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ABSTRACT

The kinetics of the solid state thermal decomposition
of ammonium perchlorate (AP) has been studied using both )
pellets and single crystals over a wlde temperature range
from about 200° to 300°C. The effect of visual crystal
faults and of doping with the divalent ions Ba?t and sof‘
on the chemical reactivity of AP have also been examined.
Kinetic analysis of the decomposition curve by a non-linear
least-squares method using computing techniques has revealed
some important findings: (1) the decomposition consists
of four distinct stages, (ii) the major part of the entire
reaction (0.01<a<1.00, where a is the fractional decomposition)
is described by the exact Avrami equation, (iii) the so-
called "induction period" comprises a linear process plus
an exponential process and involves the first 1% of the total
decomposition, and (iv) the induction period is usually
preceded by an instantaneous desorption of previously
adsorbed species.

The three decomposlition steps have been identified with
the following processes. The linear inward growth of surface

nuclei gives rise to the linear process. Branching of

surface nuclel along preferred crystallographic directions

iii



is associated with the exponential process. Formation and
growth of nuclei in the bulk of the crystal are responsible
for the Avrami process. These kinetic interpretations may be
correlated with the most recent microscopic observations by
Herley, Jacobs and Levy on the formation and growth of
decomposition nuclei in AP.

The topochemical nature of the reaction was further
emphasized when doped samples were investigated. The rate
of the bulk reaction was enhanced in both Ba2* and sou'-

2+

doped AP crystals. Whereas Ba ions shortened the time

for the completion of the surface reaction, doping with soﬁ'
ions prolonged it. Based on the above results, a step-wise
proton transfer mechanism which involved the participation

of lattice defects (cation vacancies and dislocations) was
proposed.

Extensive measurements have been made of the a.c.
electrical conductivity of both compressed pellets and single
crystals of AP. The mechanism of conduction is proposed to
be proton transfer over the whole temperature range. The

effects of adsorbed water and ammonia were investigated and

the results support the proposed proton transfer mechanism.

iv
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CHAPTER 1
INTRCDUCTION

1-1 Solid State Reactions

The study of the reactivity of solids is a branch of
solid state chemistry which includes the decomposition of
solids, reaction between solids, and reaction between a solid
and a gas. This thesis deals primarily with the decomposition
of a simple ionic solid, ammonium perchlorate. The mechanism
of its decomposition into gaseous products will however be
seen to be anything but simple. Some general features of
solid state reactions will be reviewed briefly. It will be
seen that the sites.for and the initial rate of reaction are,
to a large extent, determined by the surface states and the
defect structure of the solid. The decomposition of solids
has received considerable attention in recent times since

1 and of Tompkins2 and their

the pioneering work of Garner
co-workers. The first stage of an investigation is usually

a kinetic study; the final objective a complete understanding
of the physics and chemistry involved in the mechanism of

the reaction. While this is undoubtedly of the greatest
interest and importance to the solid state chemist, it is

seldom possible to deduce a complete mechanism from kinetic

data alone. Direct observations with the optical and electron



microscopes and the measurement of physical properties such
as optical absorption spectra and electronic or ionic
conductivity are of the utmost help and importance in deducing
mechanlisms.

The decomposition curve is always represented by a
plot of fractional decomposition o against time t. The
curve has in general a sigmoid shape and this is characteristic
of all solid state decompositions. It comprises an initial
"induction period" during which the change of o with t is
virtually zero. This i1s then followed by an acceleratory
region (da/dt increasing with t) which is later succeeded by
a decay period (da/dt decreasing) until the completion of the
reaction. However, it is not necessarily true that all three
stages should occur during the course of a particular reaction.
The induction period, for example, may be prolonged, shortened
or even entirely absent (lead azide)3. The shape of the
decomposition curve therefore depends vastly on the solid
decomposed, and the temperature at which reaction occurs.

It is nowadays generally accepted that reaction in
the solid phase commences only at certain selective locations,
called potential nucleus forming sites where the free energy
for reaction is least and steric considerations favourable.
These locations are most probably related to lattice defects
which are always present in any crystalline solid. Jacobs
and Tompkins2 pointed it out that when fluctuations 1in the

local energy of the crystal are sufficiently large to provide



the necessary activation energy, formation of a nucleus
(nucleation) takes place. This process is irreversible
because in a solid state decomposition (in contrast to a
phase change), the free energy change associated with the

chemical transformation

[

s generally very large. When
nuclei are formed, growth of nuclei can occur in A dimensions
(A=1, 2, or 3). Normally preferential growth takes place
along certain crystallographic planes, resulting in nuclei
of a distinct shape, e.g. horn shaped (CuSOu-5H2O)u,
spherical (BaN6)5, or hexagonal (KHC,0y- H20)6. Because
reaction in a solid is of a topochemical nature, the
traditional concepts of order and molecularity, as generally
applied in gas phase and liquid phase reaction kinetics, are
of little use in interpreting the kinetics of solid state
reactions. Because chemical decomposition is confined to
the interface between the solid product and the reactant
phase, the reaction kinetics can be described in terms of
the rate of nucleation and the rate of growth of these nuclei.
The overall rate of the reaction is then governed by the
equations controlling the formation and growth of nuclei.

The most general law of nucleation is that described

by equations 1-1, 1-2



or, N = No[1 - exp(-klt)] 1-2

where, N is the number of nuclei formed in time t, kl is the
rate constant for nucleus formation, and N, is the number of
potential nucleus forming sites. It is based on the assumption
that nucleation is random at a finite number of sites N,.
Microscopic observation during the decomposition of solids
has generally revealed2 that nuclei grow at a constant rate,
at least when they are of visible dimensions. Let G(x) be
the rate of growth in the x-direction. The size of a nucleus
which commences growth at t=t' is, at time t, if the growth
is isotropic,
v(t,t') = of st G(x)dx ]A
t?! 1-3
where ¢ denotes the shape factor for the nuclei (=4/3 for
spherical nuclei). The total size of all nuclei T(t) is
then given by
T(t) = sto[ s% a(x)ax.I an/at]  ate 1-4
° t! t=t"
where V(t) = V(t)/V(»). If overlapping of growth nuclei is
neglected, o is simply proportional to V(t). Equation 1-4
predicts that V(t)=~ at t=e=, Clearly overlapping of nuclei
cannot be neglected during the decay period. This is because
as nuclei grow larger, they must eventually impinge on one
another resulting in a cessation of growth when nuclei touch.
This consideration can be expressed in terms of the "extended"

fractional decomposition - which 1s the total fractional



decomposition without overlapping. The actual fractional
decomposition a in which overlapping is included7 is then

related to 0oy by equation 1-5

da/daex =1 - o0 1-5

so that a , can be replaced by -%n (l-a). Equation 1-4
therefore provides a direct 1link of the rate of nucleation
and of the rate of nucleus growth to the fractional decomposition.
In general, it is not easy to find empirically the appropriate
forms of the equations for nucleation and nucleus growth from
direct microscopic observation. Rather, an indirect approach
is usually adopted. This is done by analysing the experimental
decomposition curve a(t) using the existing expressions derived
by substituting in eqn. 1-4 appropriate expressions for dN/dt
and G(x). The expression that gives the best fit to the curve
suggests, but does not prove, a topochemical mechanism for
the reaction.

There are two kinetic equations that had been found
most useful by previous workers on the decomposition of
ammonium perchlorate. They are the Avrami equa’cion8 (1-6) and

9

the Prout-Tompkins”’ equation (1-7)

6oNoks  -kpt Ke? 3t
-2¢n (l-a) = —— { e -1+ kit - + } 1-6
i3 2 6
1

¢n (a/l-0) = k3t + c 1-7



where kl, k2, k3 are respectively the rate constants for
nucleation, nucleus growth, and branching of nuclei, and c 1is
a constant. The Avrami equation is based on random nucleation
followed by isotropic three-dimensional nucleus growth. Both
impingement (overlapping) of growth nuclei and the ingestion
of nucleus forming sites by growing nuclei are included. The
derivation of egn. 1-6 has been discussed in detail in the
literaturez’lo. Because of its complex mathematical structure,

only its approximate form has been used previouslyS; this is

often referred to as the Avrami-Erofeev (AE) equation (1-8).

)]Un =Kk t 1-8

[-Q,n (1-a n

where n=3 for klt>>l and n=4 for k1t<<l, respectively; En is
the rate constant for a particular n.

The Prout-Tompkins equation2 is based on a model in
which the branching of nuclel 1is considered a more important
event than the formation of fresh nuclei. The interference
of branching nucleil is also taken into account in the

derivation.

1-2 Physical Properties of Ammonium Perchlorate (AP)

AP is an ionic crystalline solid in which the
constituent ions are NHZ and ClO;.

crystal structure which undergoes a phase transition at 240°C

They form an orthorhombic

to a cubic form. This is associated with the onset of free

L. .- .11 e s
rotation of the anion . Another transition occurs at much

lower temperature which is associated with the onset of catilon



7

rotation at -190°C. The NHZ ions are not involved in hydrogen

bondingll. The orthorhombic form has cell dimensions 2,=9.202 E

s
b,=5.816 E, co=7.449 E, and a crystal density of 1.95 g/cm3;
whereas the cubic form has a cube edge of 7.63 3 and a crystal
density of 1.76 g/cm3. The transition at 240°C therefore gives
rise to a slight increase in volume. The heat of transitionil

is 2.3%0.2 kecal mole-l. The vapor pressure12

at room
temperature is 1071 torr. The solubilityl3 of AP at 30°C is
26.0 g per 100 ml of H20. The cleavage planes for the
orthorhombic form are (210) and (001). The cleaved crystal

has two rhombie (c) faces and four rectangular (m) faces.

1-3 Low Temperature Thermal Decomposition of AP

The chemical decomposition of AP in the solid state
has been investigated intensively during the past two decades.
The motivation for this undoubtedly stems from two facts:

(1) the decomposition is involved in the combustion of a large
class of composite propellants in which AP is used as the
oxidizer; and (ii) the mechanism by which AP decomposes has
not yet been fully elucidated.

Measurable decomposition of AP commences at about 150°C,
it is accompanied by dissociative sublimation. The sublimate
is chemically pure AP although traces of decomposition products
have been reported as contaminants9. The decomposition
products are all gaseous. The reaction can be further
classifiedl?! into (i) the high temperature (HT) reaction which

occurs above 300°C according to equation 1-9



2NHuClOu —_— Cl2 + 2NO + 0, + UHZO 1-9

(11) the low temperature (LT) reaction which ocecurs below 300°C

and proceeds according to equation 1-10

UNHuClOu —— 2C1, + 2N,0 + 302 + 8H20 1-10

2 2

These equa’cions11 only represent the approximate stoichiometry.
The differences between these two reactions are that, whereas
the high temperature reaction takes place in the gas phase and
proceeds to completion, the low temperature reaction is
confined only to the solid phase and decomposition is incomplete.
The reaction always ceases after roughly 30% decomposition9
(the actual percentage depends on conditions, particularly,
temperature, ambient pressure and the presence of catalysts)
leaving a residue which is a spongy and highly porous mass9’1u,
chemically identical to the unreacted saltg, but with a much
greater specific surface areag. Its chemical reactivity can
be restoredll by sublimation, recrystallization or mechanical
deformation.

The decomposition curve has a slightly distorted
sigmoid shape. The rate of the reaction has been followed by
measuring the pressure build-up in a constant volume system8’9

or by measuring the weight 103515

during the course of the
reaction. 1Initial studies on AP by pressure measurement39
suggested that the Prout-Tompkins equation (1-7) described the

decomposition curve fairly well but later workers have



generally preferred the Avrami-Erofeev (AE) equation (1-8)

with n=2,3,4, as it gave a better fit to the data over a wider
8,15-17

range of o

15

In a recent study by Jacobs and Russell-

Jones™~, using weight loss measurement, they found a single

value for the activation energy of .30 kecal mole™1 for low-
and high-temperature reactions and for sublimation. A unified

15,18

mechanism as represented by equations 1-11, was then

proposed for the reaction, and is now generally accepted.

NHMCIOM(S):;ﬁt NH3(a) + HClOu(a)~M~—~> LT prod.

1L 1L 1-11

Sublimate &—— NH3(g) + HClOu(g)Nw-——>HT prod.

The primary process involves a proton transfer which requires
much of the 30 kecal mole"l activation energy. The fact that

18 shile NH, retarded 1t18,

HClOu accelerated the reaction
probably implies that the low temperature reaction proceeds
by the decomposition of adsorbed HC1l0y followed by the
oxidation of adsorbed NH3.
The effect on the decomposition of various catalys‘csl9'21

22,23 and Y-radiationzu’25 has

and of pre-irradiation with x-
also been studied, but a detailed description and review of

all the previous work in the decomposition of AP is unnecessary
in this thesis as there are three recent and readily available
review papersll’12s26 in the literature.

Despite the progress that had been made in understanding

the mechanism of the primary process during decomposition,
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there still remained certain features of the reaction to be

explored. (i) When -fog (l-o¢)l/n

, with n=2, 3, or 4 is
plotted against t, there is always a finite intercept to,
called the "induction period" on the time axis. The length
of this period decreased as the temperature was raised. So
far no satisfactorily explanation for the occurence of this
induction period, prior to significant decomposition, has
been advanced. (il) The AE equation did not fit over the
entire range of the acceleratory and decay period. Also,
different values of o appeared to be required for AP in
different physical forms. For single crystals of orthorhombic
AP, Galwey and Jacobs8 found n=4 for 0.02<0<0.20 and n=3
for 0.20<0<0.90, This is consistent with three dimensional
growth of randomly formed nuclei. The activation energies

1

En were Eu=21 and E_=17 kcal mole ~. For orthorhombic

3

powder the best fit was obtained with n=4, EM=25 keal mo].e-1

(0.0320<0.70); for pellets the corresponding values were n=3

1

and E,=30 kcal mole - (0.05<0<0.75). These values of n can

3
be explained by assuming that the nucleation stage is
prolonged in powdered material but shortened in pellets.

This implies a conhnection between nucleus forming sites and
strained regions of the crystal. However, the variations in
activation energy are hard to understand. For cubic AP the
best fit was found with n=2 for crystals, powder and pellets,

1

E, being 25, 25 and 30 kcal mole = respectively.

Herley and Levy17 also divided the decomposition
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curve for single crystalsinto two sections: in the accelerating
period (0.07<0<0.25) n=4 and the activation energy is 27 keal
mole~l; in the decay period (0.40<0<0.98) n=3 and the
activation energy is 25 keal mole'l. These activation

energies are significantly different to those found by Galwey

8

and Jacobs~ for the same material (small single crystals of
orthorhombic AP). A possible explanation would be the certain
arbitrariness in deciding when n=4 ceases to apply and n=3
commences. Both these versions of the AE equation are
approximate forms of the complete Avrami equation (1-6), valid
for k1t<<l and kjt>>1 respectively. Thus a change-over period,
vwhere neither version fits should occur. It is at least
reasonable to suspect that the variations in activation energy
could be the result of using the approximate form of the
complete Avrami equation (1-6). The activation energies found
for pellets made from powdered AP are more consistent. Davies,
Jacobs and Russell—Jones18 have carried out least-squares fits
to the Arrhenius equation using rate constants derived by
various members of their group under a wide variety of
experimental conditions. They were unable to resolve the
problem of whether there is a discontinuity at the transition
point in the rate constant of decomposition of pellets.

Fitting data above and below the transition point separately

1

gave E=33.9 kcal mole ~ for the orthorhombic structure and

E=27.0 kcal mole-l for the cubic modification. 1If data over
the whole temperature range are used then E=26.6 keal mole—l.

All these rate constants were obtained from the AE equation
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with n=2, but for decomposition carried out at low ambient
pressures n=3 fitted the data at lower values of o than did
n=2.

