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It is now gcnorally accepted that the behaviour of & veactive material
needs to be considered in terms of its explosive, its thermal and its mech-
anical properties. Most explosives deform before initiation and the details
of this deformation determine how energy can be localised to give "hot spots".
Once heat is produced locally the "hot spot" temperature is controlled by
the heat being produced and the flow of heat away from the "hot spot" To
understand this process it is importaut to have the reaction parameters of
the explosive and thermal properties such as specific heat and conductivity.
For many explosives, particularly new compositions, these are not always
known accurately.

|
|
1 1. INTRODUCTION
|
|

The research on this coantract has considered the mechanical_and thermal
properties in some detail. Studies of initiation and propagation have been
greatly aided by high-speed photography. Research on reaction kinetics and
thermal properties has used mass spectroscopy, differential scarning calori-
metry (DSC), thermogravimetric amalysis (TG) and scanning electron microscopy.
Mechanical properties experiments include measurements of hardness, yield
strength, coefficient of friction and fracture surface energy.

The four areas of work described in this report have cither Leen
published (sections 2,3,4) or are ready for submission (section 1),
The texts of these papers are given in full.
2. THE IGNITION OF A THIN LAYER CF EXPLOSIVE BY IMPACT; THE EFFECT OF ADDED

POLYMER PARTICLES. G.M. Swallowe and J.E. Field.

2.1 Introduction

A study of the deformation behaviour vf a thin layer of material when
impacted is relevant to a range of prnblems including the sensitiveness of
explosives, A standard test procedure for assessing the hazard involved in
handling explosive materials is to impact a sample (typically 20-50 mg) with
a falling weight. The sensitiveness of a sample is usually expressed in
terms of a 507 drop height to cause ignition {i.e. the height from which the
weight would ignite 50% of a series of samples). There are standard methods
for obtaining the 507 height (see, for example, Dixon and Massey, 1957). However
although the test has been used for many decades it is only reccently that
a systematic attempt has been made to photograph the sample during its
deformation (Heavens, 1973, Heavens and Field 1974). A combination of
high~speed photography combined with pressure measuring technigques helped
estahlish the physical processes occurring during ignition and propagation.

In general it is thought that the initiation of an explosive by mech-
anical shock is thermal in origin, although some workers believe that a
tribochemical or a molecular fracture mechanism may be responsible in certain
circumstances (Taylor and Weale, 1932, Ubbelohde, 1948, Fox, i1970). On the
basis of localized thermal energy or "hot spots™ as the source of the ex—
plosion, four possible mechanisms have been envisaged for ignition by impact.

(i) Adiabatic compression of trapped gas spaces (Bowden, Mulcahy, Vines
and Yoffe, 1947,. Chaudhri and Field, 1974).

(ii) V1scous heating of material rapidly extruded Letween the Jmpacuxng
surfaces (Eirich and Tabor 1947, Bolkhovitinov and Pokhil !958) or by c capi-
llary flow betwaen grains (Rideal and Robertson, I1948).
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(iii) Friction between the impacting surfaces und/or grit particles
and/or grains of the matrrianl (Bowden snd Gurton, 1949).

(iv) Localiscd adiabatic deformatien of the thin layer upon mechanical
failure (Afanas'cv and Bobulev, 1971, Winter and Field, 1975).

It was shown quite convincingly (Bowden et al, 1947} that the preserce
of gas bubbles affected the lmpact sensitiveness of nitroglycerine,and
Bowden maintnined repeatedly (Bowden and Yoffe, 1949, 1952, 1958, Bowden,
1950, 1963) that mechanism (i) was the primary cause of ignition, not only
in liquids but also in solid explosives. This view has with equal persis~
tence been rejected by tlie Russlan school of thought (Andreev, Maurina and
Rusakova 1955, Bolkhovitinov, 1959, Afanas'ev and Bobolev,1971)., In impact
experiments on solid explosive materials it was discovered (Kholevo, 1946)
that the sensitiveness was consideraobly reduced if the sample was prevented
from flowing., Afanas'ev and Bobolev(1961) produced evidence from strain-
gauge experiments which suggested that during impact the sample suddenly
undergoes a type of fracture. These authors proposed a mechanism of hot-
spot formation by the release of enexgy along slip surfaces formed at the
onset of mechanical failure (Afanas'ev and Boholev.l97l "Afanas'ev, Bobolev,
Kaearova and Karabanov 1972),

The high=speed camara work of Heavens and Field (1974) showed that
impacted ‘samples in the drop-weight tcst may undergo bulk plastic flow,
show evidence of partial fusion and even (with PETN) meclt completely, The -
flow speed during these processes is considaroble and way reach a few 100 m s .
Ignition occurred at a small number of local hot-spots, Strain gauge measure=
ments showed that pressures of typically 0.5 = 1 ¢Pa (5 - 10 kbar) were ach=
ieved. If a sampla failed Ly plastic flow this was accompanied by a sharp
preasure devop, It was afrer tho prossure drop that che high velocity flow
phenomena took place and Lgnition occurred. Hot-gpots were thought to be
caused either by local nbstructions in the flow or by the rvapid closure of
gus .pockets trapped in the material,

Receut work has been concerned with studying the effect of added gric
particles in greater detail. The case ol the hard, high melting point
particle is reasonably well understood (Bowden and Gurton 1949, Bowden and
Yoffe 1952, Ubbelholde 1948). The basic idea is that when two solids rub or
impact together the hot-spot temperature at the interface is determined by
the solid with the lowest welting poiut. Properties such as thermal con-
ductivity and bardness are important but only as second-order effects. In
fact by chosing grits of different melting point and measuring the impact
sensitiveness Buwden and Gurton were able to measure hot-spot ignition.
temperatures for a range of explosives. The hot-spot temperature found
by these workers for PETN in a drop-weight impact situation was ca. 700 K.
for hot=-spots of micron dimensions. '

It is now known that certain polymers such as polycarbonate (PC) and
polysulphone (PS) can also sonsitise explosives in the drop-weight test
though others such as polypropylene (I'P) do not (Buan 1973), At firet
sight this result appears surprising since polywers are eclat?vely soft
and have soficning temperatures usually well below the 700 K mentioned
above, The primary object of our new work was to fry to understand rhe
mechanisms by which some polymers give incrcased sensitiveness and why others
do not. At the start it appearcd possible that the explanation could be a




chemical one based on the production of free radicals which aided the
reaction kinetics of the explosive or a mechanical one in which hot-spots
were produced by the deformatiop of the polymer., The first experiments
were concerned with possible chemical effects and used techniques such as
differential scanning calorimetry (DSC) and thermogravimetric analysis (TG).
The mechanicel effects were studied using the photographic and pressure
measuring techniques described earlier.

2.2 Studies of Chemical Effects

Experimental

These experiments involved measuring the reaction parameters for decom
position of pure explosive and explosive/polymer mixtures and assessing
any differances. The apparatus used was a Stanton-Redcroft TG-750 thermo-
balance whichallows the waight of the sample to be monitored whilst it is
heated at a constant rate, thus giving a weight-loss versus temperature
curve. The samples used consisted of™ | mg lots of a mixture containing
252 (by weight) of polymer to 75% explosive., This percentage of polymer
is much greater than 1likely to be found in practice, but was chosen to
amplify any interaction. The explorive used in all these experimants was
pentaerythritol tetranitrate (PETN). The analysis follows the method
of Hauser and Field (1978 and section 3 of this veport) and soc is only
briefly outlined here.

Decomposition is assumed to follow an equation of the form

%% a «~A exp(-E/RT)wn (1))
with w the fractional ruaidual weight at time t, E the activation energy,
A the frequency factor, n tha reaction order and T the temperature. Since
the haating rate H is constant, one may write dT/dt = H., Substituting
in aquation | and taking logsyields:

dw o ALE
lnET lnH Rp * 0 In w » (2

Thus & plot of (ln dw/dT = n In w) againat 1/T gives a straight line if

n has been chosen correctly. The value of E is determined from the slope
of the line and A from its intercept. The analysis was carried out on the
Cambridge 1BM 370/165 computer. The programs used fit a cubic spline to
the original data and produce differentials which are then used to give plots
of (lnég ~ n ln w) against 1/T for values of n from 0 to 2 in staps of 0.2.
The sttdightest section of these curves for each stage of the reaction
there may be more than one) was then selected by eye and the appropriate
values of n, E and A obtained. The method is illustrated by the activation
energy plot for a sample of pentaerythritol tetranitrate (PETN) in Figure 1.
The technique was assessed in two ways. Firstly by using the obtained
reaction parameters and simulating a decomposition curve which could be
compated with the original. Secondly, the dehydration of calcium oxalate
monohydrate was obsarved.

CaC OQHZO -+ CaC

2 04 + H,0

2 2
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This reaction is well underatood and the reaction parameters are well docu-
mented in the literature (Gurrieri, Siracusa, Cali, 1974, Freemsn, Carroll,
0 1958). The results obtained with the technique outlined above were in good
o agreement with the literature values and are set out in Table I.

' Table 1: Dehydration of Calcium Oxalate Monohydrate é
¥ E/kd mo1”! 1n A/ln o~ 5
» This work 89.5 % 3 20.2 ;
é ; Literature 88.6 21,1 ;
& Results ;
‘g\ (a) Thermal decomposition of PETN/polymer samples ?
4 .

The polymers reported to sensitise PETN (Bean, 1973) were polycarbon-
ate (PC), polysulphone amber (PS) and to a lesser extent polypropylene (PP). |
Results obtained in this work confirmed the dramatic effect produced by P 4
and PC but showed very little increased sensitivity in the presence of ¥P,
Sauples of these polymers supplied by AWRE were ground in a freezer mill to
eizes of <76 um and then mixed with PEIN to prodgfe experimental samples.

7 The heating rate used throughout was 10 deg min and the purger gas
5 nitrogen or argon. The results are sunmarised in Table 2, the figures
v listed being averages of between three and seven different experiments, ‘

R N LT

Table 2: Effect of Polymeric Additives on the Thermal
) Decomposition of PEIN

Sample  E /kJ mol”'  E,/kdmol”  1n A /ln o' inay/ie Y -

s D nad T e s M S

PRTN w3t s 193 17 TR o4 X6 0.7 478 -

PETN+EC 130 S10 214 130 30 16 53 210 1.0 476 é

]

P PETNPP 122 25, 172 %15 284 41 2 ¢ 0.6 477 i

: + + + + i

ﬁ PETN+PS 130 - 10 231 20 30 ~ 4 49 =10 1.0 474 é

E: ) In each case; s two stsge reaction was observed (Figure 1), the first }

i stage being identified with the sublimation of PETN (E_,A ) and the gecond i
%i its decompoaition (Ed.A ). The values chtainad for th® altivation energies

-i of sublimation 043 &5 fs wol=!)and decomposition (193 # 7 kJ mol=}) are in i

[\ U

good agreement wPth the literatuye values., Cundall, Palmer and Wood, (1977)
quote 150,4 kJ mol“) for the sublimatiuvn of PETN while Roberston (1948),
Rogers and Mprris (1966) Maycock and Verneker(1970) and Ng, Field and H’ulor
H (1976) give values for the decomposition of 197,198,188 and 192 kJ mol™

i respectively., The value for 1ln of 43.5 is also i{n good agreement with ]
; the 45.6 raported by Robertson (1948).
i A larger spread is observed in the values of E, in the PEIN/additive

i samples than the pure PETN. However, althrough some activation energy

! differences are observed, there are no significent changes or consistent

; trends. The valuea of frequency factor are much less accurate thao those

: of mctivation encrgy since they have been obtained by meagsuring the intercept

om TR T

* The sensitising effect reported by Bean for PP in PEIN is surprising
and we query the effect. It is contrary to our results and in fact Bean's

results for PP in other explosives show little or no positive effect,.
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rather than the slope. Again within the errors of measurement,they show no
significant changes from the values for pure PETN. If the additive had
significantly affected the reaction towards greatly increased reaction rate
then A should have increased and Y decreased. Table 2 shows that only small
changes in A and E took place, and further that any chauges of A and E
tended to cancel (i.e, as A increases, E also increases and vice versa).

