and that (ii) decomposition occurs, at least part of the time, at 

decomposition sites, when these become doubly excited. The sites were 

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

decomposition as: 

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

ON THE THERMAL DEOOMPOSITION OF OOLIDS 

The effect of pre-irradiation on the thermal decomposition of many 

tall . l"d . ' t" ul th "d (20,21,29,74,108,109) ha b crys J.ne so J. s, J.n par J.C ar e aZJ. es · , s een 

studied_ in considerable detail. These studies have led to increased lmowledge 

of the mechanism of the thermal decomposition of the unirradiated solid and 

also to the nature of the fadiation damage. The t!5eneral effects of 

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

(i) shortening of the induction period, 

(ii) acceleration of the reaction, 

(iii) changes :.iin :the. activation energies associated with the 

decomposition process(es), 

(iv) changes in the mathematic~ analYSE;1S governing the p/t plots 9 

and their extent of fit. 

The effects of the pre-irradiation are generally long lasting( 92) but may 
evolution~ a,., :.. :.. ___ _ 

undergo ageing. Some substances are insensitive to pre-irradiation by ultra~ 
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(no) . (111) 
violet light e.g_. silver oxalate and s~lver permanganate 9 while 

others show extreme sensitivit.Y e.g. strontium azide( 6s). 

The thermal decomposition of many inorganic solids is thought ~ proceed by 

way of an electron .... transfer mechanism, and in view of this and the discussion 

of the effects of ultra .... violet _radiation on matter and the mechanisms. of 

photochemical decomposition, it is feasible to state that a positive effect 

may be expected on the thermal decomposition, when solids of this nature are 

pre-irradiated with ultra .... violet light. The inorgariic azides are an example 

(29) . 
in point, Garner and Maggs were· the first workers to study the effects of 

pre-irradiation with ultra-violet light, when they studied its effect on the 

subsequent therm~ decomposition, of barium and strontium azides. They found 

that the induction periods for these two azides were shortened, and in the 

case of barium azide, noted an increase of the rate constant k, in the equation 

ex = k ( t - t ) 
6

, with increasing pre-irradiation with ultra-violet light. No . 0 .. .. 

attempts were made to measure the activation energies when the pre=irradiated 

specimens were thermally decomposed,. and it was assumed that the nature of the 

reaction mechanisms was not markedly affected by pre-illumination with ultra= 

violet light. 

They proposed that ultra-violet irradiation produced "holes" and diffusion of 

barium atoms, (in the case of barium azide), to these ''holes 11 resulted in the 

(74) 
formation of nuclei, from which the reaction initiated, Mott 1 as 

mentioned previously, proposed that barium azide was an ionic conductor f?y 

virtue 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. These electrons wander around until they 

are trapped 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. This reaction occurs on the surface of the crystals and 
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on internal surfaces e.g. cracks. 

Later investigation by Thomas and Tompkins(108) confirmed the experimental 

findings that pre-irradiation of barium azide shortened the induction period 

and increased the rate of the thermal decomposition. These ~ffects were 

accounted for in terms of the large number of anion vacancies (Garner and 

Magg 1 s "holes"). It was found also that the exponent 6 only remained constant 

at low doses, and large doses reduced the value to 3. They explained their 

results by stating that at low doses, ~ore potential nucleus forming sites of 

the t,ype required to sustain the nucleation law dN/dt = kt2, are created. The 

site involved was assumed to be an anion vacancy. At higher doses it was 

proposed that these sites became activated, presumably by trapping electrons 

and so rel~xing the requirement for thermal activation. In the limit this 

means that all the potential nucleus forming sites become both activated and 

equivalent, and accordingly a cubic acceleratory period is obtained. 

P M 
(68) . . . 

rout and oore found that the exponent in the Avra.nd.-Erof~yev equation 

changed from 4 to 6, when bfl.rium azide was pre-irradiated with ultra-violet 

radiation. They proposed the formation of .large numbers of F-cen tres on 

irradiation, which aggregate and collapse on heating, with the formation of 

barium atoms., These then ~~grate and crystallise at favourable sites to yield 

metallic nuclei, from which the reaction then proceeds. They proposed the same 

growth mechaniSJ11 for these nuclei as they proposed for the unirradiated azide (3), 

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. Wiscbin(l4)). Although it was shown that exposure to ultra­

violet light effects photochemical decomposition in potassium azide (82), it 

was subsequently .shown( 2l). 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 heating 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 fo:rini.ng a single entity, the colouration 

complex, which comprises an F-centre and a positive hole. A second exciton 

can then form a complex adjacent , to ".the first andr'.r.eaetion_: to g±v~ ·_three. _ 

molecules of nitrogen can then result. Nitrogen was observed in the post-

i~radiation period. On heating it was proposed that the reverse process in fact 

occurred, when both the bimolecular combi~ation of positive holes and the 

unimolecular recombination of electrons from F-centres with positive holes by 

tunnel effect took place, This would account for the failure to detect 

pho tocondu,ctance. 

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•80). For example 

Miller(92) has shown by using the dual techn~ques of electron spin resonance 

and cryoabsorption spectroscopy that under treatment with ultra-violet radiation 

and heat, sodium azide develops centres of colloidal sodium. The mechanism of 

formation of the colloidal particles is attributed to photochemical reduction 

by irradiation, leaving an excess of sodium in the lattice which forms clusters 

during thermal diffusion. Aggregation of the metal was proposed via vacancy or 

electron diffusion. No other work on the effect of ultra-violet radiation on the 

subsequent thermal decomposition of these two azides has been done. 

Calcium(20,4B, 6S) and strontium( 29•68•109) azides have been examined and similar 

results have been found for both these azides. Garner and Reeves(lOg) found 

that the power law_ with the exponent n = 3 held for the decomposi-tion of both 

-
calcium and strontium azides, and for these salts pre-irradiated with a dose of 

ultra-violet radiation •. Shortening 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 all of 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 pe!'iod as the fit of the power law improved. It was 

assumed that ultra-violet radiation caused sites (points of emergence of 

dislocation) to develop into nuclei, which wo~d not normally so develop on 

thermal treatment. Tompkins and Young(20) confirmed the fit of the power law 

with n = 3 for. calcium azide pre-irradiated with ultra-violet light. They 

examined the effects of -pre-irradiation on aged and annealed calcium azide .. 

and on the fresh material. With fresh material it was reported that the rate 

constant increased continuously with the irradiation dose, unlike the aged .· 

material for which the rate constant was a constant for all doses up to 1014 

photons/cm2• The difference was attributed to the-activation of excess bulk 

vacancies in the fresh calcium azide. For the aged material it was supposed 

that an excess of electrons due to irradiation were captured by surface clusters 

and these transformed into growth nuclei. In the unirradiated material the rate 

was controlled by the sl~w rate of production of electrons which were alw~s 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(4S) report no ageing effect for unirradlated calcium azide, over 

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

salt. 

In later work, Prout and Moo~6B) 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 ~as 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 ail increase in the rate constant for the accelera tory region. was 

observed. and the inflexion point of the p/t plots was seeri to fall steadily 

on increasing the pre-irradiation dose. It was stated that primarily surface 

damage occurred: and two dimensional nuclei growing linearly with time for the 

highly irradiated azides were supposed. On heavily irradiating the azides prior 

to decomposition, any further increase in the number of surface nuclei is 

virtually "swamped" there being such a large number formed as a result of the 

irradiation, and n accordingly changes from 3 to 2. 

A study of the effects of pre-irradiation with ultra-violet light on the thermal 

decomposition of silver azide( 2) 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 period. Low reproducibility was found for this salt. 

In the first study of the effects of pre-irradiation with ultra-violet radiation 

(112) . . 
on the thermal decomposition of mercuric oxalate , 1. t was stated that the 

irradiated salt decomposed with a higher rate than the unirradiated sal te The 

unirradiated salt decomposed with an i_ni tial surface reaction which was 

acceleratory and was represented as the expansion of discs from a number of 

point nuclei. After pre-irradiation the acceleratory period, which normally 

extended to~= 0.15, was replaced by an initial burst of gas followed by a 

short constant rate period. Later investigation by Prout and Moore(ll:3) showed 

the unirradiated and irradiated decomposition could be represented by the power 

law with n = 2. They proposed that the effect of exposure to sunlight (ultra-

violet)was to create an unidentified irradiation product by an electron transfer 

process which formed and grew under the action of light. on the surface of the 

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

oxalateo 
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Silver oxalate is another oxalate that has been examined with respect to the 

influence of ultra-vio~et radiation on the subsequent thermal decomposition. 

Benton and Cunningham(ll4) and Tompkins(ll5) were the early contributors to the 

so-called power law school of thought on the decomposition of silver oxalate. 

They found that the acceleratory period of the decomposition could be 

oc = k (t- t )n where 3.5<n <4. 
0 

represented by an expression of the form: 

Benton and Cunningham note that after exposure to ultra-violet radiation, the 

rate constant k increased and as was later confirmed by Tompkins, the value of 

n fell off towards 3. The effects were attributed tq the first-order formation 

at certain sites of compact nuclei which grow in three-dimension~ the number 

of unfertilized sites decreasing as the ultra-violet dose is increased. Other 

k (52,116). th , th'. 1...-..l.d'' . "" 1 't d '.b hi' hal.; . \...-"' . . .. f th wor ers on e o erJ!~.Il::I.Ll • pos•.vu a. e a , r§!lc ng c .l.n mec1=nJ.:sm or · e 

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 factor. 

Decomposition(ll?) of single crystals of the unirradiated salt were later 

observed to follow a cubic law; however~ 
- (118) 

More recently Haynes and Young 

have indicated that the exponential law appears to offer the best analysis and 

explanation for the decomposition behaviour. In irradiated silver oxalate they 

propose that the number of starting points on the surface are increased by 

pre-irradiation and these 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, since 

the photo- and thermal decomposition processes can frequently be equated. This 

is especially the case for the processes of nuclear formation and growth in 
. / 

solid state decompositions. 
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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 

decomposition of solids was by Garner and Moon(ll9) and Muraour(120). 

Muraour bombarded ex - lead azide and silver acetylide with high energy electrons .. 

and decomposition at room temperature, analagous to that on heating the compounds, 

was observed. Garner and Moon, however, after pre-irradiating barium azide at 

room temperature with a radium needle and find~g no effect on the thermal 

decomposition, irradiated the barium 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 formation. 

In 1939 the effect of emission from a radium needle on the thermal decomposition 

of strontium azide was studied(121) in similar fashiono It was found that the 

induction period was reduced and a large increase iri k, in the equation: 

log p = kt + c, was observed. It was reported that the effec~ 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 

indirect way in 1954, when Bowden and Singh (122) irradiated among other compounds 

lithium, cadmium, silver and lead azides, in an attempt to de.tona te them. They 

were subjected to irradiation by electrons, neutrons, fission products 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 1 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 the induction periods, followed by increased reaction rates, was observed 

for both the azides. Other than this cursory investigation1 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 ~-lead azide has been studied(124' 125). Some of the 

difficulties resulting from the stu~ 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 ~-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 1 using both forms of radiation. However, 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 

the radiation damage were reached. (124 125) Jach ' however, reports an explanation 

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 ~ = Oe4 

to~= 0, and the activation energies were reduced in agreement with Groocock's 

f;i.ndings. The dose was given as 35 hrs. at a flux of 7 - 8 x 10
12 

neutrons/ _ . 

2 em. sec. 

It was stated that the initial reaction in the unirradiated salt was thought to 

be complex. and occurred along surfaces 1 cracks and dislocations, and in the 

acceleratory period there was some indication that a surface and 3-dimensional 
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reaction occurred simultapeously, and it was thought that some cracking of the 

small single crystals occurred at the beginning of the reaction. The effects of 

the pre-irradiation were thought to create a large number of nuclei and potential 

nuclei and on attaining the furnace temperature a rapid surface reaction resulted, 

followed by a contracting sphere penetration of the surface. The radiation 

damage in the cryst~s was considered analagous to that found in nitrate study 

(127-130) and it was thought that N 
2 

was produced at internal and external 

surfaces. Further radiation caused decomposition at normal lattice sites, with 

build up: of gaseous N
2 

intel;'nally, which would cause cr~cking of the crystals 

and so e;xpose further new surface to the radiation. The vacancies and/or 

clusters of vacancies left behind formed sites where lead atoms accumulated, 

resulting in nuclei. The decrease in the activation energies was associated 

with a change in the excitation energy of the electrons resulting from the 

excessive local strain induced by a radiolysis of 2.Cf/o prior to thermal 

decomposition. 

The azi~e that has probably received the most amount of attention has been 

barium azide. Apart from the effects of ultra-violet ~ight on the subsequent 

thermal decomposition and studies of the photolysis of this azide, the effects 

of X-rays and y-rays on the thermal decomposition have been studied in some 

detail. Among the earliest work was that of Garner and Moon 9 mentioned 

previously. The same acceleration of the decomposition reaction was observed 

(131 132) (3 133) in later work with preliminary exposure to X-rays · · ' · , y-rays ' , and 

electron bombardment( 30 ,134). 

Groocock and Tompkins(3o), using electron bombardment with accelerating potentials 

of 100 to 200 V, studied the decomposit~on of barium azide at room temperature 

and the effect of pre-irradiation on the subsequent thermal decomposition. 

They observed similar characteristics of the reaction, as previously found when 
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studying the effect ofultra-violet light on the thermal decomposition( 2l,?6,lOS)• 

One significant difference was the fact that the exponent n in the equation 

p = c (t- y)n, remained constant at 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 act was the 

ejection of electrons from azide ions, and surface vacancies were rapidly con-

verted to F-c~tres in the high excess of electrons. These were immobile as 

their mobili~ depended upon the presence of anion vacancies, and thus nucleus 

formation during bombardment" was not considered feasible. During the warm-up 

period it was considered that regeneration of azide ions and vacancies from 

positive holes and F-centres took place and these vacancies, {greater in 

number after pre-irradiation), assist in nucleus formation in the thermal process, 

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 t-rays. 

Erofeyev and SVirid~131 ) studied the effect of pre-irradiation with X-rays on 

the subsequent thermal decomposition of barium azide. These authors found 

that there existed a considerable degree of analogy between the effects 

produced by different ~pes of radiation, with X-rays producing more discernible 

changes in the kinetics. The Avrami-Erofeyev equation was used to analyse the 

p/t plots and the value, of n for the irradiated salt was found to vary in a 

complex fashion, whereas this value was found 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-irradiation at the instant of thermal decomposition of barium 
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azide has been studied in some detail (l32,l35,l36). . (132) Boldyrev and Skorik 

found that pre-irradiation at this moment. produced a greater irradiation effect 

than pre-irradiation at ambient temperatures. It was suggested that nuclei, 

which were only stable above 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 mobilit,y of vacancies was low and h~nce 

only a few stable nuclei were formed, while at the threshold temperature, their 

mobili t,y had increased. Thus a large number of stable nuclei could form and 

h high t f d · ti t 1 These aut.hors later(l35,l36) ence a er ra e o ecompos~ on ook p ace. 

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 pronounced enhancement of 

0 the decomposition of the pelleted barium azide was observed at 125 C. It was 

stated that the electron transfer from the valence band into the conduction 

band during the thermal decomposition of ionic salts, can be the limiting stage 

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

effective electron traps is satisfied. 

The effect of pre-irradiation with high-energy (1 MeV) y-rays on the thermal 

(3 133) 
decomposition of barium azide was investigated by Prout and Moore recently ' • 

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 co~enced 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 



41. 

theY-irradiated salt. Although a change in the ionic conductivity was 

observed on irradiating the material, the activation energy for the ionic 

(anionic) conductivity was unchanged. A lowering of the activation energy for 

the induction period on pre-irradiation was observed. It was stated that the 

y-ra:y; pre-irradiation was equivalent to an internal bombardment by electrons 

with varying v'eloci ties 1 and after irradiation the salt could contain N
2

, 

cation and anion vacancies and F-centres, according to a suggested 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 

b t th 1 d •t• . f al . (48,137) d t .. t• "d (138,139)" su sequen . erma ecompos1 1on o c c1um an s ron 1um az1 es • 

They found{ 48) that similar mechanisms could be applied to calcium azide 

pre-irradiated with X-rays and 1 MeV y-rays. It was suggested that vacancies 

are formed in excess on irradiation, which aggregated at the surface, and 

accordingly the time taken to reach a critical concentration of calcium atoms to 

form a metal nucleus should be reduced, shortening the induction period. T.his 

was in fact observed. Consequently, the explanation for the increase in the 

rate constant for the reaction was 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 

d ·t· f t· . ft M (l 2l) d Sv" "d (l40) had d ecompos1 1on o stron 1um az1de, a er aggs an .. 1r1 ov ma e 

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

(138,139) 
and X-ra:ys respectively, was done by Prout and Moore • They investigated 
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the effects of pre;.,irrad.iation with X-rays and y-rays (1 MeV) and found that 

similar <argument could be applied to the effects of both these irradiations 

on the subsequent thermal decomposition. The thermal stability of the 

strontium azide pre-irradiated withy-rays from 60co was found to be 

considerably reduced. A parallel investigation of the thermal decomposition 

of the unirrad.iated and y-irradiated strontium azide showed that the power 

law with the exponent as 3 fitted the unirradiated and irradiated salt p/t 

analysis for doses up to 100,000 rad. For y-ray doses greater than this, an 

exponential law was found to apply. 

A study of the effects of water vapour at various stages of the decomposition 

of the irradiated salt established the role of strontium metal product on the 

reaction rate. For the unirradiated sal t 9 it was proposed that the formation 

and 2-dimensional growth of nuclei 9 increasing in number linearly with time, 

took place at favoured sites of 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 strontium atom, which crystallise to form a metallic speck and reaction 

then. sp:r:eads from these nuclei. The pre-irradiated material was found not 

to have different values of the activation energies involved in the 

decomposition process. It was assumed that a high concentration ofF-centres 

resulted from the y-pre-irradiation and that nuclei could be expected to 

grow on the surfaces or in the bulk of the material. Water vapour experiments 

(3,133) 
however indicate that as for barium azide · and for the unirrad.iate~ 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 particlese 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) 
s1lver 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 potassium azide. The metallic nuclei formed in both these 

salts are volatile at the decomposition temperature and this presents a 

certain amount of difficul~ 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 

azide(141) by reflection measurements,showed that y-irradiation produced 

three absorption bands, two of which decayed completely at room temperature, 

0 while the third was stable at temperatures up to 90 C. The stable band was 

attributed to colour-centres, such as those found in the alkali halides. 

Nitrogen should be expected to be trapped in the crystal. No identification 

of these colour-centres, or those attributed to the unstable bands was 

attempted. An absorption band resulting from fast neutron bombardment at 

room temperature, which was also identified in material pre-irradiated'with 

slow neutrons, followed by heating at 90°C was attributed to the aggregation 

of sodium atoms, to form colloidal particles. 

Heal(142) inve~tigated the radiation damage due to X-irradiation in sodium 

azide, by chemical methods 9 to determine whether the irradiation damage was 

trapped electrons, or sodium metal dispersed atomically or colloidally as a 

principal decomposition 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 



sodium azide by X-rays between-{86°C and 202°C was also studiedo The rate of 

decomposition was reported to be proportional to the rate of energy absorption 

at all the temperatures studied. and the effect was tentatively intep+eted in 

terms of the formation of azide radicals, both directly by the radiation and 

also by thermal activation of trapped excitons and their subsequent 

decomposition. 

Other investigations on the nature of the irradiation damage when sodium and 

potassium azides are subjected to X-irradiation, have been done using electron 

spin resonance (143) .· and the effects on the photoelectric properties (8S), as 

. (89) 
well as on the absorpt~on spectra o Using E.S.R. methods, a N

2 
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-irra.diated at 77°K 

gave rise to a complex spectra, whereas potassium azide yield no such spectrae 

No explanation was attempted to account for the photocurrent spectra recorded. 

Earlier investigation by Cunningham and Tbmpkins(sg) on the effects of X~irra-

diation·at low temperatures on sodium and potassium azides yielded some 

information as to the nature of the damage. By studying the optical absorption 

spectra of these two azides at liquid nitrogen temperatures,they identified R1 

and R
2 

bands, along with the large band attributed to F-centres in potassium 

azide. Irradiation at -78°C resulted in bleacing of the R bands and it was 
2 

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, along with the F-centre band, and on warming to -100°C, the V-centre 

band disappeared completely. 

Keating and Krasner(144) studied the effects of 
60

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 

produced qualitatively similar results 9 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 dal;nage 

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 

same oxalates and perchlorates and the styphinates are explosive. The azides 

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

The permanganates have probably received more attention than other salt~ of the 

. above classification and the effects of various types of irradiation on the 

subsequent thermal decomposition have been studied in some detail. A similarity 

in the behaviour of potassium and silver permanganate on pre-irradiating the 

. . . (145 9146) 
salts with various 1rrad1at1ons, was reported by Prout and others • 

They reported that pre-irradiation with reactor irradiation, protons (145 MeV), 

thermal neutrons and 60co 1 -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 

ions into interstitial positions by Compton electrons which had energies in 

excess of the threshold energy for displacement and as a result it was 

considered that Frenkel-type defects were formed throughout the bulk of the 

crystals. 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 mmber and size 

through the induction period, was formed as a result. Severe internal strains 

caused violet shattering at the end 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 

colleagues. Th ff t f . di t' l'th' d' . (54) e e ec o y-~rra a ~on on ~ ~um, so ~urn, caes~um , 

b 
. (147) 

ar~um and rubidium (148) permanganates was studied •. Lithium and barium 

permanganates only showed small effects, while larger effects were observed with 

the other permanganates;, On account of a lack of systematio behaviour, as the 

.atomic weight of the cation incr~ased, a mechanism was proposed( 54) taking 

V 1 I di 1. . t h • (149 -l5l) • t . t d • 1 • lt' 1 ar ey s sp acemen mec ~sm · . ~n o accoun an ~nvo nng mu ~p e 

ionization of permanganate ions~ Coulombic repulsion could then occur between 

the positively charged permanganate ions and cations, with the formation of 

Frenkel defects. Since crystallographic investigation indicated that the 

cations have spatially greater degree of freedom, it was proposed that cationic 

interstitials were formed. 

(152-155) . This theory was criticised by Boldyrev and others when ~ t was stated 

that the increased rate on irradiating the permanganates could not be reduced 

to displacement effects alone, but it was associated to a considerable extent 

with the catalytic action of radiolysis products formed by ionization effects 

in the lattice, in analogy with photolysis and thermal decomposition of solids. 

(111) . They showed that exposure of s~lver 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 

·and silver permanganates(153), 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. 

Huang(l56) reported that distortion centres in a lattice may be observed by a 

reduction in the intensity of the Bragg reflections by an artificial temperature 

factor, by slowly varying background scatter.and a diffuse scattering in the 

neighbourhood of Bragg directions. Senio and Tucker(157) used this analysis as 

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 similar fashion, Prout ~d others attempted to detect displaced atoms in 

. di t d '1 (l5S) d t . t (4S,l5g) . I th tudy f ')'-1rra a e s1 ver an po ass1um permangana es • n · e s - o 

silver permanganate no displaced atoms could be detected by the X-ray diffraction 

technique but Laue photographs taken at the end of the induction period showed 

marked asterism indicating high internal stresses. It was reported that the 

difficulty of resolving the oxygen atoms was due to the heavy silver atoms. 

X-ray diffraction studies of pre-irradiated potassium permanganate indicated 

that pairs of defects appeared to have been created, basing this assumption on 

.(160) 
wor~ by Konazak1 .• However, Fourier projection and difference methods were 

not successful in identifying interstitial oxygen atoms after irradiation, for 

counter techniques must be. applied, as indicated by Azaroff(
161

) ,-. if chan~es in 

the el~ctron density distribution due to the lighter oxygen atoms are to be 

detected. The presence of oxygen in crystals of potassium permanganate after 

massive y-preirradiation has subsequently been detected by mass spectrometry • 

. . ,, 

In light of these investigations (i62), it is now considered that irradiation 

causes rupture of the Mn - 0 bond, with formation of interstitial oxygene These 
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atoms, along possibly with additional atoms due to heating and further 

decomposition, then diffuse through the crystals and form pockets of gas. 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. 

Protashchik and Erofeyev( 62) recently investigated the effects of varying doses 

of ~-irradiation on 23 preparations of potassium permanganate'having five degrees 

of surface area. The p/t plots were analysed using the Avrami-Erofeyev equation. 

'They report tne effect of irradiation on the decomposition consisted essentially 

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

centres of solid product~ < 

The oxalates of lead, nickel, mercury(ic) and silver have been studied and the 

effects of pre-irradiation on the reaction kinetics examined using thermal 

neutrons, ')'-rays and X-rays. Young(163) investigated the decomposition of 

uranyl oxalate trihydrate. · It was found that on irradiation with thermal neutrons, 

the reactant became traversed with f'ods· oT deccimpos:i, tion product" at the :si t.es • 

of the fission recoil tracks. It was found when analysing the p/t plots of the 

irradiated material, that an extra parabolic term had to be added to the 

function descriping 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 Prout and Tompk~ns 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, bMt no effect on the rate of the reaction was 

detected. However, cathode rays· increased the rate of the initial reaction 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. 

In a recent examination(ll3) of the effects of X-rays and (1 MeV) y-rays on 

the thermal decompositionf Prout and Moore found that considerable radiolysis 

resulted with ')'-pre-irradiation, but not with X=irradiation. The effects of 

X-irradiation were 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-raysf the salt darkened and the ef~ect 

on the thermal decomposition was to accelerate it9 the acceleration occurring 

after an initial burst of gas: accounting for 2;:% 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 sample. It was proposed that in 

addition to a radiolysis product, an "irradiation product" was formed, which 

decomposed on heating. The decomposition mechanism was proposed to occur through 

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 

energies for the decay reaction of the unirradia ted and irradiated salts was 

explained to be a consequence of the presence of radiolysis./ thermal decomposition 

products and in addition, undecomposed reactants 

Herley and Prout(26) found that. pre-irradiation of lead oxalate with ')'=rays had 

the effect of shortening the induction period and slightly increasing the 

reaction rate. Their p/t plots for the unirradiated material were different 

f th bt . d b B" h d Ha . (164) . d th" . bl d (45) . rom ose o a~ne y ~rcums aw an rr~s an ~s was poss~ y ue 

to the latter workers using larger particles. It is suggested(45) that the p/t 



plots of the highly irradiated material be analysed according to a power law 

of the formg ~ = k(t + t )3. 
0 

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 y=rays(60, 6l,llS)• 

Although the Russian workers( 60 •
61

) carried, out most of their experiments at 

high temperatures where self-heating occurred, the general conclusion of the 

effects of y-irradiation on silver oxalate were that the radiation produced 

nuclei throughout the crystal and affected the whole decomposition. Haynes and 

Young(llS)' studied the thermal decomposition qf the salt at much lower tempera-

tures, after pre-irradiation with reactor radiation and y~reys. 

Although different schools had proposed either an exponential law or cube law 

to account for the acceleratory period of the unirradiated salt, Haynes and 

Young found that for the fresh material they used, the exponential law gave 

satisfactory analysis. After irradiation with thermal neutrons, a certain 

degree of irreproducibility was experienced, but the power law with the exponent 

at 3 was found to give consistently the best fit to the acceleratory period. 

It was found that shattering of the particles occurred on initial heating of the 

irradiated material, but only after 20 mins with the unirradiated salta The 

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 branching process were 

probably converted to growth nuclei which grew according 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 attributed to the occlusion of solvent. 

')'=irradiation was proposed to create nuclei of low density in the bulk of the 

mate:r.ialp possibly at residual solvent occlusions not removed by annealing" As t~he 

reactor irradiation proceeded electron traps were created by ')'-radiolysis on the 

bulk and germ n11clei were created by fast neutron damagea 

The effects of pre-irradiation on the subsequent thermal decomposition of nickel 

oxalate 9 a salt which decomposes similarly to the silver salt, were done 

simultaneously by two independent schools(31 ~ 165 ) o These have been the only 

investigations into, the effects of irradiation on this oxalate. Jach and 

Griffel(3l) studied the effects of reactor irradiation in the temperature range 

253° ~ 360°CP while Prout and Brown (165) studied the effects of ')'-irradiation 

. 0 0 
on the main decomposition over the range 240 - 260 Ce They also .investigated 

0 0 
the initial reaction over the range 105- 125 C. 

A study of the main acceleratory reaction by Jach and Griffe! showed that this 

could best be described 9 in the cases of unirradiated and irradiated salt, by 

a relationship of the fo:rmg (ex - ex ) = a( t - t )rn where m was always found to 
0 0 

have the value 2. The rate constant was a and. ex and t were constants which 
0 0 

separated the complicated initial reaction from the main acceleratory period. 

This may be seen to be a modified form of the power law. On the other hand, 

Prout and Brown proposed a branching mechanism for the main acceleratory periods 

for both the unirradiated and ')'-irradiated nickel oxalate. It was proposed that 

the P:rout-Tompkins equation fitted the unirradiated p/t plot, while the modified 

Prout-·Tompkins equation gave more satisfactory results for the analysis of th€ 

irradiated salt. These workers also found that the contracting sphere equation 

was applicable in analysing the decay rea.cti.on for both irradiated and. 

unirradiated nickel oxalate~ whereas Jach and Griffe! proposed an exponential 

type of relationship for these decay reactions. The equation 
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oc ::: n{ 1- exp [kd (t- t~U} 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 Griffe! propose that the activation energy for nucleation 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 thought 

that reaction began at the surface of the crystallites from these potential 

nuclei, and growth then proceeded two dimensionally into the crystal, 

preferentially along preferred planes 9 thus explaining the exponent value of 2. 

On irradiation~ as there were so many more potential nuclei and hence more 

growing nuclei after a certain time, the power law tended to reflect grOwth and 

the better fit of the analysis with m = 2 on irradiation was theri understandable. 

The decay reaction was considered to proceed by a contracting sphere mechanism, 

even though an exponential analysis was applied. The exponential 'law fit was 

possibly due to an exponential particle size distribution resulting from break-

up dll.e to strains. 

Prout and Brown(l65) 1 however~ made a careful study of the initial reactibn., 

prior to the accelera tory period and expressed the belief tha·t the effects of 

the irradiation were to be found in the initial deceleratory region. Their 

analysis of the subsequent acceleratory period was in agreement with t}lat of 

v (166) 
Danes and Po nee • It was found that the activation energy ·of the initial 

reaction for the irradiated salt was -16 k.cals./mole, whereas that for the 

acceleratory region was -33 k.cals./mole, indicating the reaction in 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 react~on was the decomposition of this intermediate product. Further 

changes in the decomposition after y-irradiation were assumed to be the result 

of the formation of anion vacancies. Reaction was proposed to spread through 

the subgrain boundary network and over free .surfaces,and the strain at the 

resulting interface was responsible for the usual accelerating reaction by the 

Prout=Tompkins mechanism. It was stated that this acceleration differed from 

that of the unirradiated salt~ in that the probabili~ 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. Although the salt has been 

subjected to extensive research 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-irradiated 

with X-rays. The effects of X-rays and y-rays on the salt were then observed 

by Freeman, Anderson and Campisi ( 24), using D~ and thermogravimetric analysis 

(TGA) under atmospheric and reduced pressures. The investigation showed that 

the decomposition was a multistage one and the low temperature stages of the 

reaction were appreciably enhanced as a result of the irradiation dose. · A 

similar decomposition pattern was found for ammonium perchlorate p~e-irradiated 

with X-rays andy-rays. 

These workers favoured the "electron transfer" mechanism (as opposed to a 

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

thermal decomposition. It was thought that positive holes.were created during 
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irradiation and doping experiments appeared to confirm these findings. Electrical 

conductivit,y measurements(167) lent support to the electron transfer mechanism. 

(168) 
It was later reported that E.S.R. spectra on the irradiated salt were 

the ammonia radical, trapped in the interpreted as being the result of NH; , 

crystal lattice. Other workers (l 69~l70) have also reported identification of 

~+ and the 010
3 

radical in irradiated ammonium perchlorate, using E.P.R. 

(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. 

Herley arid Levy( 6?) later investigated the effects of y-irradiation on the 

thermal decomposition of carefully selected crystals of ammoriium 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 reaction rate was greatly enhanced and the induction period 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 

' acceleratory period for both the irradiated and unirradiated material·, although 

a larger fit was found with the unirradiated analysis. The decay period in 

both cases was analysed by the Avrami-Erofeyev equation with n = 3. This 

acceleratory period analysis was in agreement with that of Galwey and Jacobs 
(64) 

for crystals of ammonium perchlorate. 

These 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-



55. 

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. 

All the solids discussed above have exhibited a common ten~ency 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, formation of vacancies 

and clusters and aggregations of associated point defects and electron trapping~ 

A notable exception to this trend, however, is the effect of ~-irradiation on 

the thermal decomposition of silver nitrite. Schneller and Flanagan 
(171) 

recently reported that the effect of an increasing pre-irradiation 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 increased. 

No significant loss of weight was reported during irradiation. It was further 

observed that irradiation in poor vacuU.m or at atmospheric pr.essure~had!no,effect 

on·· the subsequent' thermal decomposition. Furthermore, :.even if t,he · NO~(formed~'during 

decomposition was continually removed, the rate constants determined from the 

linear slope of the p/t plot, f·ell below the extrapolated Arrhenius plot, for 

temperatures above 60°C, thus making it imperative to study the decomposition 

b 1 th o t tu h"l 0 0 t• t• (172) • b 72°0 e ow 1s empera re, w 1 e preV1ous 1nves 1ga 1ons were a ove • 

. . (173) 
Similar behaViour has also been reported by Boldyrev and Eroshk1n 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 

sensitive azides by irradiation with slow neutrons, Bowden and Singh(122) 

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 material. 
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3. OBJECTS OF THE .RESEARCH 

The effects of the subsequent thermal decomposition on irradiating 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 extens~vely ~nvest~gated ' ' ' ' 1 
. ' ' • 

sh 
(21) 

While it was own 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 lithium 

azide could be sensitised in a manner similar to that found for the azides 

just 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 th~ thermal decompositions was followed 

using a constant-volume high vacuum line. Th:i,s is shown diagrammatically in 

FIGURE 4.1. It consists essentially of a pump section, a pressure measuring 

gauge and the decomposition section. The latter two were in duplicate, so that 

'· 
tWo separate decomposi tiona could be carried out simultaneously. 

The pumps comprised a two-stage Edwards 11Speedivac" rotary high vacuum pump, 

model 2SC 20A {A), backing an Edwards "Speedivac" oil diffusion pump model 

203B, (B). Pressures of better than 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 

section. The volumes of the McLeod bulbs were 123,1 ml and 111.3 m1 at 25°0. 

Decompositions were carried out in the decomposition section, (D). This has been 

described in detail by Herley and Prout(l?3). The temperature control was 

! 0.03°0 in the temperature range used. Silicone oil (Midland Silicones Ltd., 

MS 704) was used in the oute~ jacket and nitrobenzene in the inner jacket. A 

temperature range of 130° -' 210°0 was obtained with these liquids. Replacing 

the ni trobenz:Sne with ethyl salicylate gave a temperature range of 160° - 230°0. 

In order to transfer the weighed sample for a particular decomposition from the 

drybox to the line, the glass section (E) was used. The sample was loaded into 

this in the drybox and the two 10 mm taps then closed, sealing the sample off 

from the atmosphere. Tap (F) was used as a point at which to evacuate the 

decomposition chamber by using a portable rotary high vacuum pump. This was 
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done prior to opening the bottom 10 mm. tap to the vacuum line and pumps. 

Traps (G) and (H) were surrounded with liquid nitrogen to condense out water 

vapour or any other condensable gases. These were positioned (i) between the 

rotary pump and the back line/main line and (ii) between the decomposition 

chambers and the McLeod gauges, to protect the former 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 22°C,using dry 

nitrogen. 

4.1.2 The hot-stage microscope 

A Leitz Microscope Heating Stage {Vacuum t,ype) 1750°~ with a 

.. 0 
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. base plate 14. double-walled vacuum tank 

6. electrode column with clamp 15. bleed valve 

7. thermocouple flange 16. cooling water,.connections 

8,. screw cup 17. thermocouple bush 

9. cover with quartz window 18. base with spherical bearings and 

magnets 



60. 

The lower diagram in FIGURE 4.2.1 illustrates the pos~tioning of the 

tantalum box heating element, with lid and viewing hole. Screws 1 a 1 are 

used to loosen the wedges which clamp the heating element in positione 

The hot stage was mounted on a L~itz Ortholux Microscope fitted with the 

Ultropak incident light illuminator. Two objectives were used yiz. U.O 6.5 

aild U .0 11, with lOX and 25X eyepieces. Coupled with a magnification factor 

of 1.25X, this enabled visua~ observations under magnifications of 81, 1389 

203 and 344. 
1. 

Photomicrographs were taken using a Leitz film-h,older and transport mechanism, 

Magnifications of 65X and llOX were possible. 

The hot stage was connected via gla~s 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 22°C, 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, 

Cape. 
60 . (174) 

A Co irradiation unit was used, employing a source ,of 290 cur~es 

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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roentgens, from calibration curves derived by using a ferrous dosimeter. 

(b) X-rays. A Phillips PW 1009 X-ray generator, using a 

sealed Cu tube,was employed for the X-irra~ations. The tube was mounted 

horizontally so that the beam was directed vertically onto the sample. Unless 

othe~wise stated, the tube was op~rated at an .. applied voltage of lOkV and a 

filament current of 5mA. White radiation was used throughout. 