The variations in activation energy found for whole
crystals, possible difficulties associated with the
interpretation of the value of n less than 3, and particularly
the need for using different values of n for different
physical forms and crystal modifications8 all lead to the
conclusion that the AE equation is probably an oversimplified
description of the kinetics of decomposition of AP.

The profound effect of impurities27"3o on the kinetics
of decomposition perhaps explain the discrepancies found in
the literaturell., Maycock et al.27 recently showed that
decomposition is enhanced by doping with soﬁ’ while retarded
by ca2*. The activation energy is not altered by the

2+

impurities. In another study using Cu as impurity, Solymosi

and Dobo29 showed that the decomposition below the transition

1.28 showed

point was greatly enhanced, whereas Savintse& et a
that only the nucleation step is enhanced. The effect of
various cation and anion impurities was also studied30 using
differential scanning calorimetry (DSC). The doped samples
were prepared by rapidly cooling a saturated agueous solution
of AP and the impurity ion. Both Ba®t and soﬁ" were found
to have no effect on the decomposition rate. These

experiments, however, are rather inconclusive as it is



13

effectively into the lattice of AP by rapid coprecipitation.

- 2-
Polyvalent anions (Poz and SOu ) were found to retard the

2+

decomposition and cations (Ca“®’ and Mg2+) were found to

accelerate it3l. It appears that before the effect of

impurities can be assessed, it must first of all be established,

whether the impurities have in fact been incorporated in the

lattice.

1-4 Electrical Conductivity of AP

The thermal instability of AP restricts considerably
the working range over which the electrical conductivity can
be measured accurately. The first investigation was that of
Zirkind and Freeman32 who used pellets of AP in the temperature
range of 25° to 125°C. Irreproducibility from sample to sample
of about a factor of 2 was always encountered, even when
samples were annealed overnight at 110°C prior to measurements.
An activation energy of about 1 eV was deduced from the plot
of fog o vs. 1/T, where ¢ is the specific conductivity. Owing
to the lack of information regarding the conducting species,
no detailed conclusions could be drawn at that stage.

27 and Wise33 have

More recently, both Maycock et al.
independently investigated the electrical conductivity of AP
over a wider temperature range. Maycock et al. used single
crystals of AP grown at the Naval Research Laboratory at China

Lake. Surprisingly, they found a complex temperature

dependence of ¢ in the temperature range 25°C to 350°C. A d.c.
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"method of measurement was employed with 40 V across the sample.
The conductivity curve (Log oT vs. 1/T) showed three distinct
changes of slope occuring at 92°, 171°, and 255°C. It was
suggested that conducting species were Frenkel defects in the
orthorhombic region but Schottky defects in the cubic
modification. The activation energy of migration was
tentatively assigned as 0.5 eV and the energies of formation
of Frenkel and Schottky defects were deduced to be 0.6 eV and
3.0 eV respectively. On the other hand, Wise33 found the

plot of fog oT vs. 1/T to be a straight line between 225° ang
325°C with no discontinuity on passing through the fransition
point. He concluded that the conduction process involved
protons, as the conductivity showed a linear increase with

the partial pressure of ammonia. The activation energy in

the presence of N2 was found to be 1.4 eV, and in the presence
of NH3, 0.87 eV. These values were interpreted as the energy
required for defect migration (0.87 eV) and the enthalpy for

defect formation (1.0 eV). These results®/ >33 are in
contradiction with one another, and hence complicate efforts
to understand the mechanism of conductivity and its possible
relevance to thermal decomposition.

Before any Judgement can be made, it is of the utmost
importance to identify the charge-carrier. The most elegant
work of Boldyrev et al.3u on the electrolysis of AP has
resolved this problem. When a d.c. current was applied to AP,

Ay os
enly hyu.l"'u5c1

was detected at the cathode, the amount produced
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being in accord with Faraday's law. This implied that both
the discharging and conducting species were the proton. The
conductivity plot was found3l to be composed of two straight
lines below the transition temperature, with a change of slope
at 72°C. The activation energies found were 0.48 eV between
30° and 72°C and 0.87 eV between 72° and 170°C. The mechanism

by which protons were produced in and migrated through the

crystal could not, however, be elucidated.

1-5 Objectives of this Research

The preceding summary has shown that the decomposition
of AP is not fully understood; apart from discrepancies between
various estimations of E, there are the shortcomings of the
AE equation (the most successful one to be applied so far)
and above all the mystery of the induction period. Also
there are serious disagreements in conductivity measurements
made by various previous investigators which have not been
explained. Recent work on AP has tended to focus on the
induction period and it is now recognized that the term,
"induction period" cannot be taken in a literal sense. It
implies more than merely the time required to bring the sample
to the decomposition temperature, or the time taken for the
germ nuclei to grow into stable growth nuclei. Irradiation
studiesl7’35'38 have confirmed that the induction period was
considerably shortened when the sample was exposed to y- or

x-radiaticn, and that this shortening was directly proportional
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to the logarithm of dose35_37. Irradiation therefore
presumably produced a large number of nuclei in the solid.
Direct observations of nucleation and nucleus growth have also
been made39’lIO during the early stages of decomposition at

low temperatures. Spherical nuclei39, 20-30 um beneath the

crystal surface, and also holes)'lo which appeared to reflect

the shape of the crystal face under investigation were observed.
As nuclei cannot be seen when first formed, the nuclei as seen
under the microscope were presumably ones that had already
grown considerably. No assessment could therefore be made as

to whether nucleation and nucleus growth occur during the
induction period.

The aims of this research were, therefore: (i) to
explore the nature of the induction period by making careful
measurements of o using pressure measurements; (ii) to search
for equations which would describe accurately the kinetics of
the low temperature reaction; (iii) to study the effect on

the kinetics of the reaction and on the duration of the

induction period, of doping AP crystals with the divalent
2-
}4 3

cation vacancies and anion vacancies respectively; (iv) to

impurity ions Ba2+ and SO which would be expected to produce
look for any correlation between the electrical conductivity
and the decomposition of AP; and (v) to investigate the
mechanism of protonic conduction in AP to resolve, if possible,
the disagreement between the results of previous workers. As

the proposed experiments would involve the use of single
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crystals of good quality, considerable effort would also have

to be devoted to the preparation of sufficiently large single

2+

crystals of both pure AP and Ba“'- and Soﬁ_—dOped AP.



CHAPTER 2
EXPERIMENTAL

As described in Chapter 1, this research involves an
attempt to acquire a deeper understanding of the mechanism of
the thermal decomposition of ammonium perchlorate (AP), and
its correlation with electrical conductivity. This chapter
consists of a general description on the experimental
fechnique used (i) in measuring the pressure build-up as a
function of time when a sample of AP is decomposed
isothermally, and (ii) in measuring the electrical conductivity
when the temperature is increased continuously from room
temperature to the transition temperature. The importance of
using single crystals, whenever possible, in solid state
chemistry was well appreciated. However, compressed pellets
were frequently used not only in preliminary studies, but
also to provide a comparison between the behavior of single

crystals and pellets, which have often been employed in previous

work.

2-1 Sample Preparation

Ammonium Perchlorate in the form of anhydrous powder
of 99.99% purity was obtained from the Fisher Scientific
Co.. The only stated impurity was 0.002% by weight of chlorate

ion. The powder was first ground thqroughly in an agate motar

18
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and then compressed using a manual press into small
cylindrical pellets of diameter 3.195 mm, and height about 4
mm. These pellets had a density equal to 93.6% crystal
density and were of an average weight of 40 mg, suitable for
decomposition experiments. Disc-like pellets of diameter
12.78 mm and height about 4 mm, a size more suitable for
conductivity measurements were also made manually, but these
had a density of only 79.3% crystal density. Pellets of
diameter 12.96 mm and height about 2.2 mm were made using a
hydraulic press and a pressure of 14,000 p.s.i.. These had
a higher density of 98.6% crystal density. All pellets were
stored in a desiccator over silica gel for several days before
use.

Some small plate-like single crystals were obtained
through the courtesy of Dr. P. J. Herley of Brookhaven
National Laboratory. These small crystals had many visual
faults within the crystal bulk. They had an average weight
of ~10 mg and were usable only for decomposition studies.
They are referred to in this thesis as BNL crystals.

An apparatus was built with the object of growing
large single crystals of good quality both of pure AP and
also of AP doped with Ba2t and with soﬁ‘ ions. The dopants
were respectively A.R. (NHu)gsou from British Drug Houses
and analytical grade Ba(ClOa)z'BHZO from Alfa Inorganics.
The technique used for growing these crystals will be

described along with the general description of apparatus
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in a later section. These crystals were used mainly for
conductivity measurements, but small cleaves from them were
also used in decomposition studies so as to compare rate data
with the more imperfect BNL crystals and thus provide
information about effect of gross visual crystal faults on

the chemical reactivity of AP.

=2 Apparatus

2-2-1 Crystal Growth

Single crystals of AP were grown from aqueous solution
using the crystal growing equipmentul shown in Figs. 1 and 2.
The seed crystals were supported on a glass pins by epoxy
resin, the pins being inserted into the sockets K at the end of
each "arm" or branch of the "tree" (Fig. 1). Two sets, each
of four arms, were staggered to allow room for the seeds to
grow. To each arm was attached by nylon thread N a glass-plate
V, which hung freely in the solution; these plates stirred
the solution as the axis bearing the arms rotated. A set of
four paddles Q, twisted at an angle of about U45° with respect
to the vertical, was attached to the crystal tree about half of
an inch below the solution level L. This ensured efficient
stirring near the top of the solution and is necessary to
remove unwanted nuclei which would otherwise be formed on the
surface during concentration of the solution. The seeds were
prepared by slow evaporation of a saturated solution from about

10°C above room temperature. Only geced quality seeds were
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selected and these were cleaved along the cleavage planes,
(210) and (001), to yield small rhombic prisms of size about
2x2x1 mm. The seeds were glued with epoxy resin to the glass
pins on either the rhombic face (210) or the rectangular face
(001) vertically. These were left overnight to allow the
epoxy resin to harden and then the pins were inserted in the
sockets K. 1.6 litre of an aqueous solution saturated with
AP at about 30°C was prepared in a pyrex jar cut from a 2
litre beaker. The jar was covered by perspex 1id A to which
was attached a mechanical device for rotating the seed. The
"erystal tree" was attached to the shaft S of the rotation
mechanism via a demountable T-joint by means of a horizontal
stainless steel pin going through the shaft. This joint had
an open top which hence acted as receiver should any
lubricating oil or grease fall down from the ball bearings B.
A thermistor P, which was the sensor of the temperature
controller, was inserted through the 1id. The jar was
surrounded by a stainless steel beaker with an air gap of
about one inch to cut down heat losses by radiation and
convection.

A 25 r.p.m. motor M rotated the "ecrystal tree" in
the solution, anticlockwise for three and a half revolutions
and then for a similar period in the reverse direction (Fig. 2).
This was essential to ensure equal growth on opposite faces
of the crystal seed. The reversible rotation mechanism was
made possible by means of a rack and pinion device as shown

in Fig. 2. The gear rack R, moved backward and forward by
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an eccentric attachment to the motor shaft, imparted through
the pinion gear G on the tree shaft, an almost slnusoidal rate
of rotation to the crystal tree. This mechanism permitted a
gradual deceleration and acceleration on either side of the
reversal pecint. The temperature of the solution was regulated
by a Filsher proportional temperature controller and the heating
source consisted of two IR lamps situated on the opposite side
of the crystal growing tank. The lamps were sited so that

the heat first reached the surface of the solution and was

then transmitted into the entire bulk because of the stirring
of the solution by the paddles as described above. When

the crystals were introduced into the solution, the temperature
(read by the thermometer T) was raised by half a degree so as
to dissolve the surface of the crystals and thus smooth out

any surface irregularities. The temperature of the solution
was then lowered by about 0.04°C per day.

The rhombic faces grew at a much faster rate than the
rectangular faces resulting in plate-~like crystals. The
crystals eventually reached an average size of 12x12x4 mm
after about four weeks. The same result could be achieved
by maintaining the temperature constant and allowing the
solvent (water) to evaporate slowly through a small gap
around the rim of the jar. The crystals thus formed were
visually glass clear and could be cleaved easily into any
desired size along the (001) and (210) cleavage planes. The
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2-2-2 Thermal Decomposition Apparatus

The vacuum line used in the study of the thermal
decomposition of AP is shown in Fig. 3. This consisted of
three sections: (i) A reaction vessel V, 18 inches long,
fitted with a B24 socket, and immersed up to half its length
into an aluminum block furnace F whose temperature was
maintained constant by a Hallikainen Thermotrol controller
to #0.02°C; (ii) Two McLeod gauges M, one with a 338 ml bulb
and 1 mm bore capillary and the other with a 60 ml bulb and
3 mm bore capillary, capable of measuring pressures in the

6 to :LO-'2 torr and from 10~

range from 10~ to 3 torr
respectively; (i1ii) A U-trap T, situated half-way between
the gauges and the reaction vessel, which was maintained at
liquid nitrogen temperature to prevent attack by chlorine

on the mercury in the gauges. The apparatus could be
evacuated to 10"6 torr by backing a mercury diffusion pump
with a two stage rotary oil pump. The decomposition
apparatus could be isolated from the pumping system by means
of a mercury cut-off C.

The sample to be decomposed was outgassed in a
rotatable spoon R directly above the reaction vessel at least
overnight under continuous pumping. This was to ensure the
desorption of foreign gases from the solid which might
influence the decomposition. When the furnace temperature
was steady and outgassing in the usual high vacuum (lO’6
torr) completed, the reaction could be started by rotating

the spoon thus allowing the sample to fall into the reaction
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vessel. The rate of the reaction was then followed by
measuring the pressure developed in a constant volume system.,
The height of the mercury in the McLeod gauge capillaries
was read using a cathetometer. The temperature of the
decomposing solid was assumed to be the same as that of the
aluminum block in the furnace whose temperature was measured
by a Pt/13%Rh+Pt thermocouple inserted in the block. The
validity of this assumption had been confirmed by previous

18

workers™~. The level of liquid nitrogen in the trap was found

to be rather crucial and this was frequently checked and

maintained at constant height.

2-2-3 Conductivity Cell

The conductivity cell is shown in Figs. 4,5 and 6.
The sample to be investigated was sandwiched between two
platinum electrodes in a crystal holder (Fig.4). Each
electrode F consisted of a rigid platinum sheet of 0.002"
thickness cut into the shape of a rectangle about 14x18 mm.
The end of a Pt+13%Rh wire was spot-welded to the centre of
the electrode and was insulated from the rest of the platinum
by a thin sheet of mica. The electrode was-completed by
spot-welding a platinum wire at one corner of the rectangular
sheet. The two leads acted as a thermocouple so that the
temperature of the sample could be measured at each electrode.
Any temperature gradient across the sample was removed by
adjusting the current through the various sections of the

furnace winding. As the physical contact between the electrode



25
and the sample was of utmost importance, a thin soft platinum
sheet cf 0.0005" thickness was therefore inserted between
the electrodes and the sample so as to give better contact.
The electrodes were insulated from the supporting silica
plates by discs of recrystallized alumina D. The alumina
dises had a central hole and a radial groove to accommodate
the thermocouple wires. The body of the crystal holder was
made entirely of silica. The sample was maintained under
mild spring pressure by screwing down the screw S (Fig. 4)
on to the metal plate P2 to finger tightness. Originally
the screw and metal plates were made of brass but as this was
found to be corroded fairly easily by chlorine or wet acid
vapour, it was replaced by one made of stainless steel. The
spring W was made from tungsten wire. The crystal holder was
suspended by two tungsten rods T (Figs. 4,5) sealed through
top of the glass cell. The conductivity cell was inside a
furnace F (Fig. 5) such that the electrode section was
situated in the middle of the furnace. The thermocouple leads
were brought out through side arms (a, b, ¢, d) on the top
part of the cell through seals made with epoxy resin. Inside
the cell, the leads were insulated by quartz tubing. Outside
the cell, the leads dipped into four mercury cups in a perspex
plate. From the mercury cups Pt or Pt+13%Rh leads continued
to the cold junctions situated in ice baths contained in
dewar flasks. From this point to the Guildline Type 9160
er, the leads were of copper. During conductivity

measurements, the four leads to the cold junctions were lifted



26

out of the mercury cups and the two cups containing the
platinum leads were connected to a Wayne-Kerr B221 transformer
ratio-arm a.c. bridge. The cell could be evacuated by a side-
arm V which was connected to the vacuum line (Fig. 6). The
line also contained a gas-handling system consisting of a
drying column D filled with P205’ a manometer M, two traps T
and U, and a facility G for introducing gases (N2, H2, NH3)
from cylinders.

