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1. INTRODUCTION

The field which may broadly be called Solid State Chemistry
is a relatively new one and parallels the rapiqu advancing
Solid State Physics field. It is however a vefy sad fact that
chemical applications of the new solid state principles have
been very few when one considers the vast scope of the chemical
problems associated with solids. One such problem is the re-
activity df the solidlstate and more particularly the thermal
instability of certain solid chemical compounds. The subject
of this article is the influence of irradiation on the thermal
decomposition of solid rompounds. These compounds and their
decomposition at elevated temperatures have of course been knovn
since the beginning of chemistry but an attempt to examine the
mechanisms of éheir decompositions has only been initiated in
the past fewy decades. Sadly, very little progress has been
made. One promising tool ié nuclear and other radiations. Irra-
diation effects are of course interesting and important per se
but in the context of this article it is the use of irradiation
as a tool in the study of these decompositions that is more em-
phasized. The usefulness of the irradiation "tool" derives
mainly from the fact that irradiation tends to disrupt the natural
orderliness of a solid and it is precisely such disfuptions which
favor heterogeneous processes such as decompositions. Thus, for
example, if a decomposition begins from & special defect site

on the surface which is normally difficult to create thermally
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(if the activation energy for the formation of this "nucleus"
is high, say) then one would expect irradiation to enhance
this process. Such an irradiation effect is an example of an
obvious one.. Others are less obvious.

This article will, broadly speaking, be divided into three
sections. The first is a summary of present day knowledge of
decompositions of unirradiated solids. These are the basic
control experiments and the main purpose of this section is to
familiafize the reader‘with the basic language of the field. The
second section deals with the influence of irradiation itself,
while the third section examines very briefly some related topics.

The intention is to select certain typical decompositions
rather than describe all the published works. In this way it
is hoped that the reader may acquire a feeling for the subject
rather than a detailed knowledge of it. It is particularly de-
signed for graduate students working in the broad field of chemi-

cal reactivity problems who wish to "read 'around" their subjedt.

§
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(2) BASIC FEATURES OF DECOMPOSITION KINETICS

(1)

Jacobs and Tompkins present an excellent review of f ?'
“this subject prior to 1955. Before proceeding to irradiation
effects it is necessary to outline briefly the present know-

ledge of decomposition of normal unirradiated solids. The field

is a very restricted one so that familiarity with the language 51;

becomes essential. The discussion will be limited to exothermic 44 |

reactions belonging to the class

A ——

L O I N R S I A Y (l)

-
Asolid Bsolid * Cgas

since it is almost exclusively on this type of (irreversible) f;

reaction that irradiation effects have been studied. . 'ng

{(a) The a vs t curve . fl I/}

Most of the studies have been concerned with salts like 1 ;
azides, permanganates, oxalafes, bromates, etc. In all cases a ' | f'ﬁ
gas is evolved and a solid residue remains. The composition of |

the solid residue is in general known. Two main measuring tech-

niques have been used to determine decomposition rates. The

first involveé determination of the amount of gas (pressure) re-
leased in a closed volume as a function of time while fhe second
method merely involves weight loss of a reactant solid "A" as a ' }
function of time. These involve direct observations of, say, j
the number of nuclei formed as a function of time and also the ;U
rate of advance of a reaction front between reactant and product. H”ng

However, only in rare cases can quantitative kinetic results be

obtained from microscopic observations. The extent of reaction ’

3.
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is usually quoted as a fraction, as which in the first experi-
mental method mentioned above is simply the gas pressure divided
by the theoretical pressure developed in the given system when
all of "A" has decomposed. In the second case g would merely
be the weight loss divided by the theoretical maximum possible
weight loss. The basic data are thus contained in ¢ vs. t curves

each of which describe an isothermal decomposition as a function

of time. From families of such curves at different temperatures
and under different conditions such as preirradiation, crystél
size, etc., one may derive activation energies and other kinetic
parameters of interest.

The isothermal decompositions of solids described by equa-
tion I may be conveniently divided into a few types by means of
the distinct forms which the o vs. t curves display. Four of
the most typical types are shown in fig. 1. For the moment, no
distinction will be made between decomposition of one sihgle
crystal or a batch of polycrystalline material, but unless other-
wise stated, all discussions in this chapter refer to the latter.
Basically the curves are sigmoidal and most of the forms encoun-
tered in these decompositions are merely variations of the sig-
moidal type. For example, curve (a) in fig. 1 shows a symmetri-
cal type where the point of inflexion occurs at a = 0.5, but
such behavior is not typical. In general, the value of a at the
point of inflexion, which will througﬁout this chapter be referred
to as apgy » is mot 0.5. This is Qhown in (b). In (c), the
maximum rate occurs right at the beginning of the reaction. The

discussion below shows that there is Jjustification in regarding

. L,

Zengeneesy

ETSpreETyT.e

A 0 AP O . 5 et Al AR Pl et et e 2 e e e e e e

e s T



FIGURE 1
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Typical o vs t curves

thermal decomposition of solids
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curve (c) as a special case of the sigmoidal type (a) with
Cpa” Curve (4) is again basically sigmoidal, but an initial
reaction, which soon dissipates, is superimposed upon a "normal"
sigmoidal type.

Many variations of these basic forms occur, with some or
all of these features remaining. The existence of g vs. t
curves of sigmoidal shape is not surprising. It is now well
established that reaction invariably begins at nuclei which are
generally located at discontinuities in the regular crystalline
~array. The most common such discontinuity is of course the ex-
ternal surface, but nuclei also appear at grain boundaries,
dislocations and other imperfections. The nuclei are small re-
gions of product-B located in the matrix of A. Once formed
they generally grow radially Qutwards. From a simple minded
point of view it is clear that if the reaction front penetrates
at a constant rate from the nucleus, the bulk of material which
has reacted,wili be related to a power of the time which is
greater than unity since more than one dimension ﬁs involved in
the growth. The rate is therefore an increasing function of
time. When solid A becomes somewh;t depleted it is equally
clear that growing nuclei will begin to overlap and a decelera-
tory state must set inm. Howev;r, a decomposition mode such as
depicted by (c¢) in fig. 1 usually indicates that as soon as
the reaction temperature is attained, the whole surface of a
crystal instantly nucleatesf Reaction can then only proceed
into the crystallite as if the unreacted crystallite were sur-

rounded by a contracting envelope. In this case nuclei "overlap"

5.
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‘at t = 0 and no induction period is present. Such behavior
might be expected when the activation energy for nucleus for-
mation is less than or not too different from that for nucleus
growth. If the activation energy for nucleus foymation is sub-
stantially greater than for the growth process, only a relative-
ly small nuymber of nuclei will form and then only at energetically
favorable places such as defects. Most of the decomposition will
then occur by growth to large sizes of these limited number of
nuclei. This behavior will be reflected in the sigmoidal curves.
If the material is subjected to heayy grinding, irradiation or
other mechanical working, it is generally found that the number
of nuclei is greatly enhanced. The net effect is then to shorten
the induction period since it is during this period that simul-
taneous formation of nuclei are occurring.
The importance of these families of o vs. t curves is thus
self-evident. For example an Arrhenius plot of a parameter
such as the length of the induction périod (the definition of

which is arbitrary) will be of significance in deciding just how

easy nucleus formation is. Also, if it can be established that

the initial few percent of the reaction is dominated by the for-
mation of new nuclei rather than by the growth of existing ones,
the activation energy for nucleus growth can be obtained from

an Arrhenius plot of this initial rate. This may be compared to,
say, the Arrhenius plot for some parameter associated with the
decay region which usually describes the activation energy for
the pure growth process since at this point the influence of

.

new nuclei is negligible.
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for the amount of material decomposed can be very complex de-
pending upon how this growth occurs. A general expression,
using the nucleation formation law together with a generslized
law for the nucleus growth rate may be obtained thus: ~ Let r
be a size parameter. Thus, if the nucleus can only grow in

one dimension, r would represent the length of & line of de-~

composed molecules. (The thickness of this line can, incidentally,

be more than one molecule). For isotropic two-dimensional
growth r would be the radius of a circular patch of decomposed
material (of any thickness) while for 3 dimensional growth r
might be the radius of a sphere or side of a cube etc., etc.
Let the growth rate be represented by the function G. Then

the size of & nucleus at time t which began its growth at time
t = y is determined by the parameter r which itself is given by

t
r(t,y) = J G(x)dx ceseecsnesese (8)
¥y

The size (volume) of a nucleus which commenced growth at t = y
is, at time’t,

v(t,y) = olr(t,y)1" e (9)
where ¢ is a shape factor (e.g. o = n/3 for a spherical
nucleus) and A = 1, 2 or 3 depending on whether the nucleus

grows in 1, 2 or 3 dimensions. The total size (volume) of

all nuclei at time t is then

t
v(t) = ] vit,y). [‘—1—%] .dy
0 t=y

ot t
= U G(X)dx % .d__l‘l tdy & ¢ o v o © 0 O (10)
dt
0 ¥y t=y

ey ~

et

PPN S ——

A mmteyiadie-

=ty

=

g

oy e s



®

dN R ‘ . - s
where (EE) is the rate of nucleus formation at & = y.

t=y
The fractional decomposition @ at any time t is then given by
V(t) divided by the volume of product B at completion of the
reaction. It is thus possible to derive the fprm of the a/t
curve if the appropriate nucleation formation and growth rate
laws are known or assumed., As a simple example, suppose

nucleation proceeds according to a power law

an _
3T = DBt

-1 ; ; .
8 , where 8 is an integer.