The only consistently observable feature in the results is a change
in the value of n from 0.7 to 1,0 (except in the case of PP), A value of
n ca, 0.7 implies a surface reaction (for which n = 2/3) and n = 1,0
is the value one would expect for a bulk reaction. 'The explanation for
this is that the high proportion (25%) of filler material distributed
throughout the sample breaks up the PETH giving it a greater aurface area,
thus favouring a bulk rather than a purcly surface reaction. The result
for PP in explained by the fact that it goftens and melts at a lower temp-
erature than the other polymers. PETN/PP samples were obaerved to ‘glve
droplets of polymer which then coalesced to form one drop. This effectively

removed the dispersion of particles which gives n approaching unity leaving
a surface reaction with n ca. 2/3,

(b) Thermal decomposition of PETN/Benzoyl peroxide samples

The resulte of the preceeding section show that the additives tested
have very little effect on the thermal decomposition of PETN, It may,
therefore be concluded that their sensitising effect is not due to polymer
decomposition products interacting with PETN, However, tha possibility
still exists that, when polymers fracture or flow during impact, large con~
centrations of free radicals may be produced, and these could react with
PETN and cause ignition. Walker and Green (1976) have proposed that the
mechanical production of free radicals is important in initiation and have
done some experiments in which they find that tetramethylammonium tribo-

h{dtide (a free radical donor) causes increased reaction with ammonium
nitrate. .

In order to test this hypothesis, mixtures of benzoyl peroxide and
PETN were used in a serics of TG experiments, Benzoyl peroxide is an
organic oxide which thermally breaks down in the temperature range 310
to 350 K to form two identical free vadicals

) 0 o
5 7 2 Gy = Gy » 2C.H, + 200,

P
C6H5 - 3 -0-0-~0C - CﬁH
It is widely used in the polymer iudustry a8 a ‘starter' material for

free radical polymerisation as it provides & good nource of easily formed
free radicals,

A number of TG runs were carried out on both benzoyl peroxide by
itself and two PETN/benzoyl peroxide mixtures. The mixtures used had com=
positions of 75% to 25% and 93% to 7% by weight of PETN/benzoyl peroxide.

Due to the decomposition uf the benzoyl proxide, the only activation
energy that can be estimated is the decomposit.on of PEIN, the sublimation
stage being buried in the benioyl peroxide reaction, Simulated computer
decompositions of these mixtures were made by combining 752 of the numerical
value of pure PETN run with 25% of tha numeric.al value of a pure benzoyl
peroxide run (and similarly for the 93/7 mix), The flgures thus obtained

g
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were treate. . if they had been real data and the analysis carried out in
the usual mauner. Comparison of the E,A and n values obtained in real

and simulated experiments, Table 3, reveals that what appears at first to
be a very strong chemical interaction is due to the combined effects of
the two materials acting independently.

Table 3: Reaction Parameters for PETN/Benzoyl Peroxide (b.p.) Samples

_ Sample Ey/kd mol™'  1n Ay/ln 57 n
7% b.p. 93% PETN 185 % @ 46 = 2 0.7
7Zb.p. 932 PETN 176 4+ 16 + o)

(Simulation) 41 =3 2/3
25% b.p. 75% PETN 120 I ¢ 29 %2 0.6
252 b,p. 75% PETN 143+ 20 33 ¥ 5 2/3

(Simulation)

(¢) Effect of ultra-violet light on the thermal decomposition of PETN/grit
samples

As a further test of the free-radical initiation hypothesis, PETN/
additive samples were irradiated with ultra-violet light as they were being
heated in tlie TG, U~V isfrequently effective in degrading polymers by
breaking chains with the formation of free radicals. Both PP and PS are
susceptible to photodegradation by U-V whereas PC is degraded relatively
much less. It would therefore be expected that, if free radicaln are
important in sensitising PETN, both PP and PS in combination with U=V should
show an appreciable effect and PC little or no effect. The results obtained
in these experiments are set out in Table 4,

Table 4: Reaction Parameters in the Presence of U-V Light

Sample B /kJ w1 1n A/1n s E,/kJ w1™ 1n Ay/ln s n T/K

PETN 143 25 TR 193 = 7 44 6 0.7 478

PETN + U=V 120 2 4 28 %2 183 2 16 45 4.5 0.6 458

FEIN+ U=V 2428 29 %3 196 % 25 49 %7 0.9 458

FEIN + U=V .+ 102 % g 2%y 1e6 L 8 45 % 3 0.6 458

FEIN + UV + 2l 25 22,5 Eq 38 9 InAd, 99 = 6 1.4 446
Ed,185 215 lnagy 47 = 5

Except for the rather anomalous behaviour of PS in the decomposition stage
(see later), the resnlts indicate that only small effects are produced.

e wiom v e e



The changes in the sublimation parameters E_ and A tend to cancel in all
cases and for the decomposition parameters B, anda & changes again effect-
ively compensate, particularly for polycarbonate. PP, PS and pure PETN
all show decreases in E; (E¢, in the case of PS) combined with increases
in 44 (Agg with PS), Thus tﬁe reaction is helped, albeit a little, by

the U=V radiation., This is illustrated by the slight but consistent,
reduction in the reaction peak temperatures Tp.

PS shows the most significant changes in that an extra reaction stage
appears, This result was found to be very repeatable, though it is not

Fully understood. Although Ed| (for the new stage) is very high, the value

of Ad; more than compensates for this, and Ty is reduced by 12 K. The

initial and final stages of the reaction are virtually unchanged by the
presence of this new stage, which only has a small (ca. 9 K) range of activity.

A further series of experiments on the FEIN/PS system was carried out
in which the U=V light was switched on or off during the course of a run
and the effect on the reaction pa.ameters noted. These experiments show
that the stage of reaction at which the U-V is present is quite important.
If the U=V is switched on at any stage before a third of the material present
has decomposed, then a three stage reaction is observed, otherwise no effect
is observed. When U=V has been present for the initial stages of the reaction
(even if only one eighth of the explosive has decomposed) extinguishing the

light has no effect and the reaction proceeds in three stages, as if the
U~V were present throughout,

These results indicate that the U-V is effective in breaking down the
PS8 to produce free radicals which then influence the decomposition of PETN,
If, however, PETN decomposition has proceeded to a significant extent before
the U~V is present, the irradiation has little effect. This is probably
because the free radical concentration produced by the PETN alone is already
much greater than that which the lamp caproduce. The observation that
extinguishing the lamp early in the reaction does not stop the three stage
process indicates that the major influence is the concentration of free
radicals in the initial stages of decomposition. The influence of U-V may
thus be summarised as producing such a concentration of radicals in the
early stages of PETN decomposition that the decomposition process is speeded

up and the reaction parameters (and presumably the details of the mechanism)
are changed.

That PC is not influenced in this way is not surprising since, in
comparison with other polymers, polycarbonates are not degraded to any
Large extent by U~V (Ranby and Rabak, 1975), It is, however, surprising
that if such an effect should be produced with PS,PP remains ineffecitve.
Both PS5 and PP are degraded to a large extent by U~V and both produce
large concentrations of radicals when degraded, It suggests that the
sulphune groups have a specifiz effect on at least one of the stages of the PETIN
decomposition. Support for this comes from the work vf Reich (1973) who tested
the compatibility of 1 range of polymers with various explosives. PS is vne
of the polymers he lists as incumpatible with PETN since he detected an
increase in the value of the reactiun parameter n in the present of PS.
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From the series of experiments described in this sectiun, it may be
concluded that there is no major chemical reaction between PETN and any
of the polymer Fillers. The only exception to this is PS and then only in
the extreme conditions of having a high intensity of U-V shone on the sample,
However, the effect, even with PS, ig atill only marginal and the conclusion
has to be that chemical effects, although present, are uvnly of secondary

importance compared with the mechanical ones tu be discussed in the following
section,

2.1 Photographic Observations of the Impact Behaviour of Polymers
and Explogives

(a) High-speed photography of impacts on polymer samples |

The impact behaviour of both polymers and explosives was photographed
using a C4 rotating mirror framing camera at framing intervals of
ca, 6.5 us. Impacts were observed using a transparent toughened glass
anvil system similar to that of Heavens and Field (1974) and is shown
schematically in Figure 2. The weight of 5.5 kg was dropped by an elec=

tromagnet from & height of 1 m, the fall being guided by three cylindrical
rods.

The behaviour of small discs of polymer ca., 2 mm diameter and 0.8 mm
height under impact is {llustrated in Figure 3, Figure 3 shows selected
frames from an impact on a disc of PP, A trace of radial expansion versus
time is given in Figure 5. With this material, there are no rapid changes
in the expansion rate and bulk deformation occurs throughout. Figure 4 is
a higher magnification sequence for an initially 2 mm diameter disc of PS.
Its radial expansion is also included in Figure 5. This material deforms
initially in a bulk manner but eventually fails catastrophically (see :
frame 4(c) and Figure 5). PC gives similar catastrophic failure to PS.

Microscopie examination of the samples after impact confirms that catas-
trophic failure of PC and PS is associated with rapid cracking and shearing
in localised bands, Figure 6 is a micrograph of a deformed PS disc, There
is a network of fracture throughout the sample and sets of fine parallel
shegar bands (one set is labelled s). An enlarged view of region 4, but
rotated so that the bands are horizontal in the figure is given in 6b, It
is argued later that it is these regions of localised deformation (crack-
ing and shear banding) which give rise to "hot-spots".

These observatious lead to the conclusion that the polymers used may
be clagsified in two broad groups: (i) Polymers such as PC and PS which fail
by the production of many fast moving cracks and local shear bands. This
is accompanied by rapid radial expansion. (ii) Polymers such as PP which

deform plastically at quite a high rate but do so by bulk deformation and
without cracking and/ur shear banding.

(h) High-speed photography of impacts on explosives

Heavens and Field (1974) photographed the impact of a wide range
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of granular explosives, Powdered PETN was observed to be compacted into

a pellet and then to undergo severe plastic deformation. The material
became translucent and finally completely transparent with very rapdid flow
(300 m s~1) which Heavens and Field attributed to melting. Ignition occurred
in this final stage. RDX partially fused wnen impacted between glass anvils
and there was indirect evidence of complete sample melting of RDX between
steel anvils, Pressure-time curves obtained by Heavens and Field showed
that a sharp pressure drop occurred when the sample failed plastically,
Ignition, in samples without added grit particles, always occurred after

the pressure drop and when the explosive was flowing rapidly. In the
present work a large number of experiments were carried out on pellets of
PETN and the bchaviour was very similar to that described by Heavens

and Field for granular matevial, Figure 7 jillustrates a typlcal

result in which a 25 mm pellet of PETN, pressed to 5k bar and of diameter

5 mm is impacted by a 5.5 kg mass from a height of | m, The same type of
behaviour as described for powders, can clearly be observed, In frames

a to f the material is deformad_?lastically and becomes translucent. Trans=
parency and rapid flow (230 m s ') occur in frame g with ignition at sites A
and B almost simultaneously.