(c) Ultra-violet light. Irradiations were done using a low 

intensity Hanovia portable ultra-violet lamp, incorporating a medium pressure 

mercury straight arc tube in quartz with an effective length of 44 em. The 

principal radiation output was at 3650, 3021, 2972, 2650 and 2537 R. Irradiation 

with a medium pressure Hanovia U.V.S. 500 lamp of higher intensity was done on 

a few samples. These will be referred to as being irradiated with the high 

intensity source. 

4.2 EXPERIMENTAL PROCEDURES 

Because of the deliquescent 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 Pelleting 

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 and sealed. These operations 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 

airtight agate containers w1 th two agate balls per container. These were 

agitated for 30 sees. in a Grindex (Research and Industrial Instruments Co.) 

and the material then stored in a vacuum desiccator over P o
5

, in the drybox 
. 2 

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

4.2.3 Pre-irradiations 

(a) 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 11 thium azide, 
,J 

all pre-irradiations with X-rays were carried out with the sample in an air-

tight glass container using a O.Ol6mm thick aluminium window, through which 

the X-ray beam passed. The sample was spread thinly over a brass plate to 

facilitate sample handling in the drybox where an extremely large electrostatic 

charge was present. All irradiations were performed under dry nitrogen. The 

container was placed approximately . 27 em directly below the window of the 

I-ray tube. 

(c) 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 container. 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 em beneath.tthe U.V. lamp. The lamp was allowed 

to warm up for 15 mine. before the sample .Jas irradiated. 
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For comparative purposes the pre-irradiations with y-, X-rays and ul tra.~viole+; 

light (in any one series) were done simultaneously. 

4.2.4 Decomposition procedure 

Platinum buckets were generally employed to contain the lithium 

azide in the apparatus. Substitution by Pyrex buckets had no effect on the 

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

The buckets were cleaned in hot concentrated nitric acid and then in distilled 

water. They were finally heated in a bunsen burner to a red heat and allowed 

to cool before use. The required weight of sample was placed in the bucket 9 

which was winched into position between the two lOmm taps in the sample-

containing section (E). This was done in the drybox. The complete section 

was then transferred to the high vacuum line and opened to the high vacuum 

system. The line was pumped hard for 10 - 12 hours prior to commencing a 

decomposition. (Preliminary tests showed that a satisfactory vacuum wi.th the 

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

The pumps were then isola ted and the bucket lowered with the winch in to the 

decomposition 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 topped every 10 mins. during a run. The final 

0 pressure, p , was read after raising the reaction temperature to 220 C and 
a 

maintaining it at this val~e for one and a half hours. 

4.2.5 Water interruptions 

Runs were perf~rmed 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 



continued. The water vapour was introduced py removing the cold trap: (H) 

prior to evacuation and placing 2 - 3 ml degassed qonductivit,y water in it. 

The water was then solidified by the liquid nitrogen. 

The line was then evacuated, the pump section isolated and t~e run done in the 

normal manner to the selected point of interruption. The bqQket contai$g 

the sample was then raised, allowed to cool for 5 mins. and after notiqg the 

pressure the line was evacuated to a hard vacuum (20- 2~ ~~~.). 

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 voom temperature 

(20°C). The resulting water vapour was allowed to com~ ipto contact with the 

sample for the requisite time. The liquid nitrogen Dewar was replaced ~d the 

whole line evacuated for 12 hours. The decomposition was then continued after 

isolating the pumps. 

4.2.6 Interruption followed by irradiation 
I 

Decompositions were interrupted at certain points, the s~ple 

irradiated and the run continued. 

As the product of the thermal decOmposition of li tbium azide is extvemely 

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 ampq~e, 

placed in the decomposition line in the normal manner and the decomposit~on 

followed to the desired point of interruption. 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 sealed with a blow-
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torch flame. After irradiation the paint was removed, the ampoule opened under 

dry argon 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 decomposed to the desired 

point of interruption when the bucket was raised into the section (E), which 

was then transferred to the drybox. ~he azide and its ~ecomposition products 

were loaded (under dry argon) into the glass container described above 

(4.2.3 (b)). After X-irradiation, the procedure of we~ghing out a specimen, 

loading it into the decomposition line, pumping and performing a run, was the 

usual one. 

A similar procedure to that followed above for X-irra,diations was adopted for 

ultra-violet irradiations. The large amount of azide was irradiated in the 

drybox in the aluminium coated glass dish used for a11 vltra~violet irradiations. 

The sample was weighed out and the run continued as beforee 

4. 2. 7 Photomicrography 

Photomicrographic studies were carried o~t on pelleted lithium 

azide.. The pelle,ts 'wer~ pr'e~red:as :d:es,cr.ibed above. ·' The .1peHet ··. • ' .1 . ... 

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 ba11 and socket joint (J) and the whole 

apparatus evacuated for 12 hours. -6 Pressures of better ~an ~0 tor+ 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 30 sees and allowing the 

pressure to build up in the decomposition section over this tj.me interval. The 

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

deoomposi tion. 

The light from the 60 watt Ul tropak illuminator was shown to affect the thermal 

decomposition of the specimen and accordingly the light was only used at a low 

intensit,y and was exposed to the sample for brief periods, namely for 

observations and for the p~rpose 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 condi tiona for a series of negatives, as darkening of the 

background of the photomicrographs increased as the reaction progressedo To 

obtain good contrast, a hard printing paper and suitable developing times 

wer~ employed. 
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5. THE 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 ACCELERA TORY PERIODS CARRY A LOWER 

NUMBER THAN '!HOSE FOR THE DECAY PERIODS, THESE CONSTANTS ARE NOT EQUIVALENT 

'lQ 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 pressures -iare 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, 
-2 

pf , = 160 x 10 torr. The final pressure 

actually measured before normalisation is p • Time is recorded in minutes. 
a 

The p/t results for the decomposition runs done in this and the following sections 

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

5.1 PREPARATION AND ANALYSIS OF ANHYDROUS LITHIUM AZIDE1 LiN5 

5 .• L 1 Preparation 

Anhydrous lithium azide Li N
3 

, was prepared by a method 

. (175) 
similar to that used by Gray and Waddl.ngton • The relevant chemical 

reaction is: 

Conductivity water was used in the preparation of hydrazoic acid, HN
3
,and lithium 

< -6 -1 -1 
azide. It was found to hav~ a specific conductance of 2.0 x 10 ohms ems , 

0 
at 20 C. 

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

cationic resin in the H+ form. A lo% solution of sodium azide (British Drug 
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Houses), NaN
3 

, was passed through the bed of the resin. The resul t:ing 3% 

solution of hydrazoic acid was found to contain no irpn or sodium ions a.s 

impurities, by the use of "Ferron11 :reagarit an·a. :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. 
. 0 

The water was removed by pumping at 40 C. Throughout this 

procedure the solution was maintained in an acid state, by external testing 

using phenolphthalein. 

Lithium azide was prepared as a white powder and was dehydrated over P
2
o

5 
with 

continuous pumping for 36 hours. These operations were performed in a dark room, 

using a weak red light. After dehydration all further sample handling was 

carried out in a glass-fibre dry-box, under dry nitrogen, as the salt is 

extremely hygroscopic. 

5.1.2 Analysis 

Differential scanning calorimetry, thermogravimetry and infra= 

red spectra of the lithium azide dehydrated as described above, showed no traces 

of water of crystallisation. FIGURE 5.1 (a) illustrates the effec~ of water 

on the infra-red spectra of lithium azide• Freshly prepared azide and material 

that had been allowed to become visibly damp by standing in the atmosphere, show 

-1 absorption peaks at 3360 ems 

showed no traces of water. 

• Lithium azide, dehydrated as described above, 

FIGURE 5.1 (b) sijows the-thermogravimetric trace of 34.4 mg of lithium azide 

dehydrated as described above. Decomposition was performed under a nitrogen 

flow of 1 litre/min. The heating rate was 2~6°C/min. After no detectable loss 

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

posed at 21S0 c. A steady final weight was obtained after the rapid reaction. A 



temperature-time plot illustrates the heating rate. The salt was thus considered 

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

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

Germany, showed the salt to be better than 99.6% Li N
3 

, by determination of 

Li as sulphate and N
2 

by combustion. 

5.2 REPRODUCIBILITY 

Approximately 4.5- 5.5 mg of lithium azide were used in each run. 

Initially the unground azide was:: ·:used,,and ·t,t :w~s :fowrd 'that ·the decoi!lposition 

was extremely erratic and irreproducible. Some runs 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 results 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 ~~ate balls. This gave variable results as before. 

The ground material was annealed "in situ" at 130°C 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) 

using an evacuable die. The die was evacuated for 10 mins and then a steady 

pressure of 1000 lbs/sq.in. applied for 15 mins. Reproduc~bility improved but 

0 0 
was still not satisfactor.y. Results of two runs at 195 C 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 

k1 and k
3 

(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 -2 -2 -1 1.99 x 10 , 1.91 x 10 min 

(ii) Decay period -2 . -2 =1 1.26 X 10 , 1.23 X 10 min , 

-2 . -2 ~1 
1.68 x 10 , la77 x 10 min respectively 

Ground lithium azide (10 mins vibration mill) was pelleted in a similar manner 

to the above, when the reproducibility of the thermal decomposition was found· to 

be of a high order. This procedure was adopted throughout the course of this 

research. The azide u~;~ed was always less than four weeks old, during which time 

no change in the reproducibilit.y was detectable. Results of four consecutive 

runs at 210°C are presented in TABLE 5.4 and FIGURE 5.5. The induction period 

was found to be 25,24, 25 and 25 mins respectively. Rate constants k
1 

and k
3 

(equation 5a2 and 5.3) for the acceleratory and decay periods respectively, were 

as follows: 

( ') -2 -2 i Accelera tory period: 3. 36 x 10 ; 3. 20 x 10 , 3.14 X 10-2, 3a09 X 10~2 

-1 min respectively 

(ii) Decay period: -2 -2 -2 -2 -1 2.82 X 10 ; 2.72 X 10 ; 2.79 X 10 ; 2.72 X 10 min 

respectively. 

Since pelleting of the material gave the only reproducible results, it was 

decided to investigate the effect of varying the pelleting pressure to determine 

whether a critical pressure existed. Duplicate pellets were made using pressures 

of 1000, 750, 500 and 250 lbs/sq.in. The maximum pressure that could be applied 

to the 5mm die used was 1000 lbs/sq.in. In the subsequent thermal decomposition. 

of the pellets the reproducibilit.y 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,l3B,l39~176)• 

Lithium azide pelleted as above was ground in a Grindex, with agate containers 

and balls, for 30 sees. The results of three consecutive runs at 195°C are 

given in TABLE 5.6 and depicted graphically in FIGURE 5.7. The reproducibility 

was of a high order. The curves are sigmoid with a well defined induction 

period. The latter was found to be 33, 33 and 35 mins. respectively. Rate 

constants k
1 

and k
3 

{equations 5.2 and 5.3) for the acceleratory and decay 

periods respectively, were as follows: 

respectively 

( ) -2 -2 -2 -1 
ii Decay period: 0.94 x 10 ; 0.91 x 10 ; 0.97 x 10 min 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 several pelleting and grinding operations on lithium azide was 

examined, to determine if a limiting effect had been achieved when the material 

was pelleted and ground as described above. 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 sees in the Grindex 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 due 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 l90°C. Runs were done at l85°C using material that had been ground in the 

Grindex for 10 sees, 30 sees, 3 mins and 10 mins respectively. These results 

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 oc = 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 particle 

size) as follows: 

Maximum rate: 2. 20 x 10-2; 1.84 x 10-2; 2. 20 x 10-2; 7.04 x 10-2 rrrm/min. for 

the 10 sees, 30 sees, 3 mins and 10 mins grinding times 

respectively. 

Mathematical analysis of the 3 mins run however is seen to give a poor fit to 

the Avrami-Erofeyev equation (see 5.3.2) with n = 3. With n = 2 a good fit is 

obtained, for 0.5( oc( 0.58. Thus it appears that excessive· grinding with the 

Grindex, vi~ 3 mins,damages an~or reduces the particles to 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 preparations, ground separately. 

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

p/t curves. This is illustrated in FIGO'RE 5."10 and the results appear in 

TABLE 5.10. The reaction temperature was l85°C. The samples were of the same 

preparation but were ground in two portions which were then usede The vibration 

mill {10 mins) was used for one portion. The 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 lumps 

of unground pellet were present in the sample ground in the vibration mill. 

The flat section of the p/t curve is thus attributed to this inefficient 

grinding. (This in turn appears to stem from the quantity of material placed 

in the agate container. Larger amounts require longer grinding times for the 

same effect as when gri_?-ding a small amount. In light of this, the figures 
t-~ 

quoted for the duration the 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 powder and pellet forms. In the experiments performed above 

it was assumed that moisture and light would affect the decomposition and the 

azide was always handled in a dry-box under dry nitrogen and in the dark (red 

light). These assumptions were checked by exposing the pelleted material to 

sunlight prior to decomposition. The results of the thermal decomposition of 

such a pellet, composed to a pellet handled in dark conditions, are given in 

FIGURE 5.11 and TABLE 5.11. The reaction temperature was 190°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 use of the drybox, lithium azide, pelleted and 
powder, was handled in the atmosphere until it became visibly moist, before 

thermal decomposition. The final pressure in the decomposition was lower than 

that for the same weight of material handled under dry condi tionse For this 

reason, all further sample handling was performed under dry conditions. However, 

comparison of normalised runs at 210°C of pelleted lithium azide and powdered 

0 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 3t 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 5.1}. 

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 13~°C 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 comparing 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 RESQLTS 

UNLESS OTHERWISE STATED, ALL MATERIJi.L USED IN THIS SECTION AND THE 

FOLLOWING SECTIONS (6,7,8,9) OF THE RESEARCH WILL BE TERMED {i) PELLETED LITHIUM 

AZIDE AND (ii) LITHIUM AZIDE POWDER. THE FORMER SHALL BE TAKEN AS GROUND 

LITHIUM AZIDE (VIBRATION MILL, 10 MINS) PELLETED UNDER A PRESSURE OF 1000 LBS/SQ. IN 

IN A 5mm DIE. THE LATTER SHALL BE TAKEN AS GROUND (GRINDEX, 30 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 section a;re discussed below, (5.3.2, 5.3.3). 
~.~· 
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In order to obtain the critical increments of the various chemical process(eF>) 

occurring in the thermal decomposition of both pelleted and powdered lithium 

azide, two methods were used, viz (1) Individual runs and (2) Split ~Jn methods. 

(1) Individual runs 

Separate decompositions carried to completion at a fixed tempera-

ture were done and are described as "individual runs". 

(i) Pelleted lithium azide. Approximately 4.5- 5o0 mg pellets 

were used in each run. The temperature range was 195°- 220°Ce The p/t results 

are presented in TABLE 5~15. Rate constants were determined over the temperature 

range used and the acceleratory and decay period rate constants k
1 

and k
3 

(equations 5.2 and 5.3) and the duration of the induction periods (mins) are 

given in the table following 5.3.2. (The induction period was taken as the 

time for the decomposition to attain oc = 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 cons tan t.s 

k1 and k
3 

(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 effect 

of varying the temperature of decomposition on the induction period was_done 

using a different preparation, -2 Only the pressure time readings to 4e0 x 10 

torr and the pa were noted in each run. The results of the varying temperature 

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

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

(2) Split runs 

The activation energy for the acceleratory and decay periods 

was determined using this method with pelleted lithium azide, while only the 

activation energy for the acceleratory period was determined for powdered 

lithium azide •. The decomposition was allowed to proceed at the lowest tempe-rature 
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at which the first rate constant was to be calculated. After an appropriate 

time the run was interrupted by raising the bucket and allowing it to cool, 

while the furnace temperature was adjusted to the next higher temperature. It 

was shown (see below) that interruption of a run had no effect on the 

decomposition other than a small time lag due to the bucket and contents 

attaining thermal equilibrium. The run was then continued. Five or six rate 

constants were found in this manner for an acceleratory or decay period from 

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

for decay periods. 

(i) Pelleted lithium azide. Approximately 4.5 - 5.5 mg single 

pellets were used for each activation energy determination. The results for the 

acceleratory period are given in TABLE 5.17 and the rate constants k
1 

(equation 

5.2) are listed in the table following 5. 3. 2 below. The temperature range was 

. 0 0 
The decay period results for a temperature range of 165 - 190 C 

also appear in TABLE 5 .1 7. The rate constants k
3 

(equation 5. 3) also appear in 

the table below. A decomposi t;i.on was' taken to completion at a fixed temperatu.re 

(195°C) to check the applicability of the mathematical analysis. The resul i:s of 

this,run appear in TABLE 5.17. 

(ii) Lithium azide powder. The acceleratory period was followed 

using the split run technique. 5.0mg of lithium azide was decomposed over the 

0 0 temperature range 165 - 185 C. The results of the decomposition, together with 

the results of an uninterrupted decomposi.ti,on o'f '.the same material at l90°C to 

check the applicability of the mathematical analysis, are presented in TABLE 5.18. 

The rate constants k1 (equation 5.2J 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 215°C and the 
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mathematical analysis appears in FIGURE 5.14c 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 infledon point is at « = 0.,58 (oc = 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. 

= k t + c •••••••••••••••• (5~2) 1 

The fit covered the whole of the acceleratory period and was found to be over 

the range 0.02(«(0.58. The plot of[-log(l- Pjpf~l/3 versus t (time in 

mins) is shown in FIGUiijl 5.14. In the same figure, the plot of the power law 

1/3 in the form p versus t shows the extent of fit. The fit is not good, 

covering the range 0.02 (oc(0:.25 •. 

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

1 - (1- Pjp )1/ 3 = k t 
f 3 

The plot of (1 _P /pf)1/ 3 versus t is shown in FIGURE 5.14 and is seen to 

hold over the range 0,.50(oc(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 acceleratory 

and decay periods respectively over the temperature range studied. The 

0 0 temperature range was 160 - 220 C. 

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

showing the thermal decomposition of powdered lithium azide at 185°0 and the 
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mathematical analysis 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 ~ = 0.52. 

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

were used to determine an activation·energye 

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

n = 3 as found above. The extent of fit covered the acceleratory period 

from 0.09 ( ~ < o. 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 contracting sphere equation as was found 

above. The fit was over the range Oc49 ( lX ( 0.83. 

The plots of [-log(l - P /pf~ l/3 and 

to be found in FIGURE 5.15. 

(1 - Pjp )1/ 3 versus t (mins) are 
. f 

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. 
0 0 

The temperature range was 165 - 205 C. 

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. 
Induction 

(mins-1 ) {mins -l) or Period kl k3 
Split runs oc (mins) 

Pellet Indiv. 195.0 48 5e43 X 10 
-3 

4.18 X 10 
~3 

200.0 37 6.91 X 10 
-3 5a89 X 10~3 

205.0 25 1.08 X 10 
-2 7.30 X 10~3 

210.0 19 
. -2 

1.26 X 10 9.35 X 10~3 

215.0 17 
-2 ~2 

1.95 X 10 1.61 X 10 -
< 

220.0 12 2.86 X 10 
-2 2.05 X 10~2 

Pellet Split 160.0 
. -3 
1.01 X 10 

165.0 1.41 X 10 
-3 

170.0. 2.78 X 10 
-3 

175.0 
=3 

.' 3e42 X 10 

180.0 5.10 X 10 
-3 

185.0 7.52 X 10 
-3 

190.0 8.85 X 10 
-3 

Pellet Split 166.0 
-4 

7 o41 X 10 

170.0 9.03 X 10 
-4 

175.0 le22 X 10 
-3 

180.0 2.49 X 10 
-3 

185.0 3.69 X 10 
~3 

190.0 3.77 X 10 
-3 

Powder Indiv. 185.0 39 
-3 -3 

8.91 X 10 6.94 X 10 

190.0 30 1.12 X 10-2 1.04 X 10-2 

-2 ~? 

195.0 23 1.59 X 10 1.19 X 10 -

.. -2 -2 
200.0 18 2.82 X 10 2.02 X 10 

-2 ..2 
205.0 14 3.29 X 10 2.21 X 10 
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Specimen Individual 
Temp. Induction 

(mins ~l) Period kl k ( ~'l) or mins 
Split runs oc {mins) 3 

Powder Indiv. 180.0 64 

/ 185 .. 0 52 

190.0 38 

195.0 29 

200.0 23 

' -3 Powder Split 165.0 1.97 X 10 

171.0 3.54 X 10 =3 

175.0 4.94 X 10 =3 

181.0 6.34 X 10 =3 

186.0 8.20 X 10 -3 

5.3.3 Evaluation of the activation energies 

The critical increment for the chemical process(es) occu.rr"ing 

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 

logarithms of the lengths of the induction periods were plotted against; 

l/T°K. T is the temperature of the decomposition in °K. 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 accelerator,y and 

decay periods, log k
1 

and log k
3 

respectively were plotted against 1/T. 

These plots were straight lines and were treated as above to obtain the 

activation energies. It is--€stimated that the error involved in the 

determination of the activation energies throughout the course of this research 

is ± 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 

azide are tabulated below. The plots of log I.P., log k
1 

and log k
3 

against 

l/T°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 k
1 

and log k
3 

against l/T°K for powdered lithium 

azide using the individual runs method. FIGURE 5.19 shows the plot of log k
1 

against l/T°K for the latter azide, using the split run method. 

ACTIVATION ENERGIES 

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 

22 

Split 28 

5.3.4 Effect of in.terrupting a thermal decomposition 

The effect 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 lithium azide. Inter~uptions were done at the end 

of the induction period (ot= 0.006), ate(= 0.06 and o(= 0.65, at 190°0. The 

interruptions ato(=0.06 and c(= 0.65 were in the acceleratory and decay periods • 

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

decomposition produced no effect. 

(ii) Powdered lithium azide. Interruptions were done at the 

end of the induction period, at cC. = 0.07 and o{ = 0.41 at 195°C. The interruptions 

were in the acceleratory period and at the inflexion point respectively. As 

found above, apart from a 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 nwater interruptions... The general 

technique followed has been described in 4.2.5. The partially decomposed sample 

of lithium azide was exposed to water vapour (17.0 torr pressure) for certain 

periods of time, after which the liquid nitrogen trap was replaced and the line 

pumped for 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 not normalised to illustrate 

the effect of the water interruptions on the p • The azide, both pelleted and 
a 

powdered, was exposed to water vapour for 30 sees. Several runs were done, 

however, using exposure times of 5 mins and these will be treated after each 

series receiving 30 secse The method of determining the percentage decompositions 

is presented in 5.3.6. 

(i) Pelleted lithium azide 

30 sees exposure to water vapour. The effect of 30 sees 

exposure to water vapour at «= 0.03, 0.13, 0.23 and 0.70 on the same pellet 

(5.6mg) of lithium azide at 190°C, 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 

and the reaction rates· on continuing the decomposition after an interruption were 

observed to be decreased. There was virtually no further decomposition after 

interruption in the decay period. The time taken for the reaction to resume 

after water interruptions, (12-14 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 5.20. 

(b) 5 mins exposure 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 sees 

exposures above did not appear to have an effect on the subsequent thermal 

decomposition. 

5.6mg pellets were used for a blank uninterrupted run and a run exposed to 5 mins · 

water vapour at t = 0 (i.e. prior to decomposition). The reaction temperature 

0 was 190 C. It was found that the only effect the~wate:t c:expo·sure had' ori the 

reaction, was to decrease the final pressure by approximately 3o%. 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 sees water interruption just after the induction period, in (i) (a) 

above, did not return the reaction to zero time, it was decided to observe the 

effect of 5 mins exposure to water vapour at this point. The reaction tempera-

ture was 190°C. On recommencing the reaction an induction period of 21 mins 

resulted, which was considerably shorter than that for the blank run (56 mins)e 

A second interruption at the end of this induction period produced an induction 

period of'l7 mins. A third interruption at this point produced a third induction 

period of 14 mins. At. this stage the reaction was allowed to go to completion 

and it was.seen that the percentage decomposition was 5o% lower than that for 

the blank,as was the acceleratory period rate constant k1 (equation 5.2). 



The above results are tabulated in TABLE: 5.20 and the table below. 

(ii) Lithium azide powder · 

(a) 30 sees 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., o<= 0.06, inflexion point and "'= 0.75. A blank run with no 

interruptions·was also done. The decomposition temperature was 195°C. 

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 ~= 0.06, new induction periods of equal length to the in-

ductiori·.per.iod fo:f.-the' .uninterrupted~. rup:r: were formed on resuming the decomposition. 

The rate constants k
1

; for the end of the I.P. and the c<= 0.06 interruptions 

were lowered. 

Interruption at the inflexion point and beyond virtually destroyed further 

decomposition. 

Since .interruption: at the end of the induction period resulted in a new induction 

period, equal in duration to that of the blank run, the run was interrupted at the 

end of the second induction period and exposed to 30 sees water vapoura The run 

was allowed to continue and .the process repeated, with the formation of an 

induction period after each interruption. After the fifth water interruption, 

the run was allowed to go to completion. It was observed that the acceleratory 

rate constant was lowered compared to that of the blank uninterrupted run ·arid'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 appear in TABLE 5.20 and the table below contains 

I 
.I 
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the values for the rate constants k
1

, lengths of the induction periods and 

percentage decomposition values. The results are graphically illustrated in 

FIGURE 5.21. 

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

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

was thought that 5 mins exposure at t=O may have an effect. 

Accordingly, two runs were done, one a blank run and the other was interrupted 

for 5 mins at t=O. 0 The reaction temperature was 190 C. 
. . 

It was found, as above, 

that no effect on the reaction was observed other than a lowering of the 

percentage decomposition value. This was seen to have been lowered by 66%, 

as opposed to 3o% for 30 sees 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 pa was lowered after exposure to water vapour. Heating the 

end product(s) of the reaction to approximately 400°C for 15-25 mins in vacuo 

enabled recovery of a percentage (approx. 35-45%), of the "lost" gas. 

Exposure Point of Acceleratory Induction Perc en-
Specimen (mins) Interrup- rate constant period tage 

tion (o() k
1 

(mins-1) after inter- Dec om-
ruption position 
(mins) 

Pellet Blank o.o - 55 
It It 0.01 - 7 
It II 0.06 - 5 
II II 0.65 - 3 102 
II 0.5 o.o - 58 
II II 0.03 - 13 
II " 0.13 - 12 

II II 0.23 - 14 
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' 
Pellet 0.5 0.70 - - 44 

Pellet Blank o.o 1.22 X 10 -2 
56 98 

" 5 t=O 1.25 X 10 -2 
54 68 

n· II Successive 21 -
- 17 

0.7lxl0 -2 
14 48 

Powder Blank o.o 1.06 X 10 -2 
35 96 

II 0.5 t=O 1.05 X 10 
-2 

34 65 
il II 0.5-:·t.P. 1.08 X 10 -2 

31 56 

" " End I.P. 0.88 X 10 
-2 

39 73 
II II 0.06 0.53 X 10 -2 29 66 
II II Inf. Pt. No reaction - 55 
II II 0.75 No reaction - 78 
II ,, 

Successive - 42 

- 34 

- 34 

- 40 

0.70 X 10 
-2 

40 46 

Powder Blank o.o 0.87 X 10 
-2 

43 93 
II 5 t=O 0.88 X 10 -2 

45 27 

5.3.6 Percentage decomposition 

This was calculated assuming the overall reaction was 

represented by: 

2Li + 3N2 

In calculating the percentage decomposition, the volume of the particular 

decomposition section used was taken into account and ambient temperature was 

0 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 (~ 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 ir the internal pressure of the drybox atmosphere (by movement 

of hands in the gloves) resulted in changes 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 

varying temperature series are as follows (decomposition temperature in brackets): 

(i) Pelleted lithium azide: 70 (195°); 55 (200°); 100 (205°); 

74 (210°); •96 (215°); 100 (220°); MEAN: 7r:ffo 

(ii) Powdered lithium azide: 87 (185°); 83 (190°); 102 (195°); 

82 (200°); 91 (205°); MEAN: 8CJ'/o. 

5.3.7 The effect of ageing on 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 2o5
• After this period of time the ampoule was opened and three runs done 

in the normal manner at 195°C. 5.0 - 6.0mg samples were used. Triplicate runs 

were done on the 11fresh11 and "aged" material. The p/t results appear in TABLE 

5.21 and the rate constants k1 (equation 5.2) for the normalised p/t plots, 

lengths of .. the induction periods and the percentage decomposition app:ear in the 

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

are illustrated in FIGURE 5.22. 

Specimen Induction )eriod Rate constant Percentage 
(mins k (mins-1) decomposition 

1 

Fresh 33 1.05 x 10-2 123 

II 33 0.96 X 10 -2 
104 

II 35 1.06 X 10 -2 112 

Aged 35 
-2 1.02 X 10 84 



88. 

Aged 35 
-2 

[ 
0.89 X 10 72 

II 34 -2 0.95 ~ lp 81 

5.3.8 T~e. effec,t of using pex buckets for the decomposition 

Normally a plat~um bucket was used in the decomposition runs. 

-For some. runs, it was ~ecessary to use ~ P,yrex contai~er. Two runs were done 

using powdered lithium azide in Pyrex and platinum buckets at l95°C. 

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

.results are presented in TA13LE 5.22. 

5.3.9 The effect of mixing lithium azide with the solid end product 

The mixing was done by decomposing a sample of lithium azide 

and adding to it some fresh sample, under dry~box conditions. 

(i) Pelleted lithium azide. · Approximately 2mg of product was 

mixed with 5.3mg lithium azide powder and'the mixt~e was then pelleted in the 

usual manner. A bl~ pellet, i•e. the s~~ powdered lithium azide with no end 

product, was also u~ed, The specimenswere decow;posed at 195°C and the results 

appear in TABLE 5.23 and FIGURE 5.23. It is seen that the induction period is 

J 

reduced from 29 mins to 19 mi~s and the rate constants k1 fo~ the decompositions 

. .;..2 -2 -1 
are 2.00 x-10 and. 1.62 x 10 mins , fol;' the blank and the specimen with end 

product, respectively. 

(ii) Lithium azide powder. A mixtt.J,re of 5.3mg powdered salt 

0 and l.9mg product were decomposed at 195 C. The induction periods for the 

"blankn and mixed specimens are 25 mins and 23 mins and the rate constants k1 for 

-2 .. -2 -1 
the decompositions are 2. 72 ;x: 10 and 2.16 x 10 . mins respectively. 

These results also app~ar in T-ABLE 5.23 and in FIGURE 5.2:3. From the results it 

is observed that the improved physical contact achieved thro11gh pelleting had a 

more pronounced effect o~ the subsequent chemical reaction, in that the induction 
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period was r~duced by 34% in the pelle~~d material an4 only e% in the'powdered 

azide. There is al~o a sm$l+ d~crease of the rate constants in both cases. 

5.3.10 The effect of pelleting lithium azide powder 
I 

~he effect of pelleting lithium azide was studied. It was 

found that no significant change i;n ~h~ rate of th~ subsequent thermal decomposition 

resulted, but that the induction per:j..od w~~ incfeased sl-ightly from 25 mins to 

29 mins. 0 The reaction temperature was ~95 C. 

The results for the p/t plots ptppear in the previous table (T..\BLE 5.23, Runs 2 

a,nd 4). 

5.3.11 Visual observations 

(i) After a water inte~ruption when tne water vapo~ was in 

contact with the undecomposed salt for 5 mins, the water in the trap (H) was 

refr.o.zen,. the vacuum bi,'oken and the trap re)lloved,. After melting thE:J ice the 

liquid was. tested with FeC1
3 

(lo% solution) but ;no positive results indicating the 

.presence of the N
3 

l"". ion: wer~ obtl:l.ined, J:t Wafi! thougl:lt that hydrazoic acid due to 

hydrolytic reaction would be detectable :in the water. 

(ii) The brown reaction productE! after a decomposition were 

placed in a glass t\lbe and a drop of water added. A vigorous reaction was 

observed with a flame and tne product dissolved completely to yield a clear 

alkaline solutio;n. 

(iii) ExSminatio~ of the pelleted material after complete 

decomposition showed the pellet to pe Cia+l;c grey-brow:p. on the surface and generally 

.patchy or of non,..uniform colour~ Examination of a cross-section of the product 

pellet show.ed the interior to be wtiformly brown. More detailed observations 

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

position using the hot-stage micrpscope. 
' 
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Interruption (during the course of thermal decomposition) and lo¥ power-

microscope examination of. the powdered azide exhibited the following features at 

the various poi~ts throughout a decomposition, T~e magnifi9ation used was 25X. 

Point of interruption Observations 

(i) End of induction period. 

(ii) Immediately afte;r tne end 

of the ~duction ~e+iod. 

(iii) C( = 0.:28. 

(iv) Inflexion point, 

(v) 0( = o. 75 

(vi) Completion of reaction 

T~e ;nmterial was white. No visible change 

could be seen when the material was 

cq~par~d to the unreacted salt. 

The materia:). had tu,Tned a unifonp. light 

~ey colour. 

The material was uniformly grey. No 

distinct n~clei could be observed on the 

particles. 

The material was dark grey and uniformly 

d,ecoJilpOsed, as above. ~o distinct nuclei 

could be oo~erved. 

Powder w~s a ~rk grey-brown colour at 
I 

this sta~e, with dark grey particles 

admi;ed. 

The material was dark red~sh-~rown and 

of uniform colour. 

Th,e percentage d,ecomposition for the interruption (vi) above 

was 95%. It waf? gene;ra;Lly fol,Uld that for deco111;pqsition ~elow this figure the 

product had a non-uniform colour an:d conta~ed lUI!lps and particles of dark grey 

material a~xed in the dark brown product. For the lower percentage decomposi-

_ tions the end :pro<;luqt. contairu~d more of the ·~ey- particles.-

-, . l 

''water interruption~;~'' and the end ;product after SUC9essive interruptions along the 

induction period varied from grey to dark gre~ and of Uniform colour generally. 
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5.3.12 Photomicrography of pelleted lithium azide 
· ··I ··I.· 

Pell~ted lithi~ az;i.qe wa~ stu~ed as poor thermal contact 

with the heating element and of the particles themselves gave e+:"ratic 

decompositions with the powdered s~lt. 

The hot~sta.ge IIU,croscope.and illuininator used have been described in 4,1.2 and 

the sample. ha.p.\).lin~- and) .. oading of the hot ..... stage have been described in 4. 2. 7 o 

The. method and. details of th.e ~hotc;>g,raphic techniq~+es are also given in the 

latter section~ 

Initial attempts. using a :f).a.t hea.t:Lng element with the thermoco\l.ple situated 

directly beneath t4i,s, ga.v~ unsa.Hsfactory results. It was observed that to 

obtain the temperature 9f the hea.tin€i element, the the~mocoup~e bead had to be 

' 
in thermal. conta.ct .. with t:P,e ele~~t. This w~s done tpxou,ghout the course of 

the work using the hot-~;~ta.ge, 

Tanta.;Lum met.al was. shaped in,t<;> a l;>ox-like container with no lid initially and 

this used as a. heating e~emepy and co~tainer for the pellet. The tantalum 

used was 0.01011 thick and the box haq. dimensions 6 x 6 x 2,5mm, Using this 

heating .. element., .. erra t:l,c th~~;L ~ecompos;i. t:i,.o:q, o:f the lit~ um azi!ie pellet was 

achiev.ed,. at :!:.2oo?.a.~ ·· A .lid was then played so that this W!'los in contact with 
1··.-· . 

. the. pelle:\; .. and in electrical contact w:i,th two of the walls of the eJ;ement. A 

l.5mm·hole in the lid permitted v;Lew;i,ng of a f!!ection of the pellet surface. 

Adjusting the temperature to an initial value of 1959C, values for the 

induction period of the salt at th;i.s temperature were in agreement with the 

-···values determined in the normal !Il$,®e;r, b\l.t the reactipn rate was well below 

the .expected value, It was noticed however that the temperature dropped with 

increasing gas, (N;2), press}U'e !and qad fallen by more than 40°C during the 

course of a run. It was ;fo~d that ~;f the pumps were kept i,n il1,e line, the 

temperatur.e remained constant, The tempera.tru;-e was i;nde:r;>endent of the gas 

pressure, if this press~e was . < 2. 5 x 10-3 torr • · 
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The "differential" method of recording the progress of the decomposition was 

therefore adopted and proved to be satisfactory and was used for all subse~uent 

determinations. This ~ethod has been described in 4.2.7. Values of dp/dt 

were obtaiT~-ed EmQ. a dp /d,t vs ·time graph plotted. A 11 b;l,~11 :r'UP Q.one at the 

same temperature using the conv~ntional decomposition chamber gave an· inf~exion 

point at 79-80 mins at ~97°0. The ~ot-~~age detepmination at the same 

temperature gave the inflexion point at 76-77 rnins >yhich was in good agreemep.t. 

When observing the progress of the thermal decomposi~ion tne 60 watt U~tropak 

illuminator was found to drastically affect the specimen. A~ 195°C with the 

illuminator at full intensity afte;r ],0 mins the section pf peJ.,let illuminated 

turned dark .orange-brown in colour ~d tp.e r~te of the reaction was greatly. 

enhanced •. Trial runs showed that if the Ultropak was used at 
2/3 the normal 

amperage (4 amps) and v:i,.ewing was done for ~;~hort int.ervals of time no effect 

~f the light source was detected, on ~ therma+ decomposition • 

. The effect of illum~ating a pellet of litni~ a~ide for 1 hour with no 

heating, using the Ultropak at f~ll :i,.ntensity,is shpwn in F+G~ 5,g4 and the 

results given in TABLE 5.24. The tempera~ure for this r\ID and a blank run, 

both done in the normal decomposition chamber was 195°C. 