Suppose the growth rate is counstant, which is normally the
case and that only the early stages of the reaction are con-
sidered. (This is to avoid accounting for overlap of nuclei

as they grow). Then

v(t,y) = olky(t-y) 1"

where k, represents the {constant) growth rate. Hence,

2
’ v \ B-1
v(t) = j o{k2(t~y}] » DB ¥ - dy
0
or ’ -
LA B+ A B A{A=1) 8
v(t) = ok, * Dt 11 =553 5 *gep e ,A< 3
or
1
@ =¢C ¢+ t% where n = {(8+1) ‘ teseeassessss (11)

This power law holds well for barium azide(h), where n = 6 to

8. A fuller discussion is found in the review paper of Jacobs

(1)

and Tompkins but basically this approasch has proved satis-

factory in explaining the acceleratory region of many decomposi- .

10,
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tions. It has to be modifi=" il the vegion bevond qu is o B

nax B B
|

considered since here nuclei have already begun to overlap. 1
|

[ R
Some of the modifications are described by Jacobs and Tompkins. i
. 1

E Bl

e

The possibility exists that in its passage through the

we—

crystal, a growing nucleus can activate potentiazal nuclei in its ' |
N 8- |

ap——

path. This leads to branching chains which may take many differ-

ent forms. The rate of formation of additional nuclei by this

RNy

branching mechanism will greatly overshadow the original rate i
of formation of fresh nuclei. It can then be shown that %% is i

N(l)

. This leads to a nucleus formation rate ,
, i

proportional to
(and ultimately also an a) which is exponential with time, i.e.
proportional to exp {const. x time). The many variations on - :
this basic theme are described by Jacob and Tampkins(l)a j ﬁ
The above discussion then will serve as an oubtline of the i
manner in which the topochemical decomposition kinetics are
obtained. It answers the question - where is reaction occurring? R
From rates and activation energies it is possible 8lso toc say ‘; :C -

something about how the reaction is occurring i.e. to formulate

the ultimate atomic mechanism. However, experience has shown

that severe limitations exist when attempting mechanism formu-

In practice much corro-

lations from purely topochemical data.
boratory information is necessary. Examples of these are elec- .iff
tron microscope observations, diffraction, photo-chemical be-

havior, electrical conductivity, etc. It will become apparent

in the main discussion of irradiastion effects, which now follows, 1‘

‘where and how this extra informatibm iz applied. ol ,

1i.
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3. POST-IRRADIATION DECOMPOSITION STUDIES

It should be mentioéed at the outset that work in this
field has been limited and uvncorrelsted. Very 1little contact
has existed between the small number of workers there have
been. This has resulted in a few isolated schools each concen-
trating on one type of compound and an slmost complete lack of
unifying theories., It is mainly for this reason that the
following discussion ig divided into sections each of which
deals with a specific type of compound, e.g; azides, oxalates,
etc. The azides have perhaps been studied most thoroughly and
will be discussed first. A summary of irradiation effects is
given at the end of this chapter, |

{a) Azides

The thermal decompositions of irrsdiated azides were in-

(5)

vestigated §s far back as 1933 when Garner and Moon found

a slight acceleration of decomposition growth rate of existing
nuclei in barium azide when exposed to radium irradiation but
saw no enhancement of nucleus formation. Since then much work
has been devoted to the azldes, the first =izeable attack
(k-12)

being on Barium Azide

(i) Barium Azide

The thermal decomposition of Ba(N3)2 at about 100°C in
vacuo displays certain features which are more capable of
theoretical interpretation than most other coumpounds. The

overall reaction is very simply

12,
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Ba(N3)2 + Ba + 3N2

!
A relatively small number of large, roughly circplar patches 55;
of Ba nuclei are formed and the o ¥v8 % curve is sigmoidal, | ;
Since the nuclei can be visually observed under the microscope, livé
it is possible to measure rates (and activation energies) of i |
their formation and growth separately. Photographic methods éfh

have shown that the growth rate is constant ‘€. I3

g constant, where r is the radius of & nucleus. Since the ﬁiﬂ:

growth is 3 dimensional, the amount of decomposed material . “fﬂ

3 3

associated with one nucleus varies as r~ and hence as t~. The I i

rate of formation of nuclei was found to vary as t2 and hence

their number as t3 (i.e. N = At3). The total amount of mater-

ial decomposed (proportional to a) should therefore vary as

t6 during the acceleratory period when nuclei overlap can be

neglected. Although the raw data yield powers a little higher
than 6, there is reason to believe. that the true power is 6. ¥
The Justifiéation is based on the belief that small nuclei

(too small to observe under an ordinary microscope) grow some-

A L T A M e T AT B BN

what more slowly than larger ones. This idea was put forward

by Thomas and Tompkins(B) who found that the equation p = C(t—y)6
adequately represented the acceleratory period of the decomposi- ; ;:j
tion. This is shown in fig. 2. Here p is the pressure of N2  %1ﬂ
released, t the time, C a constant and y is related to the time |

required for small nuclei to become "normally" growing larger

ones. The activation energies corresponding to A, B, C were

determined by Wwischin*) who found the values Th, 23% and 166 ,»-}?

|
{
|
{
{
|
]
i
1
i
1
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FIGURE 2

Plot of log (pressure) vs log (t-y), t is time,

¥y is slow growth correction.

The slope of these

log-log plots is 6.0.
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Kcal/mole respectively.

Mot (1)

irradiated Ba(N3)2 with U.V. light and found the
topochemical kinetics to be mueh the same as for unirradiated
material except for much larger values of C and many more
nuclei. The explanation offered was that irradiation increased
A while the growth rate (B) remained unaffected. The irradia-
tion thus éppeared to create many new potential nucleation
centers. For very extended periods of irradiation the exponent
6 in the overall power law tended to the value 3. This would
be explained if irradiation‘itself produces nuclei (as opposed
to thermal production f;om potential sites) so that the only
power reflected in the overall equation is the 3 from the pure
nucleus growth (new nuclei are still formed thermally but their
contribution to o is completely masked by the large number
formed by irradiation). In order to understand some of the
irradiation effects observed later it is necessary now to delve
a little into the atomic mechanisms proposed by Mottt and others
for the Ba(N3)2 decomposition. This should perhaps also gi?e

a little background into the type of arguments involved in this
field. Mott's mechanism for nucleus formation is analagous to
that for latent image formation in photographic emulsions. In
emulsions, the sensitivity is increased if on its surface the
grain has specks of silver sulphide (sensitivity specks). The
function of the speck is to catch .an electron for a time long
enough to attract an interstitial metal ion. If this "nucleus"

remains intact long enough another electron can be captured

and the nucleus will have a chance to build itself up to a large

1k,
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stable size. In azide, nucleus formation is structure sensi-
tive so that probably the existence of surface electfon traps
renders possible the formation of nuclei in a similar way by
trapping an electron, attracting interstitial barium ions,
trapping more electrons and forming stable metal nuclei.

The theory begins with the assumption that following the
decomposition of surface azide ions, there is an initisal N2
evolution toa slow to be observed (in other compounds e.g. KN3

(13))_

it it observed The Ba atoms formed can then go into

solid solution leaving an excess of free electrons in the crystal
(this is analogous to the heating of ZnO which, when the O2 is
liberated, displays a very enhanced conductivity). He assumed

that the number of electrons increases linearly with time during

this slow N2 emission stage. Thus, if n = electron concentra-
tion, S = crystal surface area, V = crystal volume, then %% = §%,

where Q is a constant presumably given by Q = QO exp(-q/kT).
The energy 4 is that required to move an electron from a sur-
face ion into the conduction band i.e. the energy to free ah
azide radical. Therefore n=(S8Q/V)t. The mechanism of nucleus
formation then involves the trapping of an electron at some
surface trap for a time long enough for another one to be
trapped. The probability per unit time that an electron is
trapped is proportional to n while the probadbility of a second
electron coming along before the first escapes 1s also propor-
tional to n. If o electrons are necessary to form a stable
nucleus, the probability of formation of the nucleus in a

given time is thus proportional to n’.

15.




Hence,

or

- g , .0+l
% const (SQ/V) t T ELEEEE (12)

: o) 3 .
For Ba.(N3)2 at 100 C, Nat~, therefore o = 2. This means that

2 electrons are sufficient to form a stable nuéleus. Since

A= (SQ/V)c s powders should have values of A much bigger than
single crystals. This is the case. Also, since o = 2,(SQ/V)0 =
(32Q20/v2) exp(-2q/kT). The measured value of 2q is T4 Kcals/mole

so that the activation energy to free an azide radical would

be 37 Kcals/mole. The traps may be anion vacancies on the sur-
face. The increase in the quantity A upon irradiation would

then be ascribed to these anion vacancies formed by the irradiation.

s —
e

The above process is then the fundamental step in the production

of a nucleus. |
Mott's theory of nucleus growth (as distinct from formation)

begins with the assumption that N2 can be liberated at the sur-

face only since any gas liberated at the interface between Ba

nuclei and unreacted azide could not escape. Hence the physical / é

picture for nucleus growth is as followé: Occasionally an azide

jon adjacent to the metal nucleus receives enough thermal energy d

to lose an electron to the metal (W in fig. 3). The azide rad-

jcal cannot break up since it is not situated at the surface.

However, an adjacent azide ion will transfer its electron to the
azide radical. The latter positive hole is then capable of
rapid diffusion to the surface where it can break up and escape

as N, gas. The metallic nucleus is then negatively charged and

16.
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attracts interstitial barium ions (assumed to be present in
equilibrium with the crystal) and grows. On this picture, it
is W (fig. 3) which is associated with the activation energy
for growth (23% Kcal/m). This mechanism then involves growth
of metallic nuclei by diffusion of interstitial ions through
the crystal and escape of N2 gas from some surrounding free
surface. |
Mott's theory has been challenged by Tompkins and co-

(12)

workers on a theoretical basis as well as on further ex-
perimental work. They argue .1) that the energy required to
form a cation vacancy is much less than that to form an infer—
stitial cation and therefore the concentration of the latter
will be small compared to the former. Any mechanism involving
mobile cations will depend on vacancies. 2) Although transport
numbers are not known, it is fairly certain that the azide ion
is the mobile species (by-analogy with barium halides which
are all anicnic‘conductors). 3) Specific conductance measure-
ments of barium azide show that the observed growfh mechanism
is lO6 to lO8 times as great as would be the case if the
mobility of an interstitial barium ion is involved. In formu-
lating a mechanism, they point to the following corroboratory
experimental results a) when £he azide is irradiated with UV
(predominantly the 25378 line) at room temperature, the rate
of N2 evolution during irradiation varies as the square of the
radiation intensity. The primary process of photolysis is

therefore regarded.-as the excitation of 2 adjacent azide ions.