In order to eliminate surface conductance, the
electrode system was modified slightly. The upper electrode
was made of a small circular platinum plate about 7 mm in
diameter. This upper electrode was situated on the middle
of the sample, the perimeter of which was painted with aqua
dag which formed a guard ring. The guard ring was then
grounded by means of a platinum wire. The electrode assemblies
with and without the guard ring are shown in Fig. 4, for both
circular specimens (pellets) and rhombic prisms (single
crystals).

The specific conductivity of the samples measured
could be as small as 10710 onm-1 cp~1., 70 minimize electrical
interference, coaxial wire was used for all leads outside the
cell. The furnace was wound in sections on a silica tube of
70 mm diameter. This tube was separated from the cell by a
nickel shield. The exposed part of the cell was covered by
aluminum foil. The tungsten rods, the aluminum foil, the
nickel shield, and the supporting frame were all grounded to

minimize electrical interference.
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AP starts to sublime at about 150°C. An inert gas
atmosphere was therefore used to suppress sublimation.
Generally N2 was used for this purpose. It was used directly
from the cylinder without further purification apart from
teing passed through the P205 column. The pressure of gas
was measured on a manometer M shown in Fig. 6. Dry NH3 was
prepared by first condensing the gaseous ammonia in a liquid
nitrogen trap. The dewar was then lowered allowing the
ammonia to vaporize slowly through the P205 drying column and
then into the cell; The amount introduced was again registered
by the manometer. The sample was first annealed at a certain
temperature until a steady value in o was reached. Dried
ammonia was then admitted until the desired pressure had built
up in the cell. The change in o with time was then recorded
until a constant value of ¢ was obtained. Both the initial
and the final (equilibrium) pressure of NH3 were noted.
Desorption could then be carried out by pumping off the
ammonia and following the change in o with time in a similar
way.

To study the effect of HZO on conductivity, a small
side arm containing about 3 ml of HZO was attached to the
bottom of the cell. The system was then evacuated so that
the water vaporized into the system. N2 was then admitted
until the total pressure reached one atmosphere. The vapor
pressure of H20 was about 22.4 mm at room temperature. The
effect ofl HC‘OM was also studied. This was done by moistening

one surface of the pellet with one drop of concentrated HClOu
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(70%). The run was then performed under one atmosphere of

nitrogen.

- +
2-3 Analysis for soﬁ and Ba2 in the Doped Crystals

- +
Quantitative analysis for soﬁ and Ba2 at the low

concentrations present in the crystals presents some technical
difficulties. The conventional gravimetric determination
could not be applied here, as the concentrations of impurity
were too small. These doped crystals were prepared from
solutions each containing 0.1 mole% and 1.0 mole% of 802- and
Ba2+,respectively. However, the amounts incorporated into

the crystal were considerably smaller. The analysis were

done by amperometric titration using 0.001M Pb(NO3)2 and
0.0018M (NH,),SO, as titrants for the determination of S
and Ba2+ respectively. This method could detect ion
concentrations as low as 10'5M. The procedure used was first
to determine a calibration curve using several known solutions
containing the same amounts of AP (0.1M) and different
concentration of SOE— or Ba2+. Generally, the solution to
be titrated contained about 60% by volume of ethyl alcohol
which effectively suppressed the solubility product of PbSOu
or BaSOu such that a sharp end-point could be obtained. A
preliminary titration was also carried out on solutions with
the same amounts of sof‘ but different concentrations of AP.
The results agreed fairly well with each other, showing the
actual concentration of AP did not effect the determination

significantly. Titration of the dissolved crystal and
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interpolation of the calibration curve then gave the required

concentration of Ba®' or soi',



CHAPTER 3
RESULTS ON DECOMPOSITION
In this chapter are described results obtained from
measurements of the isothermal decomposition of AP, using (i)
pellets made from pure AP (PP); (ii) pure single crystals of
good quality (PC); (iii) pure single crystals with visual
crystal faults (BNL); (iv) crystals doped with SOH— (APS);
and (v) crystals doped with Ba*t (APB). The decomposition
results will be presented in terms of parameters found by
least-squares fitting of the experimental data to varioﬁs
kinetic equations; computing techniques were used extensively
for this purpose. The experimental results on the conductivity

of AP will be given in the following chpater.

3-1 Low Temperature Decomposition of AP

The term low temperature decomposition refers to the
reaction that occurs in the solid state. The high temperature
(gas phase) reaction has been studied previously by Galwey
and JacobsuZ, and was not studied further in this investigation
in which the main interest was on solid state processes. The
kinetics of decomposition was therefore studied between 200°C
and 300°C with sample weight ranging from 3 mg to 97 mg. The
decomposition line had a working volume of 1011 ml. All the

condensable gaseous products were condensed by using a liquid

30
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nitrogen trap, leaving oxygen as the only gas contributing
to the measured pressure. Pure AP in the form of cylindrical
pellets and single crystals in both the orthorhombic and
cubic modifications were investigated and their decomposition
kinetics compared. The effect of doping single crystals with

sulfate and with barium ions was also studied.

3-1-1 Pure Pellets of AP

The average mass of sample used was about 40 mg. As
the reaction was rather fast, the highest temperature for
which PP could be investigated was 270°C. As found in
previous investigations8’9, at all temperatures studied-the
reaction did not go to completion, there remaining in the
reaction ;essel a white, porous, spongy residue. This
residue was chemically inert, since on prolonged heating at
the same temperature, no further decomposition was detected.
Attempts were made to measure both the volume and the weight
of this residue but these failed as it was so fragile. It
appeared, however, to be completely opaque and to have a very
rough surface. The percentage decomposition at the completion
of reaction was therefore calculated indirectly. It was
assumed that oxygen behaved as an ldeal gas and therefore gave
rise to 0.108 torr at 25°C for every 1 mg of sample decomposed.
The percentage decomposition in the low temperature reaction
was then found to range from 18-22%. Furthermore, it was

found that the sublimation and decomposition occured

simultaneously and were competitive processes. For pellets,
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the rates of decomposition (D) and sublimation (S) are comparable
such that the ratio S/D is quite constant throughout the whole
temperature range. A thin milky layer of sublimate was formed
around the interior wall of the reaction vessel directly above
the reaction zone. The extent of this layer was observed to
be almost the same at all temperatures.

Two runs using peliets of similar mass were carried
out at 222°C. The results are shown in Fig. 7; good
reprodueibility was obtained. Furthermore, the ratio of the
final pressure (PF) to the mass (M) was the same in both cases
(PF/M=0.019), indicating that the same extent of decomposition
had occured. The effect of mass on decomposition kinetics
was then investigated by using pellets with masses ranging
from 13 mg to 61 mg. The results are shown in Fig. 8. Those
with masses close to 40 mg agreed quite well with one another.
However, for masses far from 40 mg, deviations became
significant. This may perhaps indicate that the pellets
differed from one another in density since a manual press was
used for sample preparation. Nevertheless, variations were
small for masses in between 32.2 and U44.7 mg and samples with
masses close to 40 mg were therefore used for all runs at all
temperatures.

As the decomposition of pellets was relatively much
faster than that of single crystals, only a limited number of
experimental points were available during the course of the

reaction owing to the time neccessary to read a McLeod gauge.



33

Readings were taken at intervals of between 3 to 5 minutes

at the beginning of the reaction and at 5 to 10 minutes during
the decay period. The results so obtained were first analysed
graphically by plotting pressure P vs. time t. The final
pressure PF corresponded the steady state reading. The
fractional decomposition a(t) at each point was then

calculated by dividing P(t) by PF. The validity of the Avrami-
Erofeev (AE) equation was then tested by plotting [-Rog (1-0L)]l/n
vs. t for n=3 and n=2. These plots are shown in Fig. 9. The
rate constants were then evaluated from the slope of the
straight line region. These, together with the a-range within
which the plot was linear are given in Table 1. The Arrhenius
plot, shown in Fig. 10, gave activation energies of 31 kecal

1 1

mole = and 24 kecal mole”

for, n=2, for the orthorhombic and
cubic form respectively. For n=3, the corresponding values
were 32 keal mole_l and 29 kecal mole'l. These results are in
good agreement with those of previous workersll. The fact
that the straight line did not pass through the origin
indicated clearly that the early stages of the reaction could
not be described by the AE equation. Thus the equation could

be modifiedl5 to

[-20g (1-)17™ = E_ (¢ - t,) 3-1

However, this yields no kinetic information other than the

value of t_, which may be thought of rather loosely as an
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"induction period" or "time until the reaction is governed by
AE kinetics". A more detailed kinetic analysis for t<t, was
handicapped by the small number of data points in this region.
It was anticipated that t  would be greater for the
decomposition of single crystals at corresponding temperatures
and so the decomposition of single crystals was then studied
with the hope that one might get useful information about the

beginning stage of the reaction.

3-1-2 Single Crystals of Pure AP

The BNL sample consisted of small single crystals with
many visual faults and an average mass of about 10 mg. The
crystals were thin and sheet-like with two rhombic faces. Two
runs at 222°C were first carried out. Both show a significant
reduction in decomposition rate. The induction period t, was
very much prolonged so that this region was then accessible
to further kinetic analysis. Plotting fog P vs. t was first
attempted. Fig. 11 shows that the exponential dependence of
P on t was reasonably well obeyed in the later part of the
induction period, but not over the beginning section which
showed large deviations. However, this could possibly be due
to the fact tnat the pressures measured within this range were
relatively small and one may argue that the deviations observed
(Fig. 11) simply arise from the low sensitivity of the McLeod
gauge. At this stage, the big single crystals grown in these
laboratories became available and crystals of large mass were

therefore decomposed in the hope that the kinetics of the
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early stages of the reaction might be further elucidated. A
pure crystal (PC) of 96.7 mg was first decomposed at 222°C.
Pressure measurements were taken over the first 3 hours at
intervals of 3 to 5 minutes. The final pressure at the
completion of the reaction was also taken. A plot of a vs.
t, on a large scale, over the initial 70 minutes is shown in
Fig. 12; this shows plainly two distinct decomposition regions
within the so-called induction period, t,. Initially, the
pressure showed a rather slow increase, varying linearly with
time. This was then followed immediately by a steeply-rising
section where the pressure increased exponentially with time.
A second run using a smaller mass (76.1 mg) was also carried
out at the same temperature. The induction period again
consisted of a linear part followed by an exponential regidn.
The duration of the linear region was similar for both runs,
but the slope differed greatly. The relatively slow rate of
decomposition in single crystals permitted the highest
temperature studied (290°C) to be close to the upper limit of
the low-temperature reaction. The lowest 1limit studied was
222°C, below which the reaction became too slow to follow
manually. For example, the reaction took 20 hours for
completion at 230°C. It was remarkable that the plots of a
vs. t at all the temperatures studied consistently showed the
same behavior, a linear process followed by an exponential
process, during the initial reaction. A re-examination of the

data for pellets showed the same result to be true for all the
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pellets studied, although in some cases, the linear region
was very short or completely absent.

The projection of the straight line did not always
pass through the origin, and frequently gave an intercept on
the positive a-axis. This intercept o, was usually small
(a°~10-u), and presumably arose from an instantaneous
(t<1 min) desorption of gases previously adsorbed at room
temperature.

The first kinetic analysis of results for AP pellets
had indicated that the major part of the reaction (oo from 0.1
to 0.85) obeyed the AE equation. The significant discrepancies
outside the a-range pointed to the necessity of using the
complete Avrami equation rather than its approximate form (the
AE equation). The graphical analyses described above have
also shown the necessity for accounting for desorption
in addition to the Avrami (3 dimensional nucleation and
growth) region. The Avrami equation (1-6) is a complicated
one which cannot be put into a linear form for graphical
display. The test of the validity of this equation in
describing the experimental data could therefore only be made
with the aid of a computer. A non-linear least-squares programu3
NLIN2 was used throughout for curve fitting using a composite

kinetic equation which comprised a linear section, a modified

exponential, and the Avrami equation:

linear
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exponential
k3t
P = C3(e -1 - k3t) thtstE 3-3
Avrami
“kyt k262 k3t3
-2n (l-a) = C, (e -1+ k.t - + ) t>t 3-4
1 1 2 6 A

where C,, C, are constants (see egns. 1-6 and 5-11 (or 5-14))

3
L? kl, and k3 are the rate constants for the linear process,

k
for nucleation, and for branching, respectively. P_ denotes
the pressure at t=0 corresponding to the extrapolation of the
linear section to t=0 (Fig. 12). Details of the computing

procedure will be described later and the numerical results

will then be given.

3-1-3 Single Crystals of AP doped with Ba2+(APB) and Soi-(APS)

The object of studying the decomposition of AP doped
with Ba®t (APB) or with soﬁ" (APS) was to see if the
decomposition rate was affected by impurities that would be
expected to introduce cation and anion vacancies respectively.
However, in order to minimize possible secondary effects
arising from these impurities, their concentration incorporated
into the AP lattice should be kept small. In order to compare
the results with those for pure AP, the decomposition of both

the APB and APS single crystals was investigated over the
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same temperature range. The results showed the same
qualitative pictufe during the initial reaction, but the

addition of both Ba2+ and soﬁ' accelerated the overall

decomposition, This is shown by the values of t the time

0.5°

for 50% decomposition. At 230°C, t r PC, APS, APB, zand

f\
0.5 -°
PP respectively was 390, 350, 200, and 50 minutes. The entire
reaction curve for these four samples at 230°C is exhibited
in Fig. 13. The continuous curves are the results of computer

fitting to equations 3-2, 3-3, and 3-4.

3-2 Model Used in Least-squares Curve Fitting of Thermal

Decomposition Data

Although the behavior during the initial reaction had
been characterized and the complete a(t) curve indicated that
the reaction involved three consecutive processes, i.e., linear,
exponential, and Avrami regions, yet the problem still existed
as to when one process should terminate and the next one begin.
Three models were therefore tested:

(1) the linear process extended into the exponential region
and terminated at the same time as the exponential, the
Avrami process then setting in;

(ii) the linear process terminated at the onset of the
exponential stage which again ended at the commencement of
the Avrami process;

(iii) the linear region terminated at the onset of the
exponential, and the Avrami process set in before the

exponential terminated, thereby allowing a certain variable
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period for overlapping between the tail of the exponential
and the beginning of the Avrami process.