During the thermal decomposition of a pellet pf the salt, dp/dt readings were 

recorded and photomicrographs ~ak~ at various stages during the reaction. The 

photomicrograph~;:! we:re taken with a 2 sec .. 'e~posur~. Vi_~;~ual observations were 

also noted during tb.e oours~ of the reactio~ and the colo~s of the pellet and 

decomposition areas and nuc~ei noted,. 

Plate 1 shows the photomicrographs of the thermal decomposition of pelleted 

lithium azide, at 188 ~ ~°C. Magn;i.fication was 65X~ FIGURE 5.25 shows the dif-

feren,tial plot and the arrows indicate where the photomicrographs were taken. 

TABLE 5.25 contains the results~ 
! 
I 

The series of photographs in plSr\;e 1 yield the following ;information (In brackets 
'\ 

I 



(a) (b) 

(c) 

PLATE 1. THERMAL DECOMPOSITION OF PELLETED 

LITHIUM AZIDE. 18SO C. 
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for comparitive purposes is the exposure time in sees, used to print the 

·negative, at a constant light intens:i,ty 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) • 

(a) The photomicrograph shows the '\IDreacted pe],let 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 ~rk grey~black centres of decomposition. 

The photomicrograph represents reaction shortly after the induction period. 

It was observed that no visible reaction occurred until this point, when 

the reaction progressed rapidly with the darkening of the pellet. (14) 

(c) After 109 mins. when the re~;~.ction 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) 

(d) Mo.saic pattern began to appear at 128 mins (""' o<.= 0.35) and the decomposi-

tion areas appear to have overlapped to a large extent. The diffuse areas 
\ 

(parts of the pellet surface which have generally turned a uniform grey) 

increased in size·and intensity. (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 surface 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 photomicrograph shows a higher magnification, (llOX), of the mosaic 

structure at 180 mins i.e-. well "into the decay period. The surface was 

dark brown·black at this point and no further c~nge in the surface was 

noticed during the r~ainder of the decomposition. (8) 

5.4 DISCUSSION 

The reproducibility of t:P.e isothermal decomposition of both pelleted 

and powdered unirradiated lithium azide was highly satisfactory, The p/t plots 

showed. an initial period during which :rio gas evolution was detectable, followed 

by an acceleratory period described by the Avram:j.-Erofeyev equat;i.on with n = 3 

and then. :finally a decay .period conforillil+g .to the cont'racting sphere formula. 

The degree of fit of .the mathelliatical equations was the same at all temperature~ 

and there was li tt1e change in the value of o( . , the fractional decomposition 
. ~ 

:corresponding to. the inflexion point in the p/t plots. 

I . 1 'd (14,108,109) the In the study of the thermal decomposition of severa az~ es 

power law has generally been used to desc+ibe the topochemistry of the 

decomposition. However, this equation, while descr:;i.bing centres of decomposition 

or gr.owth nuclei, which are increasing in riumber according to a fixed _power 

of time and growing 1, 2 or 3-dimen:pio;nally, takes no account of overlap of 

. - (57 59) 
nuclei or ingestion of nuclei by each other. Avra~ and Erofeyev ' made 

such allowances and derived the equation which hafl previously been discussed 

namely: 

~ln (1 - o( B = ktn + C 

where k,_ C and .. n .are constants, the value· of n being the sum of two integer~, 

one relating the dimensional growth of the nuclei and the other the rate with 

which they are. formeQ. with t;ime. The equation has. been used in this work in 
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the .. form": · .. 

. .. (- log (1 -«) ]1/n = l$:t + c ....•• , ••... , .. (5.4.2) 

The integer n was found to assume the value 3 for the decomposition of both 

powdered and pelleted lithium azide, when the equation was applied to the 

acceleratory period, (For comparitive purposes when n = 3, the rate constant 

k has been numbered k1 and when n = 2 (see Section 6,7,8) the rate oonst~t 

was numbered k2). The degree of fit using n = 3, was o~er the whole of the 

acceleratory period, namely 0.05 < o< < 0~50. 

For small values ofo<, ln(l - o<. )~ q( Bfid thus C( = ~t3 can be expecte~ to 

fit the early part of the main decomposition. Th,e plot of p1/ 3 versus. t is 

a straight line over the range 0.02< o< <0.25, indicating that overlap and 

ingestion are.not signific~t up too<~ 0.~5 (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~dimensional growth of,nuclei, increasing in number with the 

square of time, 

(ii) two-dimensional growth of nuc+ei, increa$ing in ·number linearly_ with't 

time, 

(iii) three-dimensional growtp of nuclei frqm a fixed number of centres. 

~t is proposed that the possibilities (i) and (i~) are unlikely and nuclear 

growth is considered to be two-dimensional, with the number of nuclei increasing . \. . 

linearly with time. 

Possibility (i):is considered unl;i.kely becauf;)e of the relatively high value of 

~ and the applicability of the contracting spheJ;e fo;t'lllula in the decay region. 

The effect of interrupting the run before the decay period, destroy;i.ng the 

surface nuclei by the admission of water vapour and then continuing the run 

was to reproduce the induction period and J;educe the rate constant, k1• These 
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results contradict the possibility (iii) since destruction of the fixed 

number of nuclei at the time of interruption should destroy the reaction, or 

at least cause any new rate to be very different from the original value. 

Metallic nuclei were not present at the commencement of heating since admission 

of w~ter vapour (5 mins and 30 sees) at t = 0, on both the pelleted and 

powdered lithium azide, had no effect on the subse~uent thermal decomposi~ion 

. other than lowering the final pressure. It is thought that 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 = O, . 

indicates that t~ nuclei are metallic ones, as the reaction is returned to 
... 

zero time •. It .is considered that the nuclei are surface ones, as are forJD.ed 

during the decomposition of U.V.-irradiat~d lithium azid.e, (Section 8). 

Similaritie~ in the decay reactions for the unirradiated a:nd,:U~V.;-irradiated 

materia1Lindieate• si111ilar. topochem:L::$try ·oft nucleati<m, whi.ch waf,roc<i>ncl:rusively 

shown·:to be ~.largely confine-d to the ~surface. of th~ decomposing. particles of 

U~V-.-irradiated lithium azide. 

These are discrete nuclei in the initial stages of the acceleratory period, 

but as the reaction progresses independent growth of the individual reaction 

centres is no longer ensured and overlapping occurs as indicated by the use 

of the .Avrami-Erofeyev e~uation,, over the acceleratory period. 

The fall in k
1 

, after interruption and admission of water vapour can be 

attributed to the de-activation of certain areas of the particle surface. 

The rate constant, k
1 

, is dependant on the number of nuclei at the start of 

the acceleration and a decrease in this number will reduce the value of k
1

• 

The decay period commences when the two-dimensional surface nuclei touch and 

the surfaces of the small particles are covered by reaction product. Reaction 

proceeds ~nwards with the reactant/product interface taking the form of a 

contracting envelope as shown by the fit of the appropriate e~uation. 

. I 
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Turning from . .the analysis of the topochemical nature of the decomposition to 

the mechanism of .formation and growth o~ Il,\l,Cl~i,the sites at which reaction 

commences must be considered, The decompqsition of so;Lids is governed by 

the formation and growth of nuclei an~ these have qften been observed and 

photographed, ~hey ar~ ~ner~lly fo~~q_ on ~~e ~xte~l surfaces and to a 

lesser extent, within the c~ystal. 

Clustering may be observed, or the distr~bution of the nuclei may suggest 

places where formation is pre:t'erred. These preferred positions are likely to 

be localities on.the surface of the :particle, such as surface cracks or lines 

of strain, where disorganisation or mecnat+:i,oal ~age has taken place and where 

there i.S a higher thf,!rm,Odynamic instability and, Ull,Saturation of cohesive f()rCeS. 

A theoretical treatment of the fo~ti9n of nuclei at such sites in the t~ermal 

decomposition of barium azide, wa,s put forward by ~homas and Tompkins(lOS). 

~t was proposed that .. two adjace;q.t a2;;idE! groups on t}).e surface are electronically 

excited by receipt of s¢'ficieJ;lt thei'IJ!.B.l energy and t)lese decompose to give 

nitrogen. 

An emergent. edge dislocatior,t, eit~er isolated or ir,t a ~a,in boundary terminating 

at the surface. wilLha:ve a core near whicl:l. the lattice is seve~ely· strained .and 

thus a. region favouring decomposition is ;pre:;;~~t. ~he c!).enQ.cal potential and 

the stereochemica+ .environment of ionic species in the immediate vicinity of 

the dislqcation differ ;from those of similar specieEl at "ideal" ;Lattice sites. 

Thomas and Ren,shaw(~) have studied the preferentia+ decomposition of calcium 

carbonate at regions of emergence of dislocations and Singh (6) has discussed 

decomposition at preferential sites on iihe S\U'fat;::e of·f?lQw;Ly d~composing 

mercury fulminate crystals. ~wQ.en a.I').~ :Mcluslan (5) ;have studied the slow 

surface decomposition of metallic a~des ~sing the scanning electron m;ic~oscope. 

Jach (125) has also disCUf:ised decom~o::~i tion along dislocation lines and / 

Dreyfus and Levy(l77) showell that decomposition o;f '6 -irradiated potassium 
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azide, occurred at p~eferential steps on heating, produced by subjecting the 

crystal to shock\or strain .. Suqh steps will contain a large number of 

dislocations. 

The stresses induced in lithium azi~e during prep~ration (dehydration, pelleting 

.and grinding) will have generated a large number of dislocations which will 

have grouped to form high angle grai,n 'Poun~ries. It is highly probable 

.. that. a .. la~ge number of inc<:>mp:j_ete planes of edge dislocations itr an emergent 

.grain boundary will __ contain only azide (N3 ,...) or Li ions. · The decomposition of 

two_adjacent azide ions a.t the core of a dis;Locat;ion will be favoured, 

particularly if they both lie o~ th~ surface. 

Two adjacent azide .ions on the surfac~ decompose when. these are electronicaliy 

... excited by receipt of sufficient thermal energy, to give nitrogen and two 

electrons. The ions are considered to be at·points of strain on the surface, 

. resulting from the method of sample preparation. The unsaturation of 

cohesiv.e forces at these points facilitat~~ the reaction and a slow surface 

decomposition results: 

+ 2e ......................... 
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
3

, but after formation they will diffuse over 

rthe. surface an~, at a critical c<:>ncentration, they will crystallise to form 

lithium metal, with the associa.ted electronic prope~ties of a metal. Work on 

th t t d t . f th• f·lm of metals(l?_B) . d. t that th _ e s :rue ure an proper 1.es o a.n 1.+=s 1.n 1.ca es · · e 

structure of a metal in a thin film is that Of the bulk metal and that 

pseudomorphism is not shown exqept by elements with a high degree of homopolar 

.. bonding e.g. Bi and Ge. Films are forplE;ld by ).ateral growth of nuclei and may 

become continuous at thicknesses as low as 50i. The character of the 
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conductivity of such meta~ films corresponds v~ry closely to that of the 

massive metal. Thus it will be possible for a ve;ry thin 2-dimensional metal 

nucleus with t.he electronic properties of the bulk Il).etal to form on the 

surface of the particles at discrete centres, 

Thus .ip. the decomposition of lithium azide, the reaction is assumed to occur 

at strained areas and at points of damage on the crystal surf~cs. With the 

pelleted material, wPich is regarded as a composite of crystallites, reaction 

will occur in the bulk of the pellet ~d on the external s~face. The 

particles comprising the pellet behave as if they we;re isolated particles. 

The activation energy for th~ procef?S of nuclear formation in pellets 

(24 k.c!lls/mole) was found to be slightly ~eater than that found for the 

powdered ma1;erial (~2 k.cals/mole). This difference may b~ due to the 

formation of pockets of nitrogen in the bulk. of the pel~et. Thus an 

activation energy of diffusion will exist in 13-ddition to that for the 

described reaction. 

Pelleting powdered lithium azide was shown to lengthen the induction period 

from 25 to 29 mins., which also lend support to the theory that the nitrogen 

during this stage of the decompositiqn was hindered in escaping from the bulk 

of the pellet. The indt\.ction period was arbitrarily taken as the time for 

-2 ,the reaction to give a gas pressure of 1 x 10 torr. It is also seen from the 

:photomicrographs (Plate 1), that during the early stages of the reaction the 

pellet surface remained uniformly compact, while during the acceleratory period 

a 11mosaic11 :pattern appeared as the surfaces of the particles 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 very 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 r~te determining step over the induction 

period ~s proposed to be the diffusion of lithium atoms over the surface~ 

to coalesce and form metal nuclei~ The activation energy of 22 k.cals/mole, 

associated with the inducti9n period correponds to that for this change tn 

the powdered azide. 

The mechanism for the f'orrqatiop of nuclei has be~n supported by the "water 

interl'l,lpt;i.on" experiments. Exposure of bot!). pellets and powdered lithium 

azide to water vapo-q.r at t = 0 had no effect O!f the subsequent thermal 

decompos.i tion, indicating that at t ""' 0, no metallic nuclei or metal atoms 

were present at tne start of the decomposition. Reitzner(l?g) found that 

the thermal decomposition o:f iX-lead az:i,.de was affected by water vapour, due 

to deposition of a basic lead azide and t~e poisoning action of the water vapour 

(180) 
on the autocatalytic le~d nucle~. Young has reported that hydrolysis 

followed by'exposure to CQ
2 

was also responsible for nucleus-retardation in 

the thermal decomposition of a-lead azide. 

It was observed that the final pressures were lower than was expected on 

exposing lithium azide to ~ater vapour and this is attributed to partial 

hydrolysis of the azide. This was supported by exposing both powdered and 

pelleted lithium azide to water vapour for 5 mins at t = 0 when the final 

pressure was found to be lo~ereq even furt:P.er. 

The deposition of 4ydrolysis product on ~e surfa~e of the particles did 

not appear to create regions of strain or sites of preferential decomposition 

as no effect on the subseq11ent rate of tll.ermal decomposition -was observed. 

The fact that the induction period w~s repeated shows that the water vapour 

attacked only the metal atoms and did not affect the "thermal sites" 

(i,e. reaction initiating points), at which th~ reaction: 
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N
3
- + N

3
- ~ 3N2 + 2e .. , ...... ~ .......... . 

occurred.,-

Interruption at the end of the ;i.IlC!,uction period, <4d not have the effect of 

repeating the inductiop. periodv- in the cas.e of pelleted azide. Increasing 

the time of exposure to water vapour, to 5 mins., bad the effect of 

producing a longer induction period (2lmins) than previ<;msly obtained, but 

this was still sh.orter t!u3.n t~t for the J.minterrullted rj.ID (58 !Dins), The 

wate~ vapour.largely destroyed nuclei situated on the surface of the pellet 

leaving a.number ~the bulk of the material intact. The increased exposure 

time to water V!:!.lJOUI'~ allowed an incr~ase<I. a,mount of penetration into the 

pellet and it i.s observed that the length of the induction period after 

interruption at the end of the induction period w~s longer for the 5 mins. 

exposure to water vapour, ~hen decomposition was resumed. The shorter 

induction period obtained with the pelleted azide on resuming reaction can 

be expected if a number of growth nuclei are still present in the bulk of 

the material. and re~ction commences immediately on heating but at fewer 

centres. .After successive water interruptions along the induction period, 

the rate of the subsequent reaction was lowered significantly~ 

Successive water in~erruptions 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 concluded that there must be a very 

large number of potential sites for nucle'\ls formation. "True" induction 

periods were not found with the Pelleted m!:j.terial however, for as 

explained above, the water only destroyed surface nuclei. These experiments ' 

clearly illustrated the vital role played by the lithium metal during the 

decomposition. 

There was no effect on tP.e duration of the: induction perio<;i when powdered 

azide was decomposed after admixture with end products (Li metal, finely 
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divided). This may be expected as the aqded metal w~s not inco~porated in 

the matrix of the decomposing li thiuin azide. However, a 3o% decrease in the , I 

duration of .. the induction period was obse~ed when the end products were 

pelleted with azide and t:qis decomposed. This may be expected as the 

physical contact is greatly ino~easeq. 

From the proposed t~E!ory of the mechanism of nucl.ear formation, it would be 

expected that no colouration of tll.E! powdered or pelleted lithium azide 

should occur .. before the nuclei bad form~d as a res1;1.1t of the lithium a toms 

coalescing. i.e •.. dUring. the induction period. The photomicrography and 

visual observations shOWE!d this to be the case a~d no colouration was 

observed up to ~ll.e end of the induction period. Immediately after this 

point, when gas was detectab~~ at the commencement of the acceleratory period, 

.the salt .darkened and areas of decomposition were observed in the photo~ 

microe;raphs. 

Interruption of the react:i,on during the :i.nd1;1.ci;ion peri~d by cooliAg to room 

temperatwe, bad .no effect other than. a sJna.;l.J,. warm-up time indicating. that no 
\ 

.. 
thermal. energy c~ins were involved :i,n the c;hanges 4urin.g the induction period. 

At the end.of the inductio~ period gr0wt~ of the nuclei commences and the 

reaction accelerates. During this period reaction occurs at a rapidly 

expanding metal/salt interface and at an increasing number of nuclei. Thus 

a measurable amount of nitrogen is evolved at the commencement of the 

acceleratory period and this'is cons:i,.dered to r!3sult from a reaction 

involving the transfer of an ele9tron f:vom an azide ion, (N3-), into the 

lowest vacant level (conduytion band) of tne metal nucleus. This is 

analagous ... to the mechanism postulate<;! for barium azide by Thomas and 

Tompkins(lOS), after modifying Mott's(74) original. theory involving transfer 

of an electron to the cond1;1.c.tion ba,nd of the c;rystal which is an energetically 



Jrigher process. This transfer :nesults in th.e formation of a positive hole 

(azide radical) which is staple to d,ecompo~ition. This hole may then react · 

with .an adj~cent azide ion whep the latter rece~ves sufficient thermal 

energy· t9 raise one o:f its electron,s to an excited state with the p;roduction 

of 3N2 acco:rding to the ·~quation: 

where A is an a.:qion vacancy an<l; F t¥1 F-centre and [N
3 
-]* is an excited 

anion •. Tp.e F..,.centr~s c9mbine to form an F':"'centrt? com;plex which is bound to 

the nucleus. 

The rate determining st~p in the react~op is consider~d to be the elevation 

of the electron to ~he conduction Pand of the metal nucleus. The measu;red 

·activation energyfor growth (29 k.cals/mole for pelleted material and 

28 k.cals/mole for powdered l,ithium azide) is p;roposed to be the ·activation 

energy of this reaction, 

Thomas and Tompkins report a value of 29 k.ca~s/mole for this activation 

energy .. :i,.p their work on nucleus growtll in parium azide and lTout and 

Moore(3) report a value of 27 k.ca1s/mole. The corresponding values for the 

decomposition of strontium and calcium azides are 25 k.oals/mole(139) and 

27 k.cals/mole(4B), respectively. 

The importance of th~ metal ;nucle'\ls durin~ the acceleratory period (auto­

catalytic p.atu.re of the deoomposition) has been illustrated by "water 

interruption" exp~rin!.ents. It was foun;d that exposu:r:-e to water vapour 

(30 sees) during the acc~1eratory period, des~royed the reaction and a new 

induction period of equa+ length a~ that fo~d for the uninterrupted salt, 

resulted. The rate constant k
1 

for the subse~uent acceleratory 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 point in the v/t plot and at greater values of 
/' 

C{ destroys all further re11ctiqn indicating t;hat I'J.O new growth nuclei are 

possible after this point of the reaction. Reactiqn cease~ when the lithium 

which totally covers the particle, i~ destroyed and even though a surface of 

azide at the original a~~de/meta~ int~rface is pre~~~~' fresh nucleation 

cannot occur. F;rom this it can be concluded that the original (potential) 

sites for the formatio:r;1 of nuclei are on the exte:rnal surf1a.oes and are at 

energetically highly favoured points which are not presen~ at the new 

. interface. 

The.photoitd-crograpns of t:P.e decomposi:p,g :pel:)..et showed t;hat a mosaic, 

"honeycomb:~like" structure developed duriP,g tn~ aqceleratory period.o A 

contraction .in. the ~ize of the pa:rticJ,es comprising tp_e pellet would produce 

..... this effect. and the reaction dur:i,ng tP.e accelera tq:r:"Y period wouJ,d be 

.. equivalent ... to .the decomposition of the powdered material. The similarity 

.f.ound~ for the. act~vation energies for the :powdered and pelleted material 

is thus not unexp~cted. 

Galwey and Jacobs( 64) reported a change in the exponent from 4 to 3, in 

the Avrami-Erofeyev equation, when studying the thermal decomposition of 

powdered and pell~ted a.rniDonium perchlorate. They attribute this change to 

the fact that. the pa:rticles are hea:lfily cqmpres€fed toget}1er so tbat the 

reaction can spread from particle to particle and nucleation is therefore 

relatively unimportant~ They also report an increase in the activation 

energy for nucleus growth on pelleting, of S k.cals/mole, By analogy in the 

case of lithium azide, as no change in the activation energies or value of 

the exponent .. n. was observed,. on pelleting, the assUlllption that the pellet 

consists of a mass of individual particles, decqmposing independently of 

one another, is-justified~ 



Interruption ~th water ~pour in the acceleratory period resulted in short 

induction periods (12 ,... 14 mins) foUowed P;Y' a, reaction, with :tc
1 

reduced 

slightly, in the case of the pelleted material. This indicatE)s that 

although the nuclei are destroyed, a consid~raole ~~ber are not affected 

by thewai;er vapow and tP,e e;nsuing rea9t;ion is due to these nuclei. The 

reduction in the number of nuclei would accqupt :for the lowering of the rate 

constant. 

Here again the.absence of any effect when the reaction is stopped by cooling 

_ to.room temperature duri~g ~he accelerator? and deca,y periods shows that no 

thermal energy chains are involved i~ the growt~ p~o9ess in poth powdered 

and pelleted lithium azide. 

From photomicrographs ~d v:i,su,al obser;vatiom'l of th€l pelleted azide, it is 

seen that darken,iil.g of the. pellet surface began in the early stages of the 

acceleratory period, indicatin~ th:a.t metal cent:res are necessary before 

acceleration of the react~on be~;n~. farticu1ar qentres w~re observed to 

grow and become darker. This is considered to be the result of very small 

nuclei qver;La,pping an9-. coli!-:j.eso;j,.~g to form the~e darker re~ons• The 

magnification used (65X and llOX) was not high eno~gh ~o distinguish 

.individUal nuclei. The areas of decomposition were observed to increase in 

number with time supporting the choi9e of (:i,.i) earlier. The nuclei are .also 

formed inside the pellet, consisent with tne picture of the pellet consisting 

of particles pressed together and reaction occurring on the individual 

particles. At the point at which ~rke~ decay 9f the reaction occurs, there 

is considerable coverage of the pellet surfaee by product. No further change 

is observed from t4is point to the completion of ·the reaction. 

The decay reaction comme~ces when the surface n~clei touch and reaction 

takes place at the contracting tnterface. The mechanism here is similar to 
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that occurring during the acceleratp:ry p13riod since th,e activation energies 

as$ociated with these two p:rocesses a:re appro~ima~ely the same, for both 

pelleted and po¥~ered lithi~ azide (30 k,q~ls/~ole and 29 k.qals/mol~ 

respectively). ~t is proposed t~t if nue1e~tion occurs only on the 

surface of th,e particles ip, the powdered, ®d pelleted azide, then in the 

decay stage of the reaction when the nuclei have so overlapped as to form a 

continuous interface with the salt, pei?-etratio:n o;f this interface into the 

particles· occurs~ It is e~pected t;b.a.t a mecha,nism of this ;nature would be 

described by the contracting $phe:re form~a. 

S 1 k (7 ,20,89,181,182) ha. t d .· ff t . . . evera -wor ers ve repor e. a,ge~ng e ·. ec s ~n ~norgan~o 

azides and .. other inorganic salts. CoJDJlari,so:n o:f th.e n,o~lised runs for the 

decomposition of fre13h ;powd~red, lit~um azid;e an~ aged (6 mop,ths) material of 

the same ground batch,, showeci no ciifference ip, th.e r~te constants k1 and k3, 

for the accelerato:ry ~nd decay periods respectively and the duration of the 

induction p.eriodf;l wa,~ t~e E?Qllle in both c;:asElS• :;rt was <;>bee::rved, however, 

that the final pressure was approximately 2o%.lower for the same weight of 

aged, as for the fresh material~ Thermal annealing, under the conditions 

used, had no effect on the rate of the tea0tio~ o:r the percentage 

decomposition. These results on ~~ing indicate that changes do occur in 

the material over 6 month$. 

It is consid,ered that ppy$ical ageing (dis;Loqation anci poi~t defect J:!lOvement) 

takes place. and that th,e per9entage decompo$itio~ which was 2o% lower than 

normal, was the result of part of the 1m
3 

not decomposing at the reaction 

te~perature used because of the absence of ~ucleation. 

~ossible cortributory factors to th,e high degree of irreproducibility of 

decomposition found with the newly ~rep~red salt, were the presence of wat$r 

vapour, oxygen and light. These were ~ystematically eliminated with no 
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improvement in the reproduc~bility. The decomposition was reproducible 

only when the teclm;i.que of gr:j.nding ~ pe:f1et:j..ng apQ. then grinding~ was 

adopted. 

It is considered that t:he l.i thi\.\ID azide a.s initially pr?pared and as ground 

material, wa.s ;Ulnomogen~OUf:l wi't;h respE;lct to ph;y~~c~l imp~rfections and i;hat 

pelleting and subsequent grind~~g 4ad t~e effE;lct of introducing large n-umbers 

of crystal defects homogenequs~y ~stributed in tne powd~r. It is rea~opabl~ 

to presume that gr~nding and pelleting will be similar to cold-working of 

metals which produces ~ lligh concentration o:f rvac<\illcies(l-83,+84) and 

. . th b f d" 1 t· (185 ' 186) Th "11 1 b th lncreases e num e+ o .ls oca. +On~ · · • . . e+e Wl a. so e . e 

accumulation oLdislocat~ons to form new :P.igh anglf? gra:i,n boundaries. Step::; 

will be formed at the surfaces of the particles and -in general a highly 

- damaged salt will be produced w:i,th a :high concentration of point and line 

defects. 

It was observed that wh~;n the rE;Jproducibl~ J?OWdered lit:Q;ium azide was pelleted 

and then decomposed, no significant c~ge ~ the reaction rates for the 

accelerator,Y and de(!;ay periods -Waf? observed, :Lndicating that maximunL damage ~d 

been achieved through one cycle of ~:i.nding, pelJ,.~ting and then grinding. 

Similarly, several pel~eting and grinding operations~ mainta~ning a 

constancy in the. conditions used, bad ~9 signif~cant effect on the subsequent 

induction periods and rates of reaction. 

It was observed t~t v~ria.tion of tne grinding time, after the initial 

pelleting,brought.about a decrease i.p. the rEjl.te co;nstant during the acceleratory 

.period and an increase in the length of the induction period. These results 

can be explained ;i.f it is assumed that the particle si·ze before the first 

pelleting is not achieved again in su~sequent gr;i.nd~ng where the time of 

grinding is mainta;i.ned consta.nt. ·The particles ~Y comprise agglomerates of 
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the small particles, which will decompose as :j.f the constituent particles were 

separated. Increasing the grindin~ time will re~u~t in smaller particles, the 

existence of which will produce the effects found if Mam;pel's theoretical 

(187) 
an~lysis of nucleation with varying particle s:j.ze is accepted. He showed 

that theoretically the rate cou;Ld 'be exp~cted. to pass through a maximum as 

the particle si,ze decreased. 

It was postulated that thi~ happened becau~e the acce1eratory period only 

lasted unt:j.l a short ti~e after ove~lap of ~he growing surface nuclei and 

this happened soone;r with smaller tMn, with, larger particles. This effeqt 

is balanced by the great' iho~ea~e in surface ~re~ as the particles decrease in 

size until a certain critical value is reached, when overlap occurs so 

quickly .that the deceleratory par~ of the decompos:j.tion sta~ts much, sooner 

and the ma:x;im~ rate then drops. 

' (182 188-190) 
Such effects have 'been reported by other wo~kers ' · · when the 

reaction rate was observed to pass thrq~gh a maximum as the particle size 

decreased. In the qecompos~tion of 1i~hium azide the absence of a steadily 

increasing rate with increastng grinding~ prior to a fall in the rate, is 

attributed to the severe grind~n~ of the lithium azide in 10 sees by the 

R.l;.I .• C. Grindex, .. so tna;t rates wer~ ;recorO.ed approximately from the 

critical point in f1a,mpel's theory, onwalids. The results of this series of 

runs is good evi~ence in support of the theo;ry. 
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6. THERMAL DECOMPOSITION OF LITHIUM A7IDE PRE-IRRADIATED WITH y-RAYS 
0 

6 ,l PRELIMINARY INVESTIGATIONS 

6.1.1 Pelleted lithium 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 (1M roentgens = 
6 10 roentgens) , 

(characteristic doses for previous studies on the effects of y-preirradiation 

on the alkali metal azides), proved to be too large and even at temperatures 

30°C lower than the lowest temperature (170°C) used for unirradiated decompo~ 

sitions, the reaction was too fast. 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 (pre-irradiated 

with 5.0 M roentge~s) at a low temperature (ll0°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. 0 The induction period for the run at 110 C of pelleted 

azide pre-irradiated with a y-ray dose of 5.0 M roentgens was found to be 25 mins. 

The effect of 500 roentgens y-rays on pelleted material is illustrated in 

FIGURE 6.1. The reaction temperature was 190°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 Powdered lithium azide 
. I I•' 

As seen in 6ol.l, do~e~ of the o~der of M roentgens proved 

unsuitable. Accordingly, powdered li thiUI!l azide as was used, throughout Section 

5, was irradiated wit;h a •t-..rt:?Y dose of 15000 ro~tg~:r;:l:~~ The effects of pre-

irradiation with this dose of y~ra:ys on the' subsequent thermal decomposition 

of lithium azide, together with a blank unirradiated run? appear in FIGt~ 6.2 

and the results are tabulated ip ~ME 6,1, 
0 

Tl'lEl ;re~;tction, t~mperature was 190 C ~· 

and approximately 5.0mg samples were used. 

It is seen that pre~irradiation with, 15000 ro~ntgens at the reaction temperature 

used, drastically affected th,e thermal decomposition of powdered lithium azide. 

Pre-irradiation had the effel't of eli¢na~~g "\ilr~ :;Wductio:p. period and greatly 

increasing the rate of the reaction. The p/t ~lot was obseryed to be sigmoid, 

as was found for unirradiated pelleted and powdered lithi~ azide in Section 5. 

6.2 REPRODUCIBILITY 

6.2.1 Pelleted lithium azide 
I, . • 

Pelleted lithium azide as used throughout Section 5 was 

irradiated with a Y-rBY dose of 15000 roentgens~ Tne p/t p1ots for two runs at 

0 ' 
175 C are shown in FIGURE 6. 3 and the results are tabulated in TABLE 6. 2. 

Approximately 4.6mg pellets w~re used. 

The reproducib~H, ty wh;i.cb, was fc;mnd with tP;is type of vn~rnadiated material, 

was not found. It was observed that double~~i~o~d curves as reported above in 

6.1.1 were obtained. 

In an attempt to overcome this irrep~oducibility· ~e material used for pelleting, 

i.e. ground lithium azide (Vibration Mill, 10 ~ns), was irradiated with a dose of 

5000 roentgens and this materia! i{hen pelleted in the method described previously. 
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Two runs at 190°C are illustrated in ~lGURE 6.4 an~ the results presented in 

TABLE 6.2. The runs were not repro~ucibtle. One pressure-time plot is seen to 

have the two P+Onounced acce1eratqry ~eriods cnar~9teristic 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 results with ')'-irradiated 

pelleted lithium azide. 

6.2.2 Powdered lithi~ azide 

' 
The powdered 1ithi~ ~zide ~sed was the same as was used 

throughout Section 5, Irradiation of the salt with a dose of 15000 roentgens 

. y-rays yielded re~roducible results for the the~al decomposition. 

This was particularly satisfying as this enabled qomparison with the previous 

work on azides where only powdered material had been used. 

Four runs at 170°C ~re shown in FIGURE 6.5 ~d the results presented in ~LE 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 k1 (equation 

5.2) for the acceleratory period were calculated to be as follows: 

Acceleratory period: 
-2 -2 2,07 X 10 . ; 1.98 X 10· ; 

2.04 x 10-~ and 2.08 ~ 10-2/min respectively, 

6.3 RESULTS (l'OWDERED LITH~VM A.Zt:P$) 

ON ACCOUNT OF THE IRREPRODUCIBLE NATURE OF IRRADJ:ATED P~LET$1> LITHIUM AZIDE', 

IT WAS DECIDED TO CONFINE THE INVESTlGATIONS OF THE EFFECTS OF y-RADIATION ON 

THE THERMAL DECOMPOSITION 'W POWJ)EREp LITHIUM AZIDE. SOME INVESTIGATIONS OF 

THE UNUSUAL P/T P~OT OBTAINED WITE; :rRAADIATE:P PELLE'l;EJ) AZI~ WERE INVESTIGA'IED 

HOWEVER AND THESE RESULTS ARE REiPOl;l.'IED IN 6.4. 
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6.3.1 The effect of varying doses of y.,.i;rradia.tion 

The effect of i;u:l. increas:i,ng dC?!=!e of y,..;rays ori the subsequen,t 

thermal decomposition of li tp.ium azide is illustrated ii.n FIGURE 6. 6 anQ. the 

p/t values appear in TABLE 6.3. The decomposition tewperature W!3-s lowered to 

170°C (from 190°C- 195°C at which most of the previous runs were done on 

unirradiated lithium azid~) que to the extreme sensitivtty of the azide to 

.')'-irradiation. The decompositio~ temperature (170°C) was constant throughout. 

the series. The y-ray doses used were 10, 50, 2~, 500, 1500, 5000, 15000 and 

700000 roentgens. 

A marked decrease and virtual e1im~~at~on of the inquction period was observed 

for large doses. The inflexion point was at ex =; 0.35 approximately throughout 

t4e irradiated series. The acqe~er!3-tory ~d decay rate~ increased with 

incre13-sing dose. 

The acceleratory rate constants k
1 

(equati<;m 5,2) together with the decay period 

rate constants k
3 

(equation 5.3) and the :i,ndl),ctiqn per:j.ods (mins) for the 

various pre-irradiation doses are given in ~e table below. The rate constants 

for the decomposition of the ~irra~ated salt at this temperature were 

obtained by extrapolation of the unirradiated activation energy plots. 

DOSE INDUCTION PERIOD ACCJ!t:LERATORY RATE DECAY RATE 
(roentgens) (mins) CONS'r.ANT, k!l, CONSTANT, 

(m;i,ns-1) ~3' (mins-1) 

0 120 2.34 X :!-0-3 2.19 X 10 -3 

10 86 2.5J,. X 10"""3 2. 27 X 10-3 

50 61 3.66 X ;L0-3 2.85 X 10 -3 

250 33 8. 25 X 10-3 3.95 X 10 
-3 

500 ~5 1.15 X 10 
-2 6.35 X 10 -3 

1500 
-2 -2 

12 :J-,39 X ~0 1·.25 X 10 



5000 9 

15000 7 

700QOO 2 

ll3o 

-2 1.62 X 10 

... 2 
2.55 X 10 

-2 2,.06 X 10 

-2 4.44 X 10 

6.3.2 The effect of varying the temperai"'..Are of g,ecomposition 

The mathematical equation~ applied and the rate constants 

derived in this par~ of the work are discussed below in 6.3,3 and 6.3.4. 

The critical increments for the chemical process(es) occurring in lithium azide 

pre-irradiated with a y-ray dose of 15000 roentgens wepe determined using the 

individual and split-run techniques. 

The activation energies associated with the acceleratory and decay periods were 

determined using the individual runs method, while the split-run technique was 

used as an additional method of estimating the activatipn energy for the accelera-

tory period. The rate constants k1 and k
3 

(equ~tions 5.2 and 5.3) were determined 

over the temperature range 140° - 170°0 in the former method and the rate constant 

k1 in the latter case was determined over the temperature range 145° - 165°0. 

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). 

Approximately 4.5 - ?·5 mg of the salt pre-irradiated with a y-ray dose of 

15000 roentgens, were used for the decomposition runs. 

0 Even at 140 C the duration of the induction period was only 20 mins and 

accordingly 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;. 

0 0 
The length of the induction period was examined over the range 121 - 144 C and 

was found to be 65- 17 mins. The metpad employed for recording the induction 

period in a series of runs in this manner was to allow the decomposition to 
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-2 proceed to 4 x lQ torr at a particular temperature, after whiqh the temperature 

was raised to 215°C for 1t hours to obtain the p
8

• 

The p/t results for the above runs appear in TABLE 6~4· The derived rate constants 

k1 and k
3 

(equations 5.2 and 5.3) and the lengths of the induction periods appear 

in the table b&low. 

INDIVIDUAL 
TEMP. 

INDUCTION 
kl k3 . or PERIOD 

SPLIT RUNS oc (I!li~s) (mins-1) (mins-1) 

Indiv. 121.3 65 !'"' -
126.0 49 - -
130.1 37 - -
135.3 29 -
i40.1 21 - -
144.4 17 - -

Indiv. 140.8 -3 . -3 
- 4.30 X 10 4.90 X 10 

145.0 5,18 X 10...,3 -3 - 5.85 X 10 
-3 . 3 

150.3 - 6"$3 X ;1,0 8.85 X 10- . 