In support of thié they state that (by analogy with gas phase

1T7.
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data) the reaction N3 - N2 + N is certainly highly endothermic
whereas 2N3 > 3N2 is highly exothermic, hence two azide groups
are involved. b) Photoconductance and absorption experiments
strongly suggest the formation of excitons. They therefore
propose the following mechanism for nucleus formation: Two
adjacent surface azide groups receive sufficient thermal energy
to react. This needs a high overall energy and since the
activation energy for nucleus formation is as low as T4 Kcal/mole,
they suppose that one azide ion is excited first and remains so
for a long time and therefore becomes rate-determining. The
process envisioned is the formation of an exciton which can
acquire sufficient additional energy to allow the ejection of

the electron into the coﬁductance band. Subsequently this elec-
tron is deeply trapped, probably at an impurity center. The
positive hole formed is mobile and it gets trapped at some sur-
face defect. ©Now an azide ion adjacent to this trapped positive
hole (or azide radical) may receive sufficient thermal energy to
react with the positive'hole. This yields nitrogen and a coh-
plex remains which is 'an F-center associated with a vacant anion
site. This.complex can later be thermally dissociated into an
F-center and anion vacancy. Although F-centers have no intrimnsic
mobility, by a process of associatiqn with a mobile anion vacancy
and a subsequent dissociation, they may move through the lattice
at a rate determined mainly by the mobility and concentration of
such vacancies. When two F-centers "collide", aggregation to
double F-centers results because such aggregates are more stable

than single F-centers, since the electrons in the two identical

18.
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defects may "resonate". A double F-center aggregate corre-
sponds to a barium atom in the lattice and is regarded as a
nucleus. Growth of this nucleus proceeds predominantly by e
process involving the transference of electrons from azide ions
adjacent to the nucleus, this transference requiring much less
energy than that required to eject an electron from the azide
ion to the conduction band. The positive hole remaining reacts
with an excited azide ion adjacent to it and also to the
‘nucleus, giving nitrogen. Further F-centers are thereby pro-
duced which aggregate to the nucleus which thus grows. This

mechanism is also consistent with observed kinetics and activa-

tion energies as follows. The rate of formafion of double F-
centers (or nuclei) = e'E/kT[F]Q B 6 5D
where [F] = F-center concentration and E = activation energy

for mobility of anion vacancies. The F-centers are produced at
~-E./kT

a constant rate and hence [F] = const (e "1 )t ceeeses  (1k)

where t is time and El is the energy to eject an electron from

the full band to the conduction band. The rate of formation

of nuclei is thus = const. (e-E/kT) . (e"El/kT)2 - 22, (15)
. . . aN 2 3
This is the correct expression, i.e. 3t or ¥ o=t (c.f. eqn.6).

Note that only at small times will F-center formation rate be
constant, so that equation 14 only applies for low times. Equa-
tion 15 is consistent with measured values (Th Kcal/m) of the
activation energy for nucleus formation as well as the mobility
energy of anion vacancies and thermal excitation to the conduc-
tion band.

The effect of irradiation on this decomposition is shown
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to strengthen their conclusions regarding their mechanism The

N, pressure'released in the thermal decomposition is given by
p = c(t-y)C. They find the effect of pre-irradistion with

U-V is to merely increase C without changing its activation
energy. This increment of C is proportional to irradiation in-
tensity times irradiation time (I T) i.e. total energy received
during pre-irradiation.

The effect of the pre-irradiation is

thus to merely increase the number of places at which nuclei
may be formed in the subsequent thermal decomposition. As

regards the product of the pre-irradiation they note the follow-

»
|

amn

ing: 1) It is stable for long periods (3 to k weeks). 2) It

is produced with the evolution of N2. 3) It is presumably

piesent in the unirradiated salt. L) The increase in their

L —— T P

number is proportional to the amount of energy received during
pre-irradiation. The simplest process, they consider, is that
an electron is moved from the ful; to the conduction band and

is then trapped. For small irradiation (small I T) it is con- :
sidered that the electrons are trapped at ferric ion impurities f
(which are known to be included in most azides in minute quanti- ,1
ties). The vacant anion site left after decomposition of two ; ‘
adjacent azide groups increases the nucleation rate in the sub-

sequent thermal decomposition because such sites are necessary

for mobility of F centers and it is the aggregation of 2 F-centers

E )

that provides a stable nucleus which then grows. However, the

N

number of Ferric ion traps is limited so at higher I.T the con-

duction electrons will instead become increasingly trapped at

PRI WHYR Vs

vacant anion sites forming actual F centers. 1In the thermal
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decomposition then, the rate of formation of double F centers
will depend on a power lower than 6. When all ferric ions are
used up and F centers only are produced (so thet nucleation is

complete before thermal decomposition begins) only the growth

phenomena will be registered in the pressure increase i.e. pressure

should be proportional to (t—y)3. This fall of power from 6 to
3 is shown in fig. 4 which is a log-log plot of irradiation dose
(IT) vs. induction period. Note that the fall in power from 6
to 3 is a necessary but not sufficient condition for supporting
the details of the mechanism they propose. Whenever nucleation
is enhanced from whatever cause, the power must ultimately re-
flect the domination of the growth process on the kinetics.
Tompkins et al extended the UV irradiation work to the
effect of electron bombardment(lh). Accelerating potentials of
100 to 200 Volts were used and the rates of subsequent thermal
decompositions measured. Basically, the kinetic form of the
decomposition is unchanged, but the value of the constant C is
increased markedly (byAa factor of 500 for the electron ex;
posures used). They conclude that the centers creaﬁed by UV
and electron irradiation are the same as is the subsequent ther-
mal decomposition. However, two differences show up: 1) With
electron bombardment, C increases as the square of the electron
flux and later saturates for a very high flux. For UV irradia-
tion, C increases somewhat faster than linearly. 2) The power:
6 in the equation P = C (t—y)6 is unchanged no matter how much
electron bombardment is given previous to the thermal decomposi-

tion (for UV, the power changes from 6 to 3). The explanation

21.
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FIGURE L
Plot of log (intensity X time of irradiation) vs log
(induction periocd). The numbers give the slope of
log P vs log (t-y) plots. Circles 10 sec. irradiation.

Squares, 90 sec. irradiation.
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advanced by Groocock and Tompkins is as follows. Since the
exponent 6 is retained upon electron bombardment no nuclei are
created during pre-treatment. The initial sct of the beam is
probably tao eject electrons from azide ions but with sufficient
energy for photoemission. Also, since there i§ now a high
excess of electrons, surface anion vacancies can now be converted
to F-centers which are immobile since their mobility rests on
the presence of anion vacancies. Hence nucleation formation
during bombardment is improbable. During the warm up period

for the thermal decomposition the F-centers and positive holes
regenerate azide ions and vacancies. The latter assist in
nucleus formation thereby accelerating the thermal process.
However, it is difficult to see why electron bombardment does
not.itself produce nuclei. Electrons.are ejected from azide
ions and nitrogen is released from what were originally 2
adjacent azide ions. The vacancies left are converted to
F-centers by the electron bombardment. The two adjacent F-centers
complex is precisely what is regarded as a nucleus. It is
difficult to see why the electron bombarded so;id does not
undefgo a subsequent thermal decomposition with a power less
than 6. One is tempted to think that in the much accelerated
decomposition which follows the irradiation the exact power
becomes a very difficult quantity to measure. The fact that C
saturates for high values of the electron flux is explained by
assuming that when the F-center concentration becomes high
enough, some surface Bag+ ions are surrounded by four F-centers.

Under these conditions, electron transfer from the F-center to

22.
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Ba2+ can take place during warm-up. This leaves a Ba atom
surrounded by vacancies and so the atom can evaporate thus
rendering it useless ag a nucleus. The rapid change from C de-
pendent on. (electron £lux)® to a constant C is explained by
saying that the probability of evaporation depends on a very
high power of the surface F-center concentration hence a very
high power of the electron flux. The truth of the above suppo-
sition would lend substance to the argument that many Ba nuclei
must exist at the beginning of the thermal decomposition. It
thus seems difficult to accept their hypothesis that the (t-y)6
law does not hold upon electron bombardment because no nuclei
are formed during the bombardment or increased upon warm up.
(ii) Lead Azide

| The decomposition of irradiated BaN6 has been described
in fair detail since theoretical interpretations are more
possible in this case. However, many other azides have been
irradiated and their subsequent thermal decompositions studied.
Some of these will now be described but space will only permit
limited detail. One of the most widely studied compounds has
been lead azide, PbN6, particularly in view of its use as a
detonator. Much of the work has been of an applied nature, but
many military installations both in Britain and the U.S5.A. have
concentrated some of their efforts on fundamental studies. Two

forms of PbN6 exist, the a and B. Groocock(l5) studied the

effect of high energy x-rays and pile irradiation on the thermal

decomposition of batches of very small single anN6 crystals

between 253 - 29200. The kinetics exhibit the usual acceleratory,

23.

[
¢
o
i 8
]
[}

R T YA T .