L> g
and t, in eqns. 3-2 to 3-4. Whereas model (i) always gave a

These models were studied by suitably varying ¢

poor fit over the exponential, and both models (i) and (ii)
showed a "kink" at the transition from the exponential to the
Avrami process, model (iii) gave the best fit over the entire
range of a. The reasons for using the modified exponential
(eqn. 3-3) and the validity of model (1ii) will be discussed
further in Chapter 5. The least-squares routine NLIN2 is
avallable as a share program43 (No. 14281) and is based on a

general model of the form

Yi = f(Xil, XiQ"“’ Xim; bl, b2,ao-, bk) 3-5

which contains m (maximum number is 10) independent variables
Xil(i=l,...n; 2=1,...m) and k (maximum number is 50) parameters
bj. The program provides the predicted values Qi for each
observation i, by adjusting each of the parameters bj such

that

2

o
]
T~z

i=1

is a minimum. Yi is the observed value and Yi the predicted
one. Guessed (initial) values for each of the k parameters
bj must be provided. The change of each bj during iteration

is governed by the estimated derivative
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BYi f(bj + Ab

J) - f(bj)

Bbj Abj

with A=10_5 until a specified convergence criterion is
satisfied. Usually this criterion was that the fractional
changes in all the parameters being varied should be less
than 5><lO"5 in successive iterations. In some cases,
constraints must be imposed in order to 1limit the portion of
the B-vector space which may be searched for the minimum in
¢. However, if the absolute minimum value of ¢ is well inside
the searchable region, constraints are not necessary. Any of
the parameters bj may be held constant if desired. The
out-put of the program also provides statistical information
involving the parameter correlation matrix and the confidence
limits for each of the parameters.

A subroutine called F CODE was written to enable the
model to be analysed. The kinetic equation to be tested
(eqns. 3-2 to 3-4) contained a total of ten parameters and one
variable (i.e. the time t). P°(=bl)’ kL(=b2), tL(=b3) and
PA(=b7) were the only four out of the total of ten parameters
for which guessed values could be determined graphically.
Guessed values for the other six parameters C3(=bu), k3(=b5),
tg-t;(=bg), C,(=bg), kl(=b9) and tp-t,(=b;,) were each given
a reasonable estimate based on physical intuition. Least-
squares fitting was first carried out fixing bl,bg,b3 and b7

while allowing the remaining parameters to vary. When optimum
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value for each of these six parameters were obtained, b b

l’b2,
and b7 were then allowed to vary and least-squares fitting

3

once more carried out. The final set of parameters chosen
must fulfil two requirements; (i) ¢ must be a minimum with
data points evently scattered around the computed line, and
(ii) each of the ten parameters b‘j must have a physically
reasonable value. Three parameters b,,by and bg involved

four rate constants implicitly while b5 and b, were explicitly

9
related to the rate constants for the exponential process
and the Avraml process respectively. By comparing equations

5-8, 5-11 (or 5-14), and 1-6, the following relationships

follow:
k; = PFok,q N, 3-8
- 2
C3 = PFNyopk ky/ks  or, PRopkyNo/k, 3-9
60Nokg

c, = —= 3-10
k3
1

By a suitable combination of Cl and kl one obtains a quantity

proportional to k2

y3
Cl kl « k2 3-11

However, k2 may not be obtained explicity since Ny, is unknown.
£

O
3
33
{0
ot
b=

. .
en could be obtained by sultably combining
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C3 with k3 and kq, but the accuracy was rather uncertain as
the exponential period was relatively much shorter than the
Avrami stage and only a few data points were available. The
Arrhenius parameters for the three processes were therefore
evaluated from four parameters, namely b2,b5 and b9 directly
and indirectly from the combination of bg and bg. A list of
the parameters showing their significance is given in Appendix
I for ready reference.

The parameter b, showed so much scatﬁer that an
Arrhenius plot could not be made. The activation energy was
therefore evaluated from b3(=tL) instead. The good fit to
the whole a(t) curve is shown in Fig. 13 for the four types
of AP studied. Figure 14 shows the good fit over the major
part of the a(t) curve for a single crystal, but this means
effectively the Avrami process since the linear and exponential
regions hardly shown on this scale. Figures 15 and 16 reveal
the fitting obtalned from eqns. 3-2 and 3-3 over the so-called
induction period.

Tables 2 to 10 summarize the values of all the ten
computed parameters along with the run number, the temperature
of the run and also the mass of the sample used. The number
of significant figures given for each of the parameters in
the tables is a compromise. The values given fall well within
the computed confidence limits for each of the parameters.

However, the irreproducibility of kinetic experiments in

general and of solid state kinetics in

. .
particular is such
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the uncertainty, in an absolute sense, of a rate parameter is
greater than the confidence limits that are obtained by
analyzing any particular run. Tables 11 to 16 summarize the
extent of decomposition corresponding to the termination of

the linear process (a__), the termination of the exponential

LT
process (aET) and the beginning of the Avrami process (aAS).
Also appearing in the same table are the logarithm of each of
1/3

the three parameters, b3,b5,b9, and of the product of b8 bg’
together with the ratio PF/M which allows one to calculate
the percentage decomposition at the completion of the low
temperature reaction. For pellets, PF/M remained quite
constant throughout the whole temperature range studied,but
the ratio tended to decrease at elevated temperatures for both
the pure and the doped single crystals indicating that the
extent of decomposition was greatly reduced at elevated
temperature.

The Arrhenius plots for the linear process are given
In Fig. 17 to 20 for pellets, pure single crystals, Ba 2t doped
crystals, and soﬁ‘ doped crystals respectively. The scatter
is considerable and was worst of all for the BNL crystals for
which no Arrhenius plot for t; could be made. The lines on
all Arrhenius plots are least-squares computed fits to the
data. Similar plots for the exponential and Avrami process
appear in Figs. 21 to 25. 1In each case the data above and
below the transition point are fitted separately. The

. . .
corresponding activation energles together with the logarithms

WAL A OO i el

0
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of the pre-exponential factors are tabulated in Tables 17 and
18. Reference may be made to Appendix II for definition of
the symbols used. The effect of phase transition at 240°C
needs to be emphasized. Figures 23 to 25 clearly indicate
that there was always a sudden change in rate constant within
the range 240° to 250°C although this change is very small
for pellets and possibly negligible for k., and k

1 3
During Arrhenius plotting, the values in this region were

(Fig. 21).

therefore included to show the changes, but were excluded
during the least-squares evaluatien of the activation energy
for both the orthorhombic and the cubic modifications. For
tL, it is not reasonable to distinguish between points below
and above the transition point since any change is of the
same order of magnitude as the experimental scatter. For
BNL crystals, there were insufficient data below the
transition point to establish Arrhenius parameters for this

specimen (Fig. 22).

2+

3-3 Attempted Quantitative Determination for Ba in APB

and of SOM in APS

A saturated solution of APS in 60% ethyl alcohol was
prepared and titrated amperometrically with 0.001M Pb2+
solution as described 1in section 2-2. This method can detect
soﬁ‘ ion concentration as low as lO'SM, but failed to analyse

the soﬁ‘ content in APS. Similarly, the barium content in

APB could not be detected using 0.0018H of Soi-solution as
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titrant. The lowest concentration that could be analysed by
this method was 10-3M. However the presence of barium in APB
and sulfate in APS is shown by their effects on the kinetics
of decomposition of AP as described in 3-1-3. It 1s therefore
Justified to say that APB and APS each contains <10-U Mole %

of Ba2* and <10~° Mole % of soﬁ‘ respectively.



CHAPTER 4
RESULTS ON CONDUCTIVITY

The work described in this chapter deals mainly with
the electrical conductivity of AP both in the form of compressed
pellets and solution grown single crystals. The work focuses
on three major targets; (i) the temperature-dependence of the
conductivity and the effect on it of various gaseous atmospheres;
(ii) the time-dependence of the conductivity on annealing;
and (iii) the magnitude and kinetics of conductivity changes
during adsorption and desorption of dry ammonia. These will

be described separately.

b1 Temperature-dependence of the Conductivity of AP

4~1-1 Pellets in Nitrogen

The a.c. bridge of 1591 Hz frequency was used
throughout the conductivity measurements. The thermal
instability of AP and the concurrent occurrence of
sublimation, as described in Chapter 3, greatly limits the
useful temperature range on which conductivity measurements
could be made. However, the length of the induction period
(e.g. 100 min at 230°C, Fig. 14) meant that measurements, if
sufficiently rapid, could be carried out at higher temperatures
although in interpreting the results, it will be necessary to

recognize that some decomposition has occured. Sublimation

L6
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could be reduced by the presence of 1 atmosphere of nitrogen
or ammonia. Measurements were made both on heating up and
cooling down and these gave consistent results after thorough
annealing. However, at lower temperature (<90°C) they showed
deviations from one another in runs involving adsorption or
desorption. All measurements were taken continuously either
on heating up or cooling down the samples. The coincidence
of heating and cooling conductivity plots for well-annealed
specimens showed that thermal equilibrium was maintained.

The need for taking large numbersof measurements (every 1 to
3°C) will be evident from the graphs to be presented. This
necessity has not always been appreciated by previous workers
(e.g. ref. 27).

Figure 26 shows a plot of fog oT vs. 1/T, where o is
the specific conductance. Successive measurements made while
heating up the sample in the presence of 760 torr of nitrogen
were taken in the order 1,2,3,4,5 as shown. The temperature
range can be divided into two sections: above ~127°C, o is
unaffected by successive thermal cycling, but below this
temperature, the plots of fog oT against 1/T are successively
displaced in the direction of lower o (curves 1,2,3,4). At
temperatures close to the phase transition (240°C), o
increased at a much faster rate, presumably because the sample
was undergoing significant decomposition. This, however, will
be discussed further later. The occurrence of decomposition

was reflected by a much higher ¢ measured over the entire
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temperature range (curve 5). In order to study the effect of
prolonged annealing, a pellet was kept at 120°C for five days.
The plot of fog oT vs. 1/T then gave essentially a good
straight line region (Fig. 27) between 83° and 174°C. At this
point, 1t was concluded tentatively that the conductivity of
an unannealed sample within the low temperature range (120°C)
was most probably related to some species that could be
completely removed by sufficiently long annealing. To
investigate this problem further, two independent lines of
investigation were pursued. These are: (i) to study the
influence of N2, NH3, H»0, and HClOu on the conductivity;

(1i) to eliminate any possible contribution from surface
conduction by means of a guard ring electrode on the top

surface of the sample.

4-1-2 Effect of Perchloric Acid (72.4% HC10y by Weight)

Figure 28 shows the great enhancement in o which occurs
when one surface of the pellet is wetted with a tiny drop of
the acid solution before being introduced into the cell. The
conductivity was increased ten-thousand fold at room
temperature. As the temperature was increased, o was first
increased slightly, then rapidly decreased and finally levelled
off at 105°C (curve 1). Annealing within the zero-slope region
caused ¢ to drop. However, when measurements were resumed

from room temperature (curve 2), ¢ had dropped to a much lower

value,; only about ten times greater than the untreated one

aa .
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This implied that the HClOu-HZO must have contributed greatly
to the conduction in AP and have been largely removed by the
first heating. Curve 2 is quite similar to curves 1,2,3,4 in
Fig. 26, except that it levelled off at 105°C. Curve 3 shows
qualitative reproducibility after thermal cycling, but also
that decomposition is setting in at ~135°C as o started to
increase. At 175°C, o at first showed a decrease for a short
while and then quickly increased (within 240 minutes). This
interpretation was felt to be justified by the fact that

HClOu has been shown to shorten the so-called induction period
and to accelerate the decomposition of AP18. Further
indications of partial decomposition are revealed by curves

4 and 5 which show considerable enhancement in the conductivity.
Since 1t was rather difficult to say at this stage whether it
was the HClOu or the H,0 which had enhanced the conductivity,
the next experiment was designed to study the effect of HZO

vapor.

4-1-3 Effect of Dry Nitrogen

Before the effect of H20 can be understood, it should be
first of all established whether dry N2 will have any effect

32 had

on the conductivity of AP since Zirkind and Freeman
found that both oxygen and argon depressed the conductivity
of AP. Figure 29 shows the results. Curve 1 shows a run
carried out under vacuum up to 118°C; the pellet was then

annealed for 24 hours, ¢ dropping to a point on curve 2.
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Both measurements in vacuum and in 760 torr of N, after
annealing followed the same route (curve 2) provided no
further annealing was carried out. This experiment shows that

the presence of dry N, does not affeet the conductivity.

2

4-1-4 Effect of Nitrogen Saturated with Water Vapor

Figure 29 also shows the effect of Ho0 vapor. Upon
further prolonged annealing in nitrogen at 118°C, the
conductivity of the previousiy annealed sample dropped from
curve 2 to a point a. In the presence of saturated HZO
vapor (22.4 torr at 25°C), o increased slightly (ca. 50%).

The plot of %og oT vs. 1/T above this temperature (118°C)

was distinctly parallel to the corresponding section along
curve 2. However, on cooling curve 3 resulted. It showed

a tremendous increase in o associated with the adsorption of
H50 beginning at about 60°C. The conductivity was greatly
enhanced at room temperature (by about ten-thousand fold!).
Upon heating up again, o at first dropped and then levelled
off (curve %) over a long temperature range. After an-
nealing at 148°C and 120°C for 5 hours and 21 hours respectively,
the measurements of o then followed curve 5 on cooling down.
The value of o at room temperature again increased to the

same value as that achieved previously, curve 3. Now when the
system was pumped out (still at room temperature) H,0 desorbed
from the solid, causing ¢ to drop considerably over the
initial 6 hours (to b). On heating up, the conductivity

followed curve 6 in which the behavior was similar to curves 1,
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2,3,4 in Fig. 26, except that ¢ gradually levelled off at
about 100°C. Any point along curve 6 did not correspond to

the equilibrium value since ¢ decreased on annealing.

4-1-5 Effect of Ammonia

After the water vapor study, the sample was then
annealed in vacuum at 118°C until a steady state (point p in
" Fig. 30) was reached. NH3 at a pressure of 760 torr was then
admitted when the conductivity again increased but by only
30%. Upon cooling down, it first dropped to a minimum and
started increasing at about 50°C, but at a much slower rate
than in the presence of saturated water vapor. On standing
for 13 hours overnight at room temperature ¢ increased by a
factor of ~10u. Upon then heating up the measurements of o
followed curve 2. After 18 hours annealing, o decreased and
on further heating, it gradually increased, reached a maximum,
and then abruptly fell to a minimum at 240°C. It rose again
on further heating.

Adsorption and desorption of large amount of NH3
seemed to complicate the study of its effect on o. Figure 31
shows that when a reduced amount of NH3 (80 torr) was used,
the vast adsorption observed at 760 torr (Fig. 30) did not
occur on cooling down to room temperature (curve 3). This
curve also shows the hysteresis that occured on heating.
Curve 1 was obtained on heating up a fresh sample in vacuum.
Curve 2 shows the effect of annealing at 120°C and also that

dry N, did not affect the conductivity.
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4-1-6 Effect of a Guard Ring

In order to test whether surface conductance was
dominating the low temperature conductivity, a different
electrode system was adopted incorporating an aqua dag guard
ring (as described in 2-2-3). This ring electrode was then
groﬁnded to remove any effects due to surface conduction.
Figure 32 shows results very similar to those obtained
without the guard ring so that one may conclude that the low
temperature conductivity was not dominated by surface
conduction. Figure 33 further emphasizes this points, showing
similar results to Fig. 31 when the conductivity is measured

under a low pressure of NH3.

4-1-7 Single Crystals

It was important to see if the complicated behavior
of AP pellets would apply also to single crystals. However,
Figs. 34 and 35 show the same qualitative picture in that on
annealing at a low temperature (arrow B in Fig. 35) the
conductivity curve is displaced towards lower values of o,
and the whole curve translated towards the left (Fig. 35).
On annealing at high temperature where decomposition would
be appreciable, ¢ increased (arrow A). Curve 2 in Fig. 34
shows again the enhancement in ¢ which occurs on partial
decomposition. This increase in o could be reduced by
thermal cycling. When decomposition was much more extensive,
pronounced hysterisis was observed at low temperatures

(curve 7, Fig. 35); above this a rather long zero-slope
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region persisted until finally further decomposition increased
the conductivity.