155.0 -3 -2 - 9.54 X 10 1.48 X 10 

160.0 -3 -2 - 1.57 X 10 2.31 x-10 · 
-3 -2 

170.0 - 2~76 X 10 4.44 X 10 
.. 

. -3 
Split 144.9 - 2.19 X 10 -

150.5 - 3.66 x 10 .... 3 -
154.8 

-3 ... 4. 70 X lQ -
159.5 - 6.56 :x; 10-3 ·-
165.0 -3 - 8.42 X 10 -

q.3.3 Mathematical analysis of the results 

Typical p/t plots of lithi~ a~ide pre-irradiated with a 

y .... ray dose of 15000 and 0.7 M roentgens at 170°C and l30°G respectively, appear 
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in FIGURE 6.7 and 6,8. The mathematical analysis is snow.n. ~e ~/t re~lts 

appear in TABLE 6. 5. The main features of thE;! c~rves a+e ~imila:r to those 

found for the p/t plots of unirradiated ~ithium azi~e. The inflexion points are 

at-~ = 0.38 and ~ = 0.34 respectively. 

Evaluation of the acti va tio~ energy associated m. th t):l.e induction period for 

material pre~irra~ated with a y-ray dose of 15000 roentge~s was done using the 

lengths of the induction period~ at various temperatures as rate constants. 

The accelerato:ry period is defined by the 4vrami-Erofeyev .equation with the 

exponent n taking the value 3 for y-ray do:;~el'$ up to and including 1,5000 roentgens, 

, •• , •••••• , ••• (5.2) 

For pre-irradiation withy-ray doses of greater th~ 0.7 M_roentgens the integer 

n is 2 i.e.: 

The fit for lithium azide pre ... irradiated, with a Q.o~E:l of 15000 roentgens {equation 

5.2) is over the range 0.01 < ~ < 0.39. 

The decay period is desQr:i.bed by the contracting ::.;P:t).e~e equat;ion (equation 5.3) 

over the whole range of y~ray doses, The equ~tion was fQ~d to hold from the 

inflexion point of the pressure-time plot {~ = 0.3~ for 15000 roentgens) to 

~ = 0.74- 0.84. 

The Avrami-Erofeyev equation {for the doses studied) and the contracting sphere 

equation were found to be applicab+e in the mathematical analysis of y-irradiated 

0 0 
lithium azide over the temperature range 115 - 1~0 'C. 
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6.3.4 Evaluation of the activation energies 

The critical. increments fol;' "i;ne oheuq.ca.J,. process(es) occurring 

in the thermal deco~position of lithium azi~e pre-irradiated with a 1-ray dose of 

15000 roentgens were obtained by applying tile Arrhenius equa~on. -For the 

determination of the activation energy for the induction period, the logarithms 

of the lengths of the induction periods were plqtted against 1/~ (°K) as 

described before in Section 5.3.3. 

The values of the activation energies and t~e methods of determ~ation of rate 

constants are as fo~lows: 

(i) Induction period: ZQ,k.cals/mole 

(ii) Acceleratory period: 26 k.cals/mole 

{iii) Decay period : 

24 k.cals/mole 

28 k.cal$/mole 

(Ind:.i vid"l,\al) 

(Individual) 

(Split,..run) 

(Individual) 

The plots of log I.P.,log k
1 

and log k
3 
ag~nst 1/T (°K) are to be found in 

FIGURE 6.9 and FIGURE 6.10. 

6.3.5 The effect of interrupting a thermal, decomposition 

~e decomposition of l~thi~ a~ide p:re-~rra~ated with a 

y-ray dose of 15000 roentgens showed no effect on cont:i.n"l,\ing the ~ ~ter 

interruption for 30m:i,.ns at the end o:f the indupt~on perioc:l., in the acceleratory 

period .and in the decay period. ~ small t~e 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 ~ecomposition and 
irradiating the salt · 

The method used and the pr~para~ions taken in performing this 

type of experiment have ~een described in 4.2,6. A platinum quqket was generally 
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employed for all the decompositions,· but for the interruption and irradiation 

of the salt it was necessary to use Pyrex buckei;s. Two runs done at 170°0 using· 

lithium azide pre~irradia ted with 15000 roentgens y-rays and, using pl. a tinum and 

Pyrex buckets, showed no effect on the subsequent th~rmal decompos~tion. These 

results appear in tA]L~ 6.6. 

On account of the extreme shortening of t;he ;induction period of 'l,lilirradiated 

' 
lithium azide on irradiating with y-rays, it .Was not possible to arrange 

experimental conditions 1:10 th~t a blank irra4i1=1ted decomposition at a reaction 

temperature of 175°0 would have an induction per~od of length> 30 ~ins and a 
\ 

maximum reaction rate significantly greater than th,at for unirradiated lithium 

azide at the same temperature. Accordtngl~, two y-ray doses were chosen so 

that (i) at 175° the p/t plot of the irradiated salt would have a s::l.~ificant 

induction period and (ii) that at 175° the rate of. the irradiated decomposition 

would be considerably greater than i;he rate c;>f reaction for unirradiated azide. 

The y-ray doses used were (i) 200 and (ii) 1000 roentgens. 

(i) Iriterrtrption f~llowed by r.-~rradi&tion (~O r~entgensL The thermal 

decomposition o~ approximately 5.0mg upirradiated litPium-azide w~s interrupted 

at a= 0.23 and the salt irradiated with y~rays (209 roentgens). On continuing 

the decomposition an induction' period of dur.;1tion approximately 17 ..,. 18 mins was 

observed, after which time the reaction accelerated at an enhanced rate. Blank 

runs of the same material pre-irradiated with ')'-raYs (200 roentgens) and 

unirradiated were 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 TABLS 6.7 and the runs are graphically 

illustrated in FIGURE 6.11. 

(ii) Interruption followed by '):'-irradiation C1,000 roentgens) • ApproximatelY 

5.0mg specimens were used for a decomposit~on run. The decomposition was 
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interrupted at various stages of the reaction and the sample irradiated with 

y-ra:ys {1000 roentgens). Interruptions were made at 0.5 I.P .. , at the end of .. 

the I.P. {induction period), at~= 0.18, 0.371 0.47 and 0.78. Blank runs were 

done at the same temperature (175°) using the Flam~ WJ.i:r~adia tE;ld and irracU.ated 

lithium azide. 

At points on the p/t plot up to and including the inflex,ion point of t:he 

unirradiated blank run, 4tter:ruption followf:)d b:y- irradiation of the azide resulted 

in a new; short induction period (10 ~ 12 mins) followed by a period of r~id 

and increased acce1er~tio~. Int~rruption ~d irradiat~on after the ~flexion 

point at ~ ~ 0.50 (i.e. in the decay period) ~ad vjrtua1ly no effect 9n the sub-

sequent thermal decomposition. 

These results appear in TABLE 6.7. At the pod.nt of interrt.J.ption and irradiation 

of the salt, the word "Interruption" is w.:r;i t"\ien in the tab;J..e. 'r.he results are 

graphically presented in FIGURE 6.12. 

The effect of admitting water vapour on to the salt in an 
interrupted decomposition · · · · 

The generaJ, technique fo:;Llowed in th,e "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 • 
a 

The effects of exposure to water vapour for 30 sees on ~e thermal decomposition 

of ')'-irradiated lithium azide (15000 roentgens), was investigated. 

The effect of longer exposu*e (5 mins) at t = 0 and re-irradiation of lithium 

azide was also investigated. 

(i) 30 se?s exposure to water vapour. Approximately 5.0mg of lithium azide 

was used for a decomposition run. The reaction temperature was 165°C. Water 
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interruptions (30 sees) were done at t = 0, at 0.5 LP., at the end of the I.Po 1 

at«= 0.24, 0®47 and 0~66 on lithium azide pre-irradiated withy-rays (15000 

roentgens). A blank rm1 using.the irradiated material, with no i~terruption, 

was also done. 

There was no change of the p/t p).ot fo;r 30 sees. exposure at t :;= 0 and the rate 

constkt for the acceleratory period was not affected. For interruptions at 

Q.5 I.P. and beyond new induction pe;riods were formed. The rate constant k
1 

(equation 5.2) was observed to decrease :for all ~te;rruptions beyond t == O. After 

water interruption at~:;= 0.50, vi;rtu~~Y no decomposition was observed on 

continuing the rune 

Since interruption at the end of the induction period resulted in a new induction 

period, the run was interrupted at the end of the second induction period and the 

sample again exposed to water vapour. A further induction period was formed on 

continuing the decomposition and at the end of this induction pe~od, a f~ther 

water interruption was done. The procedure of decomposition followed by inter­

ruption and expo~re to water vapour (30 sees) was done for the founth time and 

the reaction then allowed to proceed to completion. The p was found to be low 
a 

at 165°C, but on raising the temperature to 2i5°C for 2 hours, the value doub).ed. 

. -2 
The p obtained after this procedure was approximately J,OQ x 10 ·_torr, which is a .. 

66% of the fins+ p;resswe value obtained using a blank irradiated run. 

The final pressures (pa) in all the interrupted rup.s w€lre lower than for the 

blank decomposition. Heating to 400°C enabled recovery of a percentage (35-4~) 

of the lost gas. 

The p/t results appear in T.Al3Ll!: 6.~ and a.;re ~rapp.ically illustrated in FIGURE 6.13. 

The lengths of the induction periods, values of the derived rate constants and pa 

values appear in the table below. 
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(ii) 5 mins exposure to water vapour • The effE:lct of i:p.terrupting the 

thermal decomposition of y-irradiated lithium az:i,de (15000 roentgens) at t = 0 

(i.e. prior to the thermal decomposition) and exposing the specimen to water 

vapour for 5 mins, was studied. The sample was then d,ecomposed after pumping 

0 . 
for 10 hour13, at l80 C. Approximately 5.0mg of the salt was used for this run 

and far a blank, uninterrupted unirradiated decompositio:q.. 

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 temperature. The rate constant for the acceleratory rea9tion was 

lower than that for the unirradiated salt and the .,A.vram:i,!""Erafeyey equati,on with 

n = 3 was applicable, as previously found. The perce:q.tage decomposition was 

observed to ~e lower than after exposure for 30 sees at ~ = 0, above. 

These results a:re graph:i,cally illustrated in FIGU~ 6.14 l:llld the p/t values for tl'J.e 

runs appear in TABL$ 6.8. 'l'he results are not normalised, as mentioned above. 

Since 5 mins exposure to water vapour at t = 0 appeared to destroy the irradi13-tion 

effect, the interrupted irradiated lithium a~ide which had bee:q. exposed to water 

vapour (5 mins) at t = o, was re-irradiated with y-rays (15000 roentgens). · 

Decomposition of this material showed the p/~ plot to e~b:i,t the features of the 

normal decomposition characteristics of pre-irradiated lithium azide. Interruption 

and exposure to water vapour at t = 0 (5 mins) of another speciJnen of the 

re-irradiated material, foliowed by thermal decompq$ition, resulted once again·in 

the formation of an induction period of approximately the same duration as that 

for unirradiated lithium azide (29 mins) at the s~~ temperature. 

A specimen of the material that hadbeenre-irradiated and interrupted at t = O, 

was irradiated with a further d,ose 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 = 0 (5 mins) once again snowed the irradiation effects to be destroyed when the 

thermal decomposition was carried outa The p/t plot a~proximated th,at of the 

uilirrad.~a ted material. When a. . specimen of thi~ ma:terial, . which na.d been taken 

through three cycles of irradiation followed by 5 mins e:Jq>osure to water vapour 

at t = 0, was irradiated for the fourth time (15000 roentgens) ar:td. ir1te~~pted at 
. ' . ' ·. ·· .. ·: ~ .. . .. 

t = 0 (5 nU,ns) ~ simila~ p/t plots a$ found previously were obtained for the 

irradiated and the interrupted specimens. 

The reaction temperature for these rtins was l95°C and appro:x::iniately 4. 6 - 5.0 mg 

specimens were used for a decomposition run. These p/t results and those for a 

blank unirradiated run appear in TABLE 6.8 and the values of the derived rate 

constants k
1 

(equatio~ 5. 2) for the acce::).eratory period efter water interrupt:i;on,. 

the percentage decomposition and lengths of·the induction periods appe~r.in·the 

table below. 

Specimen Exposure Temp Point of Induction. ·1· 
{mins) oc Inte;rruption Period ~ Percent. 

,,.'1 

after -l Decamp. i:p.terru)tion (mins ) 
(mins 

•'·" 

Irradia- Blank 165 10 
... 2 

81 - 2.44 X 10 ... ... 
_ ted . . 

(l5000r) 
.. 

II 
.. . 0.5 " t~-o 10 2.38'; 10 .. 2 

74 

" " " 0,;5 I.P. 23 1.55 X 10-2 
49 

" " " ~d I.P. 29 1.09 :X: 10-2 52 

" " " ex = 0.24 31 1.11 X 10-2 
50 

" " " ex :::; 0.47 - - 51;3 
:, 

" II " ex = 0.66 - - 53 

II " II Successive 34 

54 



Specimen Exposure 
(mj,nfl) 

Unirrad. Blank 

Irradia-
ted 5 

Specimen 

Blank 
(1.IDirradiated) 

lst t = 0 
interruption 

2nd t = 0 
interruption 

3rd t = 0 
interruption 

4th t ::: 0 
interruption 

l22o 

Temp Point of 0 . 
C Interruption 

100 

II t = 0 

Induction Period 
after inter~ption 

(mins) 

29 

35 

34 

21 

36 

l:nduction 
perio~ 

after 
' interruption 

r (mins) 
... : 

103 

l50 

71 

73 

-2 
le38 X 10 

-3 7.21 x,lO 

-3 7.66 X 10 

-3 8.16 X 10 

6.3.8 The effect of therma1 annealing 

kl Percent. 

(mins-1 ) Decamp. 

- 58 

6.94xl0'""3 90 

4.72xl0 ... 3 57 

Percentage 

Decomposition 

102 

89 

79 

74 

17 

Lithium azide pre-irradiated withy-rays (15000-roentgens) was 

thermally annealed at 125°C for 3/4 hour ·in t~e vacuum line with the pumps in 
''\ 

operation. The specimen was further pumped fo~ ten hours 9 the.temp~rature 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 p;re..,;i.;rradiated azide. 

6.3.9 Percentage decomposition 

The percentage decomposition as de~:~cr;i..bed in 5&3.6 of the r1.ms 
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used for the varying temperature ser~es of y-irradiated lithium a~ide was found 

to be as follows~ 

(i) Results from varying temperature series, (temperature in brackets):. 

86 (140°); 103 (145°); 115 (150°) ~ 99 (155°); 68 (160°); 

85 (170°); MEAN~ 93% 

(ii) Series for induction period determination: 

64 (121°); 83 (126°); 109 (130°); 100 (13?0
); 82 (140°); 

93 (144°); IWN: 91% 

The percentage decomposition of lithium azide, pre-irradiated with a y-ray dose 

of 0.7 M roentgens was found to be as follows: 

MEAN: 84% 

6.3.10 Visual observations 

As for th,e uni,rr?-diated salt, these observations centred upon 

the colour of the salt at various stages of the decomposition. 

(i) It was observed that for doses v.sed in this wo:rk (}15000 roentgens) 

no colour change resulted from pre-irradiation withy-rays. However, for larger 

doses (0.7 M roentgens) a light buff colouration was observed. 

(ii) The powdered lithium azide displayed similar colour changes during the 

course of the thermal decomposition, as found for t~e.unirradiated salt, Up to 

the end of the induction period the material was white·~ut immediately past t~s 

point, the material turned grey. From the inflexion point onwards the material 

changed in-.colour ·to -an increasine; da:rk red-br<;:>wn. 
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6.4 RESULTS (PELLETED LITHIUM AZIDE) 

The effect of varying doses of )'-irradiation 

.The effect of an increasing dof?e of y-ra.ys on the thel'Ill.91 

decomposi tio:n of pelleted lithium azide is illustrated i.n FIGURE 6pl.5 and. the. 

p/t results appear in TABLE 6.9. y-ray dose~ of 0, 50, 250, ~oo, 5000i 15000 

and 1.0 M roentgens were used. A marked decrease in the induction period followed 

by the introduction of a sigmoid characi;er and the second acceleratory and decay 

·periods was observed for doses greater than 50 roentgen~. Tne 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 5.0mg pellets were used. The 

reaction temperature was 190°C. 

The rate of the initial reaction was observed to increase with increasing dose 

up to 15000 roentgens. The inflexion point (oc = 0,13) for the ini tia.l reaction 

was approximately the same for the 500 and 15000 roentgens runs. 

6.4.2 The effect of interrupting a thermal decomposition 

The decomposition of pellete~ lithium azide pre-irradiated 

with 15000 roentgens y-rays, showed no eff~ct on continuing the reaction after 

interruption for 30 mins at the end of the induction period, in the ls.t acceleratory 

period and in the 2nd deca;v period~ A small time lag as described earlier . l . 

{6.3.5), waseobserved. 

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 using $eparate pellets. This 
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method has been described earlier in 5.3.1 (2). The activation energies for the 

induction ·period were obtained by the individual runs method. The decomposition 

-2 was allowed to proceed to 4 x 10 torr at a particular temperaturep after which 

the temperature was raised to 2i5°C for 1t hours to obtain the p • 
a 

Such studies were made on pelleted azide 7 pre-irraidated withy-ray doses of 50 

and 15000 roentgens. 

(a) 50 roentgens. Approximately 4.8 - 6.4mg pellets were used for the 

individual runs to determine the temperature effect on the induction period over 

the temperature range 165° - 185°C. An ll.Omg pellet was used to determine the 

activation energy of the acceleratory period by the split-run technique. The 

0 0 temperature range was 161 = 185 C. A 4.4mg pellet was used to determine the 

activation energy of the decay period by the split run technique over the tempera-

A complete decomposition at a fixed temperature was analysed to check the 

applicability of the mathematical analy~es. The reaction temperature was 190°C. 

The p/t results for this run appear in TABLE '6.9 (varying dose series). 

(b) 15000 roentgens. The pressure-time curves for lithium azide pre-

irradiated with a y-ray dose of 15000 roentgens exhibited a aouble sigmoid 

characterp as mentioned in 6.1.1. For the determination by individual runs of 

0 the effect of varying temperature on the induction period over the range 126 -

146°C, approximately 4.4- 6.9mg pellets were used. 

A decomposition where the reaction was taken to completion at a fixed temperature, 

·o 
175 C, 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 accelera tory period an 

ll.Omg pellet was used and rate constants were determined for each temperature over 
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0 0 
the range 115 - 130 C. The first decay and second acceleratory periods could 

not be satisfactorily examined py 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. 
a 

The results for the second decay period (over the temperature range 160°- 190°) 

were obtained using a 5.0mg pellet. 

The p/t results for the above runs (50 and 15000 roe~tgens) appear in TABLE 6.10 

and the lengths of the induction periods and the derived rate constants k
2 

and 

k
3 

(equations 5.2, 6.1 and 5.3) for the acceleratory and decay periods ~especti­

vely, appear in the table below. 

Specimen Individual 
Temp. 

Induction 
(mins-1) (mins -l) or oc period kl k3 

Split runs {mins) 

50r Indiv. 165.0 39 - -
170.0 28 - = 

175.0 23 - -
180.0 17 - -

'' 185.0 13 - -

50r Split 160.4 - 4.96 X 10~4 -
170.0 -3 - 1.50 X 10 -
175.3 - 2.43 X 10-3 -
185.0 -3 - 4.64 X 10 -

50r Split 157.0 -4 - - 7.08 X 10 

162.0 -3 - - 1.06 X 10 

167.0 -3 - - 1.49 X 10 

172.0 
-3 - - 2.41 X 10 

182.0' =3 
= - 3.10 X 10 

15000r Indiv. 126.0 55 - -
131.7 41 - -
135.7 30- - -
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Specimen Individual Induction 
(mins~1 ) (mins~1 ) or Temp. period k k3 

Split runs oc (mins) 1 
1 

15000r Indiv. 140.4 23 = = 

145.5 18 = = 

l5000r Split 114.7 
=4. 

= 5.18 X 10 , = 

120.7 - =4 
= 8.43 X 10 = 

125.0 
=3 

= 1.28 X 10 = 

130.0 = 1.53 X 10=3 = 

15000:r Split 160.0 
=2 

= = 2.04 X 10 

170.0 
=2 

= = 4.44 X 10 · 

180.0 
=2 

= = 7.91 X 10 

190.0 
=1 

= ~ 1.38 X 10 

6. 4. 4 Mathematical anaJ_ysis of the resu1 ts 

(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 o: =: 0.35. 

The marked features of this plot are the same as those for the unirradiated 

lithium azide pelleted material i.e.· (i) a well defined induction period with no 

evolution of gas 9 followed by (ii) an acceleratory period and (iii) a decay period. 

·As was found for unirradiated 1i thium azide, no mathematical analysis of the 

induction period was possible since no gas was evolved. For eval.uation of the 

activation energy associated with the in&Qction period9 the duration of the 

induction periods at various decomposition temperatures were used. 

The acceleratory period was well describer! by the Avrami=Erofeyev equation 

(equation 5. 2) with n c-= 3. The degree of' fit was such that the whole of the 



128. 

acceleratory period over the range 0.05<cx<0~35 was described by th,e 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(cx(0.80o 

,(b) 15000 roentgens. A typical pressure-time plot for the 

decomposition 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 

0 was 175 C. 

The main features of the curve are (i) no induction period at the reaction 

temperature 175°C, other than a small heating lag, (ii) a marked acceleratory 

period (iii) a decay period (iv) a second acceleratory period and (v) a well 

defined decay period. The two inflexion points are at ex = 0.13 and ex :c.: 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 temperat-u.res. 

The first acceleratory period was described by the Avrami-Erofeyev 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 

(l - p /p )2 
f ••oGee••e••••••••••o•••• (6. 2) 

The final pressure associated with the initial reaction was estimated to be 

54 X 10-2 ~ l;orr. 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<cx<0.94. 

(c) 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 9 

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 ll0°C. A 

4.6mg pellet was used. 

It is observed that for the large dose used 9 the p/t curve is sigmoid. The 

inflexion point is at ~ = 0.32. The induction period is 25 runs in duration. 

The acceleratory period was described by the Avrami~Erofeyev equation (equation 

6.1) with n = 2 and the extent of fit was over the entire acceleratory period 

(0.02(~(0.40). As previously found 9 the decay period was described by the 

contracting sphere formula (equation 5.3). 

6.4.5 Evaluation of the activation energies 

The critical increments for the chemical process(es) occurring 

in the thermal decomposition of pelleted lithium azide pre-irradiated withy-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 9 the 

logarithms of the lengths of the induction periods were plotted against 1/T (°K) 9 

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. 9 log k1 and log k 29 and log k
3 

against 1/T (°K) appear in FIGURES 

6.19 and 6. 20. 

Dose Individual Activation Activation Activation 
(roentgens) or energy for energy for energy for 

SpJ.i t runs Induction Acceleratory Decay 
period period period 

k.cals/mole k.cals/mole k.cals/mole 

50 Individual 22 
II Split 29 28 

15000 Individual 19 

II Split 25 27 
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6.4.6 The effect of varying pellet weight on the initial reaction 

The effect of varying the weight of the pellet of li thl:um 

azide on the.initial reaction during thermal decomposition 9 after pre~irradiation 

with y~rays (15000 roentgens) 9 was examined. Thermal decomposition of two pellets9 

4.4 and ll.Omg,pre"-irradiated with y=·rays {15000 roentgens), showed the initial 

reaction 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 

0 
temperature of 185 C appear in FIGURE 6.21. The values are not normalised for 

comparative purposes. 

6.4.7 Comparison of pre-irradiated pelleted and powdered lithium 
azide and pelleted irradiated 1i thium azide 

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 165°C. The p/t results appear in TABLE 6.ll. 

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 9 this was not as pronounced as for the latter. The dotted 

section of curve B is the estimated reaction after subtracting the "initial 

reaction H. 

6.4.8 The effect of thermal annealing 

Thermal annealing of pelleted lithium azide 9 pre=irradiated 

withy-rays (15000 roentgens) 9 at ll5°C for 3/4 hour in the vacuum line followed 

by 10 hours pumping and thermal decomposition at 185°C9 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 condi tions 9 but no annealingo 

6.4.9 Percentage decom.I2£.tsition 

The percentage decompositions (as described in 5.3.6) of the 

runs used in the varying temperature series to determine the activation energies 

associated with the induction periods of pel1eted 1i thium azide pre~i:rradiated wi.i::h 

50 and 15000 roentgens~ were found to be as followsz 

(decomposition tempera~~res in brackets) 

(a) 50 roentgens 

93 (165°); 84 (170°)9 85 (175°)9 87 (180°)9 77 (185°). 

ME.ANz 85% 

(b) 15000 roentgens 

82 (126°) ~ 87 (132°) 9 82 (136°); 89 (140°); 85 (146°) 

MEANs 85% 

6.4.10 Visual observations 

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 si.mul taJ:teously. More detailed observations 

during thermal decomposition appear in 6.4.11 when the surface of the pellet was 

viewed at various stages 9 using the optical microscope. 

No colour change was observed for doses up to 15000 roentgens y=rays. However 9 

larger doses 9 (as found for the powdered salt) ~lrned the pelleted material a 

faint buff colbur. 
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6.4.11 Photomicrograpm::, 

Only pelleted material was st:u.di.ed 9 for reasons given in 5.3.12. 

The pellets had been pre--irradiated with & y~ray dose of 15000 roentgens. 

Details of the apparatus and experimental procedures have been given in 4.1G 29 

4.2.7 and 5.3.12. 

PLATE 2 shows the thermal decomposition of y=irradiated pelleted lithium azide 9 

at 160° :!: 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 featuresz 

(Figures in brackets are exposure times used in printing the photographs~ as 

explained in 5.3.12). 

(a) 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 photomi.c:rograph 

was taken after 10 mins. (12) 

(b) The early stages of the first accelerato:ry 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) 

(c) After 30 mins,further decomposition was observed in the dark areas 9 now 

grey-brown in colour. (:1.2) 

(d) At 36 mins 9 just before the inflexion point 9 nearly one half of the observed 

area was covered with product 9 with the remaining area becoming increasingly 

darker. (10) 

(e) At the inflexion point at 41 mins 9 further decomposition was observed. (10) 

(f)
9 

(g) and (h). These photomicrographs taken at 519 65 and 100 mins respectively9 



PLATE 2. THE THERMAL DECOMPOSITION OF 
~-IRRADIATED PELLETED LITHIUM 

AZIDE. 1600C. 
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in the decay period of the initial reaction show progressive darkening of the 

viewed surface~ until the surface was completely covered with red=brown reaction 

product. This marked the end of the initial reaction and during the second 

reaction9 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 abeorbed only slightly and therefore effects 

produced by y=rays take place practically 

thickness of the irradiated crystal(lgl). 

uniformly tr~oughout the entire 

No local heating of the crystal 

(formation of thermal spikes) occurs with y-rays 9 as is found with heavy particles. 

The attenuation of the intensit,y of y=radiation in its passage through a solid is 

due chiefly to three effectsz 

(i) 

(ii) 

(iii) 

the photoelectric effect9 

the Compton effect 9 

pair formation. 

As a consequence of these processes 9 electrons and electron=position pairs are 

liberated in the irradiated material and this may be seen to be in effect an 

"internal electron ([3-ray) bombardment11 e These electrons may vary in velocity 

from very fast to very slow and the possible reactions in the solid are numerous. 

It has been calculated (192\hat atomic displacements following internal irradiation 

60 
by Compton electrons as a result of irradiation with Co y=rays 9 may be expected 

to be a maximum for atoms of low atomic number 9 with the effect decreasing as this 

value increases~ Besides elastic scattering of Compton electrons by atoms resulting 

in displaced atoms 9 the elastic scattering of photoelectrons can also be shown to 

bring about displacement of atoms 9 although the cross-section for displacement by 
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photo-electrons is considerably less than that for Compton electrons. Galavonov(191) 

has calculated that Frenkel defects (intersti tial·-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 pho-toelectric 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 small and is not considered as a factor 

in the displacement of atoms in a solid when irradiated with y~rays. 

y- 9 (and short wavelength X=irradiation) then in effect transfers p~rt of its 

energy to the release of electrons by (i) 9 (ii) and (iii) above, which in turn 

bombard the crystal lattice. 

In addition to displacement of atoms to interstitial. positions, colour-centre 

formation occurs when electrons, resulting from the interaction of y=rays with the 

solid, are trapped at suitable sites in the crystal. 

The overall damage i.s distributed uniformly throughout the lattice since 

absorption of the y-rays is small enough to ensure this. 

. (194) Se~ tz has proposed that exci tons (bound positive hole-electron entities) may 

be produced, which are mobile and diffuse through the crystal lattice until they 

encounter a lattice irregularity at which point the energy is discharged producing 

a local 11hot spot11 • Jogs at dislocation lines are likely points and the release 

of energy at a jog can induce dislocation climb, as vacancies are "boiled off'1 • 

Also 9 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(149- 151). He proposed that 
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multiple ionization of an anion to form an unstable positively charged ion was 

possible,with the electrons diffusing away. 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 ne~ly formed anion vacancy. 

A mechanism combining those of Varley and Seitz has been proposed(195)g where the 

interstitials are formed near dislocation lines1 causing the dislocation core to 

climb. 

The effects of irradiation are illustrated generally in the changes in the physical 

properties of the solid(196) whether it be a metal, a semi-conductor or an 

insulator (e.g. ionic solids). Changes may be observed in the extrinsic semi-

conductivityg photoconductivity 9 optical absorption, bands 9 paramagnetism 

contributing to the susceptibility and paramagnetic resonanceg scattering bf 

conduction electronsg gravimetric density 9 deformation behaviour1 self-diffusion, 

thermal conductivity or on certain occasions 9 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 solid9 as artificial centres and areas of lowered chemical-

potential are formed. The reaction may thus be expected to proceed at an 

enhanced rate in certain favourable cases e.g. the permanganates(lg?). 

6.5.1 Powdered lithium azide 

The effects of pre-irradiation on the pressure-time plot for 

the thermal decomposition of lithium azide were observed to beg 

(i) 

(ii) 

(iii) 

a drastic reduction in the length of the induction period9 

an increase in the rate constant for the acceleratory period, 

an increase in the rate constant for the decay period. 



The effects of progressively increasing the y-ray dose on the subsequent thermal 

decomposition were to steadily (i) shorten the length of th.~ 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 beg 

(i) 

(ii) 

(iii) 

Induction periodz 

Acceleratory periodz 

Decay periodz 

20 k.cals/mole 

26 k.cals/mole 

24 k.cals/mole 

28 kocals/mole 

(Individua~ runs) 

(Split run) 

The difference in the values of the activation energies associated with the 

acceleratory period using the individual and split runs methods may be attributed 

to the inaccuracies involved in the latter method. Pressure-time measurements are 

taken over small pressure differences at a particular temperature and the kinetic 

analysis is then performed over a fragment of the acceleratory per~od, using only 

a few values. It is considered in view of the experimental difficulties involved 

in ,split- run determinatio~ that'the value of 26 k.cals/mole is the closer 

estimation of the activation energy associated with the acceleratory period. 

The nuclei are considered to form largely inside the lithium azide particles. In 

addition, some form on the external surfaces. The same kinetic expression was 

found to hold (contracting ,sphere formUla) for the decay period for the ir+adiated 

material, as for the unirradiated salt and the values of the activation en-ergy 

associated 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 commencement of the decay reaction is much 

larger in the irradiated salt which would be the case if internal 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 

particle 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 9 the number of nuclei and 

hence the number of decomposing blocks of solid 9 increases 9 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 lithium azide, although . 
the plots of tlog (1 = o:D l/3 against time were not as good as those for the 

unirradiated salt. As proposed for the unirradiated material, it is considered 

that the nuclei form and grow 2=dimensionallyv increasing in number linearly with 

time. "Water interru.ption" 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(O. 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 nuclei. Overlap and decay of the nuclei are thus 

the predominating features of the decomposition. 

As stated above, y-irradiation of a solid is9 in effect 9 an internal bomoardment 

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-raysg 

N3 
- ~ N3 + e 

··~~························· 
(6.5.1) 

N3 N3 
= 

(6.5.2) + e ~ eoog•••••••.•••Geo•••e••o•••• 

N3 
-

N3 
=* (6.5.3) -~ ooooooooooooeooeooeooeooo••• 
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N ~*·. + N3 ~ 3N + A + F •oooctoooooooeoooooae (6.5.4) 
3 2 

A + e -7 F oooooo•oooeooooooooo (6.5.5) 

N3 + F -7 N3 
- A (6.5.6) + a 0 o o o o G o 0 o o 0 G· o o o o o o • 

N3 + c + N3 -7 3N
2 + c + 2A oooooooooooooooaqoo (6.5.7) 

where A =: anion vacancy9 C = cation vacancy9 -* F_= F-centre and N
3 

is an exciton 

(described previously). These reactions may be expected to occur uniformly 

throughout the solid as the y~ray absorption is low enough to permit this 

(, cf. X-ray absorption observations). In addition 9 the formation of Frenkel 

defects is also ~ought to occur but to a minor degree compared to the formation 

of F-centres. 

Significant formation of interstitial ion/vacancy pairs by displacement reactions 

is discounted because of the similarity of the effects of y-irradiation on the 

th 1 d •t• f b . t +' d 1 . 'd (:39137?139) d erma ecompos1 1on o. ar1um 9 s ron~1um a~ ca c1~ az1 es an 

lithium azide. The cross=section for displacement is· ·extremely small (negligible) 

in the alkaline earth azides and the radiation effect is attributed to the 

formation of electronic defects. 

Thus the LiN
3 

after irradiation may contain N29 cation and anion vacancies and 

F-centres 9 as the main irradiation products. Although colouration of the salt. 

was not observed for doses up to 15000 roentgens 9 it was noticed that the salt 

turned a pale buff=cream colour on irradiating with larger doses. 

The irradiation effects are considered to occur 9 in the main 9 along grain boundaries 9 

at dislocat,ion pile-ups and along dislocations wi t:h.in the azide particle. ·rn addition 9 

some irradiation effects will be produced on the external surface. The effect of irra= 

diation on the subsequent thermal decomposition is. considered to be associated with 

the F-centres produced_at these places. These aggregate at suitable.traps by_thermal 

diffusion at room temperature. This aggregation will occur in grain boundari·es and on 
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external surfaces at points at which the Coulombic distortion is $Ufficiently 

large to trap migrating F-centres. 

It has been shown(4) by spectroscopic measurements that on warming potassium 

azide,irradiated at =78°C,to room temperature 9 the large spectral band attributed 

to F-centres diminishes and disappears with the simultaneous formation of another 

band, attributed to the formation of clusters of F-centres. The F-centres became 

mobile around -20°C 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 azide, the aggregations ofF-centres will collapse and 

lithium atoms will be formed as: 

Li+ + e Li ..•••••••••••.••.•••. (6.5.8) 

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 1 during the 

induction period. The analagous migration of silver atoms during the thermal 

d . t' f . . b b . th l t . {198) ecompos~ ~on o s~lver az~de has een o served us~ng e e ec ron m~croscope , 

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 electron 

. t f d dmi . d (122) microscope observations of the thermal decompos~ ion o lead an ca urn az~ es 

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 slow9 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 9 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 diffusion of lithium 

atoms and trapping at appropriate sites. From 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 

formation of lithium metal. The activation energy for the migration of barium 

atoms in barium azide has been estimated at 20 to 25 k.cals/mole(?4) 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 9 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, 

followed by separation of silver in the crystals by chemical development(199-20l). 

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 bromide• 

Hedges and Mitchell (199 , 200 ) 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.. The latent image 

.formed in the silver bromide crystals was then chemically developed and silver 

was observed (using the optical microscope) to have precipitated internally 

along what these workers termed "sub-boundaries 11
9. (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 silver 

separated at structural imperfections and that the localised separation which is 

observed was due to the localised nature of the imperfections. On prolonged 

exposures to light9 chemical development was not necessary~ and visible silver 

was always observed to separate as discrete particles internally along dislocation 

lines of the grain boundaries 9 making them visible. These results are illustrated 

in the photomicrographs taken ~y Hedges and Mitchell(lgg) 9 reprinted in PLATE 2(a). 

The magnification was 1200X. 

Photomicrograph (a) was obtained after a visible image was produced and the single 

crystal then developed~ while in (b) the latent image produced was developed after 

dissolving away the surface layer of silver bromide. The latter photograph was 

another part of the same crystal used for {a). The photomicrographs clearly 

illustrate the sub-structure comprising dislocations and grain boundari,e~~ e:J:Cisting 

internally in Ag Br. 

The effect of depositing a thin film of silver on the surface of a crystal of 

silver bromide and then storing the crystal in vacuo for a period9 was that the 

silver diffused freely over the external surface and in to the internal 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 9 which were 

defined as being arrays and networks of dislocation lines separating small volume 

elements of relatively perfect material. 

Amelinckx and others(202) have also demonstrated interior dislocation patterns 



(a). Silver bromide crystal exposed until visible image produced due 
to separation of Ag in grain boundaries, and then developed. 

(b). Adjacent section of above crystal exposed for shorter period 
and developed after dissolving away surface layers. 