TR YR

e S

2Py T T ey

S

=,




. 7

maximum rate and decay stages. X-irradiation (up to about 10

r)
producesAa progressive fall in the activation engrgies of the
decomposition (with d¢ze} but also results in certain complex
kinetic behavior. For example, with increasing X-irradiation
dose the maximum rate first increases then passes through a
minimum (below the value for unirradiated material) and then
rises (to aﬁove the "unirradiated" value) to a maximum. The
time required to reach maximum rate is much reduced by irradia-
tion. Groocock considers that the complexity of the irradiation
effects and subsequent thermal decomposition do not render any
speculation as to detailed reaction mechanisms worthwhile.
However, he compares the effecté of X and pile irradiation by
calculating the energy deposition in both cases. He concludes
tha£ pile irradiation is slightly less effective than high
energy x-rays in altering the subsequent thermal decomposition
kinetics.

Jach(lé) studied the e%fect of extensive reactor irradia-
tion doses on colloidal meN6 over a much wider temperature
range (173-25300). A typical ¢ vs t plot for normal and
irradiated material is shown in fig. 5. The acceleratory re-

gion of the unirradiated material is well fitted to the equa-

tion.
- 2
(a - mo) - a(‘t'—to) s 90 v e 0608 00 00 0 (16)

where @ s to are corrections. which take into account certaln
unspecified surface reactions which occur before the main

acceleratory region. Fig. 5 shows that the irradiation dras-
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tically reduces the induction periecd and increases the maximum
rate and decay rate. The o, . for unirradiated materials is
normelly around 0.k, Irrasdiastion reduces this practically to
zero i.e. the reaction now begins almost with its maximum rate.
Since the irradiations may be described as "heavy" and the
change in kinetics rather severe, Jach points out that care

must be exercised in choosing a parameter with which to compare
kinetics and activation energies for irrsdiated and unirradiated
material. Since the decay stage almost certainly only involves
growth processes (the contribution from newly formed nuclei

being practically nil) the parameter chosen was k in the equation
o = Gm[l"exp {"k(t"‘bo)}] @ 4 06 068 006 620 0 (lT)

which fits the decay stage of both irradisted and unirradiated
material. a_ (which is not necessarily unity) and to are
constants. The change in decay rate is indicated in the follow-

ing two rate expressions obtained:

k(unirradiated) = 1072 0210 cxp(-36.3+2-3 kcal/RT)

k(irradisted) = 107 9320 cyp(.25.742.4 kecal/RT) ...

and is shown in the Arrhenius plot figure 6. Groocock also
noted a substantial decrease in activation energy feollowing X
and pilé irradiation.

In the same paper, Jach points out the dangers involved
in drawing far-reaching conclusions from the power laws of the

type o = atm, especially in cases like PbN6 where there is

25.
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FIGURE 5

Fraction of total decomposition of PbN6 vs time. Full
circles: expt. points for unirrsdiated material at

2hO,9OC; open cirecles: expt. voints for irradiated

material at 238,5°C; obther points are the attempted

fits indicated by arrows.
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FIGURE 6
Arrhenius plot of k fbr the decay stage;
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obviously some initial resaction which cbscures the main one.
The equation (a - ac) = a{t»to)g reduces this objection some-
what since & tomay be regarded as & correction to a and t which
tends to "eliminate” the obscuring reaction. However, it is
possible to draw some generalized topochemical conclusions from
these power laws if some trend in the power is observed with a
variation in temperature, irradiation conditions, ete. The reader
is referred to the original paper for details, but evidence exists
for assuming that a two and a three dimensional reaction occur
simultaneously. The two dimensional reaction probably involves
decomposition at grain-boundaries, dislocations, etc. while the
3 dimensional reaction is simply growth into the more perfect
regions of the crystal. However, as regards irradiation, Jach
conéludes that irradiation vastly increases the concentration of
potential nuclei. On attaining furnace temperature, a rapid
two dimensional reaction occurs which surrounds all "perfect"
areas of crxstai with Pb, the decomposition product. From then
on, the reaction naturally follows contracting envelope kinetics.
The decay rate is shown to reflect the rate at which this
interface penetrates the "perfect"” crystallites. If it is
assumed that the growth mechanism in some way involves the ex-
citation of an electron from tﬁe full band to an electron trap
below the conduction band then the decrease in activation energy
upon irradiation might result from a possible change in this
excitation energy after 20% irradiation decomposition which has
occurred prior to the thermal decomposition. The presence of

one foreign body for every 5 lattice points must introduce large

26.
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local strains which are wnot annealed and these can introduce

electron traps. These Lraps are probably deep so that thermal ‘:5$
excitation from the full band is easier. The act of decomposi- ‘,%
tion is assumed, in a general way, to depend upon the untrapping

of these electrons. The large decrease in pre-exponential

factor is more difficult to interpret. It is difficult to see . Hi
how cracking, faulting, etc. can cause such a major change in }k?f“
the pre-exponential factor. Jach tentatively suggests the : }; B
following. The irradiation decomposition leaves behind what

must be a fairly open structure. If decomposition is governed @3

R

by the reaction between two entities such as azide radicals,
or an azide ion plus an azide radical (as has been put forwara

many times 'in connection with azide decompositions) then the

presence of vacancies homogeneously distributed would hinder K
the reaction between these entities. A simple minded picture
is these two entities coming together every 10“13 secs. and

reacting if, they have sufficient excitation energy. The partial

relaxation into these vécancies could decrease the reaction
probability by the four orders of magnitude observed., This 1 §?
is akin to a probability factor operative in bimolecular reactions
where the probability is strongly influenced by steric factors.
It is, so to speak, a reverse cage effect.

From the point of view of irradiation effects, the two .  ‘.

compounds described above, PbN6 and BaNs are the most important

since they have been the most widely studied. Many others have

been studied but very little has been said of these regarding

irradiation. Only PbN6‘has practical use. The alkalie szides
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have proved more difTicults +o

T STy ANy -
ke LR [= IRV ¥ S !

'Y nainly because the volatility

of the product metal (K,Na,etc.) destroys the reproducibility

Irradiation studies then become meaningless, Perhaps a more

important reason is that the heavy metal azides are more slow to

nucleate. This results in an induction period and sigmoidal
kineties. It is in such cases thet irradiation has its largest
and most obvious influence, namely. the production of more nuclei
or potential nuclei. If unirradiasted materisl were to nucleate
instantly (resulting in contracting envelope kinetics) it is
clear that an irradiation effect of the type just considered
will be lost, since the effept éf any irradiation produced nuclei
will be swamped by those already present. However, irradiastion
can produce marked effects even when nucleation is normally
instantaneous (see later - Bromates) but reproducibility is a
necessary prerequisite. Mention should here be made of a study
by Jacobs and Tompkins of the KN3 thermal decomposition(l3) in
which pre-irradiation with U.V. was carried out. They conclude
that U.V. create more nucleus centers and one effect of this

is to eliminate irreproducibility otherwise obtained. A similar
influence occurs with KBrO3 (see later). Alsc, an enhancement

of rate is found.

{(b) Oxalates

The thermal decompositions of metal oxalates have been
studied with particular emphasis on the silver and nickel com-
pounds. The a vs t curves afe always sigmoidal but a duality
of the type of acceleratory region exists, namely the "exponen~

tial " and "power law® type. Bgsically, these are a = AexP(kt)

28.
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and a = Btm respectively. The exponential law is generally re-
garded as indicative of s chain resction i.e. the branching of
a growing nucleus whereas the power law indicates & fixed ?;: |
topochemical scheme in which "m" depends on whether nuclei ffa {
grow in 1, 2, or 3 dimensions and on the law gcverning their
rate of increase.

. |
(i) Silver Oxalate ' ;;H j

(17)

Haynes and Young " conducted an extensive kinetic investi- o
RERE T
1

gation of the effect of small reactor doses on the subsequent
thermal decomposition of silver oxalate. They found it was not
pessible to reproduce results for fresh unirradiated material.
The acceleratory region sometimes followed the exponential and
other times a cubic law kinetic picture. The decay period,
'hoﬁever, was reproducible if the period below o« = 0.5 was
"eliminated" by translating the runs to a common time at o = 0.5.

The decay period followed "contracting cube™ kinetics given by

o= 1 - (1 » kt)> Y & F- 5

The freshly prepsred material was irradiated for times between

5 and 40 minutes in the B.E.P.0. core (thermal flux 1.2 x 1012

neutrons/cme/sec). The subsequent thermal decomposition was
still found to be irreproducible, but in a different way. Now , ]ﬂ:§
the o vs t curves .for the acceleratory region were "predominantly 1
cubic", since a1/3 vs t were "moderately straight plots." By ;jf
introducing a time correction to the data and then multiplying
each of the axvalues for a given run by a given factor it was

possible to superimpose all the curves for irradiated fresh

material. It indicates that although the results are irreproducible, ,,fi h
B
{
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they all appear toc have the same kinstic form, namely an
approximately cubic acceleratory region followed by a "con- ?;E
tracting cubic" decay period. Since both irresdiated and i§¥
unirradiated material display the contracting sphere kinetics
it is assumed that an interface is established which after the
maximum rate stage, moves into the crystal at a constant rate.
The irreproducibility below the maximum rate is associated
with differences in the way in which this interface is estab-
lished, namely, the radiolysis results in different numbers of
"growth nuclei®.