The results obtained with a large number of such sequences show that
ignition  only occurs if rapid flow, as observed in frame g, takes place,
Although rapid flow is a neceesary prerequisite for ignition the converse
is not necessarily true and many failures occur without a resulting ignition
This suggests that there has to be a particular region in the flowing material
where a "hot=-spot" develops., These regions could be associated with gas
bubbles, foreign particles or enhanced flow. If discontinuities of sufficient
size do not exist, ignition does not take place. Note that fast reaction
always starts at localised regions (see Figure 7 and the sequences in
Heavens and Fleld).

(¢) High-speed photography of impacts on explosive/polymer samples

A number of high-speed photographic sequences at framing rates of up
to 2 x 109 frames per second have been taken of impacts on explosive/grit
samples. These sequences were taken in transmitted light using the experi-
mental set-up described above, The first point to emerge from these
experiments was that,unlike impacts on pure PEIN where ignition never
occurs before transparencv and rapid flow of the sample,have occurred,
when a grit is present, ignition can take place before the explosive has
been sufficiently compacted to fail plastically, form a transparent layer
etc. This observation implies that the pressures needed to cause explosion
are much smaller than with a pure material,

If a sample ignites while it is still opaque it means that small
polymer particles within the pellet can not be seen, and thus association
of the initiation sites and grit particles is difficult. To overcome this
problem, two different approaches were adopted. 1In the first instance,
pressed pellets of pure explosive were surtrounded by polvmer discs and the
impact phenomena of the whole array photographed. The second type of experi-
ment involved pressing pellets of explosive, into which had been put single
polymer discs, effectively modelling a single large polymer particle in a
sample of pure explosive. Examples of results obtained from these experi-
ments are illustrated in Figures 8~1!.

Figure B shows a 0.65 mm high PETN pellet surrounded by five | mm
high PS discr, During the impact the PETN disc (dark central area) breaks
up and is forced into clode contact with the polymer. The polymer discs
deform plastically and then undergo catastrophic failure as described

earlier. 1In frame Bb all the disce are exhibiting cracking and shear band~

{
|
|
|




e

ing and by Erame 8c have failed catatrophically. In frame 84 we can
sce the first ignition site (labelled |) with reaction spreading along
two paths into the PETN, A second site (labelled 2) has developed in
frame 8¢, By the final frame, fast reaction has spread throughout most
of the PEIN,

An example from the second type of experiment is shown in Figure 9.
In this case a single polymer disc of PS was pressed with the PETN
powder to form a composite disc, The selected frame shows ignition at
three points (! to 3) on the polymer/explosive interface. The polymer
is the lighter central area, and the darker annulus is the PETN., 1In
the lower part the PETN is becoming ligher and this is due to the onaset
of fusion, At its outer edge the PETN is beginning to produce fast jets.
The mottled appearance of the polymer is partly due to catastrophicfailure
and partly due to a very thin layer of trapped PEIN. This is why reaction
algso spreads inwards as well as outwards. Frame 9> shows a later state
where fast reaction is more developed. The,expansion velocity of the PS
disc just prior to ignition was ca. 35 m 8 . The catastrophic failure
occurred between frames. Experiments with PC showed that it behaved
in a very similar mannex, with cracking and rapid radial expansion followed
by ignition at the interface,

The situation with PP is quite different and, although much radial
expansion at quite high velocities is observed, the polymer does not crack
or shear locally and ignition does not occur.

The results obtained with HMX/polymer systems are similar to those
obtained with PETN. Figure 10 illustrates an impact on a 20 mg sample
containing a PP disc and Figure 11 a 20 mg sample containing a PC disc,

In both cases the polymer is the light central area and the explosive the
darker area. Figure 10 shows that yield and flow of both the PP and HMX
occur but no ignition results., In Figure 11 ignition occurs at the polymer/
HMY interface (frames d onwards) after catastrophic failure of the PC.

The findings of the photographic work described in this eection may
be summarised as: (i) ignition occurs after or during the catastrophic
failure, cracking and fast flow of the polymer; (ii) the initiation site
is very closely associated with the position of the polymer and (iii) of
the polymers tested, only those which undergo catastrophic failure are
effective in promoting ignition.

2,{ Impact Behaviour in the Drop-Weight Test

(a) Impacts of polymer samples

Samples of the polymeric materials were impacted in a drop-weight
machine at strain rates similar to those observed in the photographic
work (& ca., 10° 8 ')so that differences in their mechanical behaviour
could be observed. The drop-weight machine used was similar to that des-
cribed by Heavens and Field (1974) and is illustrated schematically in
Figure 12, The sample was placed between rollers Rl and R2 which had their
edges ground down to give a sharply defined contact area of diameter 5 mm.
The samples used were discs of polymer typically 1.5 mm high and 7 wm dia-
meter. The contact area was lubricated with colloidal graphite. Two
semiconductor strain gauges were mounted in series diametrically opposite
to each other on R3 in order that the resistance change induced in the
pair of gauges during impact would be due to compregsive stresses alone,




The system was calibrated statically using an Instron machine,

As the sample diameter was greater than the contact area, the area of
contact during impact remained constant throughout the whole process. The
pressure-time traces were obtained on paper-tape utilising a Data Lab DL922
transient recorder and analysed on a HP9825 calculator using a programme
based on the method of analysis of Afanas'ev and Bobolev (1971)., The
programme numerically integrates the force-time trace produced by the
-equipment to yield a velotiy~time trace for the weight

-] t
v = Ve M LR de (3)

with V, the velocity of the weight at impact and M its mass. A seccnd
integration gives the displacement of the weight as a function of time z(t).

t
z(c) = [ V(e) dt (4)
z(t) is the compression of the whole system (sample and anvils) and a small
amount z_(t) due to the compression of the system, which can be determined

by perfo%ming impact with no sample present, is subtracted from z(t) to
yield the compression of the sample.

z'(t) = z(t) - zA(") (5)

The sample strain is then given by

e(t) = 1In [—-“-—-] (6)
H =~ zs(t)

with H the initial height of the sample and e(t) the strain at- time t. 3
The stress at time t is given by division of the force=-time curve by the -
area of contact A, g

y &
[

o(t) = F(t)/A
Elimination of t between equations 5 and 6 yields the stress-strain curve. :

Results obtained with PC and PP are illustrated in Figure 13 (a) and
(). The behaviour of PS was similar to that of PC. The main difference
between the two materials is the evidence of catastrophic failure in PC i
(as shown by the sharp drop at ¢ = |.8) and its absence in PP. Both mater-
ials show evidence of strain softening followed by orientation hardening,
but the strains which PP is capable of are far greater than those achieved P
3 by PC, The onset of orientation hardening also takes place much earlier in
g PC at a strain of ca. 0.5 as opposed to the value of 2.0 observed with PP,
. At strains of »2 the thickness of the PP layer becomes comparable to the
3 correction factor for anvil deflection and thus the calculated strain
3 become increasingly unreliable.
4 The shape of the stress-strain curve may therefore be inaccurate at high strains
- These results confirm the findings of the photographic work in showing o
a marked difference in high strain rate impact behaviour between sensitising o
and non-sensitising materisls and again point to catastrophic failure as
being the process responsible for a polymer's sensitising action.




(b) Impact behaviour of explosive/polymer samples

The sensitivity of pure explosives PETN and HMX and explosive/polymer
sampies were compared by determining their 501 height on the drop-weight
machine outlined above. The 50% height is the height from which the hammer,
if allowed to fall freely, would have a 50% probability of causing initiation.
The method of determination was based on the "up and down" method which is
fully described in Dixon and Massey (1957).

A large number of drop-weight tests were carried out on explosivae/grit
samples to determine (i) which polymers gave rise to increased sensitiveness,
({i)if the size of the grit particles was important,(iii) the effect of
variation of the percentage weight of grit, and (iv) if a polymer which sensi-
tised one secondary was effective in sensitising another. All the experiments
were carried out using twenty 25 = | mg samples of powder which had been
pressed statically to 10 kbar to give pellets of 5 mm diameter and approxi-
mately 0.8 mm height. In these experiments, three grades of grit were used
which have been called coarse, fine and very fine. In the 'very fine' grade,
all the particles had been through a 76 um mesh, the 'fine' grade indicates
that the grit was used as obtained from the freezer-mill with a maximum
particle mass of ca. 20 ug, The coarse material was as-received grit from
AWRE with particles of mass up to | mg and up to | mm long. These reuslts
are set out in Table 5. Unless otherwise stated, all the samples contained
20% by weight of grit

Table 5: 50% Heights for Explosives and Explosive/Binder Samples

Sample 50% ht (em)
PETN (pure) 21.8 £ 1.0
PETN + PC (very fine) 10,5 E 2.0
PETN + PC (very fine) repeat 10.7 - 0.6
PETN + PS (very fine) 1.1 % 0.3
PETN + P8 (fine) 13.0% 1,5
PETIN + PS (coarse) 10.4 £ 0.6
PETN + PS (1 mm high, lmm diam.) 10.5 £ 3.0
PETN + PMMA (coarse) 21.0r 1.6
PETN + PMMA (fine) 19,2 £ 0.8
PETN + PP (very fine) 18.8 £ 0.8
PETN + PP (very fine) 104 grit 19.2 £ 0.7
HMX (pure) 29,0% 2.0
HMX + PC (fine) 16.0 £ 1.5
HMX + PS5 (very fine) 15.1 £ 1.0
HMX + PMMA (coarse) 22,6 £ 1.0
HMX + PP (fine) 26,4 0.8
ANy (pure) 19.3% 0.8
AgN3 + PC (fine) 16.8 % 1,3
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From the results set out, it can be seen that the size of the grits
used does not have any great effect on the results produced. 1t might be
expected that, if the effectiveness of the grit denended on its ahility to
disturb the flow o the explosive as it was extruded from between the
anvils, the largo - particles by virtue of their size would prove more effec-
tive, the very fine particles heing so small as to be carried along in the
flow of the explosive. The results obtained show that this is not a major
factor.

The results also show that the grits are not specific in their action:
PC and PS being cqually effective in sensitising HMX and “ETN, while PP
and PMMA only slightly sensitise both of these secondar’ explosives. As
noted before (see for example, Heavens, 1973, and Heavens and Field, 1974)
primary explusives such as lead azide Ph(N,), and silver azide AgN, are not
particularly sensitive in the drop=-weight gt provided the anvils are well-
aligned, However, as the table shows, the polymers do have a significant
effect on the sensitiveness of AgN, and in a consistent way. Finally, in
one set of experiments the percentage of grit was reduced to 10% but this
caused no significant change.