(Hedges and Mitchell : Phil.Mag.,l. 357 (1953).) 

PLATE 2(a). PHOTOMICROGRAPHS SHOWING THE 
SU 8-STR UC TU RE OF AgBr: 



142o 

when polygonised sodium chloride crystals after heat treatment with sodium,metal, 

were viewed and observed to contain networks of lines. These were suggested to 

be sets of dislocation lines forming internal grain boundaries, which were effective 

traps for the precipitation of sodium in the interior of the crystals. Tompkins 

and Young{ 4) have similarly reported that heating potassium azide coloured with 

ultra-violet light resulted in the formation of colloidal centres of potassium. 

These centres were thought to form by diffusion of potassium atoms along 

dislocations to diffusional jogs and crossing points 9 which acted as deep traps 

for the potassium atoms. 

Thus7 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 9 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 t..lJ.e lithium metal formed during the 

induction period 9 followed by reaction between the positive hole so formed and an 

adjacent .azide ion 9 on receipt of sufficient thermal energy for the reaction to 

proceed. 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 k.cals/mole) is in agreement with the value. found for 

the unirradiated azide (28 k.cals/mole and 29 k.cals/mole for powder and pelleted 

material respectively). Reaction between an adjacent azide ion and positive hole 

can be expected to be effected more easily during the decomposition of the irra-

diated salt 9 due to strain along the internal grain boundaries. The thermo-

dynamic instability of the azide ion in the region of a gram boundary leads to 
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the belief that the reaction of azide ion and positive hole will be relatively 

easy and rapidg so that the slow step will be as proposed above~ 

e ,.ooooooo11ooooooeoooe (6o5.9) 

Interruption with water vapou:r (5·mins) at t = 0, i.e. prior to thermal decomposi-

tion 9 was observed to completely destroy the irradiation effect and an induction 

period of the same duration as found for the decomposition of the unirradiated 

material 9 resulted. The rate constant k
1 

was reduced to a small extent. It is 

considered that the water vapou~ penetrated into the grain boundaries and the 

radiation effect was completely destroyed. It is not unlikely that the water 

vapour can diffuse into the grain boundaries internally in the particle5 as in 

the example of silver bromide the bromine formed readily diffused to the surface 

(200) 
and escaped • Also, in tbe 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 occurredi 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 areg 

(i) direct attack on F-centre aggregatesi 

(ii) attack on trapping sites and subsequent collapse ofF-centre 

aggregates" 

It is also possible that (i) and (ii) above may occur, however 9 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 sees exposure to water vapour at t ~ 0 had no effect on the subsequent 

reaction is thought to be that this exposure time was insufficient to produce 

the effect that the longer exposure time did. The water vapour penetrates the 

interior of the crystal (as is supported by the fact that 0. 5 LP. and end of the 

induction period 30 sec exposures produced a new reaction 9 after destroying the 

lithium atoms present along the grain boundaries) but does not effect hydrolysis 

of the trapping sites. 

Interruption of the decomposition (30 sees exposure) at~= 0.24 destroyed the 

metal nuclei but not any radiation species ( t = 0 9 30 sees has no effect). 

During the new induction period the changes are the same as those taking place 

during the induction period of the decomposition 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 

.smaller number of nuclei account for the slower rate. 

In all the water interruption runs it was observed that the final pressure was 

lower than that expected9 indicating partial hydrolysis of the azide. 

It can be assumed from the series (FIGURE 6.12) involving interruption followed 

by irradiation (1000 roentgens) that internal nucleation due to the radiation 

damage always results o~ resuming the decomposition 9 as interruption and irra­

diation even at ~ = 0.47 (at the inflexion point) when the surfaces of the 

particles are covered by QUcon-tracting envelopes 11
9 results in an increased rate on 

resuming decomposition. 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 9 due to nuclear growth along grain boundaries 9 as mentioned 

previously. 

The supposition that water vap01.1r destroys some of the thermal nuclei during 

sealing and irradiation is probably correct because with a similar run 9 along 

with an irradiated blank run (200 roentgens) exhibiting a wel,l marked induction 

period 9 the same effect was obtained to a greater degree 9 since the subsequent 

rate was closer to the unirradiated curve 9 (FIGURE 6.11) e 

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 9 namely blocks of material are enveloped by a layer of 

lithium 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 

have an activation energy of 28 k. cals/mole which is the same value as that found 

for the similar phase of the decomposition with the unirradiated salt (29k.cals/ 

mole). 

Accordingly it is proposed that as for the unirradiated material 9 the rate determi­

ning step is the combination of a positive hole and an adjacent azide iong 

e Q o o o o G ·o o o o o o • o • o o o • (6.5.10) 

In the decay region 9 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 average 

to be 91%1 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 decomposition of y-irradiated pelleted 

lithium azide are characterised by a double-sigmoid plot, as illustrated in 

FIGURES 6.1 and 6.3. There is marked reduction in the length of the induction 

period, as found for the y-irradiated 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 lithium azide powder 

was pelleted and then decomposed, exhibited the same features as found for the 

irradiated pelleted materiaL However, the initial reaction {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 period and second decay 

period were accordin~ly 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 experimental error 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 nuclea~ 

process. 

As a result of the pelleting process there Will be extreme disorganisation of the 

surfaces of the particles as they are pressed together, to form new "internal 

surfaces". These regions are considered to be likely ones for the fonn:a tion 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 "internal surfaces" is very highr Bot!). sets will contribute 

to the reaction but the first acceleratory and decay reactions are conside~ed to 

be associ a ted 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 ~;Jurface". Seitz(194) 

favours the diffusion of the more mobile aggregates but does not preclude the 

mobility ofF-centres in crystals, 

Thus the pelleted material in both cases will represent the same ppysical 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 "inte:rnal surfaces" collapse 

to form Li atoms w~ch 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 the particles but this is considered 

to be less significant than the one at the "internal surfaces" at this stage of 

the decomposition. This process is conside~ed to account fo~ the first or initial 

reaction during the decomposition of pelleted irrad;i.ated 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 t4e 

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 na~e 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 acceleratory process in the 

irradiated lithium azide powder {26 k.cals/mo~e). 

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 second decay reaction (27 k.cals/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 

unirradiated pelleted lithium azide. The activation energies for the induction, 

acceleratory and decay periods for the lightly irradiated pelleted material 

(22, 29 and 28 k.cals/mole respectively) are in agreement with those for similar 

processes in the pelleted unirradiated azide (24, 29 and 30 k.cals/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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Visual 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 i~dicating large $Urface coverage of the consti~ent particles 

of the pellet. Reaction had commenced throughout the pellet as evident from 

visual observations of a cross=section of the pellet 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 the pelleted lithium 

~zide 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 lithium azide powder. 
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7. 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 9 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 5mA. 

Examination of the effect of X-irradiation on the thermal decomposition of 

pelleted lithium azide showed that a double-sigmoid pressure-time plot was 

obtained. The p/t plot was sim~lar to those obtaine~ for 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 (10 kV 9 5 mA). The p/t curves for 

the thermal decomposition of pelleted lithium azide pre-irradiated wit~ X-rays 

for two hours and a blank run, appear in FIGURE 7,1 and the p/t results are 

tabulated in TABLE 7.1. The reaction temperature was l95°C. It is seen that 

the induction period was reduced from 45 to 8 mins. 

7.1.2 Powdered lithium azide 

Irradiation of powdered lithium azide (prepared as in 5.3 and 

as used in previous work on thE? powdered salt) for 30 mins {10 kV, 5 mA) followed 

0 ' by thermal decomposition of 5.0mg of the salt at 175 C in the usual manner9 showed 

the induction period to be reduced from 79 to 25 mins. The :J;"eaction rate was 

observed to have increased and the inflexion point was lowered to ~ = 0.26. 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 7.1. 

7.2 REPRODUCIBILITY 

7.2.1 Pelleted lithium azide 

As was found in 6.2.1 with y~irradiated pelleted lithium 

azide 9 X-irradiation of pelleted azide resulted in irreproducible pressure-time 

plots. It was also observed that interruption of a decomposition had an 

irreproducible effect on the subsequent thermal decomposition 9 making investigation 

of the activation energies for the various chemical processes, by the split-run ., 

technique, impossible. 

Accordingly, it was decided to confine the investigation of the effects of 

pre-irradiation. with X-rays to the powdered salt. 

7.2.2 Powdered lithium azide 

Powdered lithium azide was pre-irradiated with X-r~s (10 kV, 

5 rnA), as has been described in 4.2.3 (b). The equipment used has been described 

in 4.1.4 {b)o Approximately 4.4 = 5.5mg of the sample of pre-irr~diated salt were 

used for a decomposition. Decomposition was carried out in vacuo in the manner 

described previously 9 at l. 75° C. The rna terial 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
2 

and k
3 

(equations 6.1 and 5.3) for the 

acceleratory and decay periods respectively were found to be as follows: 

(i) Acceleratory periodz 

(ii) Decay periodg 

~2 
1.,05 X 10 9 

and 1.06 x l0-2min-l respectively. 

=3 -3 3.98 X 10 9 4.08 X 10 9 

and 4.16 x l0-3min=l respectively. 

Reproducibility was found to be good when the samples were drawn from a bulk of 

irradiated lithium azide but p/t plots were different for different batches of 

lithium azide irradiated under "identical" conditions, (30 mins; 10 kV, 5 mA; 

100- 200m~ LiN
3
). This effect is illustrated in FIGURE 7.4 and the results 

0 
appear in TABLES 7.2 and 7.3, for two runs done at 175 C. The same ~inetic 

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 AZIDE WAS INVESTIGATED. 

7.3.1 The effect of varying doses of X-irradiation 

The effect of an increasing dose of X-rays on the thermal 

decomposition of lithium 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 175°C 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 increasing dose. The subsequent p/t plot 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 const~t 9 however9 was negligible compared to the corresponding increase 

following y=preirradiation. 

After decreasing from ex = 0.46 to ex ""' 0.38 the inflexion point was observed to 

remain approximately constant 9 but a noticeable decrease for the material irra-

diated for 16 hours was observed. The inflexion point for the latter run was 

ex~ 0.16. After 16 hours exposure to X=rays the salt was observed to be a light 

grey colour and a low p was recorded for the weight of material used in the 
a 

decomposition. No visible change in the material was observed for lesser doses 

than 16 hours. 

The lengths of the induction periods (mins) and the acceleratory and de~ay periods 

derived rate constants k
2 

and k
3 

for the X~irradiated varying dose series and for 

a blank unirradiated run9 appear in the table below. 

DOSE INDUCTION PERIOD INFLEXION 
kl k

2 
(mins=1) k3 (mins-1) 

(mins) (mins) POINT (ex) 9 

0 75 0.46 7.25 X 10 =3 
(kl) 4. 70 X 10 

~3 

f-=-------~ ~~~=~~~~~~~~~~~~~~ -=---·--=----- -------=-----=---~--- t--------=~----

2 52 Oe38 -3 
(k2) 3.50 X 10=3 6.54 X 10 

-3 3.85 X 10=3 
5 42 0.36 8.75 X 10 

10 36 _,_ 0.34 8.81 X 10 =3 3.80 X 10 =3 

15 31 0.28 lo03 X 10 =2 4.08 X 10 -3 

=2 • -3 
30 25 .0.31 1.23 X 10 4.,80 X 10 

=2 =3 
60 16 0.28 1.83 X 10 ' 7.65 X 10 

=2 . -3 
180 10 0.32 2o50 X 10 9.20 X 10 

-2 =2 
960 7 0.16 2.86 X 10 L.02 X 10 
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7.3.2 The effect of varying the temperature of decomposition 

The mathematical equations applied and the rate constants 

derived i.n this section are discussed below i.n 7.3.3. 

The critical increments for the chemical p;t:'ocess(es) occurring in the thermal 

decomposition of powdered lithium azide pre,=irradiated with X-rays for 30 mins · 

(10 kV~ 5 rnA) were determined using the individual runs method. Approximately 

5o0 mg samples were used for a thermal decomposition. The temperature range was 

The effect of varying the decomposition temperature on the length of the 

induction period was repeated using a different ground batch9 irradiated 

separately from the material used in the varying temperature series in this 

t . Th t tur - 0 °C R 1 sec lOn. e empera .e range was 150 = 180 • . eaction was al owed to proceed 

~2 
to approximately 4 x 10 torr at a particular temperature and the temperature was 

then raised to 215°C for 2 hours to obtain the p • 
a 

The rate constants k
2 

and k
3 

(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 shown in FIGURE 7.6. 

Temgerature Induction period 
k2 

( =1) 
k3 (mins=1 ) 

( c) (mins) 
mins 

150.0 53 = = 

155.0 44 = = 

161.0 33 = = 

l65o0 27 = = 

170.0 19 = = 

175.0 16 = = 

180.0 13 = = 
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Temgera ture Induction Period k
2 

(mins -l) ·-1 
( c) {mins) k3 (mins ) 

165.0 27 6.73 X 10=3 1.65 X 10 
-3 

170.0 22 9.60 X 10 
=3 2.66 X 10 

-3 

175.0 18 1.21 X 10 
=2 

3.91 X 10 
-3 

180.0 13 J. 7Ll , o=2 . =3 
• , X -'- 4.05 X 10 

185.0 ll 2.34 X 10 
=2 . =3 

5.93 X 10 

190.0 
=2 =3 

= 2o74 X 10 8.89 X 10 

7.3.3 Mathematical analysis of the results 

A typical p/t plot of the thermal decomposition of powdered 

lithium azide 9 pre-irradiated with X-rays for 30 mins {io kV9 5 mA)v at 185°0 

showing the extent of fit of the mathematical analyses, appears in FIGURE 7. 7. 

The iriflexion point is at ex "" 0. 20. The pft results appear in TABLE 7. 5. The 

main features of the curve are (i.) a short 9 well-defined induction period with no 

evolution of gas followed by {ii) a short acceleratory period and (iii) a long 

decay period occupying approximately 8\f/o of the reaction time. 

As found for the unirradiated and y=irradiated lithium azide no mathematical 

analysis of the induction period was possible since no gas was evolved. The 

duration of the induction periods at various temperatu.res were used as before, 

to obtain a value for the activation energy. 

The acceleratory period was well defined by the Avrami-Erof;eyev equation 

(equation 6.1) with n = 2. The fit covered the whole of the acceleratory period 

and was feund to hold over the range 0.03 (ex< 0.,20. The Avrami-Erofeyev ~quati-on 

with n = 2 was found applicable to all p/t plots for X-irradiated lithium azide, 

throughout the dose range examined and over the temperature range 145° - l90°C. 

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 <ex< 0.65 - 0. 75. The contracting sphere 

equation was found applicable over the temperature range studied, (145° - 190°C). 

7.3.4 Evaluation 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-r~s 

for 30 mins (10 kV~ 5mA) were obtain~d 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 (°K)g where Tis the decomposition temperature in °K. 

The activation energies for the acceleratory and decay periods were obtained by 

plotting log k
2 

and log k
3 

(equations 6.1 and 5.3) against 1/T (°K). 

The above plots were straight lines from the slopes of whiqh the activation energies 

were obtained. The plots of log I.P., log 1_c
2 

and log k
3 

against 1/T (°K) appear 

in FIGURE 7.8. The values of the activation energies calculated for the induction9 

acceleratory and decay periods for the thermal decomposition of·X-irradiated 

lithium azide are as follows: 

. (i) Induction periodg 22 k.cals/mole 

19 k.cals/mole 

(ii) Acceleratory period: 25 k.cals/mole 

(iii) Decay periodg 28 k.cals/mole 

7.3.5 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 ~ 6 mins) was · 
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observed when a decomposition run of lithium azide, pre-irradiated for 30 mins 

with X=rays,. (10 kV, 5mA), was interrupted. Interruptions were at the end of the 

induction period 9 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 interrupting a thermal decomposition 
and irradiating the salt 

The method used and the precautions taken in performing this 

type of experiment have been described in 4.2.6. The thermal decomposition of 

unirradiated lithium azide was interrupted at various stages during .the course of 

the reaction and the partially decomposed salt irradiated with X-rays for two 

hours at 10 kV and 5mA. Approximately 5.0mg of the salt were used for a run. The 

decomposition temperature was 175°C. 

• 
Interruptions were done at t = 0, (prior to decomposition), at the end of the 

induction period 9 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 resulted for interruptions up to and including the 

inflexion point. No new induction periods were formed 9 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 decompositiono 

The p/t values for these runs are presented in TABLE 7.7 and the results are 

graphically illustrated in FIGURE 7.9. 

7.3.7 The effect of admitting water vapour onto the salt in an 
interr1wted decomposition 

The general technique used for the "water interruptions" series 

has been described in 4.2.5. All the results p:resented in this section (7.3.7) 
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a 

The effects of exposure to water vapour (30 sees) on the thermal decomposition of 

X=irradiated lithium azide powder (30 mins, 10 kV, 5mA) 9 were investigated. 

The effect of longer exposure, (5 mins) 9 at t = 0 was also investigated. 

(i) 30 sees exPOsure to water vapour. Approximately 5.0mg lithium azide 9 

preirradiated with X-rays were used for a decomposition. Water ihterruptions 

were done at t = 0 9 0.5 I.P., at the end of the I.P. 9 at~ = 0.159 0.25 and in 

the decay period at ~,= 0.50. 

The eff~ct of water vapour at t = 0 was to reduce the percentage decomposition, 

with no effect on the length of the induction period or the value of the rate 

constant, k
2

• 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 I.P.), k
2 

was 

reduced and for interruption at the -end of the I.P. the Avrami-Erofeyev equation 

with n =~ 3 was found to be applicable. 

For water interruptions at ~ = Ool5 and beyond there was virtually no further 

decomposition. The p in all the water interrupted runs was lower than. for the 
a 

blank decomposition. Heating to 400°C enabled recovery of some of the (35·- 5Q%) 

lost gas. 

The p/t plot after water interruption at the end of the induction period was so 

reduced that it was felt that it was of no value to carry out successive 

interruptions along the induction period. The difficulty involved in obtaining 

even an approximate value for the length of the induction period after interru.ption 

made the investigation impossible. 

(ii) 5 rnins. exposure to water vapour. X-irradiated lithium azide was 
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exposed to water vapour for 5 mins at t = 0 1 and the sample and vacuum line 

evacuated for 12 hours 9 in the normal manner. A blank run 9 as well as an unirra-

diated blank run were also done. Approximately 5.0 - 5.5mg of the azide were 

used for a decomposition. 

It was observed that the length of the induction period after exposure to water 

vapour (162 mins) approached that found for the unirradiated run 9 (220 mins). 

The percentage decomposition for the run exposed to water vapour was found to be 

4~ lower thar.. that for the blank irradiated run. 

The Avrami-Erofeyev equation with n = 3 was applicable in the analysis of the 

a•:celeratory period for the thermal decomposition of· the interrupted run. The 

rate constant~ k19 was higher than that f.ound for the unirradiated run. 

The lengths of the induction periods 9 .the acceleratory period associated rate 

constants (k
1 

and k 9 equations 5.2 and 6.1) and the percentage decomposition for 
2 . 

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 Temp. Point of Induction Accelera- Percentage 
(mins) oc Interruption period tory decompo-

after period si tion 
interruption rate 

(mins) constant 
(mins)-l 

Irradiated Blank 165 - 37 7.40xl0-3 96 
(k2) 

" 0.5 " t =: 0 40 7.47xl0-3 75 

II " II 0.5 I.P. 39 5.0lxl0-3 67 

II n " End I.P. 42 7.35xl0=3 80 
(kl) 

II. " " (X = 0.15 - - 65 
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Specimen Exposure Temp Point of Induction Accelera- Percen-
{mins) oc Interrup- period tory tage 

tion after period decompo-
interruption rate si tion 

(mins) constant 
(mins)-l 

Irra~ 

diated 0.5 165 "'= 0.25 - - 51 

II li II "' = 0.50 - - 78 

Unirra-
1.94xl0~3 · diated Blank 165 - 220 98 

(kl) 

Irra~ 

7.40xlo=3 diated Blank II - 37 96 
(k2) 

it 5 II t = 0 162 3.42xl0-3 54 
(kl) 

7.3.8 The effect of thermal annealing 

Powdered lithium azide pre-irradiated with X-reys for 30 mins 

(10 kV, 5 rnA) was thermally~annealed at U0°C for 45 mins in the vacuum line and 

the run then carried out at l75°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 decomposition 

The percentage decomposition as described in 5.3.6 for the 

runs used for the varying temperature series of X-irradiated lithium azide powder, 



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: 9efo 

The percentage decomposition for the runs used in the varying dose series was 

found to be as follows (irradiation time using X-rays (10 kV, 5 rnA) in brackets)~ 

97 {unirr.); 78 (2 mins); 97 (5 mins); 102 (10 mins); 

100 (15 mins); 96 (30 mins); 98 (l hour); 104 (3 hours); 

93 (16 hours). MEAN: 96% 

7.3.10 Visual observations 

Similar observations as reported for y-irradiated lithium 

azide, 6.3.10, can be reported for X-irradiated LiN
3

• It was noticed however 

that the salt turned a faint grey colour after prolonged exposure (16 hours) to 

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 {PELLETED LITHIUM AZIDE) 

7.4.1 Activation energies 

As mentioned previously in 7 .2.1 9 it was not possible 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. 



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. 

7.4.2. The effect of varying pellet weight onuthe initial reaction 

The effect of varying the weight of the pelleted azide 

pre-irradiated with X-rays for 2 hours (10 kVp 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 ( cf. FIGURE 6.21). 

7.4.3 Comparison of pre~irradiated pelleted and powdered lithium 
azide and pelleted irradiated lithium azide 

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 thermal decomposition 

showed a double-sigm.oid character. This effect was not as pronounced as for the 

irradiated pelleted salt. 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-irradiated for 30 mins (10 kV, 

5 mA) and the reaction temperature was 175°0. The p/t results appear in TABLE 

7.9 and FIGURE 7.11. 

7.4.4 The effect ofirradiatingnlithi:um azide using various supports 

The procedure describing the irradiation technique in 4.2.3 (b) 

mentioned the reasons for irradia t:ing 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 kV, 5 rnA), 

using brass and glass supports. The reaction temperature was 195°C. 

It was observed that when the pelleted lithium azide was irradiated on glass 

and brass 9 the extent of the first acceleratory reaction was· less for.glass 

than for brass. There was sm.all; change iri the lengths of the :induction · · 

periods. 

The derived rate constants for the initial acceleratory period were found as 

follows (k29 equation 6.1)~ 

(i) 

(ii) 

Irradiation on brass~ 

Irradiation on glass: 

7. 60 x 10-2 mins -l 

-2 -1 
1.83 x 10 mins 

The tabulated results appear in TABLE 7.10 and the p/t plots including a blank 

run of unirradiated pelleted azide 9 are graphically shown in FIGURE 7.12. 

Visual observations 

As found for the powdered material, no colour change on irra~ 

diation was observed for the X-ray doses used in i;fle above study. Examination 

of the irradiated pelleted material showed that decomposition commenced on~ 

surfaces simultaneously (as for y-irradiated pelleted azide) and at the inflexion 

point of the initial reaction the interior of the pellet was dark red-brown 9 

while the faces were predominantly dark grey 9 with brown distinct areas of product. 

More detailed observations 9 however 9 appear in 7.4.7 when photomicrographic 

studies were carried out. 

The effect of thermal annealing 

No effect was found on the subsequent thermal decomposition 



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 120°C. 

The reaction temperature for the decomposition was 190°C. 

7.4.7 Photomicrography 

Only the thermal decomposition of pelleted lithium azide, 

pre-irradiated with X-rays for two hours, (10 kV, 5 rnA) was studied, for reasons 

given in 5.3.12. 

PLATE 3 shows the thermal decomposition of X-irradiated lithium azide at 164° 

~ 2°C. Magnification was 65X. 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) The photomicrograph shows the pellet at t ~ 0 (prior to decomposition). 

The striations are due to the piston used il). the die when the pellet was 

made. The surface was white and uniform. (17) 

(b) The photomicrograph was taken in the early stages 9f the first acceleratory 

period as may be seen from the illustrated differential plot. Darkenil).g of 

the viewed surface occurred. (17) 

(c) After- 85 mins, just before the inflexion point, t:h,e surface is seen to have 

darkened further, with signs of concentrated regions of decomposition 

appearing. (17) 

(d) Dark areas of product are seen to have formed out of the diffuse background 

at the inflexion point of the first reaction. (15) 



(a ) (b) 

(d) 

PLATE 3. THE THERMA L DECOMPOSI TION OF 
X- IRRADIATED PELLETED LITHIUM 
AZIDE. 164° C. 



165. 

(e) Although not many more of the distinct areas of decomposition have appeared 

after 135 mins~ those previously formed grew darker and more intense. The 

backgrou_nd was observed to be grey while the dark areas varied from dark grey 

to brown in colour. (13) 

(f) After 155 mins 9 in the decay reaction of the initial reaction 9 the dark 

centres of decomposition are seen to have increased in size and number. (13) 

(g) The photomicrograph shows the overlap~ growth and formation of further areas 

of decomposition. The picture was taken after 210 mins 9 before the onset of 

the second reaction. (n) 

(h) 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 9 but with the exception that the irradiation damag-e can be expected to 

be the consequence of internal electron bombardment, with di~placements unlikely. 

The effects of X=rays on solids and in particular on the alkali halides, have 

been discussed in detail by Seitz(194,203, 204) and studies of the effects on 

b . 1 k (89,142,143,205) azides have been made y severa wor ers · • 

Irradiation at room temperature has been shown to result largely in the production 

of F-centres 9 produced by the combination of anion vacancies and electrons. The 

electrons may result from dissociation of exci tons formed during. irradiation or 

. (194) may be secondary electrons resulting from the photoelectr~c effect • In the 

latter case secondary electrons and holes are prod11ced as units which can wander 

around until they recombine or are trapped, after whieh 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 

boundaries) as in sodium azide or within the lattice as found in potassium 

azide(89) o 

V-centres (combination of positive holes and cation vacancies) and aggregates of 

F-centres and V-centres have also been discussed(194) and are generally present 

as a consequence of the formation of F-centres. 

7.5.1 Powdered lithium azide 

The effects of pre-irradiation by X-rays and y-rays on the 

thermal decomposition of lithium azide were similar, but with the notable exceptions 

that the rate constant k
3 

for the decay reaction did not change significantly 

after irradiation in the former case and also the value of ex., (the ;fractional 
.. 1 

decomposition at onset of the decay reaction), decreased with increasing X-ray 

dose. 

In the series of varying doses of X-rays on the thermal decomposition of lithium 

azide (FIGURE 7.5)j the decay period rate constant was found to change from 

4.70 x 10-3 mins~l (unirradiated) to 9.20 x 10-3 mins-l (180 mins X-ra~s, 

1~ kV» 5 rnA). The corresponding change observed for lithium azide pre-irradiated 

-3 -1 with varying doses of y-rays prior to thermal decomposition was 2.19 x 10 mins · 

(unirradiated) to 44.4 x 10-3 mins-l (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 ex= 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 two 

dimensional 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 acceleratory 

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 radiolysis occurs at high doses so that the surface 

is partly covered with lithium hydroxide. Thus, when the nuclei cease growing 

over the surface a smaller fraction of the salt will have been decomposed than 

with the unirradiated salt. 

The decay reaction was analysed using the contracting sphere formula. A signifi-

cant feature of the decay reaction, as mentioned above, was that the decay rate 

constant k displayed negligible dependance on the X-ray dose. From this 
3 

observation it can be concluded that the topochemistry of this stage of the 

reaction must be similar to that in the decomposition of the unirradiated material 

and that after surface nucleation growth and coverage, the product/reactant inter-

face moves inwards on the particles of the powder. Also, irradiation-after 

interruption during the decomposition of the unirradiated salt is effective only 

when the expected time of acceleration due to the X-ray effect is less than the 

time at which the decay reaction commences (FIGURE 7.9). This also indicates 

that the nuclei are primarily surface ones. 

It is considered that large numbers ofF-centres are formed on exposing the salt 

to X-irradiation. The primary act of irradiation is to strip electrons from the 

azide ions~ 

•••··~·•••••••••~~~··•••• {7o5.1) 

These electrons then combine with {i) the positive holes (N
3
), 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(92) 

(123) . 
and lead az~des have been reported to be the result of radiolytic decomposition 

(142) 
of the material. Heal has reported that sodium azide irradiated with X-rays 

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 electrons: 

2N3- -? 3N2 + 2e + 2A •••••••• 0 ••••••••••••• (7.5.2) 

2N
3 

-? 3N
2 + 2A ...................... (7.5.3) 

N- + N3 -? 3N
2 + e + 2A •••••• 0 ••••••••••••••• (7.5.4) 

3 

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 ofF-centre$ on X-irradiation. A number of anion vacancies will result 

from 7.5.2 ~ 7.5.4, which after trapping at suitable sites will in turn trap mobile 

electrons yielding F-centres in addition to those formed as a consequence of 7.5.1 

above. The F-centres aggregate due to thermal diffusion at the irradiation 

temperature (room temperature), as mentioned previously for y-irradiated lithiUm 

azide. 

On heating the irradiated lithium azide the F-centres collapse and produce lithium 

atoms and finally lithium metal centres, during the short induction periodo 

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 th~ view that reaction occurs only on the. surface of the 

particle is found when comparing the reSl,llts for X-irradiated and U.V. irradiated 

lithi-wn azide. It is conclusively shown (~cf. 8.5) that the U.V. reaction is 

entirely a surface one. The close similarity in the results for the X~ and u.Vo­
irradiated az~de confirm the reaction to thus be a surface one 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 series of "water interruption" 

runs. It was observed that exposure to water vapour (30 sees) at t = 0 (i.e. 

prior to decomposition) had no effect on the subsequent thermal decomposition, 

indicating the absence of lithium atoms or nuclei at that point and the absence 

o.f interaction between the F-centre aggregates and water vapour. However, 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 eq_ual 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 would 

expect with unirradiated material at this point and at the reaction temperature 

use do 

These acceleratory periods were best described by the Avrami-Erofeyev eq_uation 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 

subseq_uent reaction. The slow reaction is attributed to the thermal decomposition 

of unirradiated azideo 

Exposure to water vapour (5mins) 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 they-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 

remove do 

In all the water interruption runs the percentage decomposition was lowered 

presumably due to hydrolysis. Exposure 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 period is the 

same as that postulated for the y-irradiated azide. This step is the diffusion 

over the surface of lithium atoms to crystallise and form a metal nucleus. The 

activation energy associated with this process (21 k. cals/mole) is, within the 

limits of experimental error, the same as that found for y-irradiated and 

unirradiated material (20 k.cals/mole and 22 k.cals/mole respectively). 

The mechanism for the growth is considered to be similar to that for the 

y-irradiated salt as a consequence of similarity in the activation energies (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 elevation of an 

electron from an azide ion to the conduction band of the lithium metal nucleus 

with the formation of an azide radical: 

N-
3 

...................... 

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(l09). 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 

( . (199) ( ) ) with the mosaic structure · c f. Hedges and M:L tchell and PLATE 2, a 

During the decay reaction when the envelopes of product contract and the interface 

moves inwards on blocks of unirradiated material the contracting sphere equation 

holds, as for the decomposition of unirradiated and ')'-irradiated lithium azide •. 

The reaction mechanism in this case is considered to be the same. The activation 

energy for this process was found to be 28 k.cals/mole as found for the decay 

process in y~irradiated lithium azide. 

No effect was observed when X-irradiated material was annealed under the conditions 

employed, as previously found for unirradiated and y-irradiata-d li thl.um 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 o~served 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 decay reactions, observed during the 

thermal decomposition of X-irradiated lithium azide., This was due to the 

irrep::-od1~cible nature of the thermal decomposition and the difficulty associated 

with estimating a reliable "final" pressure for the first reaction. 

As for y-rays, it is considered that th,e 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 nucleL These nuclei take the form of contracting two-dimensional centres 
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during the first decay region. 

The photomicrographs show (Plate 3) the formation of dark areas of product against 

a background of diffuse darkening grey. These dark areas increase in number and 

size as the initial reaction proceeded, until the viewed surface was completely 

covered by reaction product at the end of the initial reaction. 

It was noted that if the pellet was irradiated on a glass support instead of the 

brass plate used throughout the X-irradiations, 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 effect obtained when irradiating on a 

brass support is probably due to the bombardment of the pellet by photoelectrons 

emitted from the brass. The electronic work function of brass is several thousand 

times less than the energy of the incident X-radiation and consequently a "shower" 

of electrons from the brass surface resul ts• It was found that lithium azide in 

the amounts used, was transparent to the X-ray beam as no image of the material 

was recorded on a sensitive screen placed behind 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 

by Cunningham and Tompkins(sg), during a study of the spectra of ultra-violet 

irradiated sodium and potassium azides. It was found that the formation of colour 

centres (F-centres) was enhanced by a fa9tor of 4 in the case of KN
3 

and by a 

factor of 50 in the case of NaN
3
, when these azides were irradiated on aluminium, 

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 trapped at anion 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 DECOMPOSITION OF LITHIUM AZIDE PRE-IRRADIATED WITH 

. ULTRA-VIOLET RADIATION 

8.1 PRELIMINARY INVESTIGATIONS 

8.1.1 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 intensity and (ii) the high intensity 

ultra-violet lamps, following procedure described in 4.2.3(c). The pellets were 

irradiated on one face only at a distance of 6 em. beneath the lamps. The lamps 

used have been described in 4.1.4(c). The pelleted material was decomposed in 

vacuo in the usual manner, at 190°C. 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 azide pre~irradiated with the high intensity lamp had 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 lamp. After the initial burst of gas the plots assumed a sigmoid 

character. 

It was qbserved that the pellet irradiated 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 lithium 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 



174. 

for 15 mins. The aztde was stirred every three minutes. Approximately 5 m& of 

the material were decomposed at 195°C and a blank run using unirradiated material 

at the same temperature was done for comparative purposes. It was observed that 

the induction period was virtually eliminated and the reaction appeared to start 

at maximum rate. This was followed 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 lithium azide 

~elleted lithium azide, pre-irradiated with ultra-violet 

radiation gave p/t plots with good reproducibility. Pelleted material 

irradiated £or 1-t hours, at a di2tance of 6. 5cm below the low intensity lamp was 

0 
decomposed at 198 c. 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 ~t 190°C, 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 described in .4.2.3(c) and the powder was 

stirred every 3 mins. Approximately 5.0~g were used for a decomposition. The 

specimens were decomposed in vacuo in the normal manner, at a reaction temperature 

0 
of 175 c. 

The reproducibility was of a high order, ~s 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 found (8.4.1) that the initial reaction observed in the 

decomposition of ultra-violet light pre-irradiated pelleted lithium azide 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..;.irradiated 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 .. 

The effect of varying doses on the thermal decomposition 

The effect of an increasing dose of ultra-violet irradiation 

on the thermal decomposition of powdered lithiUm azide at l75°C was studied. 

The specimen was irradiated in the normal 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 hourso 

There was a decrease in the length of the induction period and exposure to 

U.V.-radiation for 2 sees halved the induction period. For larger doses ()80secs) 

the induction period was virtually eli~nated. 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 paints appear in the table below, for the U. V .-

irradiat~d varying dose series and for a blank unirradiated run. T.he series is 

illustrated in FIGURE 8.5, The p/t values for the decomposition runs appear 

in TABLE 8.4. The changes in the mathematical analysis of the p/t plots as the 

dose is increased is discussed below in 8.3.3. 

Dose Inflexion Induction period Acceleratory 
k

3 
{mins-1 ) point (mins) period rate 

constant 
(mins-1) 

0 0.40 95 3.26 X 10-:-3 {k
1

) 1.80 X 10-3 

2 sees 0.36 45 3.78 X 10 -3 2.72 X 10 -3 

-------------------
10 sec:;~ 0.34 26 4.90 X 10-3 (k

2
) -3 2.61 X 10· 

80 sees 0.31 12 8,50 X 10 -3 3.58 X 10 -3 

6 hrs 0.14 4 
-3 - 4.10 X 10 

32 hrs 0.14 3 
-3 - 4.06 X 10 

8.3.2 The effect of varying the temperature of decomposition 

The c~itical increments for the chemical process(es) occurring 

during the thermal decomposition of lithium azide, pre-irradiated with ultra-

violet radiation for 15 sees, were determined using the individual runs method. 

Approximately 5.0mg of the irradiated azide were used for a decomposition. The 

0 0 temperature range was 170 ... 195 C. 

Rat~ constants were determined over the temperature range chosen and the duration 
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of the ~duction periods noted (induction period was the time taken for the 

reaction to reach~= 0.006). The derived rate constants for the acceleratory and 

decay periods, k
2 

and k
3 

respectively, (equations 6.1 and 5.3),.and the lengths 

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-1) k3 (mins-1) 
·2 oc (mins) 

~.V.-irradia-
ted for 15 170.0 34. - -

sees. 

l75o0 24 -3 -3 ,, 5.17 X lQ 2.64 X 10 

. -3 -3 
II 180.0 20 .. 7.08 X 10 3.16 X 10 

-3 -3 ,, 185.0 15 9.90 X 10 4.50 X 10 

. -2 -3 ,, 190.0 lL 1.32 X 10 6.33 X 10 

. -2 -3 
II 195.0 ... 1.68 X 10 8.42 X 10 

8.3.3 Mathematical analysis of the results 

A typical plot of the decomposition of lithium azide pre­

irradiated for 15 sees with U.V.-radiation at l85°C showing the extent 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 ~ = 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((X(0.28. 