Haynes and Young draw ﬁhe following conclusions. For
fresh unirradiated material, the kinetic form depends on the
nature of the external and internal surfaces exposed during

the reaction. Cracking, probably due to the release of occluded

solvent takes place irregularly throughout the early stages of
the reaction. At the maximum rate crackiné has ceased and
each crystallite is covered by product. This coverage could
be achieved by an "exponential" branching process (which

would give interconnected compact nuclei) or by a simple first

order nucleus formation law (the latter should theoretically
yield o « th law) whereas Haynes and Young only mention the ' uﬁ}iv
power obtained in one run, namely, 3.7. For irradiated fresh L‘”

material they suggest that the light irradiation dose poisons |

the branching process by converting the bdbranching points from

"germ" to "growth" nuclei after which the only possibility is A
the growth of a constant number of compact nuclei from sites in@ff

determined by the nature and extent of the pre-irradiation and fi f;
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by cracking. However, it is not clear why irreproducibility
should still exist after irraciation. " If their mechanism were
operative it would seem that a highei irradiation dose would
enhance the number of compact nuclei in & manner proportional
to the dose. Furthermore, it is generally accepted that
branching occurs at grain boundaries if at all. Here reactivity
is higher than in bulk material. It is difficult to see how
irradiation, especially.such light doses, can change this
picture. If the branching points were converted from "germ"

to "growth" nuclei, the only effect would seem to be & systema-
tic enhancement of the (exponential) growth rate with irradia-
tion dose.

The number of new (growth) nuclei created by irradiation
wiil not be enough to change thevkinetics,,since, by its very
nature, the exponential process will very shortly after furnace
temperature has been attained, overshadow the effect of new
irfadiation,produced nuclei. Only a very large dose, which
would create many growth nuclei at the surface and in the bulk
might be expected to change an exponential to a cubic law. But
then o ax would be close to zero, which it is not.

After annealing they find that the irreproducibility was
eliminated .and that now a systematic irrsdiation effect occurs
with increasing dose. Basically, they find an increase in the
acceleratory rate with increasing irradiation and a simultaneous
increase in & ax (0.4 - 0.7). Also, the acceleratory region
is now more closely fitted to a cube law while the decay stage

deviates from the contracting cube expressions for high doses

31-
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(L-3 x lOlsnvt). They explain these results by assuming that
"in heavily irradiated maéerial, compact growth nuclei can be
established in loc¢i where they do not readily overlap with other 5;{
nuclei. Then they would contribute to the t3 dependence but "

since they do not overlap as readily the maximym rate would

occur at higher values of o than for unirradiated material.
At the same time, there are still regions of high nucleus den- }V -
sity at the surface. wf :

Again, it is difficult to reconcile these speculations

with experiment or theory. It is generally accepited that re- “t,"‘x
action within the bulk of a near perfect crystallite is un-
likely since escape of only the very smallest gas molecules is

possible. It seems Just as likely that irradiation induced

stfain leads to a larger number of smallef crystallites and

if it is assumed that the number of growth nuclei is proportionsal
to the newly exposed surface area, then the larger crystals will
exhibit lower @ ax than fhe smaller ones produced by irradiation.
Experience has shown that distinction between an exponential kb
and power law can be a very difficult task iIf at all possible. 8
It would seem that such distinctions are wvaluable only when
very definite trends occur with such variables as temperature, Shon

irradiation, etc.

(i1) Nickel Oxalate ‘ 21

The decomposition of nickel oxalate has recelved some atten- ‘f; E?
tion. The irradiation effect for dehydrated nickel oxalate has ,'w g
been studied by Jach and Griffel(lg), They used polycrystalline , ‘l

material and worked in the range 253—360°C, a gquite large span
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for this material. Fig. 7 shows some of the observed irradia-
tion effects. Curve B shows a typical o vs t plot for unirradi-
ated material. An acceleratory region is present and is repre-
sented by an (o - ao) = a(t - to)m type expression with m = 2,
while the decay stage closely fits an "exponential” type of
decay.. The thermal decomposition of irradiated material (390
hrs. in the Brookhaven Graphite Research Reactor, flux about

2
13 neutrons/cm“/sec overall and 4 x 10+1 epi-Cd) at almost

1 x 10
the same temperature is shown in curve A which is on the same

scale as B whil¢ curve C represents the irradiated material

curve on an expanded time scgle to display more details of the
acceleratéry region. Three irradiation effects are at once

evident. a) The time reqﬁifed to reach the maximum rate is
drastically reduced. b) The maximum rate is not affected and

c) @ ax is reduced. The temperature effects on the "unirradi-
ated" reaction are complex but basically they find that irradi-
ation has ne effect on the rate or activation energy in the

region above the maximum rate, while in the early stages the
activation energy is reduced and the rate increased. The effect

of temperature and irradiation on L is shown in figure 8.

The following topochemical model is introduced. Reaction begins

at the surface of each crystalline from a certain number of po-
tential nuclei which become activated by chance thermal fluctu-
ations. Growth then proceeds two-dimensionally into the crystallite
probably along certain planes (nickel oxalate has been shown to

have a layer like structure). This accounts for the power m = 2.

(Jacobs and Kureishy(;g) find the same power and draw the same

33.
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FIGURE 7 1
Fractional decomposition o vs time for dehydrated nickel oxalate. ‘
Open circles: unirradiasted material at 279.9°C. i
Closed circles: irradiated material at 282.7°%¢.
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conclusion. The activation energy for nucleus formation is a
little lower than for growth and irradiation greatly enhances
the number of potential nuclei but does not affect the growth
rate. The Jjustification for this model is as follows. The
complexity of the Arrnenius plots indicate that nucleation and
growth are occurring simultaneously at the beginning of the

reaction but at elevated temperatures the growth process is

enhanced relatively more than the nucleation (since it has the

higher activation energy). This is reflected in the "clean"

t

m 2 law at lower temperatures. After irradiation this "clean"

It

m 2 law holds even at lower temperatures. This is because
large numbers of potential nuclei exist so that growth of exist-

ing nuclei predominate. This agrees with the behavior of @ ax

EEEEE————. sl

(fig. 8). The argument is that any condition favoring enhanced
nucleation leads to a lower value of amax' This condition 1is
realized by lower temperatures (lower activation energy for
nucleation) and irradiation (increased number of potential nuclei).
A simple-minded topochemical model shown in fig. 9 might ciarify
this argument. The figure shows how randomly formed nuclei have
grown after a certain time. If conditions were such that only

two nuclei were able to grow, the picture b) might apply. Now

@ ax OCCUTS when nuclei overlap. In case a) ¢ ax would clearly
be lower than case b). On the basis of this picture, it is

shown why the maximum rate is not increased uponAirradiation even
though the number of nuclei .is increased. The reader is referred  kF

to the original paper. The fact that the decay stage is unin-

fluenced by irradiation is simply due to the fact that at this

3h. il
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stage the interfaces have been completely established. This
stage merely reflects the growth of this interface into the
crystal. To summarize, it appears that irrsdiation increases
the number of nuclei but not the growth rate.

(iii) Other Oxalates

Numerous irradiation effects on other oxalates have been
described in the literature. These will be described briefly.
(34)

Young studied the radiation decomposition of uranyl oxalate

which also included a brief study of the subsequent thermal de-

1k thermal

composition after small irradiation doses (about 4 x 10
neutrons/cmg/sec); The fission fragment damage so produced
leaves a fixed number of linear imperfections which are also
lines of chemical inhomogeneity where the nucleation requirements
have already been established. As soon as reaction temperature
is reached, the reaction propagates radially outwards at a con-
stant rate thus forming cylinders of product. This should lead
to a t2 law. which is observed.

Finch, Jacobs and Tompkins(eo) briefly studied the efféct
of UV on the subsequent thermal decomposition of silver oxalate
during the course of a photolysis study. The acceleratory region
of the "unirradiated" decomposition could be represented by the
exponential law a = Cekt. The only effect of pre-irradiation
was to increase the value of C. There is evidence for a high
activation energy for nucleation, which process consequently
occurs at rather special surface sites corresponding to low acti-

vation energy. Reaction fherefore consists of growth from a few

fixed sites. The effects of irradiation is explained simply by

35.



assuming an increased number of these surface sites. Space
does not permit a fuller description of their work but they
conclude that reaction starts at places where pre-irradiation
has decomposed a whole patch of oxalate ions leg&ing anion
vacancies. The nucleﬁtion activation energy ﬁE;n corresponds
to the energy required to transfer an electron%%rom an oxalate m
ion into an anion vacancy. 2 @
The thermal decomposition of irradiated lead oxalate has :
been studied by Prout et al(gl) but since the effects are so
similar to those on permangaﬁates,studied by Pfout the reader

is referred to the following discussion of the permanganates.

(¢) Permanganates

The subsequent thermal decompositions of irradiated per-
manganates have been thoroughly studied by Prout and co—workers(QE‘ES).
The results and conclusions are basically similar for 8ll and
so only a typical one, KMnOh will be described. The effect of
" the various typical irradiations are shown in fig. 10. In-
creasing irradiation doses have the following effects. a)\ Vast
reduction of the induction period and b) an increase in the
maximum rate. Comparison of the results obtained after thermal
column and x-ray irradiation indicated that x-rays were the
effective agents. Prout considers that the displacements of
significance are those of K+ ions into interstitial positions
by Compton recoil electrons. These will be no more than 4 or 5
atomic distances from the vacancies created and will be randomly

distributed throughout the crystal. At thermal decomposition

temperatures (NZQSOC) annealing of these point defects and the

36.
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FIGURE 10
Effect of pre-irradiation on thermal decomposition at 215°C.
Whole Crystals: A-unirradiated; C - 15 hr. in BEPC;
D - 15 hr., in vy - hot-spot; G - 3 min. in cyclotron.
Ground Crystals: B - unirradiated; E - 15 hr. in BEPO,

F - 15 hr. in v - hot-spot.
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associated Wigner energy release can cause bond rupture in adja-
cent permanganate ions resulting in a "decomposition center."
Prout further considers the "decomposition center" to be & region
of strain which may result in a lower activation energy for va-
cancy Jjumps. Thus, preferential annealing around this region
may give rise to a "decomposition spike". A sﬁeady accumulation
of strain results which produces physical fracture at the end

of the induction period followed by & general bulk disintegra-
tion. With moderate and heavy doses the fracture process occurs
even after the induction period. With heavy doses fracture
produces an instantaneous breakup of the crystal. The very low
valve of O ax is the result. -

In support of his mechanism, Prout quotes the following
evidence a) A plot of log I against 1/T where I is the length
of the induction period, should yield an activation energy for
vacancy migration if his mechanism holds (this is equivalent to
comparing annealing times during which the same degree of anneal-
ing occurs as a function of temperature). The value found is

1.31 eV. By comparison with vacancy migration in cold worked

Cu and Mo Prout assigns his energy to vacancy migration. b) Proton

bombardment virtually eliminates the induction period. _This he
feels is due to the greater damage done by fast particles in
creating a larger number of secondary knock ons. Annealing will
be rapid due to the high concentration of defects and shorten-
ing of jump times caused by lattice distortions. e¢) Ground

and whole crystals irradiated for the same time and decomposed

at the same temperature have different induction periods, the

37.
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ground case being shorter. This he attributes to the greater
number of close pairs and vacancies in irradisted ground mater-
lel. However he also finds a saturation effeect where after
grinding, ever increasing irradiation doses have no effect. He
considers that instantaneous recovery of disp1§Ced atoms occur
at these high doses.