2,5 Thermal Properties

(a) Mechanical effects and thermal properties

The mechanical failure properties of polymer additives appear to be
of major importance in detevmining their sensitising effect, Those mater-
ials which undergo bull plastic deformation proving ineffective as sensitisers
and those which fail cetastrophically and with intense local deformation
effective. Thermal prcserties areof major significance in determining
the failure modes of pclymers particularly when high strain rates are in-
volved., This is becauses they soften at relatively low temperatures and have
low densities, specific heats and thermal conductivities. Additionally,
materials can desensitise explosives by effectively acting as heat sinks
and quenching hot spots before they can fully develop., The work of Bowers,
Romans and Zisman (1973) for example, indicates that sensitivity decreases
with increasing specific heat of additive, those additives which are most
effective in this respect being materials such as'Superla wax'or'Carbowax"

' which have low melting points and thus absorb their heat of fusion.

In cases where thermal properties were not known they were measured
using a Perkin-Elmer DSC-2 calorimeter.

The results cobtained sh?w Ehat both PC and PS have specific heats
which range from !.25 kJ kg at room temperature to 2.35 kJ kg'l K™
at 600 K, the increase jeing reasonably linear. PC has a melting point
of 420 to 430 K which o1ly introduces a very slight increase inlthe effective
specific heat, giving a latent heat of fusion of ca. 7.2 kJ kg PS shows
melting over the range %70-500 K with a heat of fusion of ca, 6. 6 kJ kg 1.
PP has a greater specific heat, varying from 1.92 kJ kg~ PRl at room temp=
erature to 2.09 kJ kg™! k=1 at 450 K. 1t melted over the range 390 =~
460 K with a latent hea: of fusion of ca. 64.0 kJ kg=! K~!. PMMA had a
relatively constant spe:ific heat of 2.9 kJ kg~! K™! over the range 470 -
630 K where a large decomposition endotherm was produced., From the results
set out above, it could be predicted that, on the basis of thermal properties
alone, the order for ho:-spot guenching for the polymers investigated would
be PP, PMMA, PC, PS.
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Table 6: Physical Properties of Experimental Materials

* Denotes measurcments made in this work

MATERIAL DENSITY ROOM TEMY, THRRMAL LATENY MEAT SOYTENING OR
SPECIFIC ULAT CONDUCTIVLTY OF FUSION MELTING POTINT
gem 3k funt k! x 1072 k3 kg K
PETN 1.773- *).09 *144.7 *Gi4
g X 1.96 1.25 o . 555
PP 0.9 *1.92 0.14 £64.0 1390
PC 1.2 *1,25 0.19 *7.2 %420
Ps 1.24 *1.25 0.18 %6.6 2470
PO 1.19 2,9 0.17 - 0,25 decomposes decomposcs
HDI'E 0.94 - 0.97 2.2 - 2.3 0.45 - 6.52 ~ 220 ~ 400
Polyester .21 1.0 0.2
MATERTAL CLASS TRANSITION ELASTIC - MAX ELONGATION TENSILE HARDNESS
TEMP. MODULUS IN TENSTON STRENCTH sgzt‘;‘f_ii"s'“
% Wl x 1072 z ool :
PETN 1.37 x 10° V. 172.9
fs W 3.1 x 102 V. 40.3
134 255 8.9 - 1.8 50 - 600 8 - 36 ~ RS
Pc 418 .22 60 - 100 '52 ~ 62 -::Rl.l!;
PS 463 24 Sy - 100 63 ~R120
PIMA 370 25 ~ 35 2- 10 45 ~ 72 ~ X100
v, ~193 5.5 = 10.4 o 0 - 800 20 ~ 36 R30 ~ K50
.;'.;:.)ycslcll.'. _____ I:Dm b‘;— 55 M110
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Measurements were also made on the specific heat and latent heat of
fusion of PETN, - It was found that specific heat remained almost constant
at 1.09 kJ kg = up to the melting temperature of 414 K. The latent hecat
was determined to be 144.7 kJ kg~! with decomposition occurring rapidly
after melting. ‘A summary of the thermal properties of the polymers and ex-
plosives used in this work is given in Table6 .

2.¢ Polymer Friction Experiments

The: purpose of the experiments described in this section was to measure
the temperatures that a polymer reaches during deformation. In order to do
this, a friction machine was constructed which allows the rubbing polymer
interface to be viewed by an infra-red detector. Friction cannot be regarded
as just a surface shearing effect since, if one cf the materials is harder
than the other, the asperities on the harder surface can plough out the softer
material to an appreciable depth below the surface. It is thus possible for
considerably and varied deformations to take place in a frictional situation,
and estimates of the surface temperatures achieved are of interest both to
the present investigation and the subject of polymer friction and wear in
general. :

(a) Apparatus and technique

The apparatus constructed to perform these experiments was basically
a modifiratrion of that described by Bowden and Thomas (1954) and is shown
schematically in Figure 14. It consisted of a 50 mm diameter rotating sapphire

. disc (infra-red transmitting.to ca. 5.3 ym) against which a polymer pin was
- loaded by means of a balance arm. The area of the interface under observation
- was .defined by a 0.8 mm slit mounted directly above the rotating disc. The’

disc rotated at a frequency of ca. 56 Hz giving an interfacial velocity of
ca. 7 m s™). Above this disc was a PMMA chopper with radial regions in the
sequence, blacked~out, slit, PMMA, slit, blacked out etc. The disc was ro-
tated so that the radiation from the interface was chopped at a frequency

of 10 kHz. This allowed temperature variations of duration | ms or greater
to be followed (since, for any one temperature determination, a complete
blacked-out to blacked-out sequence must be obtained, i.e. 5 'chops'). After
chopping, the radiation was detected by a Mullard RPY 36 infra-red detecctor

~which is sensitive over the range | - 5.5 ym with a sharp cut-off at 5.5 um.
The detector was biased to give the best signal-to-noise ratio. The detector

output was taken to a Tektronix 7A22 amplifier and the amplifier output was
fed to a Datalab DL922 transient recorder. Traces were then punched onto
paper—tape for analysis on the Hewlett-Packard HP 9825 desk~top calculator
and plotter.

The purpose of the PMMA filters was to provide an absorption band
(ca. 3.5 um) which would absorb a differing proportion of the signal depend-
ing on the temperature of the source. Thus, by calculating the ratios I/I
(with I the intensity through the slit and I, through the filter) for sources
of various known temperatures, a calibration curve of I/I_ against temperature
could be drawn and estimates of tempcratures of other sources made using the
curve. In order for the calibration to be valid, it was assumed that the
sources (calibration and specimen) were behaving:as black-bodies. Problems
associnted with different substances having differing black-body emissivities .
arc climinated by the use of the ratio I/IF.
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(b) Calibration

The theory of calibration follows the treatment of Land (1944) and
Parker and Marshall (1948). From Planck's radiation law we have
=5 B/ .
- ) AT - (M
EA,T. Cey !/ (e )
Witjlik’jjthe energy emitted by the black-body at wavelength ) and temperature
T, C and B constants and €, the emissivity of the surface at wavelength A.
This can be approximated to Wien's formula.

. -5
= - t 2 exp(~B/2 T (8)
E AGC €ip p xp (-B/ P )

with E the radiant energy received by the detector, A a constant dependent
on the area of the source, G = constant dependent on the geometry of the.
system, t the transmission coefficient of the sapphire and A the effective
wavelength of response of the detector. The relation betweel the response
of the detector H and the energy falling on it is of the form

H =E" . : , (9)
with m a constant.

Thus from equations 8 and 9:
-5 i
"InH = o(ln (A G t) + ln(e, Ap ) - B/XPT) (10)
P .

When the radiation passes through the PMMA filter the optical properties
of the system are changed (I,E,) and lpchange) but the factors A, G and

t remain the same. Thus if H' T is the reduced output on passing through
sthe filter we may write

In B'= m(In(AGE) + In(e] x;‘s) - B/AD) ()
P
From equations 10 and 11
€ 'S5
X A'S
Y S (e SRR, ) _E[l-l\
lng = m {ln[ Y = ] T A? X! (12)
p P

This relation is independent of the source area and geometrical fractors and is
independent of the absolute values of the emissivities. It depends only on
the differences in optical properties of A_ and A' (and this is dependent only
on the properties of the system with and wlthout Bhe filter). Thus a plot

of lna, against ! should give a straight line and, in fact, this is what
is folind. T

Initially calibration was carried out using a 2.5 mm thick PMMA chopper
disc and a 0.27 mm diameter platinum wire as an artificial hot-spot. The
temperature of the wire was varied by changing the DC current Elowing through
it. The voltage across a central portion of the wire was monitored via two

.4 pm diameter platinum wires which were spot-welded to the larger wire 43.0 mm
apart. These wires were thin cnough not to affect the temperature of the ltarger
wire which was considerzd to be uniform over the 456.0 mm long middle portion.
From the knowledpe of the resistance of this centval portion, its temperature
was determined wsing standaxd tables.  The central portion was
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(c) Results

In the experimental investipation, polymer pins of two different dia-
meters were used: small pins of diameter va. 1.5 mm and larger pins of dia-
meter ca. 6 mm. The smaller diameter pins were used in the initial experiments
but for the later measurements lavge pins were used since the smaller pins
gave a poor signal-to-signal noise ratio and were very easily deformed due
to their large length/diameter ratio. The main problem with the use of the
larger pins was that considerable heating of the wpphire disc took place
and surface temperatures of up to 360 K were recorded on placing a thermo=
couple in contact with the disc immediately (I - 2 s) after doing a run.

Due to the considerable thiermal mass of the dise, its rate of cooling was
quite slow (10 - 20 degrees per minute) and so the figure quoted above gives
a good indication of the bulk temperaturc reached by the sapphire in the
course of an experiment.

An experiment in which the signal level was recorded with the large pin
in contact with the disc and apain immediately after its removal indicated that
the energy due to the bulk heating of the disc accounted for approximately
one thirdof the total signal. Such a large contribution from a lower
temperature source will give a mixed signal which will tend to reduce the
measured black-body temperature to a value ncar the mean, Thus the readings
obtained with the larger pins will probably be underestimates of the interfacc
temperature. In the table of results given below (Table 7) the waximum black=-
body temperaturc recorded by the system for any given polymer, irrespective of
the type of pin used is quoted.

The results will, of course, be averages over the total portion of the
interface arca within the detector's field of view and it is quite likely that
some regions (those being highly deformed) will have temperatures above this
average value and others will have lower values. By far the largest amount
of experimental time was spent on the polymers TP and PC so that with an
increased amount of observation time it may be possible to record higher
maximwm values of temperature for the three other materials. Ic¢’ is, however, in-
teresting = that the temperatures obtained follow the order obtained for the
sensitivencss of the polymer/explosive mixtures. It is also clear, particularly
in the case of PC, rhat temperatures well above the commercially quoted
softening temperature of 410 ¥ and the observed 'melting’ temperature (in
previous work) of 430 K arc obtainable. In the case of PP however this was not

found to be the case and no temperatures above the commencement of melting.. .. -
at 390 K were obtained.