Measurements made with a guard ring are shown in
Fig. 36. Curve 1 shows the effect of NH3. Curve 2 shows
measurements carried out in the presence of dry N2. The same
general features are observed, indicating that the previous
results were not due to surface conduction. Perhaps the most
significant finding shown in Fig. 36 is that inside the
decomposition range, the conductivity curve did not correspond
to an activated process (i.e. the system was not in a steady
state). After decomposition occured, neither the cooling
down nor the heating up measurements (curve 3) traced the
same route as curve 2. If the sample was subjected to
further decomposition, resulting in more gaseous products
considerable adsorption occured at low temperatures (curve by,
On pumping at room temperature, the conductivity fell
considerably (arrow C), presumably as the gaseous products

(HZO?) were desorbed.

4-1-8 Summary

l. Results in the low temperature region were not
due to surface conduction but rather were influenced by some
unidentified adsorbed species, probably H>0. By desorption
upon prolonged annealing at 120°C, virtually a straight 1line
could be obtained when fog oT was plotted against 1/T.

2. Pellets show a slightly higher conductivity than

single crystals when unannealed samples are compared. This
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probably indicates that a larger amount of the adsorbed
species 1is present 1n the pellets.

3. Annealing below the decomposition region always
lowered the conductivity, whereas at high temperatures in the
decomposition region ¢ increased on annealing.

4, The effect of gaseous NH3 and H2O was to increase
slightly the conductivity at high temperatures (>110°C), but
as temperature decreased the enhancement in o became more
pronounced. This increase could be as much as a factor of
10% at room temperature. The presence of dry N2, however did
not affect significantly the conductivity measurements.

5. Smaller and more readily controlled changes in
conductivity are observed if lower pressures of NH3 are used.

6. Partially decomposed samples also show a big
enhancement in conductivity (e.g. 100-fold, curve 2 in Fig.
34) in the low temperature range, while at the same time
hysteresis on heating and cooling may be observed if
considerable decomposition has occurred.

7. The conductivity of partially decomposed samples
was not constant but rather decreased on annealing.

8. Upon heating up through the transition point. o
at first dropped to a minimum and then increased.

9. For unannealed samples a zero-slope region was
always observed at low temperature for pellets; this appeared
at higher temperature for single crystals. This behavior

could be removed by sufficient annealing. However, partially
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decomposed samples for both pellets and single crystals
always show a zero-slope region when measurements were made
over a sufficient wide range at low temperatures. The high
temperature slope in plots of fog oT vs. 1/T cérresponds to

an activation energy ranging from 0.6 to 0.9 eV.

b2 Time Dependence of ¢ on Annealing

4_2-1 Compressed Pellets of AP

It seems highly possible that the two different types
of annealing effects were connected with whether or not the
sample underwent decomposition. Because of the relatively
longer induction period displayed by single crystals, the
demarcation between the two kinds of annealing would be expected
to lie at higher temperature (ca. 190°C) in single crystals
than in pellets (ca. 180°C). 1In section 4-1-7 it has been
shown that enhancement due to partial decomposition could be
reduced by pumping (e.g. arrow C, Fig. 36). This indicated
that the conductivity increase on partial decomposition was
due to the adsorption of gaseous products. One might then
expect that one should be able to study the kinetics of
decomposition if the change in ¢ with time was followed,
However, two technical problems restrict such a study: (1)
the cell constant would undoubtedly vary and the whole sample
might simply collapse should extensive decomposition take
place; (ii) the sample could not be raised to the desired

temperature under controlled conditions within a very short



56
time to enable the reaction to start at time effectively
equal to zero. Despite this difficulty, experiments on high
temperature annealing did show qualitatively the changes 1n
conductivity that occur during the course of decomposition.
Figure 37 shows the behavior of o over the initial 60 minutes
of the anneal at 153°C of a partially decomposed pellet
(refer to arrow A in Fig. 26). The enhancement in ¢ did not
appear to follow any simple law. However, when annealing
was carried out at a low temperature (118°C; refer to arrow
A in Fig. 29) in vacuum, the conductivity fell monotonically
(Fig. 38). The decay was found to be described by a t%
law indicating that the rate of removal of the adsorbed

species was governed by a diffusion process.

4.2-2 Single Crystals of AP

The high temperature annealing of single crystals
exhibited a much more complex behavior than one would expect
(Fig. UO).- This experiment, although not providing useful
quantitative information on the time-dependence of ¢ during
decomposition, nevertheless revealed the importance of
restricting measurements of conductivity to temperatures well
below the decomposition region if information on transport
properties is required (ef. ref. 27). Figure 41 shows two
annealing experiments, one at 89°C and the other at 114°C.
Both show a gentle decrease in o over a considerable period
of time. The change in o was in fact rather small but both

1
curves obey a t ° law as shown in Fig. 42. That the low
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temperature conductivity was complicated by the presence of
an adsorbed species can no longer be doubted. Furthermore,
these results indicate clearly that measurements must be done
continually either on heating up or cooling down, and the
speed of heating up or cooling down should be as fast as one
could manage. Coincident data on thermal cycling or on

repeating a given run will be indicative of a true steady

state situation.

-3 Time-dependence of Adsorption and Desorption of Dried

Ammonia on AP

It was first noted that in the presence of NH the

3>
conductivity at any temperature did not maintain a steady
value within the low temperature range. On measurements

made during heating up, annealing at any one temperature was
accompanied by a decrease in the value of o, whereas on
cooling down o increased upon annealing. The conductivity
ultimately became constant indicating that the system had
reached a steady state. The time required to reach a steady
state depended on (i) the amount of NH3 present in the system,
and (ii) the temperature at which annealing was carried out.
This implied that both adsorption and desorption were not
spontaneous process. In order to acquire some insight as to
the nature of these process, theilr kinetics were investigated
at three temperatures. It was hoped that from the adsorption

isotherms, one would be able to get information as to heat of

adsorption and from the temperature-dependence of the kinetics,
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the activation energy involved. Also, one hoped to see

whether any chemical reaction would occur during adsorption.

4-3-1 Compressed Pellets of AP

Figure 43 is a plot of ¢ vs. t for a pellet at 83°C
under 157 torr of NH3. Both the adsorption and desorption
isotherms were given. For adsorption, o first increased
sharply from g, (the steady value of ¢ in the absence of
NH3), and gradually levelled off. The desorption pattern
was approximately its mirror image. That the desorption
isotherm finally lead to a value equal to o, indicated
unamﬁiguously that no chemical reaction was involved. Plots
of ¢ vs. 1:1/2 and fog t afe shown in Fig. 44, These show
that a fog t law is obeyed very much better than a t}5 law
for both adsorption and desorption of NH3.

Adsorption isotherms were then carried out at various
pressures of NH3. The enhancement (o@-oo) calculated from
the steady state value (o) was then plotted against the
equilibrium pressure of NH3 at all three temperatures studied,
83°, 101°, and 120°C. It was found that the equilibrium
pressure was not very different from the initial pressure
reading, showing at most 1 torr reduction. This pressure
reduction would include any contribution from the recrystallized
alumina discs in the conductivity cell. The reduction in

pressure due to adsorption by the sample, being less than one

torr, was therefore neglected when plotting the isotherms in
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Fig. 45. The isotherms at 101° and 120°C almost coincide
whereas that at 83°C possesses a unique feature being concave
upwards. Thus the heat of adsorption could not be calculated
from the experimental isotherms. Furthermore, if one was to
heat an AP pellet in the presence of about 550 torr of NH3

as indicated by the vertical line AB, the conductivity from
83°C (point A) would drop considerably until a temperature

of 101°C was reached. Further heating up to 120°C would not
be accompanied by any further reduction in o. This qualitative
picture is reflected in curve 2 of Fig. 30 in which 760 torr
of NH3 was used. If one was to heat a pellet in a lower
pressure of NH3, say 200 torr along line DC, the conductivity
would increased from 83°C upwards until 101°C when again the
conductivity would not change very much. This behavior is in

accord with curve 3 in Fig. 31.

4-3-2 Single Crystals of AP

Adsorption on and desorption from single crystals
were much slower processes and the observed changes in o were
much smaller than for pellets. This is indicated by Fig. 46
which shows a desorption isotherm at 116°C for a crystal
which had been equilibrated in 581 torr of NH3. Plots of ¢
Vs. t% and fog t (Fig. 47) show that the t% law was well
obeyed for single crystals. At no time was there a good fit
to the 20g t law. This implies that desorption from the

surface was small in comparison with the amount of NH,
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diffusing out of the crystal so that the rate process was
1.
solely governed by diffusion (‘c,'Z law). The adsorption
isotherms (Fig. 48) were similar to those obtained for compressed

pellets.



CHAPTER 5
DISCUSSION
The resulté as presented in Chapter 3 have revealed
some 1mportant findings. (i) The "induction period" which
is composed of a linear process plus an exponential process
comprises only ~17% of the total decomposition. (ii) The
remaining part of the reaction (0.01<a<1.00) has, for the
first time, been successfully described by the exact Avrami
equation. (iii) The effect of doping with Ba®* is to shorten
the linear process and to enhance drastically the overall
reaction rate, while doping with the soﬁ‘ prolongs the linear
section and only slightly shortens the time for complete

decomposition.

5-1 Decomposition of Pure AP

5-1-1 Induction Period, to

Previous work has indicated that t, could be greatly

reduced by (i) scratchingM

2

the crystal surface, or crushing
and grinding“ the whole crystal, and (ii) pre—treatmentuS'MS

with y- or x-radiation. 1In AP the induction period could

also be reduced by moistening with a drop of HClOu18 or
lengthened by exposure to gaseous ammonialB. However, these
results only provide a qualitative picture of the effect of

61
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various physical and chemical factors on the duration of to.
The physical significance and necessity for the occurrence of
the induction period prior to the major part of the reaction
route has not been explained satisfactorily. This is due in
part to lack of information as to whether the induction

period involves significant decomposition. Figure 12 provides
a positive answer. The termination of the induction period

is given by Opm in Tables 11 to 14 for all samples studied.
This quantity varies from sample to sample and from temperature
to temperature. Nevertheless, it has an average value of
around 0.01. This value is small but kinetically significant
in the sense that the induction period covers the first 1%

of the entire decomposition.

(2) 1Instantaneous Desorption

Figufe 12 further stresses the composite nature of the
induction period. An exponential acceleration in o is always
precéded by a linear process. The corresponding straight
line frequently does not pass through the origin but rather
intercepts the a-axis at a positive value of a, a,. Because
the extent of decomposition at the completion of reaction may
not be the same for each run (because of the residue
phenomenon and of sublimation) it appears to be more appropriate
to examine the values of P, as listed in Tables 2 to 6. The
vacuum line was always evacuated to 10'6 torr prior to the
beginning of the reaction. The difference APO=PO-10'6 torr

is therefore the contribution from the instantaneous desorption



of any adsorbed species that were not removed by pumping
alone at room temperature. The value of P_ is of the order
of 10™° torr. Despite the smallness in its magnitude, its
existence is almost indisputable. No further conclusions
can be drawn with respect to the types of gases desorbed.
The very short duration (less than 1 min) does not allow the
kinetics to be explored. It also rules out the possibility
of AP, being due to a rapid decomposition at certain special
sites since no time-dependence was ever observed, even at
the lowest temperature. The pressure rise undoubtedly must
be due to non-condensable gases such as N2 or 02. Traces of
H20 (moisture) are also most probably desorbed, but the
water would not contribute to the pressure increment as it

would be readily condensed in the trap.

(b) Linear Process
Tables 2 to 6 also provide two other important facts:

(i) the time for completion of the linear process t. tends to

L
decrease as the temperature increases; (ii) the rate constant
kL assocliated with this process exhibits a tremendous scatter
and thus shows no direct correlation with the temperature.

Before these results can be interpreted, the kinetic equation
obeyed by this process must be understood. Three models will
be considered, all based on random nucleation at N, potential

nucleus forming sites and a constant rate of nucleus growth.

Because the reaction products are all gases, one
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would expect that reaction would commence first at the surface.
This is confirmed by photomicrographic studieslq' Nuclei can
therefore épread along the surface with rate constants k22,
k23, and penetrate into the bulk with rate constant Koy
Three separate cases will be distinguished. (i) If
k21=k22zk23, the nuclei will have the shape of a sphere or
parallelopiped. This is the normal 3-D Avrami case and leads
to a dependence of o on t which is cubic for k21t>>1 and

so that the nuclei
b

quartic for k21t<<l. Even if k21>k22=k23

are cone-~ or pyramidal-shaped then a £3- or t -dependence
results unless the depth to which the nuclei can grow is
limited. (ii) If k21>>k22=k23, and the nuclei can only
penetrate to a finite depth, then their shape rapidly becomes

(approximately) cylindrical and

G(x)G(ly) = kyoksg 5-1
On integration,
2.2
_ k,,k kst -k3t
a(t) = V(t) = 2cNo__23_3?i{1 - kqt + 1" e } 5-2
k2 2
1

This equation 5-2 can be simplified to

= 1 3
a(t) = §N°ok22k23klt 5-3

- 2
or a(t) = 6N°ok22k23t
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respectively for klt<<l and klt>>l. It is obvious that when
growth along the surface is rate-determining, this does not

lead to a linear law. (iii) If k21<<k22=k23, this would

result in pancake or sheet-like nuclei if the area of the

nuclei is limited. Photomicrographic investigationslu have
shown that the surface nuclei are approximately circular and
remarkably uniform in size. This would imply that rapid surface
growth up to a limited size occurs and that thereafter the

nuclei penetrate more slowly into the interior of the crystal.

Equation 1-4 then becomes

_ t -kqt!
V(t) = ON°k2lkl g (t=t")e dat!
ON_k -k t
— 21
a(t) = T(t) = — = fe 1 -1 4 Kkt 5-6

ky

If k1t<<l, equation 5-6 reduces to

1 2

o = 5°N°k21klt 5-7
If kit>>1, equation 5-6 becomes
@ = Nk, t 5-8
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Equation 5-8 therefore adequately describes the linear process
encountered in the "induction period". This implies that the
rate determining step in the linear process 1s associlated
with nucleus growth penetrating into the bulk from the surface
and that nucleation is instantaneous or at least very rapid.
(c) Exponential Process

Garner and Hailesu9 first introduced the concept of
nuclei as linear, branching chains. The formation of additional
nuclei by chain mechanism is considered to be a much more
important process than the formation of fresh nuclei, so that
the initial nucleation law assumed is relatively unimportant.
For linear nucleation, the net rate of production of nuclei?
is

dN/dt = k3N + kN 5-9

The length of a nucleus formed at t=t', is at time ¢,
2 (t,6") = ko(t-t") 5-10

The kinetic equation is then formulated based on equations

5-9 and 5-10 which give

o=k~ kAN k-t
a(t) = F(t) = 212 % 3 _ kgt - 1} 5-11

k2
3
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If the number of nucleus forming sites is limited, the linear
nucleation law must be replaced by the exponential law. The

net rate of production of nuclei becomes

dN/dt N

[

kl(N° - N) + k3

or dN/dt

klNo + (k3 - kl)N 5-12

If the nucleus forming sites are rapidly exhausted, equation

5-12 becomes

dN/dt k3N 5-13

with the baundary condition N=N° at t=0. Equations 5-10, 5-13
and 1-4 then lead to the kinetic equation

o.k,N k.t

M{eB - k.t - 1} 5-14

3
k3

V(t) =

QR
—~
d
~
[}

Either eqgn. 5-11 or 5-14 describes adequately the later part
of the "induction period". It is this equation

P = C3(ek3t - k3t - 1), which is referred to in this thesis
as the "modified exponential” or, for brevity, simply as the

"exponential", which fits the data (ef. eqn. 3-3).