Prout's hypothesis has been challenged by V.V. Boldyrevﬂgs)
and co-workers. Bolydrev points out that the minimum electronic
energy to cause Ag+ displacement in silver permanganate is about
0.7 MeV based on & 25 eV displacement energy. Prout indeed
finds that preliminary 0060 y-irradiation (1.33 MeV) of AgMnO)
does accelerate the decomposition, whereas U-V (10-100 eV)
leaves the decomposition unchanged. However, Bolydrev's experi-
mental data do not support Prout's mechanism. Such experiments
include irradiation of AgMnOh with 0.2 MeV x-rays (i.e. less
then a tnird of the threshold energy) which resulted in a marked
incrcuse in.the rate of thermal decomposition, even though the
rediation doses were an order of magnitude smaller than those
used by Prout. In addition, Boldyrev points out that the decom-
position of Barium azide is appreciably accelerated after de-
composition by relatively soft x-rays (50-70 KeV). Th?s again
does not support Prout's mechanism. However, Boldyrev does con-

sider the possibility that it is not Prout's mechanism which

is at fault but rather the calculation for its verification. Thus,

for example, the value 25 eV for ion or atom displacement may be

quite in error for such positions as at a dislocation, etc.

38.




Unlike Prout, Boldyrev and co-workers consider the most
probable cause for the acceleration of thermal decomposition
subsequent to irradiation is the radiolytic inclusion of =
solid product into the lattice of the initial substance. The
acceleration then results from deformation of the initial sub-
stance layer at the interface with the radioclytic product and
the ease with which eiecﬁronic and ionic processes occur in .
this region. A similar idea has already been proposed by Jach
(16)

for the anN6 decomposition

(d) Bromates

Very little, if any, irradiation studies have been done
on the thermal decompositioniof compounds of the type that are
instantly nucleated. It would appear that since the primary
irradiation effect is nucleation enhancement, any effect of
irradiation would be masked in such compounds. This is largely
true, but there do exist some subitler effects. An early study

(27)

on potassium bromate revealed that irradiation has & marked

effect on tLe decomposition even though this compound is nucle-
ated instantly and displays its maximum rate at t = 0. An
Arrhenius plot showed a marked discéntimuity over which a ten-
fold increase in rate occurred in unirradiated material. This
is believed due to melting of a eutectic formed between the
product KBr and KBrO33 The bromate in the liquid phase decom-
posing much faster than in the solid state. The interesting
effect of irradiation here was to remove this discontinulty

(or rather, if there was a discontinuity with irradiated mater-

ial it was displaced to a temperature too low to be observed).

"39.




This was interpreted as enhanced melting due to strain imposed
by irradiation products. However, these bromate studies were
followed by a more extensive and meaningful study of NaBrOB(QB’gg)_
Jach has shown that there might possibly be irradiation effects
other than enhanced nucleation. The thermal decomposition of
polycrystalline NaBrO3 was studied in the temperature range
323—&3000. The only products are NaBr and oxygen. A typical
decomposition is shown in fig. 11. ©Such behavior is typical of
decompositions in which the surface of a crystallite becomes
nucleated the ipstant the tenmperature is attained. Following
this, the reactant-product ipterface advances into the crystal
at a constant rate. The rate is therefore =z maximum at the
beginning and falls off accofding to a definite topochemical
scheme. Various attempts to fit the curves with a mathematicsal

expression failed except for the cubic expression

a = at3 - bt2 + ¢t ceessenesasnss (20)

where a, b, ¢ are positive quantities. If the original crystallite
is a cube of side A and the interface advances at a rate k

(length/time) then clearly

o= A i{; = xe)® 8(%)3»t3 . 12(%)2»# # 603t ... (21)
or

o =8 r3t3 - 12 £%4% + 6 rt
where r = k/A.

ho.
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FIGURE 11

¢ vs time in low temperature region for NaBrOS at 330°C.
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The cubic fit to the experimental points is therefore consis-
tent with the "contracting cube" type of kinetics. IHowever,
it should be mentioned that over most of the temperature range
studied decomposition is preceded by some incipient form of

melting. This is shown in fig. 12. which shows an Arrhenius

du

dt t=0.

due to the onset of what is probably the melting of a eutectic

plot of the initial rate The large discontinuity is

between NaBrO_, and product NaBr. It is different to ordinary

3
melting of a pure substance in that only the surface layers

(in contacf with newly forming NaBr) melt and the system is

well below the thermodynamic melting point. At temperatures
below the discontinuity, the decomposition is presumably of

the purely solid type. However, in this region the rabtes are

so slow that a systematic investigation was impossible. Now,

the "melting" does not invalidate the contracting cube kinetics
since decomposition is faster than this melting process other-
wise complete liguidation would occur. Coﬁpariscn of equations
20 and 21 shows that it is possible to extract from the ex@eri~
mental cubic expressions three values of the parameter r (or
k/A), one from each term. If r,trgytr, are the values of r
obtained from the cubic, square and linear term respectively,
then r = (a/8)1/3, r, = (b/lz)l/2 and r, = (c/6). R -}
Clearly, equality of these 3 gquantities must strengthen the
assumption of cubic kinetics. An Arrhenius plot of these three
quantities is shown in fig. 13 together with the corresponding

values for y-ray irradiations which are discussed below. Two

features are worth noting with unirrasdiated material. a) At

~ha,
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high temperatures the three quantities are practically equal.

b) At lower temperatures (but still above the discontinuity)
they begin to diverge somewhat and below the discontinuity

they are widely divergent.

| The basic contention arising out of this study is that
these observed divergencies of r can be explained in terms

of preferential reaction at "abnormal" sites such as sub-grain
boundaries, dislocations, etc. As an example, Jach considers
the kinetic equations corresponding to reaction at sub-grain
boundaries which will be more in evidence at lower temperatures
since he presumes that the qctivatio; energy for this mode of
decomposition will be relatively low. Thus instead of a con-
tracting énvelope around a crystallite,low temperature might
favor a situation where reaction begins at all sub-grain boundaries
followed by contracting cubes around all the subgrains. Suppose
then, that the original crystallite cube,Aside A, is divided

up into "m!' subgrains of size "L". The equation corresponding

to equation 22 is now
o = 8r3t3(1+m) - 12r2t2(14m0) + 6rt(1+0°m) ..... (2)

wvhere © = L/A. This equation only differs from equation 22
in that extra terms are introduced into the coefficients of

the t, t2 and t3

terms. These extra terms result in the di-
vergences seen in figure 13. It is possible to solve for r,
© and m and the "activation energy" of these quantities are

self-consistent. (The reader is referred to the original

paper).

Lo,
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FIGURE 13

Arrhenius plot of cube law parameters {showing y-ray effects).




 anrdaEs R R R N I S e &S Rt AR . e e e
-E,.\Fﬁﬁwk?ﬁ!..mffi..er...pun.l A R R R R R e T S R . e R N T R S e T R BT,

T T [T T T T T T T T fTelT el 3 & [ITF]
. 4 B0 MADUUOOO
aae@e  *E
46 &
420
n 4§ 9395°
AUO
Qo0
= e z
z 2
a0 m =
..m%@é o < z
- (= o
<D << < o
- B < Ul o o
> N
£© WM W
ﬁ D M .m
<B<D ey = T
qne < OO R
- 4 9 B o <986 amue®
R NI T TR s
— 5 5 ) 5
© S S S S
S S

(,-NIN) SHIL3IWVHVd MV 38ND

16

15

i4

/T (°K) x 10%

FIG.13



However, it is pointed out that any reaction other than
the normal contracting cube around a crystallite will intro-
duce extra terms in the coefficients and might therefore also
explain the divergences. For example, preferential reaction
along a dislocation might result in an expanqing cylinder of
product (with dislocation line as axis of cylinder) and might
therefore introduce a strong extra term in the t2 coefficient,
the volume of the cylinder being proporitional to t2. The
kinetic analysis merely demonstrates that the assumption of
preferential reaction (at lower temperature) at "abnormal"
sites can explain the dive;gences of the cube law parameters.

One of the main purpo;es of introducing this kinetic an-
alysis was to demonstrate any possible influences of irradia-
tion. Arrhenius plots of these parameters after x-ray irradia-
tions are also shown in figure 13. Clearly the divergences
are more pronounced. At high temperature divergences do occur
wvhich is pot the case for unirradiated material. Jach considers
this to be evidence for preferential reaction at defects, the
number of such defects being enhanced upon irradiation. One
might, for example, consider sub-grain boundaries. At high
temperature, the "normal" contracting cube arcund a crystallite
will move fast. Although reaction at the sub-grain boundaries
must occur as well, the latter will be masked by the "normal
reaction. However, this will not be the case after extensive
irradiation damage. The introduction of defects at the sub-
grain boundaries can enhance feaction there to such an extent

that this mode will no longer be masked. The same conclusions

k3,
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can be drawn about the ground material and reactor irradiated
material which exhibits effects similar to those already de~.
seribed. One must add one importaent observation here. The
wording preferential reaction might in the case of bromates
have to be replaced by preferential melting, since a relation-
ship between melting and decomposition obviocusly exists here.
It is possible to explain the irradiation and grinding effects
by postulating preferential melting rather than preferential
decomposition. However, the importance of the kinetic analysis
still remainslsince in its most general terms the reaction is
still occuring preferentially at defects. Or, looking at it
from another viewpoint, one should perhaps be constantly awére
of the possibility of preférential melting in discussing
possible reactivity problems. Jach points out that these postu-
lates are speculative but at the same time demonstrates the
need for further work along these lines. Far too little is
known about preferential chemical reaction at defects.