Tahle 7: Temperatires Achieved During Polymer Friction
Polymer Maximum Interfacial Temperature/K
PP | 360 ¥ 30
PMMA 420 a0
PS 450 ¥ 20
PC 490 I 10
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(c) Results

Tn the experimental investipation, polvmer pins of twe different dia-
meters were uscd: smaltl pins of diameter ca,

Ioh mm and larger pins of dia-
meter ca, 6 o,

The smaller diaweter ping were used in the initial experiments
but for the later weasurements lavge pins werve used sivee the smaller pins
guve a poor signal-to-signal noisce ravio and were very ensily deformed due
to thedr large length/diameter vatio. The moin problem with the use of tha
larger ping was that considerable heating of the wpphire dise took place

and surface temperatores of up to J60 K were recorded on placing a thermo=
couple in contact with the dise immediately (1 ~ 2 s) after doing a run,

Due Lo the considerable thermal mass of the dine, its rate of cooling was
guite stow (10 = 20 dugrees per minute) and so the I'igure quoted above gives
a good indication of the bulk temperaturce reached hy the supphire in the
course of an experiment,

An oxperiment in which the signal level was recorded with the large pin
in contac. with the disc and again immediately ufter its romoval indiented that
the energy due ta the bulk heating of the disc wceounted for approximately
one thirdof the total signal, Such o large contribution from a lower
temparature source will glve a mixed signal which will Lend to reduce the
measured black-~body temperature te a value near the mean,  Thus the readings
obtained with the lavger pins will probably be undevestimates of the interface
tempernture., In the table of resulis given below (Table 7) the waximum black-
body temperaturue recorded by the system Lor any gilven poulymer, irrespective of
the type of pin used ig quoted,

The results will, of caurse, be averapes over the total portion of the
interface aven within the detecter's field of view aud it is quite likely that
some regions (those being highly deformed) will have vemperotures above this
average volue ad others will have lower values. By far the larvgest amount
of experimental time was apent on the polymers P and PC ro that with an
increased anmouat of obscrvation time it may be possible to record higher
maximim values of temperature Sor Lthe three other waterials, Ic is, however, in-
teresting that the temperatures obtained follow the order obtained tor the
sensitiveacss of the polvmer/exploaive wixtures, Tt is alse elear, particularly
in the case of BC, rhat tempevatures well gbeve the commercially quoted
softening temperature of 410 K and the observed 'melting' temporature (iu
previous work) of 430 K are obtaipable. In the case of PP however this was unot

found tu be the case and no temperaturces above the commencement of melting
at 390 K were obtailued,

Table 7:  Temperatwwes Arhieved During Polywer Friction

. Jolymer _Maximum Interfacial Temperature/K
PP 360 % 30
1. ;‘.
PMMA 420 - 30
PS 450 20
PC 499 = 10
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Examination of the polymer pins after the frictional experiments reveal
that in the case of PC and IS severe deformation of the polymer hag been
produced with evidence of much stretching and shearing of molecular layers.
The PP pin, however, present a much more rounded appcarance whlch indicated
that melting of the surface 1ayers had taken plucc.

_ P1gure 17 shows the overall appearance of the pins after the experiments
(a) is.a PC pin and the many layers which have sheared off and built up on
the truiling edge are clearly visible. (b)-is a PP pin-and shows' the rounded,

- melted-looking appearance of the surface. (¢) is a PMMA pin and shows the

oughoned surface obtained with no build up on the Lralllng edge., All the
ping in Figure 17 were of diameter 6 mm.’

Microscopic examination confirmed that very severe deformation of PC had

_ taken place with clear evidence of considerable strain in the frictional

dircction (Figure 18(a)). PMMA (Figure 18(b)) presented a rather 'p?wdery'
appearance with many particles of material on the surface. The wearing away

of the PMMA pins procceded in a more lrittle manner with small particles chipped
out of the surface and with no.accumulation of sheared or melted layers on the .
trailing edge of the pin. The surface of PP on the other hand was relatively
featureless; as might be expected from a me]ted and rcfro7en laycr.

i Although there is clear evidence that PC had deformed by the shearing off
of layers, there was no evidence of catastrophic failure having taken pla. ~:
the shearing could be followed by the naked eye and took place over a time-
scale of ca. i s for 'a 6 mm pin. Nonetheless, temperatures well above the
commerical softening temperature were recorded with PC, and, when allowance
is made for the fact that these were averages over the whole surface, it does
seem possible that, under conditions of extreme (and probably locally rapid)
deformation, very high temperatures could be achieved by polymers such as PC.
These temperatures would be well above the limits set by the old ideas of the
temperature rise achieved in friction being limited by the melting point of
the lower melting point material which was based on the frictional properties
of metals. Any increase in melting point of the po]ymCrs due to the force
applied by. the counterwelght would be negligible since the maximum we1ght
used with the 6 mm pins was 2 kg and with the 1.5 mm pins was 500 g giving a
maximum stress of 3 MPa, which corresponds to ca. 30 bar. This would have an
insignificant effect on the melting p01nL variations of ca. 200 bar being
needed Lo cause an appreciable (ca., 10°-K) change (Zoller 1978). It does
therefore appear that high temperatures can be reached during the deformation
of polymers, and, in the design of any system containing a polymer, consideratien
must be given to the possibility of high temperature regions during deformation.

2.7 Conclusions and Discussion

A combination of high-speed photographic, pressurc measuring and
thermal analysis techniques have been uscd to study the behaviour and intrr-
action of cxplosives and po]ymolb. Chemical interactions, for the materials
tested, were fouud to be of minor importance compared with mechanical consid=
erations in impat sennitisation, Pure explosives were found to ignite only

after rapid and cevere deformation of the sample had occurved. In the
presence of sens tising grits however, this severe deformation was not
nceessary for i ition,  Both the fracture and thermal propertics of an
additive ave fmp.octant in determining its sensitivity effect. A polymer
having a combin fon of hiph streapth with Tow speeific heat and low heat

of fusion, whiel (el to promote catastrophic failurve,will be likely to
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cause senéitiaatxon., In order to test this hypothesxs. two polymers were
chosen on the basis of .their atrength and thermal capacity; polyestér which
has high strongth and low capac1ty and. high density polytherne (HDPE) which

has a low strength and high capacity.  They were mixed with PETN and tested

in the drop-weight machine in.the same manner as the samples descrzbed ear]xer.
The results obtained, COgcther\thh a few comparison results from Table S are
'set out in Table 8. Thermal proportaes can be found in Table 6.

[

Tablc 8: 502 Hexghts for Exp]os;ve/Polymer Samples

' oo ' . : ' . [T

Sample - » . ,SOZ,height (cm),‘ LT
| PETH (pure 21.8 % 1.0
PETN + HDPE 24.8 1,5
) , S ., e . . sy R
) _PETN'+ PP° S 18 tos
PETN + Polyester 15.5 £ 1.0
PETN + PS SRR 1.1 2 0.3

These results confirm the predictions that polyester <hou1d sonsltxse

and - HDPE . should not. In -fact it appears that ‘HDPE- is: actlng as' a desenq1tlser.
The conclusion 1eached therefore, is that po:ymers wh1ch are most

llkely to sensitise are those such as:PC which aré tough below their glass

‘ « transition temperature (as oprosed to PMMA which behaves in a much more

brittle manner), and are likely to fail catastrophzcally Thosc ‘least

i ) likely to'smsitise are those which have:.a low glass transition temperature’

(PP or UDPE) and which-deform in bulk with little local congentratlon of

energy. Polyester is somewhat intermediate in behaviour (and sensitising’

effect) between PC and PMMA as it it toughcr than PMMA but much more hrmttle

than PC, and so flts qu1te well into the expected pattern. :

EAFEA

. : In the case of the former the meltiag point of the particle is the

’ imporrant property (Bowden and Gurton '1949). That this is so is essen~
tially because they are materials with well-defined melting poiuts and.
relatively large latent heats; the huot spot is yeneratcd to the melting
point., In contrast the polymeric materials which sensitise, soften over
a range of temperatures and have low latent heats and thermal conductivities.
If heat is produced by localised catastrophic' failure hot spots will form.
However, when softening of the polymer starts the material will still .~
maintain a high viscosity. Countinuing deformation will be able to con-
tribute further temperature rises by viscous heating. Ther: thermal B
losses in the case of a polymer are very low compared with most other’
materials hecause of the Jow latent heat, thermal capacity -and conductxv:ty,
and the bhot spot is not quenched so rendlly :

The friction experiment gave evidence of temperatures well above the
softening point, In this experiment, an averapge température for a contact
area of ca. 25 mm? was maintaived. Toeal hot spot temperature would be
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expected to exceod the values recorded, In other experiments in the laboratory,
the temperaturc rise at the tip of a crack propagating in o polymer was re-
vcorded, again using I R tceehniques (Fuller, Fox and Field 1975). Two impor-
tant. results emerged from this work, The First was that temperatures well

1 above the softening points were observed.  Secondly, that the fracture surface

| cnergy increased with crack veloetiry. This Flatter result was .
? explained by the high temperatures causing softening of the material at the )
crack tipy thus requiring more emergy to be expended in crack growth, i

o T T PRI T TN

1t is clear from the earlier work and the present work with explosive/ K
polymer samples that some polymers cam reach very high local temperatures .
during thelr deformation., This iy clearly relevant to the safe hapdliug K
of explosives since polymeric materials may be used for packaging or as
binding materials in explosive composites. The results also have interest :
to studies of the fracture, friction, crosion and wear of polymers.
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FIGURE CAPTIONS

l. Activation energy plot for the thermal decomposition of PETN for
various values of reaction order n, The n value vhich gives the best
straight line segments is one appropriate to the reaction (here 0.8).
These two steps (see dashed line) corresponding to sublimation, stage I,
aud decomposition stage 11,

2.  Experimental arvangement at instaunt of impact, W; drop-weight; G,
glass blocks; M, mirvors; 8, sample. The upper glass block is
attached to the weight,

3, Impact on a dise of PP, The sawple deforms by bulk plastic flow
' throughout, Diameter of field of view 20 mm, Frame time/vs :
a,0; b,70:¢,266. The zero times given in this and subsequent sequences
do not correspond to time after inltial contact,

=T

H

Impact of a disc of PS., The sample deforms initially by bulk plastic
flow (frames a and b) but then deforms cotastrophically (frame ¢).
Dismeter of ficld of view, 2.7 mm, Frame times/us : a,03b,213¢,28,

T AT

5. Diameter versus tiwme traces for impacts on PP and PS5, Note that
the diametoy of the PS has approximatily doubled before the catastropic
failure, but that the PP dise has a finnl diameter several times its
initial value,

MU I T

6. Micrographs of a deformed PS8 dise showing that the catastrophic failure
18 a result of fracture and localiscd shear. The enlarged view in (b)
is from vegion 8 in (a)., The viow has been rotated so that the shear :
bands are horizountal, |

7. Impact on a pellet of PEIN. Frame a shows the 5 nm diameter pellet
belfore impact. Rapid flow nud jetting occur as for powdered layers.
Fusion of the layer starts in frame d. The whole layer is transparent
and flowing rapidly Ly frame g when the first to two ignition sices
forms. The circular featore in frame b is an artifact. Diameter of
ficld of view 20 wmn. Frame times/us : a,0;b,67;¢,221;d,308;e,389; }
£,4669;34,47030,482;1489,

8. PETN pellet surrounded by 5 PS dises Sew text for details, Two ig-
nition sites at the polymer/explosive interface are labelled in frames
d and e, Diameter ot Field of view 20 nm, Frome times/us :a,0;
b,91;ctd0;¢,161;¢,108;5,175,

9, 25 mg disc of PETN containing a PS dise. Three ignition sites are
labelled., Field of vuew 20 mm, Frame times/us: a,0;b, 14,

10, A PP disc (light) pressed into an HMX pellet. The first frame is before
impact, Congidevably bolk detformatfon of the PP occurs but there is
no ignition of the explosive. Ficld of view 20 mm, Frame times/ps:
a,03b,91se, 101;d, 2140 0,247,402,

S A i

11, similar to fipure 10 but with a PC dise; cxcept that impact has already
sceurred in frame 1. The PO fails calastrophically, The first of several Y
fgnition sites caa be detectod in frame 4. ¥Field of view 20 mm,  Frame
time/yusga,03b, 340,94, 1000, 190,147,
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Experimental arrangement for obtaining pressure~time curves. W, drop-
weight; H, R1,R2,R3, hard steel rollers; C, cylindrical guiding sleeve;
§, sample.