The ~vrami-Erofeyev equation in the above form was found to hold for ultra-

violet doses of greater than two seconds and less than 30 mins. For exposures to 

U.V.-radiation for two seconds or less, the Avrami-Erofeyev equation with n = 3 

as for ~he 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< (X< 0.85. 

Th.e above mathematical analysis was found to be applicable over the temperature 

range studied. This range was 165° - l95°C. 

8.3.4 Evaluation 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 sees) 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 (°K), where Tis 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 k 2 and k3 against 1/T (°K) .. 
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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
2 

and log k
3 

against 1/T appear in FIGURE 8.7. The 

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 . . 21 k.cals/mole 

(ii) Acceleratory period : 25 k. cals/mole 

27 k.cals/mole (iii) Decay period 

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.-preirradiated lithium azide 

0 powder, at 185 C. The material was irradiated for 15 sees as described earlier. 

One run was interrupted at 0.5 I.P. and at the inflexion point and the other 

run was interrupted at~= 0.2 and in the decay period at~= 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. 

The effect of interrupting a thermal decomposition and 
irradiating the salt 

The method used and the precautions taken 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 em beneath the ultra-violet tube. The reaction 

0 
temperature was 185 C. 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~= 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 ~ = 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
1 

and k; for the acceleratory periods 

appear in the table below. The p/t plots are illustrated in FIGURE 8.9. 

Specimen Point of Interruption Acceleratory period 
rate constant 

(mins-1 ) 

Powder Blank 7.05 X 10 -3 
(kl) 

--------------------------
-2 

(k2) t = 0 3.13 X 10 
. -2 

0.5 I.P. 3.50 X 10 

End I.P. 3 .• 32 X 10 
-2 

~ = 0'.15 3.04 X 10 
-2 

~= 0.48 -
~ = 0.78 -
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8.3.7 The effect of admitting water vapour onto the salt in 
an interrupted decomposition 

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 Pa· 

Exposure to water vapour for 30 sees was investigated. The effect of 5 mins 

exposure to water vapour at t = 0 on the subsequent thermal decomposition was 

also studied. 

(i) 30 sees exposure to water vapour. Approximately 5.0mg of powdered 

lithium azide, pre-irradiated with ultra-violet radiation for 15 sees at a 

distance of 26cms beneath the U.V. tube were used for each decomposition. The 

decompositions were interrupted at various stages and the specimen exposed to 

water vapour for 30 sees. Interruptions were made at t = 0, 0.5 I.P., end I.P., 

~ = 0.11, at the inflexion point and in the decay period at ~ = 0.60. Blank runs 

were also done using the same irradiated material and the same unirradiated 

material. The reaqtion temperature was l85°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 with n = 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 (k1) for the runs interrupted after 0.5 IPP. 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 at the end of the new 

induction period for 30 sees was repeated five times and the reaction was then 

allowed to proceed in the normal manner after the fifth exposure. The Pa 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 the 

unirradiated blank run. 

These results are graphically illustrated in FIGURE 8.10. 

(ii) 5 mins exposure to water vapour. Powdered lithium azide, pre-irradiated 

with ultra-violet light for 80 sees at a distance of 26 ems below the U.V. tube, 

was exposed to water vapour for 5 mins at t = 0. After pumping the sample and 

0 
vacuum line in the normal manner for 12 hours, the material was decomposed at 185 C. 

It was found that the length of the induction period for the interrupted run 

(5 mins) was slightly longer than that found for the decomposition of the 

unirradiated 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, ~ (equation 5.2), is seen to be lower than 

that found for the unirradiated decomposition. 

The rate constants k
1 

and k
2 

(equation 5.2 and 6.1), the lengths of the induction 

periods and the percentage decomposition of the runs done above,((i) and (ii)), 



183. 

appear in the table below. The p/t values for these results are tabulated in 

TABLE 8.8. 

Specimen Exposure Point of I.P. after Rate constant Percentage 
(mins) Interrup- interruption 

tion (mins) (mins-1) decompo-
si tion 

Unirra-
8.71 xl0-3 (k

1
) diated Blank - 48 93 

Irra-
-3 diated Blank - 16 9.08 X 10 (k) 84 

" 0.5 t =: 0 18 9.95 X 10 -3 74 

" II 0.5 I.P. 19 1.23 X 10 
-2 

55 

" " End I.P. 41 . -3 ( ) 7 • 70 X 10 kl 32 

" II oc = O.ll 45 5.38 X 10 -3 48 

II II Inf. Pt. 33 8.12 X 10 -3 49 

II II OC=0.60 - - 85 

II II Successive 15 

32 

48 

48 

30 

42 9.30 X 10 -3 66 

Unirra-
X 10-3 

diated Blank - 48 8.71 (kl) 93 

Irra-
9.08 X 10-3 (k

2
) diated Blank - 16 84 

II 5 t = 0 55 7.66 X 10-3 {k
1

) 68 
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8.3.8 The effect of thermal annealing 

Powdered lithium azide, pre-irradiated for 15 sees with ultra-

violet radiation,was thermally annealled in vacuo at 140°C 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-

0 
erature was 185 C. Comparison of the normalised curves showed that thermal 

annealing had no effect on lithium azidet 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 Percentage decomposition 

The percentage decomposition as described in 5.3.6 of the 

runs used for the varying temperature series of lithium azide pre-irradiated with 

ultra-violet light, was found to be as follows (decomposition temperature in 

brackets): 

103 {170°); 100 (175°); 102 (180°); 98 (185°); 108 (190°); 91 {195°). 

MEAN: lOo% 

The percentage decomposition of U.V.-irradiated azide used for the varying dose 

series was found to be as follows (irradiation time in brackets): 

91 (0); 100 {2 sees); 93 (10 sees); 103 (80 sees); 81 (6 hrs); 77 (32 hrs); 

MEAN: 94% (excluding 32 hours) 
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8.3.10 Photochemical decomposition of lithium azide 

This study was made by Mr W G Sears. No evolution of gas was 

observed after 2 hours irradiation through an optically-flat quartz window, 

using the low intensity lamp 26 em above the specimen. For longer irradiation 

times (6 hrs) a small amount of gas was measured indicating photochemical 

decomposition (l 0 .1%). 

Irradiation of the lithium azide with the high intensity lamp resulted in 

instantaneous decomposition and approximately ~decomposition was estimated 

after 30 mins, from gas pressure measurements. 

8.3.11 Visual observations 

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 em below the low intensity lamp. 

Colour changes during the thermal decomposition of the irradiated salt were 

similar to those reported for unirradiated andy- and X-irradiated lithium azide. 

8.4 RESULTS (PELLETED LITHIUM AZIDE) 

The effect of varying pellet weight on the initial 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 190°C. 

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 normalised for comparative 

purposes. 

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 

0 
manner at 195 C. 

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 Sell 
• 

and are illustrated in FIGURE 8.13. 

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 

0 normal manner at 190 C was studied. A blank run :of irradiated peHeted li tnium 

a·zide 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 withy-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 lithium 

azide. 

Examination of the pellet faces under the optical microscope at the end of the 

inducti~n 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 ems, 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 

contains the dp/dt results. (Figures in brackets below are the exposure times in 

printing the photographs as explained in 5.3.12). 

(a) The photomicrograph 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 en tire pellet 

surface. (19) 

(c) Just prior to the first inflexion point, distinct areas of decomposition 

are visible over the entire viewed surface. These have increased ~n number and 

have grown. (17) 

(d) 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) Further increase in the decomposition areas was observed at a point 

well into the first decay period. (14) 

(g) and (h) These photomicrographs 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 (11) respectively 



(b) 

(f) 

PLATE 4. THE THERMAL DECOMPOSITION OF 
U.V.-IRRADlATED PELLETED LITHIUM 
AZIDE. 160° C. 
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8.5 DISCUSSION 

The spectra of inorganic azides( 37, 89) have been studied, as these 

yield information on the formation of colour centres by ultra-violet radiatione 

Cunningham and Tompkins(89) have attributed the formation ofF-centres in 

potassium and sodium azides to the production of excitons within the lattice in 

KN
3 

and in the vicinity of dislocations and grain boundaries in NaN
3

• The 

exci tons formed primarily as a result of ultra-violet irradiation, lose electrons 

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 N • 
2 

Investigation of the effects of U.V. radiation on the thermal decomposition of 

t t . ( 68) d 1 . (2o) . d 1 d th th t th t th s ron ~um an ca c~um az~ es e e au ors o propose a e 

formation of large numbers.of anion vacancies on irradiation was responsible for 

the enhanced reaction rates on subsequent thermal decomposition. The effects of 

. di t' b . 'd ( 68' 109) d 't . 'd (2l) h h pre-~rra a ~on on ar~um az~ e an po ass~um az~ e owever, ave 

been attributed to F-centre formation. 

8.5.1 Powdered lithium azide 

The effects of pre-irradiation with ultra-violet light on the 

subsequent thermal decomposition of lithium azide were found to be : 

(i) 

(ii) 

(iii) 

a shortening of the length of the induction period, 

an increase in the acceleratory period rate constant, 

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 k
2

, with increasing exposure to ultra-

violet light. -3 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 ems), 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-
1

, {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 photochemical decomposition 

occurred. This effect was more pronounced when a high intensity ultra-violet 

source was employed. 

Irradiation after interruption of the normal decomposition of the unirradiated 

salt is only effective at low values of ~, (~} 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 lithium 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: 

(i) 

(ii) 

(iii) 

Induction period: 

Acceleratory period: 

Decay period: 

21 k.cals/mole 

25 k. cal s/mole 

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 (c f. 7. 5.1) and accordingly it is proposed that 

similar mechanisms are operative during the thermal decomposition of U.V.-irra­

diated lithium azide. 

Erofeyev and Sviridov(131 ) 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 9 (FIGURE 8.JO) were 

similar to those found for X-irradiated lithium azide, but as the series was 

done at a decomposition temperature of 20°C higher (185°C) than that 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, after exposure to 

water vapour. 

"Water interruption" experiments prior to decomposition and at 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 sees exposure had no effect, while 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 (5 mins) 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 agreement of the values of 

rate constant k1 (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 withy- 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 Pelle ted lithium azide 

The initial reaction during the decomposition of irradiated 

pelleted lithium azide was found to be dependant on the irradiated surface area 

only, as doubling the weight of the pellet, 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 not significant enough to obtain sufficient pressure readings for 

analysis purposes. 

It was found that colouration of the irradiated surface only, was observed with 

sui table doses. Microscopic observations showed that only the irradiated face 

decomposed during the initial reaction. These facts confirm the initial reaction 

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 reaction. The main 

reaction is the decomposition of unirradiated material at the reaction tempera~ 

ture employed (FIGURE 8.13). This decomposition is due to the unirradiated 

material within the pellet. 

It was also found that irradiating the pelleted azide on one face with a certain 

quanta of energy 9 and then irradiating both faces of a similar pellet with the 

same total quanta produced an increase in the initial gas evolution 9 lending 

further support to the reaction being confined solely to the surface. It is 

seen for the material irradiated on both faces that the p/t plot is linear from 

~ = 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 d~composition of the unirradiated 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 in an 

"initial" reaction, {as found when pelleting y- and X-irradiated, powder) which is 

dependant upon the pellet weight. This "initial" reaction occurs at the "internal" 

surfaces {described previously 9 6.5.2) and is considered analagous to the effect 

observed with the X-irradiated material. The proposed mechanism 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 9 the pellet was observed on cross-section to 

contain product throughout the mass and over the surfaces 9 for the U.V.-irradiated 
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material at the end of the "initial" reaction, only the viewed (irradiated) 

surface consisted of dark product 9 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 decomposition (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 

number, 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- 9 X- and U.V. radiations were used and three series were done, 

using combinations of these radiations. 

In any particular series involving two irradiations9 runs were done so that 

(a) the superimposed irradiation dose produced a maximum reaction rate greater 

than that found with the other radiation dose 9 when the irradiated azide samples 

were deocmposed and (b) vice versa 9 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 describe~ previously in 4.2.3. Approximately 5.0 ~ 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 9 

pre-irradiated wit~ ultra-violet light 

Blank runs were done at l75°C using lithium azide pre-irradiated with 

(a) a y-ray dose of 15000 roentgens and (b) with U.V. radiation for 30 sees 

at a distance of 6.5cm beneath .the tube. The y=irradiated specimen had a greater 

reaction rate ~t the temperature used 9 than the U.V. irradiated specimen. 

Irradiating the U.V. irradiated specimen with 15000 roentgens y-rays and 

decomposing this specimen at l75°C, showed that the rate of the reaction 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-rays 

Blank runs were done at 155°C 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 155°C was studied. 

Irradiating they-irradiated specimen with U.V. radiation of 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 pressure 9 pf, before the U.V. 

p/t plot. These results are illustrated in FIGURE 9.2. 

9.3 The effect of superimposing x-radiation onto the salt, 
pre-irradiated with X-rays 

Blank runs were done at 175°C using lithium azide pre-irradiated with 

(a) 15000 roentgens y-rays and (b) 30 mins X-rays at 10 kV, 5 rnA. The y-

irradiated specimen had a greater rate than the X-irradiated specimen. Super-

imposing 15000 roentgens y-radiation onto the X-irradiated specimen resulted 

in a reaction having similar characteristics as the y-irradiated run. 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 latter 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 155°C using lithium azide pre-irradiated 
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with (a) X-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 l55°C, 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 graphically 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 l65°C using material that was {a) irradiated 

with U.V. radiation for 30 sees 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. Superimposing 30 mins X-rays and 

decomposing the salt at l65°C resulted in a p/t plot showing the acceleratory 

and decay periods rates to be greater that those for either the blank runs. The 

induction period of the superimposed irradiations thermal decomposition was 

shorter than that for the blank runs. These results are illustrated in 

FIGURE 9.5. 

9.6 The effect of superimposing U.V. radiation onto the salt, 
pre-irradiated with X-rays 

Blank runs were done at l60°C 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 a distance 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 observed to lend 

further support to the theories proposed concerning the nucleation and growth 

mechanisms occurring during the thermal decomposition of pre-irradiated li thi~ 

azide. 

The effect of superimposing y-radiation on ultra-violet pre-irradiated lithium 

azide (FIGURE 9.1) was seen to be the enhancement of all stages of the U .V. 

decomposition, the p/t plot for the reaction being indistinguishable from the 

p/t plot of they-irradiated blank run. This result indicates that the U.V. 

contribution is completely overridden by the y-dose used which initiates 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 external 

surfaces of the particles only. I.t 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 employed was large and the decay 

reaction was observed to commence at a low value of ~, no significant 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" of unirradiated material. 

The Ultra-violet light could not in any way decrease the size of these "blocks" 

and so enhance the decay rate e 

Superimposing y-irradiation onto X-irradiated lithium azide (FIGURE 9.3) and 

vice versa (FIGURE 9.4) can be expected to yield analagous results to t~e above, 
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as it has been proposed that similar effects resulted on pre-irradiating lithium 

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 ul tra=vio1et 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 runs using the singly irradiated material. FIGT.JRES 9. 5 and 9.6 

show that this was found to occur. No significant 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 superimposed 

radiations was always approximately the same as that of the p/t plot having the 

shortest induction period. This indicated that the irradiation 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 rateo 
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10. GENERAL DISCUSSION OF THE DE:;OMPOSITION 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 potass1um ' and sodium az1des , but 1s similar to 

the p/t plots obtained for the thermal decomposition of the alkaline earth 

(Ca, Sr and Ba) metal azides( 3 ,20 ' 68 ' 108 ' 109 ' 121 ,l37 ,l38). For sodium and 

potassium azides an initial reaction was observed which was identified as a 

unimolecular decomposition in the case of P?tassium azide(
2
l). Although this 

reaction is not pronounced for sodium azide (for some preparations used it was 

not observed(84)), it was found( 208) that it is enhanced if small single crystals 

are decomposed. This initial reaction ha~ been shown to be related to the 

volatility of the metal nuclei at the reaction temperature. 

Difficulties were experienced with reproducibility with lithium azide and as 

explained earlier, (5.4), it was necessary to pellet 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) and alkal1ne earth metal az1des ' ' . It was found that pelleting had 

the effect of decreasing the irreprodticibility, 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 equation for the kinetic 
' 

1 f th 1 t . f t d . " t . 'f- ,._~ . . "d . (,3) ana ysis o e acce era ory· period. or he ecompos:t: 1on, o , -ua.n.um:,azJ.: e 

reporting three-dimensional nuclear growth, with the number of nuclei increasing 

linearly with time. Jacobs and Kureishy(84) 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 

been postulated for barium azide(l4) and calcium azide( 20, 4?) 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 

strontium azides(139) 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 refined 

Avrami-Erofeyev equation indicates that overlap and ingestion of the nuclei pl~y 

~ significant role, whereas this was not observed for calcium or strontium azides. 

The nuclei are considered to form on the external surface of the decomposing 

unirradiated lithium azide particle, as has been reported to be the case for the 

d ·t· f 1 . (137) t t· (138,139) a ba . ·a (3) s (17) ecompos1 1on o ca c1um , s ron, 1um an r1um az1 e • ecco , 

however, reports decomposition in plate-like crystals of sodium azide as commencing 

along intermosaic grain boundaries.: Early work( 206) on the decomposition of 

potassium azide indicated that similar intermosaic reaction occurs in the azide, 

while later work( 2l) does not present a clear picture of the topochemical 

reaction, other than stressing the role played by the evaporation of surface 

nuclei. In this respect then (the topochemistry of nuclear formation) 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- 73 k.cal~mole. Values of 36- 49 k.cal~mole have been reported 

. . (21 206) 
for potasslum azlde ' , and 34- 73 k.cals/mole for the decomposition of 

d . 'd (17,84,206?207) so l-wn azl e • The larger values in the case of sodium azide 

were derived from dielectric constant investigations, while using the Avrami-

Erofeyev equation a value of 38 has been reported. The activation 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 

barium (29(108), 27( 3) k.cals/mole), strontium (25.(139 ) k.cals/mole) and calcium 

azides (18-34 (
20

' 137 ' 209 ) k. cals/mole). 

Although the effects of pre-irradiation on the 

of sodium azide have not been examined, it was 

subsequent thermal decomposition 

reported( 2l) 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 

on irradiating potassium azide(
2
l) and exciton peaks .have been.observed for both 

sodium. and potassium azides( 37), which have been supported by photoemission 

current experiments(8~). The excitons are .considered to react with anion 

vacancies, forming F-centres. 
(68 109) . (108) . 

F-centres ' and vacancles have been 

reported to result on pre-irra~ating barium azide while vacancies ar:e thought 

t ult . t t• (68) d 1 . 'd (20,68) o res ln s ron lUffi an ca Clum azl es . 

The general characteristics observed as a consequence of pre-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 observed 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 particle 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 the same as that 

for the U.V-irradiated salt. It is not unexpected that these strong 

similarities in the effects exist. It has been reported that similar effects 

have been noticed when barium azide was pre-irradiated with X-rays arid U.V-
.' 

radiat~on(131 ) ~ X-irradiation of barium azide at the threshold decomposition 

(132) temperature was found to have a greater effect on the thermal decomposition, 

thlmirradiation at room temperature. It was suggested that nuclei were 

aggregates of atoms or F-centres, When sodium azide was irradiated with 

X-rays at room temperature trapped electrons were identified(142) but·no 

investigation of the thermal decomposition of the irradiated salt was done. 

Thus it appears that lithium azide resembles barium and sodium aziQes with regards 

the proposed radiation damage, (i.e. trapped electrons or F-centres). The 

reaction on heating lithium azide is indicated to 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 r-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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been proposed for y-irradi.ated barium azide( 3), while for strontium(139) 

and calcium azides(4S) it is considered that large numbers of vacancies are 

generated which in turn aggregate at the external and internal surfaces 

(i.e. along grain boundaries). 

A characteristic of the p/t plots for the decomposition of Y-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 y-rays and the 

topochemical picture presented is the only one consistent with the experimental 

results. 

It was also seen that on X- and ')'-irradiation, the subsequent decomposition 

rate constant was increased and the induction period shortened, as found when 

pre-irradiating the azide with U.V. 

Although no work has been published on the effects of X- and ')'-irradiation on 

the decomposition of sodium and. potassium azides and comparing the results of 

the decomposition of unirradiated and U.V-irradiated sodium and potassium 

azides, it appears that lithium azide resembles the alkaline earth azides wit~ 

regards the thermal. decomposition of the unirradiated and irradiated (U. V., X-

and Y-rays) azide. 
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TABLE 5.1 

210°C Run 1 3.5mg 

t p t p 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°C Run 2 5.5mg 

t p t p t 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 32 188.56 

14 0.74 26 20.32 33 195.16 

16 1.47 27 48.62 40 208.66 

18 2.63 28 102.11 Pa 211.21 

210°C Run3 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 Pa 34.17 



TABLE 5.2 

200°C Run 1 5.1mg 

t p t p t p 

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 pa 161.01 

40 4.44 80 134.47 

200°C 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 Pa 38.91 

35 3.55 75 25.77 

40 5.58 80 27.58 

TABLE 5.3 

195°C Run 1 6.2mg pe::t.1et 

t p t p t p 

20 0.13 62 55.51 95 138.78 

30 0.66 65 67.95 105 144.91 

40 3.28 68 79.95 120 152.06 

45 6.64 71 90.88 140 156.07 

50 13.58 74 100.96 Pr 160.00 

53 21.42 78 112.87 Pa 210.03 

56 31.65 82 120.48 

59 43 .. 52 88 130.50 



195°C Run 2 6.2mg pellet 

t p t 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 pf 160.00 

50 24.39 76 115.38 pa 178.28 

53 34.42 81 124.36 

56 46.03 88 134.73 

59 58.27 95 142.86 

210°C Run 3 4.3mg pellet 

t p t p t p 

10 0.06 45 47.06 95 154.88 

15 O.ll 50 74.64 105 156.69 

20 0.26 55 99.60 ll5 158.07 

25 1.01 60 ll7 .94 Pr 160.00 

30 3.89 65 130.76 pa 169.32 

35 ll.14 75 145.20 

40 25.27 85 151.54 

210°C 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 3.73 60 123.44 pf 160.00 

30 5.83 65 136.55 pa 160.00 

35 14.89 75 150.62 

40 31.46 85 155.39 



TABLE 5.4 

210°C Run 1 4. 6mg pellet 

t p t p t p 

5 0.06 39 54.49 65 155.86 

10 O.ll 41 71.43 75 159.53 

15 0.16 43 88.31 85 160.00 

20 0.39 45 104.15 Pr 160.00 

25 1.15 47 ll7 .32 pa 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. 7mg pellet 

t p t p t p 

10 0.16 41 65.49 75 159.12 

15 0.26 43 80.62 85 160.00 

20 0.64 45 94.85 Pr 160.00 

25 1.66 47 106.99 pa 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°C Run 3 4. 7mg pellet 

t p t p t p 

10 0.05 41 60.85 75 159.40 

15 0.10 43 75.53 85 160.00 

20 0.33 45 90.21 Pr 160 00 

25 1.08 47 103.36 pa 181.17 

30 6.21 50 121.07 

35 22.30 55 142.55 

37 32.98 60 152.23 

39 45.86 65 156.83 



210°C Run 4 4. 7mg pellet 

t p t p t p 

10 0.06 41 56.20 75 159.05 

. 15 0.11 43 70.54 85 160.00 

20 0.34 45 84.49 Pr 160.00 

25 1.00 47 97.62 pa 211.29 

30 5.71 50 116.0~ 

35 20.39 55 138.31 

37 30.49 60 150.37 

39 42.59 65 155.15 

TABLE 5.5 

195°C Run 1 1000 1bs/sq.in. 6. 7mg pellet 

t 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 Pr 160.00 

40 0.87 75 97.98 pa 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°C Run 2 1000 1bs/sq.in. 6. 7mg 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 Ool7 69 59.51 97 154.22 

40 0.90 72 76.73 120 158.37 

50 3.30 75 94.05 . Pr 160.00 

55 8.34 78 109.82 pa 183.27 

60 19.30 81 121.57 



195°C 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 73.29 140 145.22 

55 7.00 80 97.14 Pr 160.00 

60 15.24 85 112.75 pa 178.12 

63 22.24 90 125.49 

66 31.65 97 135.74 

195°C Run 4 750 1bs/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 ll6.67 Pr 160.00 

60 30.36 85 129.65 pa 187 .ll 

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.ll 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 Pr 160.00 

60 10.34 90 122.42 pa 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 1~·09 75 69~·99 120 140.15 

50 4.25 80 85.86 140 148.0 01 

55 8.16 85 99:·32 p f 160:'00 

60 16.39 90 110.·90 Pa 172 .5'1 

195°C Run 7 250 1bs/sq.in. 6.0 mg pellet 

t p t p t p 

20 0.06 70 38.51 llO 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 Pr 160.00 

60 11.40 92 87.50 pa 157.81 

65 23.08 100 101.71 

195°C Run 8 250 1bs/sq.in. 4. 9 mg pellet , 

t p t p t p 

20 0.04 63 48.29 95 117.15 

30 0.28 66 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 Pr 160.00 

60 35.08 85 101.36 Pa 195.21 

TABLE 5.6 

195°C Run 1 5.6mg 

t p t p t p 

5 0.20 65 23.18 ll5 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 pf 160.00 



50 

55 

60 

195°C 

t 

5 

10 

20 

30 

40 

45 

50 

55 

60 

65 

195°C 

t 

10 

20 

30 

40 

45 

50 

55 

60 

65 

l90°C 

t 

30 

40 

8.05 

12.23 

17.29 

p 

0.02 

0.06 

0.14 

0.55 

3.19 

6.37 

10.83 

16.18 

22.42 

29.35 

p 

0.02. 

0.04 

0.30 

1.86 

3.80 

6.75 

10.99 

16.44 

23.15 

Run 

p 

0.16 

0.45 

1 

100 

105 

llO 

t 

70 

75 

80 

85 

90 

95 

100 

105 

llO 

ll5 

t 

70 

75 

80 

85 

90 

95 

100 

105 

llO 

t 

101 

108 

Run 2 

Run 3 

103.33 

ll4.50 

123.29 

p 

37.90 

48.18 

59.91 

71.83 

84.43 

96.08 

107.29 

ll7 .38 

125.03 

132.42 

p 

31.84 

42.43 

55.00 

67.78 

81.47 

95.20 

107.96 

ll9.32 

126.83 

TABLE 5.7 

1 cycle 

p 

43.61 

58.70 

241.77 

5.6mg 

t p 

' 120 138.56 

130 145.84 

140 150.04 

150 153.13 

160 153.97 

180 155.71 

pf 160~00 

p 218.36 
a 

5.6mg 

t p 

ll5 134.33 

120 140.53 

130 148.25 

140 152.63 

150 155.71 

160 156.30 

pf 160.00 

pa 199.22 

5.0mg 

t p 

180 149.86 

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 pf 160.00 

80 9.93 140 118.00 pa 184.01 

87 17.93 150 129.58 

94 29.48 165 143.61 

190°C Run 2 3 cycles 5.lmg 

t 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 95.40 pf 160.00 

70 4.72 137 111.62 pa 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°C Run 1 3 mins grinding 5.0mg 

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 1.87 134.5 80.87 215 150.42 

90 3.82 141 93.02 240 154.75 

100 12.08 150 106.73 pf 160.00 

107 23.29 160 120.07 pa 161.14 

190°C Run 2 3 mins grinding 5.0mg 

t p t p 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 74.34 215 153.54 



90 

100 

107 

185°C 

t 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

llO 

115 

185°C 

t 

10 

20 

30 

40 

50 

60 

70 

80 

90 

95 

100 

2.97 

8.32 

17.43 

Run 

p 

0.02 

0.03 

0.08 

0.15 

0.55 

1.81 

4.09 

7.36 

11.49 

17.99 

27.85 

33.82 

Run 

p 

0.03 

0.06 

0.10 

0,20 

0.56 

1.44 

2.88 

5.33 

10.62 

15.27 

21.47 

1 

2 

141 

1?0 

160 

t 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

170 

175 

t 

105 

llO 

ll5 

120 

125 

130 

135 

140 

145 

150 

155 

88.41 

105.14 

119.20 

TABLE 5.9 

10 sees grinding 

p t 

40.98 180 

48.44 185.5 

57.21 190 

65.68 200 

75.94 210 

83.95 220 

93.13 240 

99.62 280 

108.67 pf 

115.32 pa 

121.16 

126.50 

30 sees grinding 

p t 

29.56 160 

39.47 165 

50.02 175 

61.50 185 

71.94 195 

83.19 205 

92.93 215 

103.66 225 

113.52 pf 

123.07 pa 

128.80 

157.01 

160.00 

159.80 

5.0mg 

p 

133.14 

136.86 

140.50 

146.07 

149.31 

151.25 

153.21 

155.98 

160.00 

209.50 

4.7mg 

p 

134.65 

137.92 

146.07 

149.19 

152.14 

153.95 

155.43 

156.49 

160.00 

217.50 



185°0 Run 3 3 mins grinding 4.8mg 

t p t p . t 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 Pf 160.00 

100 2.83 165 102.68 pa 187.00 

llO 4.55 170 lll.25 

185°0 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 Pf 160.00 

80 0.56 180 25.11 pa 218.54 

90 0.83 190 31.41 

100 1.24 200 37.79 

TABLE 5.10 

185°0 Run 1 Insufficient grinding 5.0mg 

t p t p 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 pf 160.00 

100 11.01 200 134.38 pa 181.73 

185°C Run 2 Grind ex 4.8mg 

t p t p t 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' 160.00 

90 1.83 160 93.12 pf 160.00 

100 2.83 165 102.68 pa 187.07 

110 4.55 170 111.25 

TABLE 5.11 

190°C Run 1 Sunlight 4. 5mg pellet 

t p 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 2_80 139.25 

35 21.75 120 60.10 pf 160.00 

40 25.32 140 68.95 pa 170.94 

50 31.80 160 80.31 



190°0 Run 2 No Sunlight 4.5mg pellet 

t p t p t p 

10 0.04 110 38.34 210 148.34 

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 pf 160.00 

90 12.77 190 139.51 pa 168.92 

100 23.67 200 144.61 

TABLE 5.12 

. 210°0 Run 1 Rough handling 4.5mg pellet 

t 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 Pr 160.00 

35 27.16 65 148.69 pa 154.44 

210°0 Run 2 Blank 4. 7mg pellet 

t - p t p t p 

10 0.05 39 45.86 60 152.23 

15 0.10 41 60.85 65 156.83 

20 0.33 43 75.53 75 159.40 

25 1.08 45 90.21 85 160.00 

30 6,21 47 103.36 pf 160.00 

35 22.30 50 121.07 Pa 182.11 

37 32.98 55 142.55 



195°C Run 3 Rough handling 5.0mg 

t p t p t p 

20 0.06 63 71.02 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 pf 160.00 

50 7.21 75 137.98 pa 177.35 

55 18.35 79 143.29 

60 48.58 85 150.74 

195°C Run 4 Blank 5.0mg 

t p t p t p 

20 0.09 63 38.54 95 146.34 

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 pf 160.00 

55 10.99 79 126.18 pa 190.91 

60 24.25 85 138.66 

TABLE · 5.13 

200°C Run 1 Dry air admitted 5.0mg 

t p t p t p 

5 0.11 55 34.66 llO 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 75 98.90 161.5 159.00 

30 2.19 80 ll4.02 176 160.00 

35 4.48 85 126.00 pf 160.00 

40 7.88 90 136.02 pa 204.10 

45 13.51 95 142.35 

50 22.38 100 147.69 



200°C Run 2 Blank: 5.0mg 

t p t p t p 

5 0.11 50 15.32 95 145.30 

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 75 104.89 Pr 160.00 

35 2.16 80 119.96 Pa 212.89 

40 4.37 85 131.23 

45 8.12 90 139.79 

TABLE 5.14 

200°0 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 Pr 160.00 

50 9.66 105 136.54 pa 192.90 

55 15.69 110 143.01 

200°0 Run 2 Blank 5.0mg 

t p t p t p 

5 0.02 50 10.47 95 121.51 

10 0.03 55 18.10 100 131.24 

15 0.05 60 28.72 105 138.38 

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 

45 

195°C 

t 

10 

20 

30 

40 

45 

50 

55 

60 

65 

70 

75 

80.5 

85 

90 

95 

100 

200°C 

t 

5 

10 

15 

20 

25 

30 

35 

40 

42 

44 

45 

2.90 

5.74 

p 

0.02 

0.03 

0.05 

0.20 

0.42 

0.87 

1.55 

2.54 

3.98 

5.52 

7.54 

10.22 

13.31 

16.12 

19.77 

23.81 

p 

0.09 

0.14 

0.19 

0.22 

0.24 

0.32 

0.47 

1.49 

2.87 

3.82 

4.43 

85 

90 

97.99 

111.28 

TABLE 5.15 

Run 1 

t p 

105 28.37 

110 32.97 

115 38.07 

120 43.63 

125 49.12 

130 54.57 

135 60.27 

140 65.95 

145 72.56 

150 77.70 

155 82.77 

160 88.19 

165 94.64 

170 99.34 

175 104.80 

180 109.58 

Run 2 

t p 

55 8.29 

60 10.52 

65 13.74 

70 17.91 

75 22.79 

80 28.56 

85 35.13 

90 42'. 64 

95 50.11 

100 58.27 

105 66.66 

t 

190 

200 

210 

220 

230 

240 

250 

262 

270 

280 

290 

300 

310 

320 

pf 

pa 

t 

130 

135 

140 

150 

160 

170 

180 

190 

200 

210 

222 

160.00 

219.01 

4.6mg pellet 

p 

118.17 

126.26 

133.17 

137.58 

142.06 

145.80 

149.32 

153.29 

154.39 

156.13 

157.16 

158.34 

159.00 

160.00 

160.00 

159.00 

4.6mg pellet 

p 

106.38 

113.47 

118.81 

130.66 

139.52 

145.44 

150.50 

153.95 

155.79 

156.58 

157.09 

;;, 



46 4.84 110 74.36 230 158.27 

48 5.71· 115 83.23 240 160.00 

50 6~74 120 92.07 ~f. 169.00~ 

52 7.14 125 99.89 pa 111.00 

205°C Run 3 4.5mg pellet 

t p t p t p 

5 0.01 70 58.84 135 150.98 

10 0.01 75 69.56 140 151.41 

15 0.03 80 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 95 108.39 170 158.18 

35 5.43 100 ll5.69 180 ;1.58.51 

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 pf 160.00 

55 30.43 120 141.38 pa 222.51 
;; 

60 39.41 125 144.52 

65 48.65 130 147.87 

210°C Run 4 4.6mg pellet 

t p t p 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 95 131.71 

18 0.62 46 22.83 105 142.30 

20 0.73 48 27.11 115 148.76 

22 0.94 50 31.73 125 152.28 



24 
26, 

28 ' 

215°C 

t 

5 

7 

9 

10 

15 

17 

19 

20 

21 

23 

25 

27 

29 

31 

220°C 

t 

2 

4 

6 

8 

10 

12 

14 

15 

16 

17 

18 

19 

20 

1.30 

l. 71 

2.37 

p 

0.02 

0.02 

0.02 

0.02 

0415 

0.36 

0.75 

1.09 

1.41 

2.46 

4.12 

6.49 

9.66 

13.95 

p 

0.01 

0.02 

0.03 

0.04 

O.ll 

0.39 

1.18 

2.00 

3.09 

4.41 

6.27 

8.57 

ll.42 

53 

56 

59 

t 

33 

35 

37 

39 

41 

43 

45 

47 

49 

51 

53 

55 

57 

59 

t 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

37 

39 

Run 5 

Run 6 

39406 

47.21 

55.04 

p 

19.33 

25.30 

32.56 

40.44 

49.17 

57.77 

66.76 

75.62 

84.33 

93.16 

101.17 

108.95 

116.09 

122.36 

p 

32.77 

38.27 

44.33 

50.53 

56.44 

61.50 

67.65 

73.63 

79.54 

85.07 

90.18 

100.65 

ll0.50 

135 

t 

62 

65 

68 

71 

75 

80 

85 

91 

95 

100 

105 

110 

pf 

pa 

154.35 

160.00 

168:07 

4.5mg pellet 

p 

129.88 

137.14 

142.93 

147.74 

152.42 

156.27 

156.89 

157.96 

158.46 

158.75 

158.86 

158.97 

160.00 

212.60 

4. 6mg pellet 

t p 

50 142.22 

53 144.55 

56 148.22 

60 150.54 

65 150.71 

70 153.32 

75 151.99 

80 153.48 

85 154.08 

90 154.77 

95 155.47 

100 155.91 

llO 157.47 



21 14.80 41 119.27 120 158.08 

22 18.82 43 126.41 pf 160.00 

23 22.64 45 131.48 pa 228.50 

24 27.50 47 136.60 

TABLE 5.16 

185°C Run 1 5.5 mg 

.t p t p t p 

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 95 85.57 pf 160.00 

59 18.26 100 95.35 pa 195.15 

63 24.04 105 103.96 

67 30.35 111 114.54 

i9o0c Run 2 5.3mg 

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 pf 160.00 

47 19.75 80 102.14 pa 195.01 

50 24.92 83 109.32 

53 30.83 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 

23 1.05 49 56.66 78 128.67 

26 2.30 51 64.11 82 131.78 

29 4.87 53 71.32 89 136.30 

32 9.30 55 78.23 95 140.85 

35 15.19 57 84.87 101 144.10 

37 19.61 59 91.10 pf 160.00 

39 24.58 62 99.38 Pa 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 44 106.36 105 159.37 

26 12.13 46 115.76 115 159.70 

28 19.35 48 123.19 125 159.84 

29 23.85 51 132.69 pf 160.00 

30 28.80 54 139.44 pa -182.06 

32 39.30 58 145.59 

205°C Run 5 5.4mg 

t 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 95 159.28 

21 27.28 . 35 118.29 105 160.00 

22 35.27 37 123.58 pf . 160.00 

23 42.89 40 131.16 p 205.01 
a 

24 50.54 43 136.61 

Runs 6- 10 Repeat I.P. series 

180°C 5.7rng 185°C 4.8rng 190°C 5.8rng 

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 Pr 160.00 

Pr 160.00 pf 160.00 pa 208.05 

pa 226.63 pa 173.27 

195°C 6.0mg 200°C 4.8mg 

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 

pf 160.00 pf 160.00 

pa 248.06 pa 210.40 



TABLE 5.17 

Acceleratory period Split Run 4. 6mg pellet 

195°C 170°C 185°C 

t p t p t p 

20 0.04 6 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 55.53 

5 10.68 15 19.58 11 57.12 

6 10.59 16 19.90 190°C 

7 10.44 175°C 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 24.5.2 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 

24.5 12.51 14 27.51 30 119.28 

165°C 15 28.00 40 134.19 

6 13.23 180°C 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 pf 165.90 

17 14.96 13 39.34 pa 165.90 

18 14.98 



Decay period Split Run 4. 6mg pellet 

200°0 175°0 190°0 

t p t p t p 

40 4.72 6 105.30 6 151.95 

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°0 18 109.87 210°0 

7 90.72 20 110.84 20 179.64 

8 89.93 l8d>o 30 198.79 

9 89.98 6 116.25 40 206.59 

10 89.59 8 116.30 50 206.67. 

i2 90.08 10 118.27 60 206.59 

14 90.47 12 119.68 Pr 206.62 

16 91.31 14 121.61 pa 206.62 

18 91.90 16 123.04 

20 92.55 18 125.41 

22 92.70 185°0 

24 93.65 6 132.57 

26 94.10 7 134.79 

28 94.70 8 134.99 

30 95.46 9 135.63 

32 96.42 10 136.84 

34 96.88 11 137.39 
.. 