{e) Other Compounds

(i) Mercury Fulminate

As part of an extensive study on the mercury fulminate
(30)

decomposition, Bartlett, Tompkins and Young irradiated

this compound with mercury resonance radiation (25378). When
mercury fulminate is heated to about 100°C it evolves mainly

002 and N2 leaving a solid residue of uncertain composition.

There apparently exists a very strong aging effect in this

material. The kinetics of thermal decomposition of freshly

prepared crystals differs markedly from aged crystal. Basicsally

Ly,
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freshly prepared material exhibits an acceleratory period wﬂich
fits an exponential law (o « e*%) wnile aged material fits a
cubic lav (a « t3), after the usual t_  corrections are made

for initial reactions. They present evidence for preferential
reaction at sub-grain boundaries. In fresh material these
boundaries are intact and an advancing reaction front can branch
where these boundaries intersect. This would lead t; exponential
kinetics. In aged material, the crystals become separated

into largely independent blocks. Before the acceleratory re-
gion a gas is evolvea by a reaction of low activation energy.
This.they feel is a gaseous product from a slow prolonged room
temperature decomposition which also changes the crystals from'
a white to‘a brown color. The cubic reaction then describes
processes which occur within the individual blocks. The effect
of irradiation on fresh material is to change the kinetics

from the exponential to the cubic type. A similar effect is
cbtained after crushing fresh material. They believe that

the effect of irradiation (and crushing) is therefore to break
up the crystals by rupture at sub-grain boundaries. Photographs
of irradiated material do indeed show crack formation. The
effect of irradiation on aged material is to reduce @ ax from
65 to 50% and to enhance the maximum rate. This is not ex-
plained.

(ii) Lead Styphnate
(31)

Flanagan studied the effects of x-ray and neutron
irradiation on the thermal decomposition of lead styphnate

monohydrate in the range 197—22800} An initial gas evolution
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and small linegr periocd are followed by the typical accelera-
tory region. A series of 0060 gamma irradiations at room
temperature up to 1.8 x iOar did not significantly alter the
subsequent thermal decomposition. Reactor irradistion, how-
ever, greatly affects the subsequent thermal decomposition.
This is shown in fig. 14. The maximum rate for the longest
irradiation {curve A) is nearly three times that of tﬁe U= °
irradiated sample. Note that the results for irradiated mateyr-
ial are unaffected by storage of samples between irradiation
and decomposition. The damage appears to be of a permanent
type. Flanagan suggests that the irradisted material is de-
composing at a large number of evenly distributed sites formed
from fast particle damage in the crystal while the "unirradiasted"
decomposition proceeds from a smaller number of more localized
regions, e.g. cracks, grain boundaries, etec. It is difficult
to see why'amax is increased upon irradistion. One possible
explanation is that irradistion has no effect other than allow-
ing the crystal to fracture into more crystallites upon decom-
position as compared to the unirradiated state. Then if it is
assumed that nucleation centers exist in numbers merely pro-
portional to exposed cfystal surface area then on average the
smaller crystallites have fever nucleation centers than the
original larger (unirradiated) ones. This will lead to a
largér a o (see nickel oxalate section) bubt at the same time
the rate is increased due to the larger number of crystallites

(and therefore nuclei). Clearly, further work iz needed,

especially direct microscopic observations.
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FIGURE 1k
The thermal decomposition curves of reactor-irradiated

lead styphnate monohydrate (222.500).
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4, RELATED TOPICS

(a) Thermal decomposition at dislocations

Qlthough this topic might better be suited to a review
related to unirradiated material, certain instances have'arisen_
in which a.correlation to irradiation effects appears. Jach(Bg’hg)
has reported that during some recent ther@al decomposition studies,
linear kinetics (a = kt) were observed in three normally different
(kinetically) materials under certaig special conditions. These
conditions included a) a very low relative temperature where
reaction may take a week or tﬁo for 10% decomposition, and ©b)
cold-working or pre~irradiationn The three compounds referred

to are NaBrO anN6 and dehydrated nickel oxalate. As mentioned

3,

previously, the WaBrO_, decomposition proceeds by a rapid surface

3
nucleation followed by a contracting envelope. This causes the
maximum rate to occur at t = 0. anN6 exhibits the classical
sigmoid cuf&e while the nickel pxalaﬁe decomposition, although
sigmoidal, differs very much in detail to anN6a

It is difficult to imagine how a decomposition, growing
as it does 3-dimensionally into the crystal, can result in
linear kinetics. (Linear kinetics due to one-dimensional growth .
have been observed in certain dehydration reactions, but these
have no relation to the present discussion). Jach proposed that
at very low relative temperafure, reaction occurs preferentially

at dislocations in a manner similar to Franks crystal growth

theory at the step of a screw dislocation but in the reverse

b7,
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sense. Thus, if it is assumed thalt at the step decomposition
proceeds with lower activation energy then at very low temper-
ature such & mechanism is favored, The decomposition might
occur at the surface step which appears when a screw dislocation
meets a surface. The crystal may be described as one astomic
plane in the form of a spiral ramp. Decomposition at the step
results in successive layers being "peeled" off without destroy-
ing the step. This would yield linear rates. Pre-irradiation
and grinding enhances this effect by increasing the limits of
over which linearity occurs ér by increasing the temperature

at which it occurs. Both these processes are known to increase
the dislocation density. The possible existence of the phenomenon
outlined by Jach has been strengthened by recent electron micro;

(33)

scope observations on decomposition of Cadmium iodide.

(b) Radiolysis of Solids

As a result of the enormous strides made during the past
15 years in the field of Solid State Physics much interest has
been generated in the fundamental processes responsible for
chemical changes in solid substances. It is unfortunate that
only in a few instances has the attack on such problems been
concerted. Chemists have until now paid relatively little
attention to so0lid state phenomensa and have approached the prob-
lem only when specific practical answers were needed. Histor-
ically, chemists have shied away from reactions that were
either_heterégeneous or irreversible. Studies of reactions that
exhibit both disadvantages have naturally suffered severely.

The availability of strong sources of irradiation have not greatly
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improved this situation but now irradiation effects are beginning
to spark some enthusiasm. Two end goals are evident. Firstly,
irradiation 15 being used as & tool in the fundamental studies

of chemical effects in solids. Secondly, irradiation effects
themselves are of interest from a theoretical and practical

point of view. In this connection might be mentioned the quest
for radiation resistant materials, the use of solid dosimetets,
the production of radioisotopes, etc. Several recent reviews

(35)

have appeared (ionizing radiation effects - Forty s Boldyrev

and Bystrykh(36), Davids and Weiss(BT), (38)

(39)

Heal and heavy par-

ticle radiolysis -~ Dominey « Slow progress has been made

over the years in understanding some of the fundamentals in the.
mechanism of radiation induced changes. The primary processes

of irradiation are ionization, excitation without ionizstion

and displacement. Nuclear reactions such as capture, spallation,
etc., may also occur. The chemical consequences of these processes
in turn depend on the substance being bombarded. The mechanism

of displacement by ionizing radiationis still in question. 'Varley
has suggested that multiple ionization of the halogen ions

occurs with recombination times sufficiently long to allow ejec-
tion of the now positively charged entity by electrostatic re-
pulsion of the positively charged neighbors. One objection to
this mechanism is that the recombination time is probably shorter
than the natural period of the ion in the crystal lattice render-
ing displacement before recombination unlikely. Klick(hl) pro-

posed a modification in which double ionization of the halide

ion occurs followed by transfer of . an electron from a neighboring

k9.
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halide. Two neighboring positive holes are formed which
react to give a halogen molecule. This molecule ‘occupies one
vacant halogen ion site. The other site can move away and

. i
P A LU
s - T T T e

later be converted to an F-center while the_molgcule can after

e

electron cépture be converted to an H center. Both centers have

(h2)

been observed simultaneously. ©Smoluchowski and Wiegand

PR
ke -

e

suggest that after multiple ionization the c1¥ is driven to a

7

neighboring €1~ forming Clg, the de-excitation of the latter

providing sufficient repulsive energy to force one of the atoms

S
5 it ket

away creating a vacancy and an interstitial Cl atom. The latter
might be formed many lattice distances away from the vacancy
by transmission through focusing collisions. What follows these

events is a complex sequence of phenomena depending on crystal

Ty
¢

structure, methods of preparation of the materials (including

= il

impurity effects), ionization potentials and bond strengths,

i

etc. As an example of crystal structure effects, one may cite

the "cage effect." The primary products of x-ray and electron

Mg '.'T.'_"!:!';X?."'Z!!’_ 2

irradiation of nitrates is nitrite and oxygen. The yield de-

-

pends on the extent of recombination of these two species which

in turn depends on the freé volume available within the lattice. é;

The free volume is the aifference between the volume of a unit

Feaw

S e

cell and the volume of the ions im it. A higher free volume

favors a removal of the oxygen from the influence of the nitrite

YR T

ion and thus tends to limit recomination. The free space is

TN T Y

usually the predominant influence but, as Boldyrev and Bystrykh(36)

VIR VS

point out, the ionization potentials. of the ions involved may

S

play a determining role. Thus, the free volumes in silver and

DEYEeITY
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sodium nitrates are about the same but the ionization potential
of the cations differ strongly (7.54 and 5.1 respectively).
The radiation stability of sllver nitrate i therefore far less
than that of sodium nitrate since the silver ion will exert a
stronger polarizing action on the nitrate ion than will the
sodium ion. Bond strengths in complex ionic salts must also be
considered. For example, the energy of the Cl1-0 and N-O bonds
in the chlorate and nitrate ion is respectively 2.38 and 3.65 eV,
The corresponding radiation yields are 4 and 0.8 mole 02 per
100 eV. The presence of water of crystallization in a nitrate,
for example, enhances the radiolytic probability as a result of
the competitive radiolysis of the water as well as the removal
by the water of the oxygen thus reducing the recombination pro-
cesses. Last, but not least, is the major electronic and structural
role played by all types of defects. These may act as trapping
centers for excitons and eleéﬁrons thus enabling reaction to
occur where¢ otherwise de-excitation or electron-hole recombina-
tions would occur instead. They may structurally also be centers
for preferential decomposition resulting'from "cage" type effects.
Thus, radiolysis might be favored around the site of an edge
dislocation where rodm is available for decomposition as compared
to the smaller, normal lattice site.