Stress-strain curves for samples of (a) PP, (b) PC. Cataatrophic
Failure of the PC sample occurs at a strain of ca, 1.8. No discontin-
uities are observed in the PP curve,

Experimental arrangement for friction experiments. D, detector;
S, slits; CD, chopper disc; SD, sapphire disc; PP polymer pin;
BA, balance arm; W, counterweight: DS, drive shaft.

Calibration curves for the friction apparatus (a) high tempuarature
reglion (b) low temperature region,

Examples of the traces obtained with the apparatus (a) is a soldering
iron at 375 K (b) a small diameter PC pin and (c) & large diameter
PC pin. H is the aignal strength when there is no filter between
source and detector and H' the strength when a PMMA filter is inter-
posed between source and detector,

Polymer pins after friction experiments. (a) a PC pin showing many
layurs which have been shcared off and built up on the trailing edge
(b) a PP pin which has rounded and shows evidence of melting (c) a
PMMA pin which has a roughened surface caused by small particles
being brittly chipped out of the surface,

Micrographs of polymer pin surfaces after friction experiments.
(a) PC and shows considerably strain in the frictiomal direction.
(b) PMMA which has a powdery appearance with mauy small particles
chipped out of the surface,
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The remaining three sections of this report (3,4,5) are on reaction
kinetics and their analysis. All have been published in the open literature.

For complateness, refarence is givan to a paper (Chaudhri et al, 1977)
based on work performed by Dr, Chaudhri when he visited Picatinny, and to
other papers published by the group since 1977,

M.M. Chaudhri and J.E. Field, "Past Decomposition in the Inorganic Azides",
from Energetic Materials, Vol, I, Ed. H.D. Fair and R.F. Walker (Plenum,
1977).

J.T. Hagan and M.M, Chaudhri, “Fracture Surface Energy of High Explosives
PETN and RDX", J. Mater. Sci. 12 (1977) Lettars 1055-58.

M.M. Chaudhri, W.L. Garrett, 0. Sandus and N, Slagg, "The High Veloecity
gotonntion of Single Crystals of Alpha-Lead Azide", Propellants and Explosives,
91-93 (1977).

R. Patel and M.M. Chaudhri, "Diffarential Scanning Calorimetric Studies
?f Decomposition of Beta~Lead Azide", Thermo. Chimica. Acta. 25, 247-251,
1978).

T.8. Tang and M.M. Chaudhri, "Dielectric Braakdown of Ionic Arides', Conf,
on Elect. Insulation and Dielectric Breakdown, Washington, (1979).

T.B. Tang and M.M. Chaudhri, "Dieleatric Breakdown by Electrically Induced
Dacomposition", Nature 282, 5734, 54-55 (1979).

T.B. Tang and M,M, Chaudhri, "The Thermal Decomposition of Silver Azide",
Proec. Roy. Soec. A369, 83-104, (1979).

T.B. Tang, "Analysis of Isothermal Kinet’c Data from Multi~Stage Docompolition
of Solidd' Thermochimica Acta, 41, 133-1716 (1980),
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SECTION 3

NEW METHOD FOR TG AND DSC DATA ANALYSIS

H. M. HAUSER ann J. E. FIELD
Physies amwl Chemistry of Solids, Cavendish Laboratory, Madingley Road, Camlwidpe (Gt. Britain)
(Received 28 November 15!77'5

AHBSIRACT

The paper deseribes a graphical computer method for analysing TG and DSC

traces which gives all three reaction parameters (£, A, and ) characterising an ath-

order reaction from a single trace, If the reaction proceeds in multiple stages (£, A4
and 1) triplets ean he'obtained for each stage. The computer progrnmmes are basically
simple and use little computing time (typically a few seconds). The advantapes of’ the

“approach over earlicr methods are discussed. As a test of the method, results on the

dehydration of calcium oxalate monohydrate are described.
INTRODUCTION

The deduction of the reav..on parameters £ (activation energy), 4 (frequency
factor), and » (reaction order) from TG, and DSC traces is clearly of Interest, A
nuniber of methods Have been used in the past to do this but all have unsatisfactory
featurcs, In the work described here a number of Foriran programmes were written
to extract all three reaction parameters of an nth-order reaction from a single TG, or

'DSC trace. The programmes were run on the Cambridge 1BM 370165 computer,

and the plotter was used for graphical output. So that the advantages of the present
approach can be appreciated earlier methods are briefly discussed.

KARLIER METHODS

Murray and White! have shown that the temperature at the reaction peak of
DTA traces can be used to obtain £ and 4 from a number of traces if o first order
reaction {egn. 1) is assumed, where w is the fractional residual weight, ¢ the time, T
the temperature and R the gas constant,

dw E
- =" A exp (- 7("7") " O]
If eyn, (1) is differentiated to obtain the maximum for dhw/ds then eqn. (2) can

be derived, where ¢ w d77df is the henting rate and 7, the temperature ot the rate
maximum,

¢ ) amAR _E L o)
ln( T In E R T

A plot of 1/T,, versus In (¢/T;2) yields £/R as the slope and In (AR'L) as the intereept
of the straight line with the ordinate, The main disndvantage of this method is that
it only uscs u single point (T,,) from a trace to produce one point on the activation
energy plot. A number of experiments are nceded to obtain a reliable value for E.
There is also the limitation that the theory only works for a fivst-order reaction.

27.
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Kissinger? showed that the fechisiene ean be extended to an pth-order readtion
& i
by deriving eqn. (3).

E

LS m A n i enp ( L ) "
R

R,
Me shows in his paper that the produet # w® ! is independent of the heating
rate () and almost cqual to unity, Therelore, eqn, (3) effectively 1educes 1o eqn, (20,
The appronch again makes poor use of the infornution coptained in o DTA trace.

Ozawa's anulysis® of TG traces bogins with a pencral form of reaction equation, v

I '
“3di = = A cxp ("' “RJ) f(w) @

This is integiated by Ozawa who shows that the wolution to the right-hand side of the
cquation is a polynomial in the varinble E/RT. Equation (8) is an rpproximate
formula which relates the heating rate ¢ with £

=~

E ) p
’Og d’l + 0.4567 -R7l~ L] 108 fﬁg + 0,4567 Ri.;' (S)

where 7y and T correspond to the same fractional decompaosition (w) of the sample,
Since a plot of Jog ¢ versus 1/7 can be obldined for cach value of i, Ozawa aggregates
all these results in a naster-curve with a pain In accuracy of the final result, Equaiion
(5) only assumes that the function () §s constant for a given value of w,

This method also needs a number of experiments at different heating rutes to
gencrate enough data for a sinple uctivation cuergy plot, Akhough the method was
developed for thermogravimettic data, it can be upphed (o DSC data by inteprating
the peaks to give values of w, A theoreticol snalysis of such a process Is piven by Roed
et al.t,

Borchardt and Daniels® describe n method which allows £, A and n to be
determined from the shape o' a DTA curve, Their appronch was applied (o reactions
intbe Jiguid phase, The type of reaction to which this method is applicable must have
n single rute constant and the activation cnergy must ol vary with temperature,
By considering the heat transfer cquation of the enlorinicter eqh, (6) was obluined

dN No { daar )
- 8 e MO L RAT 6
6" ka1 e T J ©

where N is the number of moles present, .V, (he initial miber, A the heat transter
cocllicient, .7 the area ender the IYTA curve, Cp the heateapacitios of the Lo liquids
and 47" the wmpetatore diflerence between the two cells, Integration of eyn. (6) with
fespect to thoe zives
Ny
] — . el e -,
N = Ng A 1C, 47 + Ka} Q)
where a is the avea under the TVIA carve up (o the prosent mperature,
The expizssion for the rate constant & of w reaction of order n is

k [ I V‘"‘“ dh/(-“ )

where V is the volume, Subdituting eqns. (6) and (7) for AN and N gives
.ddr .
k ] KA'V n- ("\"(“ L l\/’l _
w ¢ o P e (())
No (K n) - C,d7)
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In order 10 oliain reaction parameters, Borehardt and Daned ™ assomed o value
for i This aliowed & 1o be cadeulareds A plot of Tnk versus 1777 (activation energy
phot) yiclds o straieht dine it wed ondy L the correet vithiee of o has been assaimed,
thus vatues of £, A and n con be obtained. The main ditlicully of this method is the
namber of plats that have to be made for each value of o uatil the points lie on &
straight line. )

A number of computer programmes are presented by Benin ot al.® and used to
solve three problems, namely (i) the production of thermograms given the reaction
parameters Iy A, noand given that the reaction is of the nth-ovder type, (i) the ealeula-
tion uf the (£, A, ) triplet from an experimentat thermogram -+ this is the inverse 1o
problem (i); und (i) the determination of the renction parameters and the complex
reaction mechanism from a given experimental thermogram, The first problem s o
strulghtforward function plot of the solution to the mtheorder reaction equation.
The second problem s maore diflteult, and presents ftself 10 anyone who wants 1o
oblain reaction parameters fram experimental data. Benin ¢t al.® treat it as a problem
in curve fitting, They minimise the discrepancy hetween the experimental data and the
caleulated funciion by taking as the discrepaney eriterion the maximum devintion of
the function from the data, The solution of the third problem Is an attempt to reveu!
the mechanism of a chemical reaction. The progrimmes become quite involved as
they work out activation enerpies for coch section of the thermogram by using a plot
of reactlon rate versus 1/7 for o constant amount of conyersion, o, but different
heating rates,

Tho most gencral form of the fit function assumes n decomposition process
which proceeds in u numbei of individual stages. Ench stape consists of an ¢lementary
nth-order reaction, Le., eqn. (1) with A, £ and wreplaced by A, £, and wy, respectively,
whese 1" denotes the variable belonging to the /th stage of the reaction, The program-

me which optimisesthe it of this function to the duta takesup tod h uf compuling time.
This mukes the method rather eapensive. Another weak point is the disctepancy
criterin betwean the data and the fit, which is taken as the maxinmum difference. It is
well known that the data points towards the end of a decompasition process become
less reliable due to impurities and zero errors. But these points have the sume weight
in the analysis as all the others,

Schempf et al.” describe a programme which fits a least square polynomial to
the weight-loss curve. The quanuty dw/de is caleuluted by dilerentiation ol the
polynomial. A straight line is then fitted to 0 plov of log & versus /7. and the least
square riterion is used again, The rencdon order is assumed o he one, and nd
attempt is made to climinate the deviations from an ideal reaction at the beginning
and end of the weight-Joss curve, Our work shows that this is very critical and c¢nn be
obtained from an Arrhenivs plot performed by the compuer,

NEW METHOD
The method developed was hased on the ideas of Borchardt and Danicls®, Our
data were obtained from both o thermohaliiee (Stanton Rederott) and a Jifferential

thermal ealorimeter (Perkin: Fhner DSC-2).
The analysis assumes a reaction which can he described by

d E
S = e (-5 ) 4o

Since the heating rate A (dey min™ ') is consting, the time variable can be
climinated fion cqn. (10) Ly patting d7de ot (e sec ™).
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Taking natural loparithnis on bath sides gives

- '(‘l\\"“.) - Y /1 x (’0 - ":‘
ln( di In 1j(w) = I =2 T R 1)

Nole that (- dw/dr) is a positive quantity since the fractional residual weight deerenses
with increasing temperature,

A plot of {In(= di,ile) =~ In £,00)} versus {1/T) only yields a straight line if
fi(w) has been chosen corrvetly, In the case of £;(w) = w* the reaction order n is
varicd unvil o straight line is fonnd, The activation eneipy £ can be oblnined from the
slope of this plot, the freguency factor 4 from the intereept on the ordinate and the
reaction order n s determined by the straight line eriterion.