5-1-2 Avraml Process

The complete success of the exact Avrami equation over
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a substantial range of o from 0.01 to 1.00 has two valuable
implications concerning the low temperature decomposition of
AP. (i) At least two different kinetic mechanisms must be
operating consecutively. (1i) The activation energies derived
from equations other than the complete Avrami equation cannct
be justified. The apparent validity of AE equation needs
further comment. The AE equation (1-7) may be arrived at in
either of two distinct ways. Firstly, it is an equation

50

derived by Erofeev purely from probability considerations.

This equation can at best fit the decomposition curve of AP

18, or 0.40 to 0.9817, for n=3. For n=l,

the equation fits the a-range only from 0.02 to 0.208 or

from 0.20 up to 0.89

from 0.07 to 0.2517. The limited range of a over which the
Erofeev equation fits clearly indicates its inadequacy in
accounting for the decomposition kinetics. Since the exact
Avrami equation fits the o-range from 0.01 to 1.00, one might
expect that its approximate form (the AE equation) should
describe the acceleratory and decay periods of the reaction.
This is in fact the case8. The AE equation with n=4 fits the
decomposition curve from 0.02 to 0.20, whereas with n=3, the
equation is valid in the a-range of 0.20 to 0.908. However,
the splitting of the decomposition curve into two consecutive
parts each fitted by the AE equations with n=4 and n=3 should
involve an unknown o-range for which neither version fits.
This change over period corresponds to kltzl. The difficulty

R e e e c T rd 2~

in distinguishing between various powers of n when approximating



69

the Avrami equation has been stressed in the 11terature10.
The superiority of computer fitting to the exact Avrami
equation, over graphical methods using an approximate form of
this equation as a means of kinetic analysis is clearly
displayed in this work. Also the arbitrary use8 of different
powers of n for different physical forms of AP is no longer
necessary when the exact Avrami equation is used since both
single crystals and compressed pellets have been shown to

Obey the same equation (1-6).

5-1-3 Physical Interpretation of Linear, Exponential, and

Avrami Processes

Equations 5-8, 5-11 (or 5-14), and 1-6 provide a
complete fit to the decomposition curve; nevertheless the
hypotheses on which they are based require confirmation.
Direct observation of nuclel in AP has been made by several
worker39’39’qo’51. The most recent and elegant work of
Herley, Jacobs, and Levylu’sz, using optical and electron
microscopy, has shown that the same pattern could be obtained
on AP crystals by either solution or thermal etching. Theylu
concluded that decomposition nuclei on the surface are formed
preferentially where dislocations intersect the crystal
surface. The resulting nuclei were therefore circularla with
a shape similar to a pancake53. Furthermore, these nuclei
were uniform in size with no preferential crystallographic

alignment. Nucleation is most probably14 instantaneous with

a constant rate of growth. These observations are in perfect
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agreement with equation 5-8 which has been derived to describe
the kinetics of the linear process. The time for completion
of the surface reaction was also measured approximatelylu (at
time intervals of 1 hour) at three temperatures 170°, 190°

and 205°C. The results were 600, 240 and 90 minutes
respectively. Figure 49 is a plot of 2n tS Vs. 103%T, where
ts is the time for the completion of surface reaction as
observedlu. The dashed line obtained by extrapolating to
higher temperatures meets fairly well the two points for tL
(Table 4) at 222° ang 227°C. This figure thus reveals the
physical meaning for the linear process! That the linear
process corresponds to a purely surface reaction whose
kinetics are governed by equation 5-8 can no longer be doubted.
There remains only the question of the activation energy.

In the linear process, the computed parameter kL is
equal to PFckleo. An Arrhenius plot of 2&n kL vs. 1/T will
therefore give the activation energy for transverse nucleus
growth on the surface E21. This is complicated however, by
the unknown value for N, which clearly varies from crystal to
crystal, and from one crystal face to another. The trend of
kL is rather irregular as is apparent from Tables 2 to 6.

The same situation arises even when kL is divided:by PF. An
indirect method therefore has to be used to find the
activation energy. The linear process does not continue into

the exponential and acceleratory regions. This was checked

during the fitting by allowing the linear process to continue
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rather than terminate at the beginning of the exponential
process. Satisfactory fits could not however, be obtained
uslng this variant of the model. A definite termination of
the linear process implies that the nuclei, which are all
formed much at the same time, grow to a uniform depth and
then cease growing when the branching process takes over.

The time required for the completion of the linear process
(penetration of surface nuclei) is therefore inversely
proportional to k21 and independent of how many nuclei are
actually growing. A plot of -%n tL vs. 1/T should therefore
yleld the necessary activation energy for the inward growth
of the pancake-shaped surface nuclei. Figures 17 and 18 show
the actual plot and Table 17 displays the activation energy
of 28.1%2.3 keal mole'l for single crystals. A plausible
explanation for the wide spread in the values of t;, is the
fact that the crystals decomposed do not always have the same
ratio of the area represented by the m face to that by the ¢
face. It has been shown39’51 that ¢ face is much more reactive
than the m face. One should then expect that the scatter in
tL should be minimized when pellets are used, and should not
arise at all for cubic crystals. However, because of the very
short duration of tL in both pellets and cubic crystals, the
scatter is most probably due to the rather large uncertainty
‘in the values obtained from curve fitting. Furthermore,
nucleus growth on pellets is much easier, as indicated by the

11
ShidLa€ ac
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Another remarkable observationlu is that even when
the surface reaction is nearly completed, there is no sign of
the appearance of any internal nuclei in the bulk. As the
surface nuclei cease growth, branching of nuclei is observedlu.
The branches appear to be aligned along the [I24] and [121]
directions but these directions are really the projections
of the lines of growth on the surface and it is uncertain
whether the branches lie on the surface or penetrate into the
crystal at an angle. Spherical nuclei were then foundlu to
occur along certain crystallographic directions £010] and [510]
in the bulk. Perhaps the ease of escape of the gaseous products
plays a decisive role and is the reason for slow nucleation
in the bulk. The reacted surface layer is so "broken up"
that gases can readily find their way out of the reaction sites
and this perhaps explains why branching occurs prior to bulk
nucleation even though the branching process is associated
with a rather high activation energy of 31 to 44 keal mole"l,
with the exception of orthorhombic crystals (Table 18). Note
that the exponential and Avrami processes do overlap, however,
showing that bulk nucleation commences before the branching
process is completed.

The bulk reaction is associated with spherical nuclei
that occur in bands aligned principally along the [010]
direction. They appear to have roughly the same size of about
2 ym in a crystal decomposed at 217°C for 225 min (0=0.15).

1~

Nucleus growth is isotropic in three dimensions 36 that the

ct
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rate constants for nucleus growth are each equal to k2 in the
Avrami equation (1-6). The coral-like structure of the
resulting residuelu is a good indication that the growth nuclei
finally impinge on each other thereby causing deceleration of
the reaction. The fact that nucleation in the bulk is not
entirely random indicates the Avrami equation may not be
completely adequate; however it certainly gives an excellent
fit to the data (Fig. 13). Even though the nuclei are aligned
preferentiglly in bands, nucleation at the possible nucleus
forming sites within the bands will be random and this may
be a sufficient condition for the Avrami equation to be
satisfied. The activation energies for nucleation E; and for
nucleus growth E2 are summarized in Table 18. Because of the
discontinuity at the transition point, the activation energies
will receive separate consideration. In the orthorhombic
form, the results for single crystals displays a wide
uncertainty in both El and E2 so that a direct comparison
between pellets and single crystals cannot be made. If the
numerical values are taken literally then E, for a single
crystal 1Is much larger than that for pellets. This is quite
reasonable since the mechanical deformation brought about by
the operations of grinding and pelleting would be expected
to introduce many more potential sites at which the activation
energy for reaction is lower than at those sites present in
the single crystal. Above the transition point the activation

energies for PC crystals, BNL crystals, and compressed pellets
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(PP) are equal within the confidence limits stated in Table
18 while for both PC and PP they are both less than the
corresponding values for the orthorhombic modification.
These results imply that the phase transition introduces a
sufficient number of dislocations into the crystal to make
its original physical form or state of perfection irrelevant.

The activation energies for nucleus growth E, are
equal, within the confidence limits that can be placed on the
values determined, for pellets, PC and BNL crystals in both
orthorhombic and cubic modifications. The mean value of E,
for the cubic form is 26.6 kecal mole~t and for the orthorhombic
modification 27.8 keal mole‘l; these values are equal within
the accuracy with which they may be determined. They are
also in satisfactory agreement with the average value of
26.6+0.9 keal mole—1 found by Davies, Jacobs and Russell-
Jones12 using the AE equation with n=2. Thus the activation
energy determined from the AE equation approximates that for
nucleus growth but the graphical analysis, as emphasized
above, does not reveal any of the details of the kinetics,
particularly those relating to the induction period. The
effect of gross imperfections within the crystal is illustrated
by the results for BNL crystals which display higher values
for the rate constants kl and ks, (in C;@kl). This enhancement
in the chemical reactivity is most probably associated with
(1) a reduction in lattice energy in the vicinity of cracks

and (ii) the easier escape of gaseous products.
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5-1-4 Percentage Decomposition

One of the most remarkable features associated with
the low temperature decomposition of AP is that reaction
ceases after about 30% decompositionll at an amblent pressure
of 760 torr of inert gas. The residue is chemically inert
and has a large surface areaS. The cessation of the reaction
has been interpreted as due to inhibition of the reaction by
an adsorbed layer of NH3 on the surface. Because the present
work on the decomposition of AP was carried out at high
vacuum, sublimation occurs simultaneously such that the
percentage decomposition is well below '30%. Tables 11 to 12
show that the percentage decomposition in terms of PF/M is
fairly constant throughout the whole temperature range
studied and corresponds to an average value of 20%
decomposition. The implication is that decomposition and
sublimation are competitive processes with similar rate
constants and activation energy. On the other hand, the
erystal shows a high percentage decomposition at low
temperature (~28%) which rapidly decreases to about 3% at
elevated temperatures. This remarkable result is due to the
long "induction period" for single crystals even at high
temperatures. Nevertheless, the kinetics of decomposition
are not seriously affected, implying that both sublimation

and decomposition occur simultaneously but independently.
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5-2 Decomposition of Doped Crystals

Although direct microscopic observationlu has revealed
the importance of both screw and edge dislocations in
providing reaction sites, the possible role played by
vacancies and impurities has not been considered. Since the
primary process involves proton transferll, one might
tentatively suggest that an adjacent cation vacancy would
facilitate the transfer process as it has a virtual negative
charge. If this is so, an increase in the cation vacancy
concentration should increase the rate of reaction. Both
cation and anion vacancies are present in all real ionic
solids in thermodynamic equilibrium, the product of the
concentration of cation vacancies and that of the anion
vacancies being constant at constant temperature. When a
divalent cation, e.g. Ba2+, is incorporated into the lattice
of AP, the impurity ion will occupy a cation lattice site.
In order to preserve electrical neutrality, there must be a
corresponding cation vacancy in the lattice. If n such Ba2t
ions are incorporated in this way, n such cation vacancies
will be produced. The concentration of anion vacancies can
be increased in a similar way by doping with divalent SOM"
ions. It is possible that some of the impurity ions are
associated with vacancies on nearest neighbour sites in the
form of complexes. This would reduce their possible
effectiveness for altering the rate of proton transfer.

However, if the dopant concentration were high enough, a
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direct chemical influence on the reactivity of AP might be
expected. At high concentrations the impurities will most
probably accumulate in the dislocation cores which have a
high affinity for 1mpuritiessu. Ba2t can probably then form
complex ion with NH3 whereas SOE' might abstract a proton

to form HSOE, so that the proton transfer reaction will be
affected in both cases. The effect of the added impurity on
the surface reaction and on the bulk reaction will be
considered separately. Tables 5 to 10 show that sou‘

2+ greatly decreases it in comparison

increases tL, while Ba
with pure AP. This can be understood if a cation vacancy

is involved in the proton transfer reaction. The direct
transfer of proton from NHZ to Cloz is inhibited by the high
proton affinity of NH331 even though the loss in lattice
energy as a result of proton transfer would not be so large

at the surface. The indirect transfer of a proton via some

proton trap T can be envisaged:

NHz(z) + T === NHj(a)T + Y (2) 5-15

where (%) denotes a normal lattice site. H'(2) can be
considered as a proton trapped in a cation vacancy. When
sufficlent energy is received, the proton can be removed from
the lattice site and combined with a neighboring 0103,

thereby completing the proton transfer process:

HY (L) + 0103(2) - + HClo“(a) 5-16
+
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The cation vacancy left behind may function as a further
+

proton trap:

NH} (2) + =[] + ut(2) 5-17
+ +

Because surface nucleation occurs at sites where dislocations
intersect the surface in deformed crystals, but is apparently

random in unstrained cr'ys‘t',a.ls.lLl

, 1t would seem that either
dislocations or cation vacancies can function as the initial
proton traps T. That Ba2+ ions enhance the surface reaction
while soﬁ' ions retard it suggests that cation vacancies
indeed act as proton traps assisting the surface reaction.
This effect is reflected in the fact that the values of tL
lie in the order: APS > PC > APB,

In the bulk reaction, the situation becomes quite
different. The internal nuclei are aligned14 along definite
crystallographic directions and are almost certainly
assoclated with the presence of dislocations in the bulk.
This implies that in the bulk reaction, it is dislocations
rather than cation vacancies that function as the effective
traps assisting the proton transfer process. The reason
could be simply that dislocations provide relatively easy
paths for the escape of gaseous products. The reduction in
lattice energy at a dislocation is comparable to that on
crystal surface. From equation 5-17, one would therefore

2+

expect that both Ba and soﬁ' could enhance the reaction

effectively by complexing with NH3 and by abstracting the
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H+, respectively. Alternatively, the cation vacancies created

by incorporation of Ba2+

to the lattice may accumulate at
dislocations cores. The increase in the concentration of
cation vacancies will therefore enhance the proton transfer in
the neighbourhood of dislocations as evident from equation
5-17. This can be seen from the fact that, in the orthorhombic
region, APB shows a tremendous reduction in both E; and Ep

as compared with that of PC; APS shows correspondingly

higher values. For the cubic modification, E2 for both APB
and APS are reduced, although both show high values in Eq.

It appears, therefore, quite difficult to judge the effects
from an energetic point of view. Figure 13 perhaps provides
the clearest picture. Both Ba.2+ and soﬁ" shorten the overall
reaction time, but, the percentage decomposition in both APB
and APS follows the same pattern as in PC. This is in

accordance with the proposed model, eqn. 5-17.

5-3 Electrical Conductivity of AP

In Chapter 4, the conductivity results have been
described along with some conclusions made in each section
in order to reveal the motivation behind the succeeding
experiments. 1In thils section emphasis will be laid
particularly on the mechanism by which electrical conduction
can occur in crystals of AP. Some further interpretation
of the results and comparisons with results from other

investigators will also be given.
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5~3-1 The Conducting Species

Before the conduction process in .an ionic solid can
be understood, one has first to discover the conducting
species involved within the appropriate temperature range in
which the conductivity measurements were carried out. This
could be achieved by electrolysing the solid and measuring
the transport number of both the cation and anion, and also
analysing the products of electrolysis. Migration of ionic
species in a perfect crystalline lattice would require such
a tremendous activation energy that such a process is not
energetically feasible. The idea of diffusion via lattice
defects was therefore introduced55’56. In the alkali and
silver halides respectively, the conducting species are
cation and anion vacancies, and interstitial Ag+ ions and
cation vacancies.

The d.c. electrolysis3u of AP yielded only hydrogen
at the cathode between 20-100°C. The amount produced obeyed
Faraday's law. These results imply that both the discharging
and the conducting species are protons. The migration of a
proton in the lattice might involve some lattice defects.
Conductivity measurements should therefore yield information
about the necessary activation energy for the migration and

formation of such defects from the plot of fog oT vs. 1/T.