The above discussion is merely an attempt to pecint ocut some
of the current ideas and problems involved in the field of radioclysis
of solids. ©No unifying theory exists nor is it reasonable to -
assume that one is possible. While the action of irradiation on

one chemical compound might be predominantly electronic the action

51.
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on another may be mostly structural,

An important body of work which may have significant bear-
ing on thermal decomposition subsequent to irradiastion has been
under way for the past few years by Forty and co-workers who
have been examining the decomposition of various compounds by
electron bombardment. TLead iodide has been extensively investi-
gated by them and the work has proved most interesting. Forty

et a1(*3)

followed the decomposition of thin platelets (about
1/10 mm diameter and a few angstroms thick) in an electron beam
of an electron microscope. The ultimate product is metallic
lead and iodine. Uswually three stages are involved in this de-
composition. The first is the rearrangement of the existing
dislocation configuration to form isolated loops of dislocations.
In the intermediate stage bright patches appear which probably
represent cavities in the crystal. This is followed by a stage
in which small lead crystallites are nucleated by precipitation
in the cavities and grow by local decomposition of the surround-
ing lead iodide. It is deduced that point defects are created
near the center of the irradiated area which subsequently con-
dense in the cooler parts of the crystal, either on existing
dislocations to cause climb or in disk-like aggregates to form
dislocation loops. 'The formation of cavities is actually seen
17 -1

-2
only with high electron intensities (10 electron cn sec

at 80 keV) but they may also be formed at lower intensities but

may not be easily recognizable. Finely dispersed particles of

1k «1)

lead do appear at the lower intensities (10~ electrons cm  sec

The cavities represent an important step in the decomposition.

52.
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They are mobile and drift outward from the center of irradiation
at rates as great as 1 um sec—l for a cavity 1 uym diameter, 50 it
thick. Thin platelets of lead form in the cavities with the
(111) plane of the parent crystal. The cavities often break
awvay from the precipitates during irradiation and spread further
into the undisturbed crystal to provide sites for further decom-
position. 1In the final stage of the decomposition isolated pre-
cipitates thicken into stable crystallites by local decomposi-
tion of surrounding lead iodide. They calculate that, on the
average, there is at least one ion vacancy formed for each elec-
tron passing through the crystal. This greatly exceeds the rate
expected from a pure heating effect of the beam, even if tempera-
tures close to melting are achieved. They conclude that probably
ionization displacement plays a predominant role in damaging

the crystals and thereby causes decomposition. The displacement
mechanism envisaged by Forty is a simple one and is peculiar to
the special,structure of lead iodide which consists essentially
of hexagonal close~packéd I~ ioms with Pb2+ ions placed in the
octahedral holes. At higher temperatures the Pb2+ ions can quite
readi;y be shifted to the other available interstitial sites.

An I™ ion can readily be stripped of an electron by an ionizing
particle or'photon: The resulting I atom will be very weakly
bound and can be displaced by a small amount of recoil or ther-
mal energy. The I~ vacancy which carries a net positive charge
can exert sufficient repulsive force on & neighboring Pb2+ to
displace it simultaneously to another interstitial site. The

vacancy thus created will be firmly bonded to the I vacancy.
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"Aggregation of these vacancy pairs and individual I vacancies
can account for both the climb of dislocations and the formation
of eavities. The precipitation of lead in the cavities during
the later stage of decomposition occurs by the trapping and in-~
teraction of the interstitial Pb°' ions and free electrons."

A similar investigation of KC1l was reported by Tubbs and

(Lh)

Forty The behaviour is similar to PbI, except that the

2

cavities do not appear to be mobile. In the final stage dark '
speckles.appear which are thought to represent a dispersion of
small colloidal particles of potassium. Forty concludes that
in general then this type of decomposition proceeds by the for-
mation of cavities followed by the precipitation of the new
metallic phase, usually within the cavities. "The formation

of cavities is possible only if a high degree of supersatufa—
tion of wvacancies exist’, and this may be taken to mean that
there is some form of interaction creating vacancies other than
that associated with the heating of the crystals."

Studies similar to those of Forty et al have been conducted

and Camp who sought a direct
examination of the development of metallic nuclei in an electron
microscope. Some of this work has been summarized in Bowden and
Yoffe's book "Fast Reactions in Solids"(h8). Sawkill decomposed
a single crystal of Silver Azide in the electron beam of an
electron diffraction camera. Starting with the normal diffrac-
tion pattern of silver azide, Sawkill observed varioﬁs stages in
the decomposition ending up with the pattern for silver, thus

following the collapse of the silver azide lattice. It is
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found that two forms of silver are formed during decomposition.
One is randomly oriented and the other highly oniented with respect
to the silver azide lattice. The random form consists of single
crystals gf silver while the highly oriented fprm comprises a
network of silver. The diffraction patterns show that the
lattice of silver azide does not collapse directly to silver.

It is suggested that the silver atoms diffuse and add themselves
to the lattice in special positions and some reshuffling of
silver atoms 'already on the lattice takes place but without
changing the lattice dimensions. This silver lattice collapses

to a face centered cubic lattice of dimension greater than normal
silver. This then collapses further to the normal silver lattice.
The randomly oriented silver crystals are probably formed in

the surface at defects, and there grow down into the crystal.
Bowden and Yoffee then summarize some other interesting means of
observing this decomposition.

. {c) Irradiation of Explosive Materials

A large number of explosives have to date been irradiated
with o particles, electrons, x-rays, fission fragments, etc.
The object of these experiments was to test a) whether explosions
could be initiated by these irradiations and b) whether the
explosion rate or time to explode are affected. As regards the
first possibility, it has now been fairly well substantiated
that initiation of an explosion depends on the creation of a
hot-spot sufficiently large to begin the chain reactions. All
the known methods of inducing explosions such as impact and

friction have been shown quite convincingly to be thermal in
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origin. The size of the hot-spot depends on the material of

course but it is thought 1o be in the neighborhood of 10—3 -

p

1077 em in diemeter. Only very intense irradiation sources

can satisfy such thermsal requirements and for practically all
the known explosives no ifradiation initiated explosions have
been observed. The notion that the activation of a small group
of adjacent molecules will cause explosion has thus been dis~‘
credited. A full review of this topic appears in a book by
Bowden and Yoffee(hg)a As regards the second point, irradia-
tion has been shown to shorten induction periods and time to
explode in a manner which is generslly consistent with observa-
tions on "slow" thermal decompositions already discussed in this

chapter. The reader is again referred to Bowden and Yoffee's

bock for more details.
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5. SUMMARY

It is clear that as a fileld of scientific research the
influence upon decomposition of irradiation is still in its
early stagés. By and large the work to date hgs been small
in volume, almost completely uncorrelated and with no unifying
theories. Only one assertion can be made with any degree of
certainly. Irradiation almost always enhances a decomposition.
This enhancemént is generally manifested as a sharp reduction
of the induction period when sigmoidal kinetics occur bﬁt may
also take the form of an enhanced maximum rate. Another feature
which seems fairly general is that although the initial and in-
termediate stages are enhanced, the final or decay stage is
rarely affected. In general terms these observations are per-
haps exactly what one might expect. The fact that the initia~
tion of a solid state decomposition occurs at regions of imper-
fections maies it reasonable to suppose that a change in the
number or kind of such imperfections readily influences the
reaction. On the other hand, the fact that the growth of the
reaction, especially towards the end when the more easily ex-
cited imperfect regions have already reacted must take place in
the more ordered and undamaged bulk regions, makes very reason-
able the supposition that in this stage irradiastion damage
effects will exert their smallest influence.

However, when one ventures past these fairly obvious

features there remains little that one may describe in a general.
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way. Here it seems that each worker has uncovered an effect
here and an influence there but with little depth and often
with less substantiation., Irrediation ean be a powerful tool
but its potential has been barely used. It does seem obvious
also that irradiation by itself may be capable pf yielding only
limited information. This was early realized by Tompkins et al
. in the azide studies where other information such as electrical
conductivity, absorption spectra, etc. were effectively brought
to bear on these problems. More physical tools such as ESR,
electron miéroscopy, field ioﬁ microscopy, etc. should be used
in combination with irradiation studies in solid state chemical
problems as indeed they have been used in solid state physics.
bne particular feature, in the opinion of the author,
deserves further study and that is thg‘measurement of activation
energies at abnormally low temperatures. It is in this tempera-
ture region that the low activation energy processes can be
sorted out. - By and large, it is these processes which initiate
the decompositions. More careful temperature control over ibng
periods of time are required but it seems certain that useful

information will emerge.
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