This analysis can also be upplicd to the DSC data since the basic oqn. (12) only
differs from (10) by constants,

.%? w ok AN, = W) A exp (" -RP::I_) f(“l') (2

The 4 (=) in the cquation corresponds to an exothermic (endothermic)
reuction where, @ is the heat given off by the sample, 447 is the enthalpy change of the

" entire reaction, wy is the initinl weight and wy, is the rest weight, and tlw other paru-

meters nee us defined previously.
Taking logarithms pives

dQ i L .

In ('}jf') = J f () ne In 410w, = w,) 4 R (13)
'This time dQ/dr at temperature 7 is the measnred quantily snd w needs to bo

calculated, This is easlly done since, if' the renction results in a weight loss

,‘
vy f %.a (19)

The computer numcrically integrates dQ/d1 10 yield the weight at lime 1. A plot
of {In d@/dr ~ I £(v)} versus 1/7 produces £, A and # (it [(w) = w*)in the same way
as for the weight-loss curves above, The slope s apnin = £/R and the intercept is
I dH(wg = w4,

In practice the data from the TG or DSC is recorded on 8 truck ASC) paper
tape. This Information is then read into disc files of the computer. These files can be
used by the programmaes which caleulate the activation encrgy, ete. After these
propeammes have tun, the plotter output is viewed on a television screen. Only if the
plot is sutisfuctory is a copy abtained from the plotter for the final analysis, The
dimensions correspond ta the original output of the chart recorder so that a direet
comparison is possible. DilTerant pen colours are used to differentinte between the
uw.dnm (black) and the theoretical fil to the data (green). These colours are re-
presented in Fig. 1 as a broken line (Llack) and o full line (green).
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. Fig. 1. Weight loss curve of Ca C20,11:0 analysis. The dashed line is the original data and the full
) linc the replot using the computed (E, A4, ) triplet for the three straight line muons which are

scpamtcd by vertical dashcd lines.

The differential programme* :
There are three different ways in which differentials to the weight-loss curve

were obtained. The first uses differences and produces a noisy differential curve, which
is, however, nearest to the original data. The other two use a polynomial fit; and a
spline fit, respectively. The polynomial fit, usually of 25th order, is generally good but
produces artificially large undulations over straight regions of the curve. The best
results were obtained by a cubic spline fit. This programme fits a third order curve to
sections of the data, and joins them in such a way that the function and the first {wo
derivatives arc continuous. The programme uses a standard subroutine from the
Harwell Fortran library, which chooses its own knots (points where two splincs mceet)
according 1o the behaviour of the original curve. This means that over a straight part
of the curve a long section can be fitted by a single cubic spline, whereas at places of
greater varialion, smaller sections are chasen to be approximated. The differential
of the curve is then obtained by differentiating the third order spline. The fit of the
spline and the differential is very accurate. The amount of data smoothing achieved
by this fit suits the purpose of the following programme (ncxt scction) best,

-
P

TRt e g s e
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b - -
The programme 1o find E, A and n
1t is assumed in this analysis that the reaction that leads to the weight-loss curve

is at Jeast picce-wisc of the ath order, i.c. fallows eqn. (10) with f;(iw) = w™ This
programme plots {In (— dw/ds) ~ n In w} versus 1T for different values of . The
values of diw/df and of w are obtained from a file that was created by the previous
programme and contains the smoothed weight-loss data and the differential in the
. form of the spline parameters. The v'\luc of n is taken as zero for the first plot and

then inereased by 0.2 ten times up to » = 2, These cleven lines have different cury. atures.
The straightest of them can casily be selected by eye and this # value is then taken as
the reaction order. The slope yiclds £ and the intereept A, The resulting triplet of
numbers (£, A, n) are necessary and suflicient to characterise an nth-order reaction.
The type of reaction, i.c. f(w) s w" can be changed casily so that the programme is
applicable o reactions of any type, i.e. f{w) can have any form (e.p. random chain

scission),

———— e

[ . ‘ ! .
This and the following programmes can be obtainetd from the authors.




The programme to produce a theoretical fit from the F. A, n) triplet . .
This programme allows the production of a weight-loss curve '\mh up to four
different sections each of which has its own £, 4 and n factor. It was nnp!:mcmcd'ou
a Hewlitt Packard Desk top caleulator and plotter of the type P 9825. The thearetical
plots produced in such a way fit the original weight-loss curve very \w::ll. Tlxcy' :ﬂ.\(i
provide a useful check that all the calculations neeessary to produce this triplet were

correct, and producc a good fit.

n{ww"s)

'K/

Fig. 2. Activation encrgy plot for various values of reaction order . The # value which gives the
best straight line sepmoents is the one appropriate to the reaction there 8.6). Therc are three steps (o
the reaction but the first two correspond to only ca. 2%, of the weight-loss.

TEST OF METHOD -

The dehydration reaction of calcium oxalate monohydrate

: Ca CzOQHzO bl 4 Ca C204 '*‘ H,O

is well understood and yalues for the reaction parameters can be obtained from the
litcrature®: %, It therefore provides a good test case for the new analysis method.
Figure 1 shows the weight-loss curve of a sample of Ca C;0,H,0. The dashed curve
represents the original data and the full curve the theoretical fit based on the computed
(E, A, n) triplet. Figure 2 shows the activation encrpy plot. The number at the end of
cach ling gives the reaction order that is assumed for the calcuiztion of the corre-
sponding tinc, The straight lines which approximate the curves best are used to obtain
(E, A, n) triplets for the threc scctions. Since these (E, A, n) triplets completely
specify the reaction the original weight-loss curve can be modeticd (full curve Fig. §).
The sesults obtained with this methed, and literature values are summarized in Table
1. Al our experiments-were performed at a heating rate of 10 deg min ™, The results
obtaincd in this way have an error of = 5 kJ mol™! which is due to the variance of the
samples themselves. The method itself has much greater accuracy. It was found that
the best straight line could be fitted to a curve corresponding to a reaction order of 0.6

TABLE 1

F nA ' Ref.

(kJ mole~1) .

87 198 This work
84 1.5 This work
RS 21.0 8

92 . 9
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which indicates a surface reaction (theorctically 2/3). It can also be secn on Fig. 2
that there are three distinet stages of the reaction, The first two, however, correspond
to only 2% of the weight and are aitributed to volaile subsmnccs on the surface.
This shows the sensitivity of the method used especially mnsukrmo that the vertical
axis has a logaritbmic scale. The real dch)dr'mon reaction is rcprcscnltd by the lust
straight line segment.

“The method outlined in this paper has recently. been suceessfully applicd ' to
decomposition studics of P.E.T.N., P.E.T.N. with fillers, high density polycthylene
(HDPL) and polytetrafiuorocthylene (PTFE).

- e m—. s
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SECTION 4

ANALYSIS OF ISOTHERMAL KINETIC DATA
FROM SOLID-STATE REACTIONS

Tong B, TANG and M. M. CHAUDHRI

Physics anid Chemistry of Solids, Cavendish Laboratory, Madingley Road, Canmibridge Ux
(Reccived December 12, 1978)

In most solid state reactions the reaction velocily can be described as a product of
iwo functions XK(T) and f{1 — 1) where T iy the temperature and « the degree of con-
version of the solid reactant. The physical interpretation of those functions is discussed,
and a systematic metnod is described by which /it — 1) of a reaction is identificd from
its kinctic data. A(7) and the reaction mechanism are then determined. This method
has been successfully applied to analyse the hinetics of the thermal decompasition of
silver azide.

In a solid-state reaction, the reaction velocity is given by —d/dr (1 ~ a) = 4,
where « = a(f) is the fraction of the solid reactant which has reacted by time 7.
Its kinctics can be solved by determining d as a function of temperature and the
global amount of reactant left. This phenomcnological knowledge is a necessary,
though not sufficient, cordilion for clucidating the reaction mechanism. 1t is
necessary to formulate the reaction velocity in terms of the global variable «,
because there is a continuous collapse of structure in the reactant. Furthermore,
the local concentration of the reactant varies throughout the reaction volume and
cannot be used as a state variable. In fact, unlike the case of a homogencous re-
action in the liquid or gascous phase. there is no real ‘reaction order® with respect
to any reactant in a reaction involving condensed martter whose mechanism is
usually of the heterogencous type.

If the reaction procecds isothermally, it is obscrved empirically that (x. 1)
curves corresponding to different temperatures T arc isomorphic to onc another.
at least within-a range of 7, i.c.. by a lincar scale change in 1. different curves can be
superimposed [1]. It follows that % is a seprrable function:

(&)i:oihcm:ll = K(T)ﬂ:l - 1)' (‘)_

Here f{(1 — 2) may change in different ranges of 7 or x. For every f{I — 2). there
corresponds a single A(T). It should be noted that experimental data may be ade-
quatcly analysad by {1) oaly if it has been ensured that the temperature distribution
in the sample is suflicicntly uniform and constant. Furthermore, the theotetical
significance of K(T)and f{1 — #)}determined {rom the data should always be exam-
ined with! regard to, the class of mechanisms they indicate. A question of con-
iiency arises in this respect. In the literature, coherent and integrated accounts
of the physical (as contrasted with the formal) meanings of K(T) and {1 — %)
are not castly found. A discussion on their interpretations thercfore forms the
first part of this paper. In (ke second part we propese an efficient method of de-
termining. with confidence, both {1 - «) and A(7) from 7 and x(¢) data. The inter-
pretation of /(1 — x) is the cssentiai link in this methed between the experimental
data and the functions.