170°0 12 139.03 

6 97.39 13 140.07 

8 98.36 14 141.11 

10 98.88 

12 99.70 

14 100.53 

16 101.41 

-



195°C Blank 5.5mg pellet 

t p 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 l. 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 p 
f 

160.00 

70 10.92 110 106.15 pa 202.66 

TABLE 5.18. 

Acce1eratory period Split run 5.0mg 

180.5°0 170.6°C 180.8°C 

t p 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°C 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 

pf 226.31 

pa 226.31 



190°0 Blank 5.6mg 

t p t p t p 

10 0.02 65 19.55 110 130.31 

20 0.05 70 28.69 115 136.75 

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 95 98.81 Pr 160.00 

55 8.05 100 111.29 pa 240.01 

60 12.91 105 121.99 

TABLE 5.19 

190°0 Run 1 Interruptions 5.611)g 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 23.25 125 114.51 

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 Pr 160.00 

Interruption Interruption Pa 238.64 

195°0 Run 2 Interruptions 5.1mg 

t p t p t p 

10 0.03 44 11.34 68 82.22 

15 0.05 Interruption 70 89.09 

20 0.12 48 11.34 72 95.79 



25 0.34 50 15.90 75 103.77 

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 94 134.42 

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 pf 160.00 

42 8.23 66 74.24 pa 231.40 

TAB IE 5.20 

190°C Run 1 Water interruption (30 sees) 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 

Interruption Interruption 296 78.66 

65 3.37 113 23.75 336 86.97 

70 3.77 118 25.09 pa 94.88 

75 5.38 126 28.39 

78 7.26 134 31.94 ' 

81 10.82 146 38A1 

84 13.38 161 49.24 

Interruption 176 63.57 

l90°C 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 26.17 123 165.05 

40 0.29 87 34.67 125 170.89 
.; 

50.5 1.54 90 44.99 128 179.04 



50 2.61 94 61.32 132 188.86 

Interruption 98 78.66 137 200.45 

59 3.02 102 98.06 142 208.99 

62 3. 65 106 ll6.26 152 223.35 

66 6.50 llO 134.69 162 233.86 

70 10.77 ll4 149.65 172 238.43 

73 14.45 ll7 158.14 pa 238.64 

Interruption Interruption 

l90°C Run 3 t = 0 Water interruption (5 mins) ·5.6mg pellet 

t p t p t p 

10 o.oo 60 2.62 llO 105.15 

15 o.oo 65 5.17 ll5 ll3.97 

20 o.oo 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 85.5 41.61 150 152.14 

40 0.05 90 54.07 160 156.17 

45 0.17 95 68.34 170 157.86 

50 0.46 101 84.09 180 159.63 

55 1.23 105 93.40 pa 160.33 

l90°C Run 4 Blank 5 .6mg pellet 

t p t p t p 

10 0.02 65 3.ll 120 135.14 

15 0.04 70 5.64 125 145.01 

20 0.06 75 10.56 130 154.62 

25 0.08 80 17.22 140 168.72 

30 0.10 85 27.05 150 l78.ll 

35 0.15 90 40.25 160 183.83 

40 0.20 95 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 llO 107.23 200 192.49 

60 1.69 ll5 122.12 p 229.32 a 



190°0 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 74 2.33 130 10.69 

20 0.06 75 2.50 140 15.31 

25 0.08 Interruption 150 22.09 

30 0.11 80 2.50 160 30.67 

35 0.15 85 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 pa 112.33 

195°C Run 1 Water interruptions (30 sees) Blank 5.0 mg 

t p t p t p 

10 . 0.02 70 39.64 115 167.24 

20 0,05 75 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 95 118.52 160 194.60 

55 13.68 100 134.41 pa 199.22 

60 20.47 105 148.56 

65 28.82 110 157.90 



195°0 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 15.43 80 75.21 150 126.63 

55 26.22 90 89~54 pa 135.44 

195°0 Run 3 0.5 I.P. 5.0mg 

t p t p t p 

17 0.11 55 3.10 115 92.04 

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 pa 115.78 

195°C Run 4 End I.P. 5.0mg 

t p t p t p 

10 o.o9 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 pa 153.20 

60 1.30 140 88.39 

70 1.80 150 101.05 



195°C Run 5 o( = 0.06 5.0mg 

t p t p 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 3i.46 190 113.06 

53 1L70 120 42.24 200 119.46 

Interruption 130 53.41 220 125.45 

60 11.71 140 65.36 pa 138.50 

195°0 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 no. 73 

60 22.33 110 101.46 250 113.14 

65 31.10 120 101.65 pa 120.01 

70 41.76 130 102.28 

195°0 Run 7 o(:=: o. 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 pa 162.34 

90 119.23 140 147.78 

95 132.28 150 149.32 



195°0 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 pa 95.57 

95 3.29 195 6.83 

105 3.79 205 6.84 

190°0 Run 9 Water interruptions (5 mins) t = 0 5.0mg 

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 pa 55.80 

190°0 Run 10 Blank 4.8mg 

t p t p t p 

20 0.02 70 28.66 llO 112.49 

30 0.09 75 37.83 ll5 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 95 80.52 145 158.00 

60 13.29 100 92.05 160 164.38 

65 20.3-9 105 102.25 Pa 180.68 



TABLE 5.21 

195°C Run 1 .Aged LiN:; 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 pf 160,00 

55 12.70 104 112.59 pa 180.48 

61 20.25 111 125.63 

195°C Run 2 5.6mg 

t p 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 42.40 150 151.36 

40 1.89 85 52.81 170 155.65 

45 3.56 90 64.56 pf 160.00 

50 6.05 95 75.91 pa 145.08 

55 9.64 102 93.39 

60 14.31 109 108.28 

195°C Run 3 5.5mg 

t p t 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 94 89.72 pf 160.00 

55 13.88 101 104.80 pa 158.96 

62 22.64 108 117.55 



195°C Run 4 Blank 5.6mg 

t p t p t p 

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 77.65 150 152.36 

50 8.05 95 90.75 pf 160.00 

55 12.23 100 103.33 pa 219.80 

195°C Run 5 5.6mg 

t p t 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 84.43 150 153.16 

50 10.83 95 96.08 160 153.97 

55 16.18 100 107~29 pf 160.00 

60 22.42 10') 117.38 pa 218.36 

195°C Run 6 5.6mg 

t p t p t p 

10 0.02 70 31.84 115 134.33 

20 O.Ot 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 pf 160.00 

55 10.99 100 107.96 pa 199.22 

60 16.44 105 119.32 

65 23.15 110 126.83 



TABLE 5.22 

195°C Run 1 Pyrex 4.8mg 

t 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 pf 160.00 

43 15.35 68 108.76 pa 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 95 151.05 

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 pf 160.00 

50 28.00 82 138.43 pa 242.79 

TABLE 5.23. 

195°C Run 1 With end product 5.3mg + 1.9mg pellet 

t p .L p t p l.o 

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 .92 154.48 
' 

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 

36 

39 

195°0 

t 

5 

10 

15 

20 

25 

30 

34 

37 

40 

195°0 

t 

5 

10 

15 

20 

25 

.28 

31 

34 

37 

14.46 

20.59 

28.36 

p 

0.02 

0.02 

0.04 

0.13 

0.42 

1.22 

2.79 

5.42 

10.04 

Run 

Run 

p 

0.11 

0.14 

0,?.2 

0.55 

1.74 

3.32 

5.90 

10 .. 06 

17.21 

2 

3 

64 

66 

70 

t 

43 

46 

49 

52 

55 

58 

61 

64 

67 

t 

40 

43 

46 

49 

52 

55 

58 

61 

64 

113.28 

119.95 

129.78 

Blank 

p 

16.27 

25.14 

36.98 

48.97 

62.74 

76.79 

88.56 

99.71 

109.65 

With end product 

p 

27.20 

38.96 

51.41 

63.91 

75.56 

88.74 

100.80 

111.56 

118.74 

t 

71 

76 

82 

90 

100 

110 

120 

pf 

pa 

160.00 

217.13 

7. 2mg pellet 

p 

120.18 

130.66 

139.79 

146.46 

150.77 

152.96 

154~28 

160.00 

261.42 

6.lmg + 1. 7mg 

t p 

68 129.11 

72 134.66 

77 142.00 

83 147.56 

90 151.35 

110 156.00 

120 157.35 

pf 160.00 

pa 216.13 



l95°C Run 4 Blank 5.6mg 

t p 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 no 153.16 

37 13.50 64 101.73 120 155.26 

40 21.38 68 111.27 Pr 160.00 

43 31.04 72 119.60 pa 197.61 

46 42.15 76 126.52 

TABLE 5.24 

l95°C Run 1 Illuminated with "Ultropak" 5. Omg 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 no 148.87 

20 8.23 56 96.53 120 152.16 

25 17.70 63 108.69 Pr 160.00 

30 30.27 70 121.00 pa 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 95 112.74 

20 0.03 65 14.04 102 13L31 

30 0.09 70 24.20 no 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 Pr 160.00 

55 4.40 90 96.38 p 188.07 a 



TABLE 5.25 

188 2: 2°C 6.0mg pei1et 

t dp/dt t dp/dt t dp/dt 

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 O,OJ. 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 1.95 

95 0,]0 145 2.61 

TABLE 6.1 

190°C Run 1 500 r. 4. 6mg 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 pf 160.00 

38 47.63 170 119.88 pa 164.72 

43 52.05 180 125.51 



190°C Run 2 Blank, unirradiated 4.6mg 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 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 

go 9.31 190 103.61 Pr 160.00 

100 15.15 200 112.79 Pa 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 Pr 160.00 

8 54.41 18 141.60 pa 192.07 

9 76.16 23 149.47 

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 o.oc:; 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 95 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 

70 

175°C 

t 

5 

7 

8 

9 

10 

11 

12 

13 

14 

15 

17 

20 

25 

30 

35 

40 

45 

175°C· 

t 

5 

6 

7 

8 

9 

10 

ll 

12 

13 

14 

2.95 

4.84 

p 

0.01 

0.64 

1.69 

3.14 

5.51 

8.72 

12.95 

16.99 

20.77 

23.77 

28.67 

33.26 

37.30 

40.43 

42.07 

43.99 

45.32 

Run 

p 

0.04 

0.27 

0.72 

1.38 

2.24 

3.60 

5.21 

7A6 

10.39 

13.70 

Run 

2 

1 

120 

125 

t 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

120 

125 

130 

t 

26 

30 

35 

40 

45 

50 

55 

60 

65 

70 

102.34 

111.34 

TABLE 6.2 

15,000 r. 

p 

47.39 

48.90 

52.45 

54.50 

58.76 

62.33 

67.51 

72.87 

78.67 

83.31 

89.38 

93.24 

97.01 

102.35 

106.80 

109.65 

113.80 

15,000 r. 

p 

42.71 

46.49 

49.87 

52.59 

55.50 

58.26 

61.67 

65.24 

69.15 

74.15 

t 

135 

140 

145 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 

260 

Pr 

pa 

t 

105 

llO 

ll5 

120 

130 

140 

150 

170 

180 

200 

160.00 

228.71 

4.6mg pellet 

p 

ll6.53 

120.06 

121.97 

126.06 

131.64 

136.10 

139.67 

142.42 

145.70 

149.33 

151.70 

152.84 

155.55 

157.18 

159.99 

160.00 

171.03 

4. 6mg pellet 

p 

106.98 

llO. 73 

ll4.38 

ll7 .03 

123.62 

127.83 

133.35 

141.06 

144.98 

150.60 



15 17.41 75 79.43 
I 

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 95 99.25 Pr 160.00 

23 38.88 100 103.76 Pa 162.20 

190°0 Run 3 5,000 r. 4. 7mg pellet 

t p t p t p 

5 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 Pr 160.00 

22 45.45 75 116.24 pa 166.20 

190°0 Run 4 5,000 r. 4. 6mg pellet 

t p t p t p 

5 0.16 24 25.37 80 137.23 

7 0.41 27 31.06 90 146.87 

9 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 Pr 160.00 

18 12.78 60 104.78 pa 137.08 

20 17.52 . 65 114.06 

22 21.59 70 122.67 

i 
~~------------

_____ ._2,.''-' L__. 



33 

36 

170°0 

t 

5 

8 

11 

15 

20 

25 

30 

33 

170°0 

t 

10 

20 

30 

40 

50 

60 

70 

80 

90 

170°C 

t 

5 

10 

15 

20 

46.85 

61.75 

Run 

p 

0.02 

0.39 

1.87 

4.20 

9.34 

18.16 

33.50 

46.92 

Run 

p 

0.01 

0.01 

0.01 

0.02 

0.02 

0.02 

0.03 

0.06 

0.17 

Rnn 

p 

0.01 

0.02 

0.02 

0.04 

8 

1 

2 

65 

70 

t 

36 

39 

42 

45 

50 

55 

60 

65 

TABLE 6.3 

t 

100 

110 

120 

130 

140 

150 

160 

171 

180 

t 

70 

80 

90 

105 

i3o.66 

t35 .26 

15,000 r. 

p 

63.46 

77.53 

88.40 

98.10 

110.22 

117.98 

124.82 

129.44 

Unirradiated 

p 

0.37 

0.80 

1.40 

2.44 

3.75 

5.56 

7.66 

10.47 

12.96 

10 r. 

p 

0.28 

0.63 

1.36 

3.35 

p· a 

t 

70 

80 

90 

100 

110 

120 

pf 

pa 

t 

190 

200 

210 

220 

240 

260 

280 

pf 

Pa 

t 

180 

195 

210 

225 

186,00 

5.0rng 

p 

133.07 

138.75 

141.50 

144.34 

146.16 

147.51 

160.00 

173.60 

4.8rng 

p 

16.35 

20.13 

24.34 

28.68 

39.67 

52.91 

67.12 

160.00 

182.40 

4.8rng 

p 

20.06 

24.73 

29.69 

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 pf 160.00 

60 0.14 165 16.29 pa 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 pf 160.00 

80 6.28 180 74.32 pa 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 pf 160.00 

55 7 .o· · 115 80.57 pa 182.70 

60 10.22 125 91.57 



170°C Run 5 500 r. 4.8rng 

t p t p t p 

5 0.01 55 18.54 110 118.32 

10 0.01 60 25.34 120 128.69 

15 0.31 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 90.25 200 155.38 

45 8.25 95 97.87 Pr 160.00 

50 13.14 100 105.53 pa 187.64 

170°C Run 6 1500 r. 4.8rng 

t p t p t p 

5 0.01 46 37.94 75 127.98 

10 0.51 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 Pr 160.00 

43 26.86 70 120.42 pa 215.80 

,, 

170°C Run 7 5000 r. 5.0rng 

t p t p t p 

6 0.02 26 27.92 52 136.86 

8 0.46 28 33.21 56 142.98 

9 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 



20 

22 

24 

170°C 

t 

4 

6 

8 

9 

10 

11 

12 

14 

16 

18 

170°C 

t 

2 

3 

4 

11.35 

16.49 

22.16 

p 

0.01 

0.04 

1.03 

2.31 

3.07 

4.99 

5.88 

10.71 

16.10 

24.68 

p 

0.01 

25.12 

115.04 

Run 

Run 

Induction Period series 

121.3°C 

t p 

5 0.01 

10 0.01 

20 0.01 

40 0.04 

50 0.10 

53 0.15 

8 

9 

42 

45 

48 

t 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

t 

5 

6 

8 

110.82 

121.30 

129.14 

15000 r. 

p 

28.92 

33.96 

39.03 

45.53 

53.23 

63.99 

77.39 

91.49 

103.90 

113.50 

700000 r. 

p 

152.81 

157.21 

158.98 

100 

P:f 
Pa 

t 

29 

30 

31 

32 

34 

36 

40 

45 

Pr 
pa 

t 

11 

Pr 
pa 

TABLE 6.4 

Runs1-6 15000 r. 

126.0°C 

t p t 

10 0.01 27 

20 0.01 28 

30 0.04 29 

37 0.13 30 

40 0,20 31 

43 0.41 32 

157.98 

.160.00 

200.07 

5.0mg 

p 

121.15 

127.25 

132.23 

134.84 

140.59 

145.33 

151.49 

154.41 

160.00 

181.50 

5.0mg 

p 

159.87 

160.00 

195.03 

+ - 4.8mg per run 

135 .3°C 

p 

0.74 

1.01 

1.33 

1.52 

1. 75 

1.98 



56 0.26 46 o.n 34 2.45 

59 0.41 49 1.02 Pa 203.10 

62 0.56 52 1.32 140.1°0 

65 0.74 55 1.61 5 0.03 

68 0.99 58 1.85 10 0.04 

70 1.08 pa 165.20 15 0.08 

72 1.23 130.1°C 18 0.28 

74 1.34 10 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 

Pa 121.20 37 0.93 24 2.05 

39 1.32 Pa 164.10 

41 1.73 

Pa 219.80 

144.4°C 

t p t p t p 

5 0.01 15 0.36 19 2.47 

10 0.03 16 0.85 pa 177.84 

13 0.10 17 1.42 

14 0.14 18 1.98 

140.8°0 Run 7 15000 r. 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 ll0.26 

25 2.27 80 23.23 170 ll6.09 

30 3.35 90 30.07 '180 120.77 

35 4.27 100 37.10 200 128.74 

40 5.24 no 45.59 Pr 160.00 

45 6.32 120 58.22 pa 176.20 



145.0°C Run 8 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 32.24 150 120.46 

20 1.85 80 36.55 160 123.64 

25 3.14 85 41.72 J,.70 125.94 

30 4.41 90 48.67 180 127.89 

35 5.92 95 57.74 200 130.49 

40 7.66 100 68.27 pf 160.00 

45 9.92 105 79.06 pa 215.80 

50 12.89 110 87.87 

55 16.47 115 94.96 

150.3°C Run 9 15000 r. 5.0mg 

t p t p t. p 

15 1.30 60 30.94 105 115.82 

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 pf 160.00 

48 18.15 91 98.47 pa 240.35 

52 22.33 95 104.78 

56 26.37 100 111.60 

155.o0c Run 10 15000 r. 5.0mg 

t p t p t p 

6 0.01 36 19.51 67 109.73 

8 0.01 39 23.41 70 117.99 

10 0.11 42 28.19 75 129.04 

12 1.30 45 33.91 80 134.30 



14 2.26 48 40.32 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 Pr 160.00 

33 16.11 64 99.61 pa 206.20 

160.0°C Run 11 15000 r. 4.8mg 

t p t p t p 

4 0.01 34 47.01 55 138.61 

6 0.02 38 65.61 
I 

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 Pr 160.00 

26 24.96 48 123.48 Pa 136.90 

28 29.91 50 129.52 

30 35.43 52 133.78 

170.0°C Run 12 15000 r. 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.J1 26 9L49 45 154.41 

16 16.10 27 103.90 Pr 160.00 

18 24.68 .28 .. 113.50 Pa 181.50 

•• 1111 ·- I, •• 



Acceleratory period Split-run Run 13 15000 r 5.0mg 

150.5°C t p t 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°C 

20 1.25 154.8°C 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°C 16 67.53 

49 7.70 12 30.74 17 70.84 

144.9°C 14 33.29 210°C 

21 8.41 16 36.47 pa 212.10 

24 9.14 17 38.40 

TABLE 6.5 

170°C 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 no 145.73 

7 0.33 50 73.26 12L5 150.18 

9 0.88 55 85.04 130 153.85 

11 1.42 60 96.12 140 155.53 

14 2.25 65 J.05.00 150 157.02 

17 3.70 70 113.20 160 158.54 

20 6.10 75 119.10 170 159.01 

25 11.94 80 125.23 Pr 160.00 

30 20.42 85 129.36 Pa 210.00 

35 31.60 90 133.93 



130°C Run 2 O. 7 Mr. 7.5mg 

t p t p t p 

5 0.01 31 41.27 58 118.23 

10 0.03 33 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 80 136.83 

19 8.50 43 79.94 90 139.72 

20 10.87 45 86.39 100 140.89 
t 

21 13.11 47 92.43 110 142.33 

23 18.10 49 97.90 120 142.95 

25 23.05 51 103.27 pf 160.00 

27 28.72 53 108.05 pa 242.80 
29 34.89 55 112.54 

TABLE 6. 6 

170°C Run 1 15000 r. Platinum bucket 4.8mg 

t p t 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 pf 160.00 

33 46.85 65 130.66 pa '186.00 

36 61.75 70 135.26 

170°C Run 2 15000 r P::rrex 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 pf 160.00 

33 46.93 65 129.44 pa 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 pf 160.00 

120 7.85 220 104.61 pa 200.40 

130 12.71 230 113.50. 

175°C Run 2 200 r.· at t = 0 5.0mg 

5 0.03 55 12.81 100 123.75 

10 0.04- 60 30.94 110 130.55 

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 pf 160.00 

50 3.96 90 112.92 pa 203.11 

175°C Run 3 200 r. at o(= 0.23 5.0mg 

t p t p t p 

100 1.16 169 36.01 214 92.82 

120 4.05 174 36.35 224 102.57 

130 9.27 179 36.82 234 109.91 

140 15.81 184 37.39 244 115.14 



150 23.40 194 45.69 264 122.54 

160 35.99 199 63.79 284 127.66 

164 36.09 204 77.18 Pr 160.00 

Interruption 209 85.72 pa 172.ll 

175°C 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 ll2.14 75 153.14 

15 3.46 34 124.28 pf 160.00 

20 ll.29 39 133.68 pa 182.98 

23 35.57 45 140.48 

26 81.97 55 147.15 

175°C Run 5 1000 r. at 0.5 I.P. 5.0mg 

t p t p t p 

20 0.03 60 3.28 95 125.08 

3() 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 Pr 160.00 

55 0.21 90 118.71 pa 186.17 

175°C Run 6 1000 r. at end I.P. 5.0rng 
' 

t p t p 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 Pr 160.00 



90 

Interruption 

95 

175°C 

t 

155 

Interruption 

160 

165 

170 

175 

175°C 

t 

180 

Interruption 

182 

187 

192 

197 

200 

175°C 

t 

195 

Interruption 

199 

204 

209_ 

214 

219 

1.67 

1.69 

Run 

p 

28.20 

28.27 

30.13 

32.48 

61.18 

Run 

p 

58.42 

58.45 

59.36 

60.48 

67.95 

80.99 

Run 

p 

75.30 

75.40 

76.34 

77.97 

86.90 

94.62 

7 

8 

9 

122 

128 

136 

t 

177 

179 

182 

186 

192 

202 

t 

203 

206 

210 

215 

222 

232 

242 

t 

224 

229 

234 

239 

244 

249 

259 

76.59 

89.57 

103.49 

1000 r at c( = 0.18 

p t 

75.13 215 

85.96 230 

97.17 250 

106.98 Pr 
117.07 pa 
129.74 

1000 r atc(=0.37 

p t 

89.63 252 

95.95 262 

102.56 272 

111.05 Pr 
122.08 pa 
132.69 

139.96 

1000 r atc(=0.47 

p t 

101.45 269 

107.73 279 

114.15 299 

120.62 319 

125.92 pf 
130.61 pa 
138.24 

163.23 

5.0mg 

p 

138.08 

145.88 

152.14 

160.00 

172.21 

5.0mg 

p 

144.50 

147.37 

149.54 

160.00 

158.97 

5.0mg 

p 

143.22 

146.49 

152.08 

154.74 

160.00 

182.42 



175°C Run 10 1000 r at at= 0. 78 5.0mg 

t p t p ' t p 

245 ~25.36 278 128.08 338 148.34 

Interruptior 288 130.68 358 150.93 

253 ~25.49 298 135.26 378 152.05 

258 ~25.69 308 140.19 pf 160~00 

263 fl-26.40 318 144.13 pa 157.38 

268 26.40 328 146.58 

-
175°C Run 11 Unirradiated blank 5.0,'g 

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 pf 160.00 

120 7.85 220 104.61 pa 200.40 

130 12.71 230 113.50 

TABLE 6.8 

165°C Run 1 Water Interruption 15000 r Blank run 5.0mg 

t 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 pa 169.01 

27 25.32 60 110.89 

30 38.52 70 116.81 



165°C Run 2 15000 r t = 0 (30 sees) 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 pa 154.08 

31 54.61 70 120.50 

165°C Run 3 15000 r 0.5 I.P. 5.0mg 

t I t t p p p 

6 0.04 50 17.93 100 74.28 

Interruption 55 26.20 110 77.98 

15 0.09 60 34.69 120 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 pa 102.00 

45 9.99 . 90 67.69 
'I 

165°C Run 4 15000 r End I.P. 5.0mg 

t p t p t p 

12 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 pa 108.74 

50 4.71 90 .48.97 

55 7.07 100 56.65 

165°C Run 5 15000 r = 0.24 5.0mg 

t p t p t p 

30 37.50 75 45.67 135 85.10 



Interruption 80 49.98 150 89.59 

40 37.98 90 58.94 180 96.38 

50 38.07 100 67.18 pa 105.18 

60 38.56 no 73.48 

70 41.98 120 78.94 

l65°C Run 6 15000 r o( = 0.47 5.0mg 

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 Pa 121.11 

70 79.47 120 97.62 

l65°C Run 7 15000 r o( = 0.66 5.0mg 

t p t p 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 10.77 110 114.03 Pa 124.97 

Interruption 135 115.93 

l80°C Run 8 Unirradiated Blank 5.0mg 

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 0.39 174 119.40 296 183.71 

70 1.09 191 138.08 313 185.30 

87 4.67 209 152.53 331 186.29 

104 16.45 226 163.19 pa 187.21 

122 39.03 244 170.72 



l80°C Run 9 15000 r t = 0 (5 mins) 4.9mg 

t p t p t p 

5 o.oo 70 0.59 185 66.01 

10 o.oo 80 1.16 200 77.21 

15 o.oo 90 2.30 215 85.85 

20 o.oo 100 4.39 240 98.17 

25 o.oo 110 ,7~47 260 99.70 

30 0.02 120 11.93 280 102.98 

35 0.03 130 17.33 300 105.31 

40 0.06 140 23.59 320 107.54 

50 0.14 155 36.85 pa 117.37 

60 0.28 170 51.78 

195°C 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 95 205.42 

30 1.63 62 96.88 110 212.55 

34 4.23 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 pa 248.06 

195°C Run 11 Irradiated blank 15000 r 5.0mg 

t p t p t p 

2 0.03 8 80.07 20 159.61 

4 0.08 9 134.21 30 161.01 

5 7.91 10 147.81 pa 161.44 

6 16.81 12 154.41 

7 32.01 15 157.21 



195°0 Run 12 1st t :::: 0 interruption 5.0mg 
-

t p t p t p 

5 0~10 65 9.02 160 130.68 

8 0.92 70 10.76 170 141.48 

10 1.28 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 3.74 140 102.98 280 186.22 

50 4.86 145 110.19 pa 186.50 

55 6.12 150 118.10 

60 7.51 155 124.42 

195°0 Run 1~ Irradiated (2nd 15000 I' ) 5.0mg 

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 11 171.69 pa 181.00 

7 73".04 13 176.65 

195°0 Run 14 Irr$cliated: (2nd 159GO:r 2·rid t :::: 0 interruption) 5.0mg 

t p t p t p 

10 0.24 65 8.26 165 128.12 

20 0.55 70 10.66 180 138.00 

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 2.95 110 55.83 260 156.11 

50 3.72 120 71.69 Pa 165.10 



195°C 

t 

4 

5 

6 

7 

195°C 

t 

5 

10 

20 

30 

40 

50 

60 

195°C 

t 

2 

3 

4 

5 

195°C 

t 

10 

5.03 

6.71 

Run 

p 

6.25 

26.73 

69.33 

102.09 

15 

Run 16 

p 

0.10 

0.19 

1.02 

2.24 

4.26 

10.15 

20.62 

Run 17 

p 

0.03 

0.06 

4.43 

20.13 

Run 18 

p 

o.o::. 

135 

150 

t 

8 

9 

11 

14 

I 
94.55 

113.94 I 

Irradiated (3rd 15000 r) 

p t 

119.51 20 

129.96 30 

142.10 ~0 

149.21 pa 

5.0mg 

p 

156.57 

160.87 

162.58 

163.01 

Irradiated (3rd 15000r, 3rd t = 0 interruption) 5.0mg 

t p t p 

70 33.14 140 130.07 

80 48.98 150 . 135.09 

90 65.13 160 139.15 

100 80.61 180 146.88 

110 95.36 200 150.87 

120 106.69 Pa 155.22 

130 120.36 

Irradiated (4th 15000 r) 5.0mg 

t p t p 

6 56.16 11 113.99 

7 87.94 15 114.90 

8 103.08 25 116.22 

9 10::::.78 Pa 117.01 

Ir.:radiated (4th 15000 r, 4th t = 0 interruption)4.3mg 

t p t p 

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 pa 29.95 

50 0.84 llO 15.65 

60 1.77 120 18.15 

TABLE 6.9 

190°C Run 1 Unirradiated blank 5 • Omg pellet 

t p t p t p 

10 0.02 llO 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 72.19 270 155.81 

70 2.55 170 83.03 280 157.78 

80 5.23 180 93.60 290 158.63 

90 9.31 190 103.61 Pr 160.00 

100 15.15 200 ll2. 79 Pa 155.00 

190°C Run 2 50r 4.9mg pellet 

t p t p t p 

5 0.05 75 8.50 125 1ll. 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 

45 0.50 100 63.37 200 159.90 

50 0.78 103 70.37 210 160.00 

55 1.27 106 77.24 Pr 160.00 

60 1.83 llO 85.20 pa 159.10 

65 2.83 ll5 95.99 

70 4.80 120 104.96 



190vC Run 3 250r 4. 9mg pellet 

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 llO 99.47 220 159.51 

50 12.75 ll5 107.90 pf 160.00 

54 15.94 120 ll7 .30 pa 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 ll3.55 

13 1,66 50 58.44 170 ll9.88 

15 ' 3.82 60 64.25 180 125.51 

17 7.15 70 68.68 190 130.54 

19 ll.35 80 72.38 210 140.98 

21 . 16.05 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 90.35 290 158.55 

30 35.83 130 96.00 pf 160.00 

33 40.14 140 101.99 pa 159.50 

190°C Run 5 5000r 5.0mg pellet 

t p t p t p 

5 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 Pr 160.00 

22 45.45 75 . 116.24 pa 166.20 

190°C Run 6 15000r 4.4mg 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 Pr 160.00 

9 55.20 49 108.95 pa 134.65 

11 61.88 55 118.45 

14 66.80 64 129.08 

190°C Run 7 1.0 M r. 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 Pr 160.00 

6 91.62 40 147.31 pa 169.99 

8 101.33 50 152.41 



TABLE 6.10 

Induction period series. Runs 1 - 5 50r 

165°C 5.7mg 175°C 6,1mg 

t p t p t p 

25 0.24 10 0.06 pa 182.85 

30 0.48 15 0.24 185°C 4.8mg 
35 0.80 18 0.48 

5 0.04 
40 1.26 21 0.83 8 0.05 
44 1. 76 24 1.39 10 0.16 
pa 188.10 27 2.17 12 0.39 

170°C 6.4mg pa 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 pa 130.73 

31 1. 70 19 1.92 

33 2.15 21 2.94 

pa 192.00 23 4.38 

Acce1eratory period Split run Run 6 50r 11. Omg 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 9 121.61 

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 Pa 370.63 



Decay period Split-run Run 7 50r 4.4mg pellet 

t p t p t p 

190°C 14 52.60 172°C 

40 1.10 16 52.81 6 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°C 29 54.88 16 63.26 

24 48.66 32 55.30 18 63.92 

28 49.02. 167°C 182°C 

32 49.68 6 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°C 16 57.55 18 76.44 

6 51.48 18 57.86 20 76.89 

8 51.67 20 58.26 22 77.48 

10 I 51.97 22 58.82 24 77.80 

12 52.34 24 59.05 pa 98.01 

Induction period series Runs 8 - 12 15000r 

t p t p t p 

140.4°C 4.7mg 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 pa 129.22 32 1.38 

24 1.09 131. 7°C 6.9mg 35 1.94 

26 1.52 30 0.16 Pa 169.45 

28 2.02 35 0.55 145.5°C 4.5mg 

Pa 149.01 38 0.91 15 0.18 

126.o0c 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 Pa 215.00 Pa 137.00 

50 0.53 135.7°C 5.8mg 



175°C Run 13 15000r 4. 9mg 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 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 95 99.25 pf 160.00 

23 38.88 
'I 

100 103.76 Pa 162.20 

Acce1eratory period Split- run Run 14 15000r ll.OJ:Dg pellet 

t p t p t p 

130°C 15 13.96 10 25.35 

200 8.88 19 14.21 12 25.64 

114. 6°C 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 

33 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°C 30 23.31 110 81.04 

7 13.35 130.0°C 140 82.03 

11 13.73 7 24.91 p' 86.00 
a 



. Decay period Split-run Run 15 15000r 5.0mg pellet 

t p t p t p 

160°C 11 77.84 14 97.49 

140 56.15 12 78.58 190°C 

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 l80°C 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 89~29 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°C 

8 75.00 12 95.00 pa 127.00 

10 76.80 13 96.11 

110°C 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 21.54 100 111.59 210 150.83 

50 31.16 110 119.68 pf 160.00 

55 41.36 120 126.31 pa 140.00 

60 51.73 130 131.08 



185°C Run 17 15000 r. 4.4mg 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 71.37 101 161.44 

ll 30.10 50 79.06 110 164.89 

12 34.23 55 86.99 Pa 166.04 

14 39.88 60 97.84 

16 43.32 65 108.36 

185°C Run 18 15000 r 11. Omg pellet 

t p t p 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 Pa 489.52 

TABLE 6.11 

165°C Run 1 Powder 15000r. 4.8mg 

t p t 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 



18 6.64 42 95.71 Pr 160.00 

21 12.18 49 107.55 pa 161.53 

24 23.08 60 120.07 

27 38.30 70 126.28 

165°C Run 2 Pellet 15000r 4. 3mg pellet 

t p t p t p 

5 0.03 36 40.61 135 91.21 

8 1.26 41 45.ll 145 98.89 

10 1.60 46 48.22 155 106.48 

12 2.80 52 50.36 165 1ll.21 

14 4.45 60 52.70 175 ll7 .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 pf 160.00 

25 23.58 105 69.22 pa 153.67 

28 29.02 ll5 76.ll 

32 35.50 125 83.32 

165°C Run 3 Pe11eted irradiated powder 15000r 5.5mg peJ..let 

t p t p t p 

5 0.01 45 28.65 135 107.18 

10 0.20 50 35.13 150 ll7 .31 

15 0.68 57 42.71 165 125.44 

20 1.41 65 49.26 180 132.81 

25 3.10 75 56.75 200 140.03 

30 7.47 90 66.64 240 149.00 

35 14.59 105 78.87 Pr 160.00 

40 22.23 120 92.59 pa 174.21 



TABLE 6.12 

160° :t 2°C 15000r 6.0mg pellet 

t dp/dt t dp/dt t dp/dt 

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 ll5 0.36 

25 0.34 55 0.74 140 0.34 

30 0.67 60 0.60 

TABLE 7.1 

195°C 2 hrs X-irradia ted Run 1 6. 3mg pellet 

t p t p t p 

5 0.27 19 45.32 77 139.12 

7 0.92 25 51.66 85 150.63 

9 3.78 35 56.88 95 157.22 

10 8.39 45 65.91 105 159.83 

11 15.98 52 76.02 pf 160.00 

12 23.27 59 92.58 p 210.10 a 
13 28.99 65 108.40 

15 36.90 71 125.62 

195°C Unirradiated blank Run 2 6.lmg pellet 
• 

t p t p t p 

10 0.01 60 7.85 95 ll2. 74 

20 0.03 65 14.04 102 131.31 

30 0.09 70 24.20 llO 144.53 

40 0.52 75 38.88 120 153.72 

45 1.16 80 57.06 137 159.20 

50 2.40 85 76.55 Pr 160.00 

55 4.40 90 96.38 pa 193.40 



175°C 30 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 52.24 135 128.55 

20 0.60 65 61.28 150 134.91 

25 1.06 70 70.25 180 145.96 

30 2.21 75 77.23 200 151.01 

35 5.52 80 84.62 pf 160.00 

40 11.92 90 96.37 Pa 201.12 

45 20.77 100 105.60 

50 31.14 110 113.23 

175°C 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 53.36 240 144.88 

60 0.26 150 69.30 260 148.64 

70 0.67 160 83.96 280 150.02 

80 1.66 170 97.14 pf 160.00 

90 3.74 180 108.25 pa 198.20 

TABLE 7.2 

1 75°C R~producibi1ity series 30mins X-irradiated Run 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 0.73 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 84.33 pf 160.00 

55 21.75 no 96.57 Pa 198.11 



175°C Run 2 5.0mg 

-1; 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.ll 130 ll4. 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 pf 160.00 

55 23.82 100 89.02 Pa 189.10 

,_ 75°C R:m 3 5.0mg 

... p t p t p 

10 0.04 60 33.97 llO 99.45 

20 0,29 65 42.41 120 108.58 

30 0,82 70 51.50 130 ll4.64 

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 pf 160.00 

55 24.71 100 90.39 Pa 202.10 

TABLE 7.3 

175°C 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 llO 102.70 

20 1.35 52 42.47 120 ll0.47 

25 3.05 56 48.16 140 124.92 

30 7.50 61 53.83 165 141.91 

33 11.51 67 60.69 pf 160.00 

36 16.49 74 68.23 pa 193.80 

39 21.91 82 76.51 

42 27.04 90 84.80 



TABLE 7.4 

175°C Run 1 Unirradiated blank 5.0mg 

t p t p t p 

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 L66 170 97.14 pf 160.00 

90 3.74 180 108.25 pa 198.21 

175°C Run 2 2 mins !-irradiated 5.0mg 

t p t p t p 

10 0.04 90 23.87 175 114.53 

20 0.08 100 36.20 190 123.58 

30 0.13 no 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 83.95 280 150.02 

70 7.04 150 93.99 pf 160.00 

80 13.97 160 102.70 pa 163.71 

175°C Run 3 5 mins X-irradiated 5.0mg 

t p. t p t p 

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 96.33 240 149.32 

60 11.23 130 104.85 Pr 160.00 

70 24.35 140 113.66 pa 169.10 



175°C Run 4 10 mins X-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 Pr 160.00 

50 7.77 120 99.73 pa 223.00 

60 19.36 130 109.16 

70 34.20 145 121.13 

175°C Run 5 15 mins X-irradiated 5.0mg 

t p t p t p 

10 Oo05 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 84.33 Pr 160.00 

55 21.75 110 96.57 pa 188.80 

-

:: 75°C Run 6 30 niins X-irradiated 5.0mg 

t p t p t p 

10 0,07 55 41.67 120 119.56 

l? 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 Pr 160.00 

40 11.92 90 96.37 pa 201.12 
! 