5-3-2 Conductivity of AP Pellets

When a fresh sample was measured, the change of

conductivity o with temperature is shown by curve 1 in
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Fig. 26. Successive runs in the number order 1,2,3,4 show
that the conductivity curve can be classified into (i) the
low temperature region (<127°C) in which ¢ echanges on

thermal cyecling or annealing; and (ii) the high temperature
region in which o is not affected by annealing. Conductivity
in the high temperature region (but still bglow the
decomposition temperature) corresponds to a steady state;
whereas in the low temperature region, a non-equilibrium
state exists. If a sample is heated into the region of
measurable decomposition (~>180°C), ¢ always increases with
time on annealing. Three different types of annealing have
been observed: (i) low temperature annealing (Fig. 38) in
which o decreases monotonically with time, and obeys a é%
law (Fig. 39); (ii) annealing in the intrinsic region
(127°C<T<180°C) in which o is independent of time (point a.
in Fig. 26); and (1ii) annealing in the decomposition region
which is accompanied by an increase in o (not shown in

Fig. 26 but marked by arrow A in Fig. 28). These three
regions corresponding to the three types of annealing will

be discussed separately.

(1) Low temperature region (t<127°C)

A possible cause for the irreproducibility observed
upon thermal cycling is that some adsorbed species involved
in the conduction process is being gradually removed by
heating the crystal. It is thus of importance to find out

if the conductivity is due to surface, or bulk conduction.
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Figure 32 in which a guard ring electrode was used shows
that surface conduction is not predominant. Figure 27
strongly supports the suggestion that some adsorbed species
is involved and that this was driven off completely after
sufficiently long (five days) annealing. The study of the
effect of water vapor (Fig. 29) shows that the enhancement

in o is tremendous (compare point d in curve 4 to point e

in curve 2) at room temperature, but only slight (compare

¢ in curves 3,5 with point a in Fig. 29) at high temperatures
(118°C). Upon 6 hours pumping in vacuum ¢ drops from d on
curve 4 to b on curve 6, which has the same qualitative
features as curves 1,2,3,4 in Fig. 26. This implies that

the low temperature conductivity is complicated by the
presence of moisture in the AP powder from which the compressed
pellets were prepared. In order to understand the role
played by adsorbed H20, the effect of introducing an ambient
pressure of 760 torr of NH3 was studied and is shown in

Fig. 30; the results are broadly similar. The enhancement

in conductivity in the presence of H,0 or NH3 (Fig. 30)
undoubtedly must indicate the participation of these adsorbed
species in the conduction process. Figure 29 further implies
that desorption of moisture during annealing is diffusion-
controlled as the water is desorbed out from the bulk of the

crystallites in the pellet. The study of NH, adsorption and

3
desorption isotherms (Fig. 43) clearly shows that no chemical

reaction is involved during the adsorption process since the
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initial conductivity value is regenerated upon desorption.
Finally, when a pellet has been annealed for a sufficiently
long time to remove all the moisture, the conductivity in
the low temperature region then merges with that in the

higher temperature range in one continuous line (Fig. 27).

(ii) High temperature region

Provided the amount of moisture is not significant
or the moisture has been entirely desorbed, the conductivity
is steady with time between ~127°C to ~200°C. The activation

energy E in this linear region is 0.9 eV (refer to Table 19).

(iii) Decomposition region

Above about 200°C, ¢ increases with time (not shown
in Fig. 26, but appears in curve 3 of Fig. 28 at a much
reduced temperature 175°C, an effect due to HClOu treatment).
The slope on fog oT vs. 1/T plot deviates upward from that
in the "high temperature region". The magnitude of this
slope 1s not significant as one can readily see from Fig. 37
which shows that o increases with time in a complex ways,
so that the slope in Fig. 26 depends on the rate of heating
up the sample and the time taken to measure the conductivity.
It is likely that this region does not correspond to a
process involving a higher activation energy and one should
not accept a value calculated from the apparent slope in
interpreting the conductivity process. This region is

certainly associated with partial decomposition (presumably
1Y J
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the surface reaction) during which the gases produced might
influence the conductivity. The effect of partial
decomposition is exhibited by curve 5 in Fig. 26. The
conductivity at room temperature has been enhanced by a
factor of 103 (compare curves 5 and 4) but only by a factor
of 10 at ~130°C. The low temperature region in curve 4 has
also been modified into a fairly flat region (curve 5).

The gradual increase in conductivity at about 60°C and the
sudden drop at 90°C imply that the values of ¢ along curve
5 do not correspond to a steady state. This conclusion is
confirmed by arrow B at 118°C which shows a drop in o

upon annealing. This type of behavior indicates that the
enhancement in o is due to gaseous products rather than to
structural modification, e.g. the introduction of defects
into the crystal. Which of the products is influencing-o
needs to be explored. The fact that ¢ increases at 153°C
(arrow A, Fig. 26) after partial decomposition shows that

18 the induction

HClOu has been produced which reduces
period and accelerates the reaction such that measurable
decomposition occurs at 153°C on re-heating. HClOu
probably does not enhance the conductivity. Comparison of
Figures 28 and 29 indicates that the enhancement by a drop
of HClOu'H2O (72% by weight) could be due solely to the
Hy0. If this is true, the enhancement by partial

decomposition 1is due to the H50 produced.
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5-3-3 Conductivity of Single Crystals

The effect of moisture (H20) on the low temperature
conductivity of AP pellets is evident from the preceeding
section. One should then expect that this effect might be
less, or even not observed at all, when single crystals are
used because of their relatively much smaller surface ares.
This is not necessarily true, however, since the single
crystals which were used for the conductivity measurements
were grown from aqueous solution. The inclusion of water
is almost inevitable during c¢rystallization from solution.
This water inclusion will not be as easy to eliminate as
that adsorbed on the surface in the case of pellets. One
should then expect that the low temperature range might be
extended to higher temperatures. Figure 34 shows that this
region is considerably prolonged to as high as nearly 230°cC.
Annealing at any point in this region causes ¢ to drop
(curves 2,3,4,5 in Fig. 35). The high temperature (intrinsic)
region has been bresumably masked by the low temperature
conductivity and is not reached before decomposition occurs,
beginning somewhere around 200°C (arrow A in Fig. 35). fThe
effect of partiail decomposition is as expected. The
conductivity in the low temperature region is much enhanced
and measurable decomposition sets in at lower temperature

(ca. 140°C in curve 7, Fig. 35) on successive heating cycles.

to a steady state Since annealing at 117° and 127°¢ causes ¢
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to fall. However, if the sample is allowed to undergo the
phase transition at 240°C, the low temperature region is
then considerably reduced. The high temperature region now
appears at about 110°C and terminates at about 165°C. The
conductlivity in the low temperature region is enhanced
partly due to adsorbed product gases, but if the sample is
subjected to thermal cycling to get rid of these species, a
linear region with activation energy of about 0.6 eV then
appears to extend from the high temperature region down to
about 105°C (compare curves 2 and 3 in Fig. 34). 1If
sufficient annealing were to be carried out, one would expect
to get eventually a single straight line as in the case of
pellets (Fig. 27). At the phase transition, rearrangement in
the lattice most probably assists in the exclusion of H50.
Curves 2,3 in Fig. 34 and curve 3 in Fig. 36
corresponds to the conductivity of a partially decomposed
AP. However, the reproducibility at high temperatures
upon thermal cyecling to the transition point (curves 3,4 in
Fig. 36) or to 165°C (curves 2,3 in Fig. 34) indicates that
(1) desorption of product gases (presumably NH3 or H,0) is
nearly complete, and (ii) the conductivity at this region
is not seriously affected by partial decomposition. The
effect of partial decomposition can be visualized in two
ways. (i) If decomposition is restricted only to the
surface, the bulk of the crystal is unaffected and the high

temperature is therefore most probably dominated by bulk
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conduction. (ii) If partial decomposition is severe such
that bulk reaction occurs, one should then expect the change
in cell constant and disorganization of the crystal lattice
to give rise to a complicated conductivity curve, as seen in
the case of pellets (curve 5 in Fig. 26), although the
adsorption of large amounts of product gases could equally
well give rise to such irregularities. As in the case of
pellets, Figure 36 rules out the possibility that the low
temperature region is dominated by surface conductance,

Annealing experiments in the low temperature range
of a single crystal at 89° and 114°cC (arrows B and C in
Fig. 35) show that ¢ decreases with time but that the change
1s rather small (Fig. 41), and that desorption involves
diffusion as the rate-controlling process (as in the case of

pellets).

5-3-4 Adsorption and Desorption Isotherms

The study of the kinetics of decomposition by
following the change in o with time is complicated by some
technical problems which have been explained in section
4-2-1 of Chapter 4. The kinetics of adsorption and desorption
of NH3 could be studied but the results (isotherms are given
in Fig. 45 for PP and in Fig. 48 for PC) do not permit one
to evaluate either the heat of adsorption or the activation
energy for the rate process. Nevertheless, there are two
ilmportant physical implications from this study: (1)

adsorption of NH3 does not involve a chemical reaction
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between the adsorbed species and AP, since the initial value
of o of the untreated sample can be regained by sufficiently
prolonged desorption; (ii) the rate of desorption is very
much more rapid in pellets than that in crystals, and (iii)
the rate process involved in desorption 1s dominated by

the contribution from the surface desorption (Rog t law as
in Fig. 44) for pellets, but is diffusion-controlled in
single crystals (1:}5 law in Fig. 47). These results explain
why the loss of water from single crystals would be such a
slow process and consequently why the low temperature region

1s so prolonged (curve 1 in Fig. 34).

5-3-5 Proposed Mechanism for Protonie Conduction

The work of Boldyrev34 has revealed protonic
conductivity in AP in the temperature range 20°C to 100°C.
The present results indicate that the conductivity at higher
temperature (>100°C) is probably also due to protonic
conduction since the two regions are characterized by similar
activation energies (e.g. curves 3,4 in Fig. 26). The
thermal instability of AP above 150°C restricts the useful
temperature range to about 180°C as the highest limit (the
useful temperature range being raised by the rather long
induction period for decomposition).

Two different types of conductivity behavior can be
distinguished: (i) one with an apparent activation energy of
zero eV; and (ii) one with an activation energy of 0.6 to

0.9 eV. The low temperature region is associated with
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protonic conduction since Boldyrev3u has confirmed this by
electrolysis in the temperature range 25°-100°C. Migration
of protons in solids is energetically favorable because of
their small size. Protonic conduction had been found to
operate in some solids that contain hydrogen bonds such as

)57,58

ammonium dihydrogen phosphate (ADP 5 ice59’60, borax6l,

lithium sulfate monohydrate62, potassium hydrogen fluoride63,

and some organic acids6“.

Upon electrolysis, all these
show the evolution of only hydrogen at the cathode. During
conductivity measurements, it was found that (1) in ADP58,
o increased with time at constant temperature; (ii) in
borax59, the low temperature region (<30°C) showed ir-
reproducible o, and deviated from linearity of the
conductivity plot in the high temperature region; (iii)
an apparent zero-activation energy appeared in the case of
ice60. AP is similar to NHuCl in that they both lack
hydrogen bonding. The study of the conductivity of NH,, 165,66
has led to a proposed mechanism which comprises a reversible
proton transfer involving vacancies. Owing to the lack of
information regarding the conducting species, this mechanism
should be viewed as a tentative proposal.

The importance of the thermal instability of AP
had not been realized by previous worker527’33; in addition
the profound effects of adsorbed moisture and included water
were generally lgnored during the conductivity measurements

32 .34 . - e
in the low temperature range-“*- . The wide scauuerlng27s33

appearing in the published conductivity curves is more than
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that due to experimental errors. The results of this work
have emphasized that ¢ is not independent of time either in
the decomposition region or in the low temperature region
with the presence of adsorbed or included water. Hence
virtually any slope can arise from the plot of fog oT vs.
1/T depending on the conditions of measurement. These
values differ greatly from one another and activation energies
calculated from them should not, therefore, be taken too
seriously. It is definitely not possible to deduce
mechanisms for conduction from a conductivity curve, in
which several linear protions were drawn27, based on these
non-steady values of o. The disagreement among the results
of previous workers is thus only to be expected.

The zero-activation energy region is found in the
presence of adsorbed NH3 or H20. When it occurs naturally
it is possibly also due either to adsorbed or included
water (Fig. 26,32,34) arising from sample preparation, or to
NH3 or H2O formed by partial decomposition. The role of the
adsorbed H,0 and NH3 is probably therefore that of functionning
as proton traps. Transfer of a proton to an NH3 or H20
molecule from a normal lattice NHX ion results in a proton
hole. Conduction is then due to the jump of a proton from
an NHZ ion into the proton hole, leaving behind a vacancy:

occupied by the NH3 molecule. Continuation of this process,

eqn. 5-19, leads to the migration of |NH (proton holes)
"3

+
in the direction of the anode. Note that this process should



91

involve very little, virtually zero, activation energy since
no change in lattice energy is involved. The initial step of
forming the proton hole by transfer to an adsorbed or

included H.O molecule or to an adsorbed NH3 molecﬁle will

2
require some activation energy since the proton trap is not
an NH3 molecule at a normal cation site inside the crystal.

The whole process may be depicted schematically as follows:~

(1) formation of proton holes

NH3(a)$ NHﬂs
NHI(&) + or _ NHB + or 5-18
H20(a)S + H3o+s

where S is any unspecified site for adsorption and

+
denote a cation vacancy.
(1ii) migration of proton holes
+ ———w +
H + |NH —_— H + NH -1
NH 3 Vi y 5-19

+ +

In the absence of the available proton traps formed by

3 Or H,0 the activation energy of 0.6 to 0.9 eV

in the high temperature region corresponds to the formation

adsorbed NH

of proton holes, equation 5-17

- I + ., . ..
NHu(l) + =— |NHj + H (2) 5-17
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This reaction is favoured at cation vacancies because of
their virtual negative charge would facilitate proton
transfer. Note that there is little change in lattice
energy since a positive NHI lon is replaced by a proton.

The eXperimental results can be understood in terms
of these mechanism. It is seen from Fig. 26 that as moisture
is gradually annealed out by successive thermal cycles, zero-
slope region becomes less pronounced and the activated
process in the low temperature region becomes increasingly
prominent. The appearance of a zero-slope region indicates
that all the available proton traps are filled and the
conductivity is governed by equation 5-19. The process has
been depicted as taking place at cation vacancies but
possibly dislocations might function as proton acceptors.

At higher temperatures the conductivity due to the "intrinsic"
mechanism (egn. 5-17) gradually takes over as it exceeds

that initiated by the adsorbed water. In this context
"intrinsic" means conductivity due to defects (cation
vacancies or dislocations) present in the crystal rather

that due to adsorbed or included impurities. An accurate
value for the activation energy associated with the intrinsic
formation of proton holes is difficult to determine because
of the onset of thermal decomposition (Fig. 26). The same
picture applies to single crystals except that the low
temperature region is much more prolonged (see Fig. 34,

S ~ 4+ 3 S 4+ 173 4+~ 37 T~ 4 ~
and the intrinsic conductivity smaller until heated
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through the phase transition. The former fact is obviously
due to the greater difficulty in removing the included
water. When this water is driven off by heating the crystal
up to the transition temperature, the conduction process
according to egn. 5-17 then sets in (curve 3 in Fig. 34).
The increase in the intrinsic conduction implies that proton
traps, vacancies or dislocations, have been either introduced
or dispersed by heating. Possibly the phase transition
might yield an increase in dislocation content, since Bahl
and Thomas67 have shown dislocation multiplication occurs in
NaNO3 on approaching the A point. If dislocations are
involved in the intrinsic conduction process, the effect of
the phase transition would then be to displace the
conductivity curve to higher values without affecting the

activation energy.