45 20.77 100 105.60 

50 31.14 110 113.23 .· 



l75°C Run 7 l hour X-irradiated 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 Pr 160.00 

31 13.88 62 91.83 pa 198.60 

34 22.24 70 103.08 

l75°C Run 8 3 hours X-irradiated 5.5mg 

t p t p t p 

5 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 Pr 160.00 

25 25.20 50 98.40 pa 231.70 

27 33.46 56 106.30 

175°C Run 9 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 Pr 160.00 

12 4.03 32 77.29 

14 8.13 36 86.78 



TABLE 7.5 

Varying temperature series. 30 mins. X-irradiated Runsl-7 

t p t p t p 

150°C 4.3mg 36 1.11 Pa 187.20 

40 0.42 39 1.26 175°C 5.lmg 

45 0.66 Pa 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 

Pa 134.11 27 1.13 33 19.35 

155°C 4.9mg 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 Pa 174.11 10 0.42 

43 1.09 1700C 5.1mg 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 Pa 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 8 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 



45 4.45 107 53.09 220 108.44 

50 7.48 115 57.07 230 112.14 

55 ll. 74 123 61.48 240 116.01 

59 15.44 131 66.39 280 130.07 

63 19.47 139 70.12 pf 160.00 

67 23.12 147 74.61 pa 215.30 

71 27.01 155 79.72 

170°C 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 81.64 

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 f/:) 37.59 145 109.21 

31 2.74 63 41.47 155 114.45 

34 4.12 67 46.39 170 122.03 

37 6.10 71 51.46 195 133.66 

39 7.90 75 55.23 pf 160.00 

41 10.06 80 60.12 pa 174.96 

43 12.67 85 64.78 

45 15.42 90 69.19 

175°C Run 10 5.0mg 

t p t p 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 90 91.57 

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 Pr 160.00 

37 16.73 64 58.86 pa 208.91 

38 18.45 68 65.50 

180°C 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 81 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 Pr 160.00 

27 17.66 57 68.91 pa 258.10 

28 20.18 61 73.90 

l85°C Run 12 4.9mg 

t p t p t p 

5 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 f~.7l 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 J 146.36 

21 19.02 46 79.76 130 151.13 

22 22.87 49 85.13 140 154.12 

23 26.86 52 90.55 pf 160.00 

24 30.80 55 94.90 pa 181.60 

25 34.23 58 99.79 

26 37.37 62 105.30 

l90°C Run 13 5.5mg 

t p t p t p 

5 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 71.33 69 136.13 

17 20.86 32 73.48 75 138.60 

18 25.39 34 79.28 82 143.46 

19 29.74 36 84.42 90 147.51 

20 33.69 38 89.68 100 150.46 

21 37.49 40 94.44 pf 160.00 

22 41.03 42 98.42 pa 230.85 

23 44.38 44 1102.74 

TABLE 7.6 

l80°C Run l 30 mins X-irradiated 5.8mg 

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 Interruption 

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 



In terrup tior 30 66.81 67 158.,52 

13 22.02 32 73.66 75 166.37 

14 22.27 34 83.61 90 178.74 

16 23.06 36 93.75 pa 232.10 

18 26.00 38 101.15 

20 34.07 40 108.73 

TABLE 7•7 

175°C Run 1 Unirradiated blank 5.0rng 

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 

80 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 Pr 16(h00 

120 18.50 220 102.52 Pa 222.10 

130 24.99 230 109.47 

175°C Run 2 t = 0 2hrs X-irradiated 5.0rng 

t p t 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 Pr 160.00 

35 34.20 80 100.75 pa 187.90 

40 43.09 85 105.48 

45 51.86 90 111.26 



175°C Run 3 End I.P. 2 hrs. X-irradiated 5.0mg 

t p t p t p 

10 0.01 75 4.25 105 102.81 

20 0.02 78 7.48 110 106.18 

30 0.08 81 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 90 56.63 170 133.21 

65 1.00 93 69.59 200 137.38 

In terrup tior 96 81.98 pf 160.00 

70 1.04 100 93.54 pa 192.70 

175°C Run 4 ex= 0.25 2 hrs X-irradiated 5.0mg 

t p t p t p 

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 Pr 160.00 

161 41.58 195 92.82 pa 174.90 

165 43.05 200 100.77 

169 46.01 205 106.36 

175°C Run 5 ex = 0.48 2 hrs X-irradiated 4.2mg 

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 

190 77.34 

194 78.15 

175°C Run 

t p 

40 0.18 

100 9.21 

150 41.91 

210 96.71 

250 24.76 

Interruption 

6 

222 

227 

232 

(X = 0.80 

t 

260 

265 

275 

285 

300 

315 

TABLE 7.8 

l65°C Water interruptions. 30 mins 

t p t 

20 0.88 90 

30 1.27 100 

40 3.40 110 

50 8.96 120 

60 l9.48 137 

70 31.38 150 

80 41.60 165 

l65°C Run 2 t = 0 

t p t 

10 0.02 70 

20 0.13 75 

30 0.34 80 

40 0.77 85 

50 2.60 95 

110.72 

116.95 

122.37 

2 hrs 

p 

126.70 

127.75 

128.53 

130.41 

136.92 

141.59 

352 

X-irradiated 

t 

330 

360 

390 

pf 

pa 

156.09 

160.00 

110.21 

5.0mg 

p 

145.20 

152._03 

154.04 

160.00 

192.00 

--

X-irradiated Uninterrupted blank 
5.0mg 

p t p 

49.31 180 92.89 

56.57 200 101.00 

61.91 220 108.52 

66.47 240 115.18 

75.90 260 120.17 

80.89 280 124.19 

86.96 pa 202.20 

(30 sees) 4.8mg 

p t p 

17.02 125 47.82 

21.27 135 51.03 
--

25.23 145 53.41 

29.02 160 56.80 

35.19 180 61.37 



60 

65 

165°C 

t 

15 

Interruption 

25 

35 

45 

55 

65 

165°0 

t 

30 

Interruption 

40 

50 

60 

70 

80 

165°0 

t 

10 

20 

30 

40 

50 

60 

65 

8.57 

12.84 

Run 

p 

3 

0.04 .. 

0.06 

0.,10 

0 .. 21 

0.80 

2.45 

Run 4 

p 

L34 

. 1 .. 35 

1.37 

1.47 

2.22 

3.59 

Run 5 

p 

0.01 

0.34 

0 .. 93 

2 .. 92 

8.21 

15.27 

19.00 

105 

115 

0.5 I.P .. 

t 

.75 

85 

95 

105 

120 

140 

160 

End I.P. 

t 

90 

100 

110 

120 

140 

160 

180 

(X = Oe15 

t 

Interruption· 

70 
. 

00 

90 

100 

110 

120 

40.21 

44.39 

(30 sees) 

p t 

5.68 180 

9.64 210 
\ 

13.54 240 

16.94 280 

21.,00 Pa 
25.42 

28.51 

(30 sees) 

p t 

5.52 200 

8,.18 220 

11~52 240 

14~71 200 

201119 pa 

25.74 

30.84 

. (30 ·sees) 

p t 

135 

19 .. 01 150 

19.04 180 

19.24 210 

19.95 240 

20.84 
\ 

280 

21.74 pa 

133.42 

4.8mg 

p 

31.33 

34.85 

37.52 

39 • .29 

111.26 

5.0mg 

p 

35.80 

40.29 

44~40 

50.40 

159 .. 99 

.. 

5 •. 0mg 

p 

23.,28 

24.87 

28.27 

32.45 

37.24 

40.80 

135.21 



165°0 Run 6 ~ = 0.25 .• 
(30 sees) 4.8Ing 

•'. , .. 
t p t p t p 

20 0~07 110 41.94 180 51 .. 08 

50 7.91 120 42_ .. 52 200 55.00 

80 40.99 130 43.46 220 59.25 

Interruption 14() 44.56 240 6}. 66 

90 41.57 150 45.88 200 71.37 

100 41 .. 66 . 160 47.43 Pa 1()2.31 

165°0 Run 7 0(:;: 0.50 (30 sees) 5 .. 0mg 
.. 

t p t p t p 

20 o.n 140 67.05 225 74.()8 

50 7.01 150 67.17 240 77.08 

80 39.47 160 '~67 "'8 . 270 85.11 

100 55 .. 88 .. 170 67 .. 68 i 300' 95.95 

120 66.9() 100 68.24 p· 162.17 
a 

Interruption .1~5 69.43 

130 66.99 210 71.52 .. 

' 165°C Ru:ri 8 Unirradiated blank 5.0mg 

t p t p t p 

30 . 0.02 210 . 0..,76 395 20.88 

60 0.04 240 1.71 420 28.57 

90 0 .. 05 270 3 .• 34 450 35.63 

120 0 .. 06 300 5.96 400 44.82 

150 0.13 330 9.61 Pa 204 .. 29 
.. 

180 0.31 :360 14.17 

165°C Run 9 . t = 0 (5·.mins) 5.1mg 

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 0.84 345 25.17 

60 o. 21 210 0.,99 360 27.26 

70 0~27 240 2.17 390 30~03 

80 0.32 270 7.31 pa 114.63 

TABLE 7.9 

175°C. Run 1 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 pf 160c00 

40 24.22 115 104.07 pa 200.31 

45 32.88 125 111.19 

50 40-99 140 120.90 

175°C Run 2 Irradiated pellet 7 .Omg pellet 

t p t p t p 

10 0.13 55 35.12 160 107.84 

15 0.51 60 39.71 180 l22el0 

20 1.06 70 46.74 200 133.17 

30 5.82 80 53.18 220 140.96 

35 11.41 9d 58.45 240 146.56 

40 17.95 105 66.69 280 150.54 

45 24.04 120 76.81 pf 160.00 

50 29.87 140 91.91 pa 243.58 



175°C Run 3 Pe11eted irradiated powder 7 .Omg pellet 

t p t p 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 o. 71 80 49.25 180 122.70 

30 1.20 90 58.01 200 l-31.43 

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 Pr 160.00 

55 21.25 140 98.02 pa 244.36 

TABLE 7.10 

195°C Run 1 Unirradiated blank 5.lmg pellet 

t p t p t p 

10 0.01 60 7.85 95 112.74 

20 0.03 65 14.04 102 131.31 

30 o.o9· 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 pf 160.00 

55 4.40 90 96.38 p 193.40 
a 

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 73 130.85 

6 .0.65 27 51.70 77 139.74 

7 1.00 33 55.53 81 146.46 

8 1.72 38 59.15 85 150.53 

9 3.81 43 64.01 92 153.75 



10 10.91 48 69.ll 100 156.82 

11 22.03 53 78.ll llO 156.33 

12 28.95 57 87.26 120 157.61 

13 33.57 61 97.63 Pr 160.00 

15 39.84 65 109.04 pa 192.90 

195°a Run 3 X-irradiated on glass 5. 2mg pellet 

t p t p t p 

5 0~10 30 21.15 75 106.38 

7 0.32 35 25.74 80 ll9.60 

9 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.ll 

15 8.31 55 55.25 120 155.ll 

18 12.12 60 66.42 pf 160.00 

22 15.61 65 78.39 pa 200.17 

26 18.83 70 92.16 

TABLE 7.11 

164° ;!: 2°C 2 hours X-irradiated 5.0mg pellet 

t dp/dt t dp/dt t dp/dt 

15 0.01 75 0.22 125 0.36 

20 o.o1 80 0.24 130 0.34 

25 0.02 85 0.31 140 0.31 

30 0.02 90 0.34 150 0.28 

35 0.03 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 0.13 

65 0.15 115 . 0.41 

70 0.18 120 0.39 



TABLE 8,1 

190°C Run 1 Unirradiated blank 4. 5mg pellet 

t p t p t p 

10 0.-02 llO 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 Pr 160.00 

100 6.59 200 124.19 pa 177.69 

190°C Run 2 Low intensit,y lamp 4.lmg pellet 
~ 

t p t p t p 

2 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 90 46.97 210 147.16 

10 2.76 100 57.25 22Q 148.84 

15 5.12 llO 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 Pr 160.00 

35 12.59 150 ll4. 75 Pa 120.51 

40 14.35 160 123.46 

50 :)..8.69 172 132.31 



l90°C Run 3 High intensity lamp 4. 5mg pellet 

t p t p t p 

l 0.20 50 23.26 150 132.57 

2 0.60 60 28.63 171 146.19 

3 3.79 70 35.50 200 154.30 

4 5.42 80 44.80 220 156.36 

5 6.40 90 56.28 270 160.00 

10 9.09 100 70.96 Pr 160 .. 00 

20 l2e4l 111 87.39 pa 192.00 

30 15.70 120 101.25 

40 19.19 130 114.30 

TABLE 8,2. 

195°C Run 1 Unirradiated· blartk ' . 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 Q 156.30 

55 10.99 100 107.96 Pr 160.00 

60 16.44 105 119.32 Pa 199.22 

65 23.15 110 126.83 

l95°C 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 25 88.87 90 154.68 

7 33.21 30 98.64 Pr 160.00 

8 39.13 35 105.13 pa 189.19 



I 
10 48.77 40 114.04 

12 56.50 50 126.25 

TABLE 8.3 

190°0 Run 1 l. 5 hrs U.V. - irradiated 4.6mg pellet 

t p t p t p 

2 0.80 25 75.83 120 140.21 

4 4. 71 30 82.26 130 143.24 

5 17.75 35 87.74 150 148.25 

6 27.81 40 93.13 170 152.36 

7 34.38 50 102.67 190 154.67 

8 39.25 60 ll0.93 220 157.59 

9 43.56 70 117.37 240 158.93 

10 46.86 80 123.69 260 159.78 

12 52.56 90 128.66 ~80 160.00 

15 59.55 100 132.95 pf 160.00 

20 68.25 110 136.95 pa 214.86 

190°0 Run 2 4. 6mg pellet 

t p t p t p 

2 0.02 25 67.87 130 139.15 

3 0.03 30 73.27 140 141.09 

4 3.33 35 77.98 160 145G45 

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 Pr 160.00 

15 55.67 110 133.38 pa 186.12 

20 62.49 122 137,06 



175°C Run 3 15 mins U.V. - irradiated 5.0mg 

t p t p t p 

5 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 90 99.01 280 156.98 

22 36.82 105 108.71 Pr 160.00 

30 47.11 120 117.04 pa 203.10 

175°C 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 90 100.27 Pr 160.00 

21 38.41 105 110.12 pa 197.70 

175°C Run 5 5.0mg 

t p t p t 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 90 92.97 280 154.51 

22 30.90 105 103.18 Pr 160.00 

30 41.10 120 111.90 pa 205.10 



TABLE 8.4 

175°C. Run 1 Unirradiated blank 5.0mg 

t p t p t p 

15 0.03 150 11.97 320 107.12 

30 0.03 165 18.03 340 113.56 

45 Oo07 180 25.40 360 118.67 

60 0.13 200 36.84 390 123.33 

75 0.30 220 49.95 420 126.94 

90 0.78 240 64.13 450 129.04 

105 1.85 260 78.77 Pr 160.00 

120 4.02 280 89.48 Pa 189.91 

135 7.30 300 99.17 
' 

175°C Run 2 2 sees U.V. -irradiated 5.0mg 

t p t p t p 

10 0.01 110 18.94 260 122.28 

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 68.84 390 152.95 

70 4.53 195 80.31 420 154.65 

80 6.75 210 91.24 pf 160.00 

90 9.88 225 101.40 pa 217.10 

100 13.94 240 110.90 

175°C Run 3 10 sees 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 

70 20.71 165 96.78 Pr 160.00 

80 29.06 180 106.45 pa 194.30 

175°C Run 4 80 sees u.v. - irradiated 5. 7mg 

t p t p t p 

6 0.14 50 40.69 no ll1. 76 

10 0.64 55 49.26 120 ll9.37 

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 ll.39 75 79.02 210 150.33 

35 17.64 82 86.96 pf 160.00 

40 24.91 90 95.63 Pa 245.50 

45 32.90 100 104.20 

l75°C Run 5 6 hrs U.V. _ irradiated 5.0mg 

t p t p t p 

3 o.o1 20 57.59 90 131.62 

4 0.96 25 68.05 120 141.84 

5 4.98 32 79.74 150 148.93 

6 11.79 40 91.23 Pr 160.00 

8 22.98 50 102.19 Pa· 169.21 

ll 34.48 60 111.51 

15 45.66 75 123.65 

l75°C Run 6 32 hrs U.V. - irradiated 5.0mg 

t p t p t p 

3 0.05 12 65.21 75 131.09 

4 5.97 17 74.51 90 139.08 

5 24.53 25 85.33 120 150.23 



6 

7 

9 

170°C 

t 

10 

15 

20 

25 

175°C 

t 

3 

8 

13 

18 

23 

28 

33 

38 

43 

48 

53 

58 

180°C 

t 

10 

15 

20 

Run 

36.94 

44.98 

55.26 

35 

45 

60 

TABLE 8. 5 

1 Varying temperature ser~es 

p t 

0.03 30 

0.12 35 

0.25 40 

0.42 45 

Run 2 

p t 

0.,03 63 

0.13 68 

0.29 73 

0.52 78 

0.87 83 

1.53 90 

2.77 97 

4.62 104 

6.92 113 

9.71 123 

12.90 133 

16.06 143 

Run 3 

p t 

0.10 65 

0.36 70 

0.98 75 

96.88 

105.20 

118.89 

15 sees U.V.-irradiated 

p t 

0.68 pf 
1.08 pa 
1.70 

2.55 

--

p t 

19.78 158 

24.25 173 

28.86 188 

33.75 203 

38.58 218 

44.71 233 

52.35 263 

57.50 293 

65.93 323 

73.52 353 

00.45 pf 
88.39 pa 

p t 

37.50 150 

44.30 165 

49.30 180 

153.16 

160.00 

161.00 

5.0mg 

p 

160.00 

214.70 

5.1mg 

p 

98.18 

106.32 

114.09 

120.55 

126.34 

130.86 

139.64 

145.09 

149.31 

152.05 

160.00 

213.20 

6.0mg 

p 

103.10 

109.22 

114.48 



r 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 85.12 330 142.90 

55 27.49 128 91.35 pf 160.00 

60 33.18 139 97.20 Pa 256.00 

185°C Run 4 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 o. 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 66.83 180 150.63 
. ' 

27 7.57 72 74.64 195 152.66 

30 10.69 77 81.61 pf 160.00 

33 14.14 83 89.83 Pa 204.40 

36 17.84 90 98.82 

190°C Run 5 5.3mg 

t p 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 72.33 116 147.81 

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 

32 

35 

195°C 

t 

5 

8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

185°C 

t 

5 

10 

15 

20 

23 

26 

29 

32 

34 

36 

Interruption 

40 

45 

50 

25.70 

32.33 

39.38 

p 

0.05 

0.42 

1.09 

2.41 

4.63 

7.63 

11.41 

16.14 

21.46 

27.13 

33.24 

Run 

p 

0.03 

0.22 

0.74 

2.45 

4.07 

6.24 

9.01 

12.57 

14.62 

17.30 

17.98 

19.83 

25.67 

1 

67 

72 

77 

t 

28 

30 

32 

34 

37 

40 

43 

46 

50 

55 

60 

Run 

TABLE 8.6 

6 

102. 5~ 

110.89 

116.32 

p 

39.47 

45,48 

51.60 

56.76 

65.82 

74.51 

82.68 

90.42 

98.06 

108,67 

11.8. 29 

15 sees U.V. - irradiated 

t p 

55 32.27 

60 39.69 

65 46.36 

70 53.68 

75 61.27 

80 67.62 

85 75.03 

90 82.37 

95 87.87 

100 94.72 

105 01.14 

Interruption 

110 02.74 

115 07.·28 

t 

65 

70 

75 

82 

90 

100 

110 

Pr 

pa 

t 

120 

126 

132 

140 

150 

160 

170 

180 

200 

220 

Pr 

Pa 

159.78 

160.00 

239.51 

5.0mg 

p 

125.01 

132.37 

138.75 

144.29 

150.53 

154.45 

156.73 

160.00 

190.50 

5.0mg 

p 

112.36 

118.58 

121.35 

128.39 

133.69 

138.57 

143.84 

146.13 

149.99 

151.50 

160.00 

249.94 



185°C Run 2 5.0mg 

t p t p t p 

8 0.09 60 43.95 120 106.ll 

Interruption 65 50.93 130 ll4.43 

10 0.10 70 57.37 140 120.70 

15 0.30 71 58.61 150 129.27 

20 Oo9l 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 90 74.93 pf 160.00 

45 22.88 95 79.65 pa 204.58 

50 29.63 103 89.14 

55 36.75 lll 96.63 

TABLE 8.7 

l85°C Run l Interruption and Irradiation series. Unirradiated blank 5.0mg 

t p t p t p 

10 0.01 100 23.61 170 122.23 

20 0.02 107 31.97 181 131.06 

30 0.06 ll4 41.80 195 140.77 

40 0.15 121 52.94 210 147.16 

50 0.55 I 
128 64.56 235 151.82 

60 1.57 135 76.92 275 157.88 

70 4.00 142 87.62 pf 160.00 

80 8.21 150 98.82 pa 218.05 

90 14.43 160 ll1.88 

l85°C Run 2 U.V. -irradiated at t = 0 5.0mg 

t p t p t p 

5 0.50 19 54.69 58 122.48 

7 3.84 22 65.12 68 129.66 . 

9 9.88 25 73.50 80 138.37 



11 

13 

15 

17 

185°C 

t 

27 

Interruption 

32 

34 

36 

38 

40 

42 

185°C 

t 

10 

20 

30 

40 

50 

55 

Interruption 

60 

62 

64 

18.14 

28.15 

37.57 

46.32 

p 

0.05 

0.70 

4.69 

12.11 

22.16 

33.09 

43.45 

Run 

p 

0.02 

0.03 

0.05 

0.11 

0.34 

0.99 

1.29 

5.32 

12.41 

Run 3 

4 

29 

34 

40 

48 

t 

44 

46 

48 

50 

53 

56 

60 

65 

t 

66 

68, . 

70 

72 

74 

77 

80 

84 

88 

92 

83.33 

92.11 

102.16 

111.58 

0.5 I.P. 

p 

51.99 

59.99 

67.22 

73.77 

82.53 

89.98 

97.25 

105.79 

End I.P. 

p 

21.63 

31.65 

41.27 

50.01 

57.91 

67•32 

75.86 

85.97 

94.63 

100.44 

t 

70 

77 

85 

95 

110 

125 

Pr 

pa 

t 

97 

103 

110 

120 

130 

145 

160 

Pr 

Pa 

143.34 

160.00 

229.35 

5.0mg 

;p 

113.28 

122.28 

128.17 

134.51 

141.99 

147.20 

160.00 

212.40 

5.2mg 

p 

107.69 

115.59 

123.59 

129.93 

135.36 

142.15 

146.95 

160.00 

241.20 



185°C Run 5 0: = 0.15 4.6mg 

t p .L. p t p u 

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 74.54 195 152.04 

Interruption 123 81.83 210 153.94 

105 24.88 127 90.61 pf 160.00 

107 28.89 132 99.00 pa 188.20 

109 34.58 140 114.20 

111 42.50 148 125.82 

185°C Run 6 0: = 0.48 5.0mg 

t p t p t p 

50 0.66 150 88.50 210 135.79 

80 9.10 155 90.23 225 142.91 

100 25.03 160 92.75 240 147.40 

120 53.07 170 100.08 270 152. 94· 

140 84.10 180 111.21 pf 160.00 

Interruption 190 121.35 Pa 198.71 

145 87.70 200 129.31 

185°C Run 7 0: = 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 Pr 160.00 

170 22.77 210 134.19 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 sees 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 Pa· 175.;76 

60 54.85 135 134.53 

70 70.32 150 141.17 

185°C Run 2 Unirradiated blank 5.0mg 

t p t p t p 

5 0.02 95 32.17 165 166.57 

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 0.75 123 87.98 230 206.89 

55 2.14 130 104.83 270 215.16 

65 5.45 137 119.40 Pa 218.05 

75 11.19 145 134.67 

85 19.67 155 152.46 

185°C Run 3 t = 0 (30 sees) 4.3mg 

t p t p t p 

10 0.04 45 27.69 105 91.16 

15 0.28 50 34.34 120 101.53 

20 1.37 55 40.99 135 108.50 

25 4.05 60 46.72 150 115.25 

30 8.51 70 59.19 pa 131.77 

35 14.17 80 70.25 

40 20.71 90 79.30 



185°C Run 4 0.5 I.P. (30 sees) 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 71.20 pa 112.85 

185°C Run 5 End I.P. (30 sees) 5.0mg 

t p t p t p 

19 1.40 75 4.07 150 54.36 

Interruption 90 10.94 165 58.36 

25 1.47 105 22.93 180 61.16 

45 1 .. 49 120 36.24 215 62.76 

60 1.88 135 47.36 pa 63.35 

185°C Run 6 OG :::; 0.11 (30 sees) 5.0mg 

t p t p t p 

25 3.11 75 16.13 165 57.57 

30 9.10 90 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 pa 107.67 

185°C Run 7 Inflexion point (30 sees) 5.0mg 

t p t p t p 

10 0.29 80 42.26 165 77.57 



30 ll.47 90 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 pa 107.19 

70 42.08 150 70.38 

185°C Run 8 ex = 0.,60 (30 sees) 5.0mg 

t p t p t p 

30 9.04 105 93.13 165 105.98 

50 33.29 ll5 93.37 180 1ll.35 

70 67.21 125 94.17 200 ll6.58 

90 92.19 135 95.96 220 ll9. 71 

Interruption 145 98.74 240 122.17 

95 93.04 155 102.27 pa 129.62 

185°C Run 9 Successive (30 sees) 5.0mg 

t p t p t p 

5 0.01 ll5 3.32 240 6.36 

10 0.30 125 3.33 250 7.79 

19 1.15 135 3.36 260 ll .. 23 

Interruption 145 3.57 270 18.03 

25 1.16 155 4,18 280 28.65 

35 1.19 157 4.36 290 41el8 

45 1.50 Interruption 300 53.02 

52 2.25 165 4~37 310 64.80 

Interruption 175 4.44 321 73,58 

60 2.25 185 4.81 330 78.85 

70 2.26 193 5.45 346 87.13 

80 2.27 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 5.53 Pa 101.60 

Interruption 230 5.78 



l85°G Run 10 t = 0 ( 5 mins) 4.4mg 

t p t p t p 

10 0.01 90 6.36 170 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 pa 121.96 

75 2.66 160 80.77 

TABLE 8.9 

185°G Run 1 Blank 15 sees U.V. - irradiated 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 o. 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 72 74.64 195 152.66 

30 10.69 77 81.61 pf 160.00 

33 14.14 83 89.83 pa 204e07 

36 17.84 90 98.82 

185°G Run 2 Thermally annealed. 15 sees 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 pf 160.00 



30 

35 

l90°C 

t 

3 

4 

5 

6 

8 

ll 

14 

18 

. 23 

28 

l90°C 

t 

4 

5 

6 

7 

9 

12 

15 

19 

24 

29 

34 

39 

19.08 

27.40 

Run 

p 

0.09 

2.92 

6.05 

8.21 

11.08 

14.18 

16.82 

20.08 

25.15 

30.62 

Run 

p 

0.21 

3.01 

6.36 

8.77 

12.00 

15.31 

17.77 

21.10 

25.53 

31.12 

36.88 

44.14 

l 

2 

90 

105 

107.14 

120.96 

TABLE 8,10 

35 mins U.V. irradiated 

t p 

33 36.08 

38 40.78 

44 47.81 

50 53.68 

57 63.30 

64 75.56 

71 90.10 

78 110.56 

85 131.40 

92 157.29 

35 mins U.V. irradiated 

t p 

44 51.95 

49 59.02 

54 67.52 

60 78.12 

65 87.05 

70 101.80 

75 122.96 

80 147.78 

85 185.51 

90 230.67 

95 286.22 

100 337.62 

199.70 

8. 5mg pellet 

t p 

99 178.84 

107 202.68 

115 212.98 

125 227.87 

135 237.53 

155 248.19 

175 252.5~ 

197 254.01 

225 254.34 

pa 254.30 

l 7. 3mg pellet 

t p 

105 384.40 

no 421.47 

115 449.65 

120 469.88 

130 492.11 

140 502.84 

160 511.85 

180 512.14 

200 514.37 

Pa 601.00 



TABLE 8.ll 

l95°C Run l Unirradiated blank 5p0mg 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 91 48.65 150 144.14 

40 0.61 98 65.22 165 150.12 

50 2.0~ 105 80.94 180 153.01 

60 5.41 lJ..2 96.40 pf 160.00 
I 

70 13.07 l2o ll3.16 pa 191.21 

195°C Run 2 6b sees 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 ll2 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 155p27 

35 21.18 88 94.22 pf 160.00 

40 25.53 96 109.34 pa 1?8.39 

l95°C Run 3 120 sees 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 80 51.04 170 154.43 

30 9.74 88 63.68 pf 160.00 
•.. 

35 12.02 96 78.34 pa 158.30 

40 14.48 104 93.42 

45 17.37 112 108.27 



TABLE 8.12 

l90°C Run l 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 33.36 180 149.23 

15 o. 70 70 48.45 200 153.50 

20 1..36 80 64.87 220 155.97 

26 2.40 90 81&29 240 158.50 

30 3a68 100 95.87 pf 160.00 

35 6o00 110 107.98 Pa. 179.21 

40 9.49 120 117.88 

45 14.16 140 132.46 

l90°C 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 no. 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 Pa 170.94 

50 33o95 160 85.80 

TABLE 8.13 

160° + 2°C Run 6.0mg pellet - l 

t dp/dt t dp/dt t dp/dt 

10 0.17 30 0.13 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 

J.75°C Run 1 30 sees U.V.-irradiated at 6.5 em. 5.0mg 

t p t p t p 
J 

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 2.74 85 51.52 195 136.46 

25 5.44 95 58.92 210 144.79 

30 8~43 105 68.07 pf 160.00 

35 11.82 115 77.36 pa 174.21 

40 15.50 125 84.59 

47 20.44 135 92.73 

175°C Run 2 30 sees 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 52.24 40 151.18 

6 0.87 16 67.73 50 156.32 

7 1.53 17 78.94 60 159.06 

9 3.55 18 89.35 pf 160.00 
-

11 8.10 20 104.76 Pa 180.21 

12 13.35 23 120.70 

13 22.06 26 131.08 

175°C Run 3 15000 r. y. 4.9mg 

t p t p t p 

5 Oe26 15 39.13 29 134.19 

7 1.61 16 52.84 35 145.46 

9 3.64 17 65.10 47 154.64 

ll 7.50 18 76.07 60 157.63 

12 10.77 20 95.45 pf 160.00 

13 16.43 22 108.81 pa 172.00 

14 25.64 25 122.00 



155°C Run 4 15000 r. y. 5.0mg 

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 71.11 170 117.92 

35 3.69 97 83.94 pf 160.00 

45 7.28 108 93.02 Pa 194.07 

155°C Run 5 30 mins u.v. at 6.5 em 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 16.09 50 62.13 pf 160.00 

17 22.57 62 70.25 Pa 172.81 

21 29.52 75 78.0.7 

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 90 136.87 

11 17.22 36 84.99 105 139.98 

13 25.66 42 94.81 120 143.85 

16 36.52 50 107.59 Pr 160.00 

19 45.75 60 117.93 pa 192.11 



175°C Run 7 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 79.98 200 146.23 

26 19.66 85 91.10 pf 160.00 

29 26.06 95 98.90 pa 173.38 

32 31.58 105 107.53 

36 38.19 120 118.96 

175°C Run 8 30 mins X-rays 15000 r. y. 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 Pr 160.00 

8 12.58 17 113.83 pa 180.20 

9 20.38 19 121.82 

10 35.25 22 130.59 

155°C Run 9 60 mins X-rays (40, 20) 5.2mg 

t p t p t p 

5 0.02 27 34.35 90 78.92 

7 0.67 31 40.63 100 85.18 

9 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 Pr 160.00 

21 19.59 70 66.09 pa 187.98 

24 27.96 80 73.18 



155°C Run 10 15000 r. y. 60 mins X-rays (40, 20) 4.7mg 

t p t p t p 

5 0.01 26 57.40 90 134.67 

7 0.14 30 71.33 100 136~90 

9 1.75 35 83.63 120 142.27 

11 4.09 42 96.70 140 144.75 

14 8.19 50 106.87 Pr 160.00 

17 15.29 60 119.35 pa 150.70 

20 27.91 70 125.29 

23 44.21 80 132.13 

175°C Run 11 30 sees u. v., 30 mins X-rays 4.9mg 

t p t p t p 

5 0.23 27 55.01 90 130.57 

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 pf 160.00 

19 24.38 60 106.63 Pa 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 3.81 23 48.23 105 ll9e30 

6 9.18 30 56.24 120 126.08 

7 14.62 40 67.85 140 134.11 

8 19.04 50 77.95 Pr 160.00 

10 25.57 60 87.81 pa 211.46 

13 32.75 70 95.23 



I 
I 
\ 

165°C 

t. 

10 

15 

20 

25 

30 

33 

36 

165°C 

t 

2 

3 

4 

5 

6 

7 

9 

12 

Run 13 

p 

0.34 

0.90 

1.58 

3.26 

7.60 

11.79 

15.85 

Run 14 

p 

o.o2 

1.04 

6.72 

18.77 

29.43 

35.88 

45.61 

56.37 

30 mins X-rays (20, 10) 5.2mg 

t p t p 

40 20.94 105 62.06 

45 26.15 120 71.69 

52 31.70 140 82.24 

60 35.91 Pr 160.00 

70 41.92 pa 229.04 

80 48.05 

90 52.84 

30 mins, X-rays, 30 mins u.v. 5.0mg 

t p t p 

15 64.69 90 135.33 

19 74.30 105 137.87 

24 84.23 120 139.12 

30 92.90 140 142.19 

40 106,09 pf 160.00 

50 114.92 pa 209.95 

60 122.86 

75 130.01 