5-4 Conclusions

The study of the low temperature thermal decomposition
of ammonium perchlorate (AP) has shown that the kinetics of
the reaction as given by the decomposition curve o(t) can
be described by a model which involves four consecutive
steps: (1) instantaneous desorption of adsorbed speciles;

(1i) a linear process; (iii) a modified exponential process;
and (iv) an Avraml process. The fitting of this model to
the experimental data was made possible through the use of
computing techniques employing a non-linear least-squares

program. The success resulting from using the exact form of
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the Avrami equation over the major portionof the decomposition
curve (0.01<we<1.00) indicates the adequacy of the model based
on the topochemical events associated with this equation,.

The complications and uncertainties found
previously8’15’l7’l8 in choosing the right value for n, and
the corresponding range of @, for the AE equation should not
arise if the exact Avrami equation is used. The entire solid
state reaction is interpreted in terms of a surface reaction
which corresponds to o of ~10-% to 10-3 (Tables 11 to 14)
and a bulk reaction which is responsible for the remaining
part of the decomposition. This is represented diagramatically
in Fig. 50. The surface reaction appears to involve cation
vacancies, which is reflected in the fact that the reaction
is retarded or accelerated by doping with divalent sof' ions
and Ba2+ ions respectively. Reaction in the bulk is
associated with dislocations and that both impurities enhance
the reaction rate as indicated by the shortening of the time
for complete decomposition. These interpretations correlate
with the most recent and detailed work of Herley, Jacobs

and Levylu’52

on the photomicrographic observation of the
decomposition nuclei. Tt is further concluded that the
presence of gross visual crystal faults enhances the overall
chemical reactivity; and that the concurrent occurrence of
sublimation apparently does not influence the kinetics of

decomposition, but reduces considerably the percentage

decomposition of single crystals at elevated temperatures.
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Although the laws leading to nucleation and nucleus
growth for the surface and bulk reaction have been successfully
sorted out, the chemical events involved cannot be ascertained
owing to the lack of information as to the types of
intermediates that are involved during the reaction. However,
there is no doubt that the primary reaction involves a proton

transferll’12’68

to form NH3 and HClOu both adsorbed on the
surface. The present research suggests that this transfer
occurs in two-steps.

This proposed mechanism is partially supportedly by
the electrical conductivity study from which it was concluded
that protonic conduction occurs over the entire temperature
range (25°<T<170°C) studied. The profound effects of adsorbed
H2O and NH3 on the conductivity have also been observed.

It is further concluded that adsorption of these specles does
not involve chemical reaction and that the conductivity in
the temperature range in which decomposition occurs does not
correspond to steady state values in that it is continuously
influenced by the accumulation of gaseous products (probably
H20) from the decomposition. This result points to the fact
that the slope associated with the conductivity curve above
the decomposition temperature should not be taken seriously.
The results discussed in section 5-3 explain satisfactorily
the discrepancies that occur in the results of previous
workers. Because the mobility of proton in the lattice of

AP has not been determined, it is not possible to estimate
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the concentration of the existing defects (proton holes)
involved in the conduction process. Further work is
therefore suggested to determine the products of electrolysis
in the high temperature range (>100°C) so as to confirm
protonic conduction in this temperature range. Comparison

of the conductivities of pure and doped samples, using both
divalent cations and anions, will also reveal whether

vacancy conduction is possible. Conductivity measurements

on deuterated AP should help to confirm proton motion in the

lattice.
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TEMP  103/T 2og E2 o -range  fog EB a3—range
°C g1 E2 in min-1 E3 in min—1
219.3 2.030 -2.053 0.20-0.65 -2.101 0.00-0.55
222.1 2.019 -1.956 0.25-0.73 -=2.015 0.00-0.50
225.4 2,006 -1.921 0.20-0.77 =1.985 0.00-0.60
227.5 1.997 -1.864 0.15-0.85 -1.971 0.00-0.80
230.0 1.987 -1.718 0.25-0.77 =1.802 0.00-0.71
235.3 1.967 -1.625 0.10-0.83 -1.691 0.00~-0.80
237.6 1.958 -1.605 0.20-0.82 -1.677 0.03-0.70
238.4 1.955 -1.523 0.20-0.80 =1.602 0.04-0.70
240.2 1.948 -1.495 0.08-0.80 -1.513 0.00-0.50
241.3 1.944 -1.560 0.02-0.76 -1.497 0.00-0.24
243.6 1.935 -1.570 0.01-0.77 -1.418 0.00-0.06
246.3 1.925 -1.558 0.02-0.70 =-1.421 0.00-0.05
248.7 1.916 -1.541 0.05-0.65 -1.538 0.02-0.45
250.0 1.911 -1.533 0.02-0.70 -1.514 0.00-0.40
251.2 1.907 -1.423 0.04-0.70 -1.452 0.01-0.50
255.2 1.893 -1.405 0.02-0.55 -1.374 0.00-0.30
259.7 1.877 -1.301 0.02-0.70 -1.239 0.02-0.35
263.7 1.863 -1.249 0.01-0.63 -1.119 0.00~0.33
269.4 1.843 -1.149 0.02-0.70 -1.119 0.00-0.50
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ARRHENIUS PARAMETERS FOR THE LINEAR PROCESS

TABLE 17

SAMPLE E;, keal mole™t 2og (AL/min—l)
PP 18.9 + 2.3 6.1 = 0.8
PC 28.1 * 2.1 9.1 + 0.8
BNL
APB 26.5 + 4.6 8.4 + 1.7
APS 23.9 + 2.8 7.3 1.0
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TABLE 18

ARRHENIUS PARAMETERS FOR THE NUCLEATION, GROWTH AND BRANCHING PROCESSES

(THE UNITS OF A ARE MIN~1)
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TABLE 19
ACTIVATION ENERGIES FOR THE FORMATION OF PROTON

HOLE CALCULATED FROM THE CONDUCTIVITY CURVES

RANGE ENERGY
26 150° - 200°C 0.96 eV
pellet
27 90° - 170°C 0.81 eV
1 60° - 100°C 0.56 eV
34
2 165° - 200°C 0.54 ev
single
crystal
2 100° - 125°C 0.53 eV
36

3 165° - 200°C 0.75 eV
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LEGEND FOR FIG. 1

plexi glass 1lid
rotating shaft
solution level
thermometer
glass vane
probe

nylon thread
seat for seed

paddle for stirring
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FIG. 2

REVERSIBLE ROTATING MECHANISM
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LEGEND FOR FIG. 2

driver arm

ball bearings

gear rack

gear reduction motor
rotating shaft

shoe

knuckle

frame

phosphor brongze spring

pinion gear



FIG. 3

DECOMPOSITION LINE
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LEGEND FOR FIG. 3

mercury cut-off
McLeod gauge
U-trap
stockcock
reaction vessel
furnace

rotatable spoon
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FIG. 4

CRYSTAL HOLDER
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LEGEND FOR FIG. 4

tungsten rod
serew

socket for tungsten rod
metal plates
tungsten spring
washer

silica rod
silica tubing
silica plate
alumina discs
sample
electrode
Pt+13%Rh wire
Pt wire

dag ring



GUARD RING

FIG. 5

CONDUCTIVITY CELL
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LEGEND FOR FIG. 5

thermocouple leads
ground lead

tungsten seals

to vacuum line

Pt+13%Rh wire

Pt wire

Pt wire for ground lead
nickel shield

silica tube

furnace

Pt resistance sensor
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FIG. 6

VACUUM LINE FOR CONDUCTIVITY MEASUREMENT
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LEGEND FOR FIG. 6

gas inlet
manometer
trap

U-trap

P,O_ column
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conductivity cell
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FIG. 7

PELLETS AT 222°C
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FIG 8 129

DECOMPOSITION OF AP PELLETS AT 222°C:
VARIATION IN MASS
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FIG. 9

OF AE KINETICS
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FIG. 10

ARRHENIUS PLOT OF AE RATE CONSTANTS
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F1G. 11

PLOT Of {n P vs. t DURING THE INDUCTION PERIOD FOR
DECOMPOSITION OF A PURE AP CRYSTAL (BNL)
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FIG. 12 3

PLOT OF FRACTIONAL DECOMPOSITION ((t)
DURING INDUCTION PERIOD
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FIG. 13
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FIG. 14

LEAST-SQUARES FITTING DURING AVRAM] PROCESS
FOR A SINGLE CRYSTAL OF AP
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FIG 16

+EAST-SQUARE FiT OVER THE BEGINNING PART OF THE
INDUCTION PERIOD IN FIG.I5 ON A LARGER SCALE
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FIG. I7

ARRHENIUS PLOT FOR THE DURATION OF THE
LINEAR PROCESS IN AP PELLETS
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FIG. I8

ARRHENIUS PLOT FOR THE DURATION OF THE
LINEAR PROCESS IN PURE CRYSTALS OF AP
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ARRHENIUS PLOT FOR THE DURATION OF THE

e+

LINEAR PROCESS IN Ba“'-DOPED AP CRYSTALS
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FIG. 20

ARRHENIUS PLOT FOR THE DURATION OF THE

LINEAR PROCESS IN SO5 ~DOPED AP CRYSTALS
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FIG. 21

ARRHENIUS PLOTS FOR THE RATE
CONSTANTS FOR AP PELLETS
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FIG. 22

ARRHENIUS PLOT FOR THE RATE CONSTANTS FOR
BNL CRYSTALS
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- FIG. 23

ARRHENIUS PLOT FOR THE RATE CONSTANTS FOR
CRYSTALS OF PURE AP
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FIG. 24

ARRHENIUS PLOT FOR RATE CONSTANTS FOR
CRYSTALS OF BaZ'-poPED AP
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FIG. 25 e

'ARRHENIUS PLOT FOR RATE CONSTANTS FOR SO3 ~
DOPED AP CRYSTALS
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FIG 26

CONDUCTIVITY OF AN AP PELLET
SUCCESSIVE RUNS WERE IN THE OROER 1,2,3,4,5
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FIG. 27

CONDUCTIVITY PLOT OF PELLET AFTER §
DAYS ANNEALING AT 120°C
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FIG. 28

EFFECT OF ONE DROP OF HCIOg-HoO ON THE
CONDUCTIVITY OF AN AP PELLET
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FIG. 29

EFFECT OF Ny SATURATED WITH H-0 ON
THE CONDUCTIVITY OF AN AP PELLET
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~ FIG. 30.

EFFECT OF 760 TORR OF NHz ON THE
CONDUCTIVITY OF PELLET AP
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FIG. 31

EFFECT OF 80 TORR NH3 ON THE
CONDUCTIVITY OF AN AP PELLET
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FIG. 32

CONDUCTIVITY IN THE LOW-TEMPERATURE RANGE
USING GUARD RING ELECTRODE SYSTEM
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FIG. 33

EFFECT OF 107 AND 267 TORR NHz ON PELLET
USING A GUARD RING ELECTRODE
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FiG. 34

CONDUCTIVITY OF SINGLE CRYSTAL

AP
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FI1G. 35

CONDUCTIVITY OF A SINGLE CRYSTAL OF AP :
SUCCESSIVE RUNS WERE IN THE ORDER 1,2,3,4,5,6,7
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FIG. 36
CONDUCTIVITY OF A SINGLE CRYSTAL OF AP

MEASURED WITH A GUARD RING ELECTRODE
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FIG.37

TIME-DEPENDENCE OF CONDUCTIVITY DURING
DECOMPOSITION AT 153°C (ARROW A IN F16.26)
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FIG. 38

ANNEALING AT 118°C OF PELLET IN VAC.
(ARROW A IN FIG. 29)
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FIG. 39

2

PLOTS OF 0 VS. t° AND fog t FOR ANNEALING

OF AN AP PELLET AT 118°C ( '(t) IS SHOWN IN
FIG. 38)
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FIG. 40

CHANGE OF 0’ WITH TIME IN A DECOMPOSING
CRYSTAL AT 193°C (ARROW A IN FIG. 35)

Jdo
(o]
Jdo
(7o ]
.C
E
Jo =
pre
do
[\\]
! : -
o) — o

L4
—

0.9 -

(-Wo_wyo* o 0i



162

FIG. 41

CONDUCTIVITY CHANGES ON ANNEALING A SINGLE CRYSTAL
AT 89°C AND 114°C ( ARROWS B,C IN FIG.35)
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FIG. 42

' '
PLOTS OF 0 vs. % AND fog + FOR THE ANNEALING
OF AN AP SINGLE CRYSTAL AT 89°¢ aND 114°¢
[ REFER TO Fi6. 41 FOR T(t)]
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FIG.43 .

ADSORPTION AND DESORPTION ISOTHERMS AT
83°C FOR AN AP PELLET IN 157 TORR NHg
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FIG. 44

, ¥® FOR AN PELLET IN NHg AT 83

°c

PLOT OF O vs. fog £
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FIG. 45

AbSORPTION ISOTHERMS FOR A
COMPRESSED PELLET OF AP IN NHg
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FIG.46

DESORPTION OF NHz AT 116°C FROM A SINGLE CRYSTAL
OF AP WHICH HAD BEEN EQUILIBRATED IN 581 TORR NH3
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FIG. 47

PLOTS OF 0 vs. fog t AND t° FOR DESORPTION
OF NHz FROM A SINGLE CRYSTAL OF AP AT 116°C
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FIG 48

PRESSURE ADSORPTION ISOTHERMS FOR SINGLE
CRYSTAL AT 85°C, 102°C, 116°¢
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FIG.49

PLOT OF n t5 AND £n t, VS.10%/T WHICH IDENTIFIES +,
AS THE TIME FOR COMPLETION OF SURFACE REACTION
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FIG 50
DIAGRAMMATIC REPRESENTATION OF THE THREE

PROCESSES OCCURRING IN THE DECOMPOSITION OF SOLID AP
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APPENDIX I
VARIABLE PARAMETERS USED IN LEAST-SQUARES FITTING

OF THE KINETIC RESULTS

SYMBOL DEFINITION

by = P,, instantaneous desorption at t=0

b, = k;, rate constant in the linear process

b3 = trs time for the completion of linear process

bﬂ = C3, pre-exponential coefficient in the
exponential process

b5 = k3, branching rate constant in the
exponential process

b6 = tE-tL, duration of the exponential process

b7 = Pp, final pressure at the completion of the
Avrami process

bg = Cqys pre—-exponential coefficient in the
Avrami process

b9 = k,, rate constant for nucleation in the
Avrami process

blo = tE-tA, duration for the overlapping of
exponential process and the Avrami
process

Y3

b8 b9 o k2, rate constant for nucleus growth in the

Avrami process
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APPENDIX II

PRINCIPAL SYMBOLS USED IN THE KINETIC ANALYSIS OF

THE THERMAL DECOMPOSITION DATA

SYMBOL

PO
Pa

PF

ct

UNITS

torr

torr

torr

torr min'1

rnin"l

torr
min
min

min

DEFINITION
instantaneous desorption at t=0

final pressure at the completion of the
Avrami process

final pressure at the completion of the
entire reaction

rate constant in the linear process

rate constant for the inward growth of
surface nuclei

rate constant in the AE equation for

n=2

rate constant in the AE equation for
n=3

rate constant for nucleation in the
bulk

rate constant for nucleus growth in the
bulk

branching rate constant in the
exponential process

pre-exponential coefficient in the
Avraml process

pre-exponential coefficient in the
exponential process

time for the completion of linear
process

time for the termination of exponential
process

time for the commencement of Avrami
process



SYMBOL UNITS
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DEFINITION

number of nuclei formed at time ¢t

number of potential nucleus forming
sites

shape factor for nuclei, e.g. bUn/3
for spherical nuclei

fractional decomposition at the
termination of linear process

fractional decomposition at the
termination of exponential process

fractional decomposition at the
commencement of the Avrami process
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