Phy~ical interpretations

The function f(]—xj

Solid-sate reactions are comiey precesses which procecd in several stages.
These can be the delecalization o transler of clectrons iy chemical bonds (in the
case of non-metals), the dilfusio + of ators, free rudicals, or ions. the desorption

N
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of product molecules when they are in the gaseous phase. the heat trunsfer to the [
reaction zone in the case of endothermic reactions, and the formation of a new solid ;
structure (crystalline or amorphous) if one of the products is in the solid phase. ;
. The last step may often be further differentiuted into nucleation. growth of nuclei
(at velocities which depend on sizes of nuclei) [I] und sometimes the cellupse of a

3

] the lattice from 4 transitory one to the equilibrium structure [2). Irrespective
i of the details of reaction mechanisms, however, under a given set of circumstances
: (7. 2, sample history etc.) one of the stages will be the slowest. 1t then acts s the
rate limiting step cf the reaction, and it will determine the kinetics i.e.. the rate
law in (1)
) Further, a solid-state reaction has. in contrast to a homogersous reaction whose
i _progress is independent of spatial coordinates. an additional controlling factor.
s ' namely topochemistry. This refers to the geometrical shupe of the solid reactont
' and, in different cases, to its ree surfce area, its defect structure, the thickness E
of the product layer if solid. or to the product-reuctant boundary, ete. y
The function f{1 ~ %) reflects the nature of the rate-limiting step and the topo-
chemistry of the reuction. It may accordingly depend on certuin sample conditions.
such as whether the sample has been pre-irradiated or bleached, and whether
the sample s in the form of 4 powder, or a large single-crystal of a different shape
from the crystullites. 1t will vary in several ranges of T'if in each of them a difierent
elementary step becomes rateslimiting. as occurs in the decomposition of potassium
azide {3} At a given temperuture, it may also change in different ranges of a.
due to the switching of the rate-limiting step or topochemical changes. This hap- :
pens, for instance, in the oxidation of zirconium (4] and in most decomposition |
processes [1). An extreme case is the decomposition of ammonium perchlorate i
which, in the two temperature regimes below and above 620K, has entirely dif- !
A ferent reaction mechanisms and in fact yields different reaction products [$). '
‘ In such cases there may be competing paths for the chemical reaction or it may .
in fact be followed by another chemical reaction whose ‘onset temperature’ is B
higher. In all possibilities, however, i1 .= «) should be the same for a given 2

independent of /* (within a range) if it Is to have more than only an empirical i
significance.

In Table | we have collected togethur the more common forms of 11 — %)
which have been used in the literature, und the corresponding integruted forms

b 2 J
rfi\ \' dt #/f{1 ~ 2) = | dxjfll = 2} = F(2). Note that F(x) = K (r = 1,) if the range t

O C - SR TR A
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of a for which it becomes applicable starts ut % = x(1,). Also, for simplicity here-
after we write K for K(T).

In many reactions, such as most deccrrpesiticns and dehydrations, the rate-
limiting step takes place at the interfi ce bctween diffcrent phases as in sublimation,
The speed at which the interfuce movceu fiu e vsictant is (at a glven temperature)
then either u constant, or & unique function of the interfaciul area. This area
therefore, from the kinetic point of view, plays the same role ay that of con-
centration in homogeneous reactions. If the speed is constant, then the theoretical
significance of 11 — x) is tlear: it gives the area expressed us a fraction of the
original area at x w 0. This is the case of a reaction controlled by the movement
of a coherent phase-boundary and listed as £, G and M in Table 1. In this situatjon,
the explicit form of /11 — %) depends on the geometry of the reacting system,
though generally it is n decrensing function of 2 or at most constant,

If the reaction consists of the formation of compuct nuclei of u solid product
at localized places in the reactunt followed by their relatively rapid growth, then,
to express the total interfucial aren, A1 — «) is derived from the luws of nucleation
and growth. This is the situation when the reaction is autocatalytic [13): reactant
molecules at u reactant-product interface react in preference to those at 4 reactant-
‘vacuum’® surface. The preference is due to the existence of microstrains in the
reactant at the interfuce, or due to the electrochemical potentinl of the product
phase when the rate-limiting step is a redox process, The various possible forms of




it = 2y for an autocutalytic reaction are listed in Tuble 1. A 1o £. Nowe that they
2 have the general form f{l — ) = "1 -- 0%, In 4. B und E. ¢ is 7evo and

: igreases monotonically with x. Such a situation is most unlikely 1o just up to
2 = |, These types of /{1 - %) therefore may apply only to the acceleratory part,
if it is present in the a-time curve und which will usually be followed by u decay
purt. In C and D, ¢ is non-zero and these types give sigmoid-shaped curves, The
inflexion point occurs ut x' = p/(p + ¢). as can be seen at once fram the condition
i = 0. Itis thus kinetically feasible for them to fit the complete experimental curve.
There are. however, physical grounds to consider that zven they should be used
10 analyze oaly the accelerutory period (1],

In other reactions the rate-limiting step is not canfined to, or does not only
oceur at, the reactant surfiace. For instance. in the unimolecular-decay type of
: reaction, all molecules whether on the surface or in the bulk have uin equal proba-
: bility per unit time of reacting. This is the case when the chunge from the re-
actunt to the solid product phase involves little re-urrangement ol the reactant
atoms, The reaction has homogeneous mechanism and thus ua true reaction
{ order of one, i.e. f{l = 2) = | — % Many decomposition reactions tend to this

FEETILT

Table |

The common types of solid-state reaction

=

Reaction

et e et i e et o & e et 1 omnt s b im b bt e et & meimam e = eiean T e e e ok sem e heb A e ———— o

Autocatalytic  Power-law nucleation and growth at constant speed: A

¥ Linear branching chain of nuclei, no overiap during growth: 8
Branching-chain nucleation, interference during growth: €
Random nucleation, growth accompanied by ingestion of nuciei: D
Instantaneous nucleation, size-dependent growth: £

Phase-boundury controlled decay 1-dimensional: <
2-dimensional: G
-dimensional: H

Unimolecular decay: /
1-dimensional: J

2-dimensional: X
d«dimensional: L

Diffusion-controlled

S = a) = yK Fla) -« At m Referance
A almim At = 1.2 [6)
B a Inz~— C(T) h {7
¢ al—3) ~In{=U =t - " 8]
- C']
- D {=ln(— ap=1"(] -~ a) x
Y RILSTLE SR n{=Ing) ~ ylim n {9, to} v
£ 2xyid e 2=l " (]
F 1 x 1.24 {3
G (1= apr 21— (1 - =u?) L1
H (1= A= (1= 1.07 (12}
! 1= —In(l = »n 1 (13
J 1 242 N.A2 [14)
K | i=In(— 1+ (1= 2)in(l — 7} 0.57 [14)
p ol == e (1= =t > 34— (= o) 0.54 (s}
i x ML= M {—In(l — N}
! IR TRUE I R M= (1~ a2 0.87 [16) "
2 y{—Inti = 2, -

HLlog {=In(l - »} = Constant + mlog +. 0.13 < x < 0.}
it) Plot of L.H.8. in i) against log 7 distinctively concave upwards; €, and 7, &re constants
i while C(T) is function of temperature
5 iti) b = 0.774, 0.700. 0.664, 0.642, ... D55 forn =2 X 4. 5.... =«
iv) Alternative derivations; we have obtained the approsimie forms of i1 — z) by ex.
nanding into serics (1 = 2)=* and (I ~ ») =" to second order in 7: resulting error & x%6
\a \ (<10% for 1 < 0.8)
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limit at high « values. Another example is when the rate-limiting step is the
migration of product ions along the dislocation network to form additional
growth nuclei at dislocation nodes [17]. This leads to {1 ~ &) = %, the same form
as for branching nuclei [7]. The slow process of ‘ageing’ in some explosives when
they are stored at room temperature may be by such a nucleus-chain mechanism,
A third category consiste of reactions controlled by the diffusion of reactants
across & product layer which is solid. The diftusion may proceed uniformly through
the bulk of the layer and is thus sl,ucture-inscnsitive, or preferentially along its
gross lattice imperfections arising from product-reactant mismatch, In the case
of uniform diffusion, the speed at which the product-reactant interface moves is
u function only of the product thickness (and temperature), and the appropriate
forms of f{1 — a) are included in Table | as J, X and L. The oxidation of metals
often follows diffusion-controlled kinetics; in sheet form these tarnish according
to the purabolic law a¥ec 1. Exceptions uret hose metals in Groups la and 1la of
the Periodic Table. Excluding beryllium, they all form oxide layers which are
porous, so that the atoms of the metal do not have to diffuse through a cuherant
layer before coming into contact with oxygen.

The funcvion K(T)

It is almost always the case that the temperature-dependent part of (1) can be
represented succesafudly by: —

K(T) = K., exp (—E[kT) )]

in which k is Boltamann's constant, ::nd the macro-kinetic constants £ and X,
do not depend on T (within the range), though usually they take on different values
when /{1 - &) changes,

If it is established that the reaction is rate-limited by a diffusion or migration
process, the interpretation of K(T)is complicated, but obviously it is proportional
to the corresponding transport'coefficient, which in general is an exponential func-
tion of 7. An over-simplified theory for the situation of utiform one-dimensional
diffusion gives K(T') = (S/V,)’D(T), where S is the interfacial area, V, the initial
volume of the reactant, and D(T') the diffusion coeflicient (cf. {19]).

For a single-solid-reactant reaction which is controlied by a surface process,
on the other hand, the simple theory of Shannon [I18] is often successful. This
theory is a generalization of the Polanyl — Wigner equation. Assuming the existence
of some activated complex, which as a transition state can be treated in thermo-
dynamic equilibrium with the reactant, he related the pre-exponential factor K.,
to the rotational and other internal degrees of freedom of a reactant molecule
in addition to the vibrational ones. Following Shannon we can set: —

K. = (KT'h) exp (4S%k) 68V, (3)
and exp (~E/kT) = exp (— AH3KT). 4)

Here the mean-frequency factor k7/h containing Planck's constant is usually in
the region of 105~ (sce below), 45% and 4 H* are respectively the entropy and the
enthalpy of formation of the transition complex, d is the thickness of one mono-
layer and ¥, the initial volume of the reactant, und Syf{! — 2) gives the free sur-
fuce or the product-reactant interface area when the degree of conversion is a.
(Strictly speaking. it has been assumed that the reaction proceeds isobarically).

Note that in this interpretation the empirical quantity K. contains the surface-
-to-volume ratio and so depends on the sample geometry. Also, it is apparently
proportional to 7. (In gas reactions, the collision theory gives K, % 71) In our
opinion, however, if the vibrational modes are being considered then only ut low
temperatures will the peak distribution of phonon frequencies lie at A774. For
most substances (with the exceptions of Be, Crund diamond) the Debye tempera-
ture #p, is less than 500K, so that the frequency fuctorshould stay as kot b £ 104!
for all likely experimentul temperatures,
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The fuctor exptAS7 4) may aliernatively be written in terms ol purtition func-
tions as (4@, which cuan be determined from spectroscopic data [20]. In most
cases A5° cannot be larger than the reactant entropy ol melting, and exp(4S5¥k)
comes out normally between unity and 10°, Occasionally exp (45%4) is found to
be lcss than unity. us is the steric factor in gas reactions. Such a negative value of
4S* means that the activated complex is more ordered than the reactant (e.g.
[21]). Experiments on some decomposition reactions have given X which are ab-
norimally high in comparison to the theoretical valugs of (3), Hypotheses put for-
ward to explain such discrepancies include co-operative activation [22). proton-
delocaliztion {23), and a mohile layer of molecules on the reactant surface [18].

Kinetic analysis
Current practice

In determining the kinetics one wishes to find K, , £ and A1 - 2) or equiv-
alently F(«) so that the reaction velocity can be predicted at any given T and .
This is commonly done by unalyzing a set of a(r) or equivalently 2(1) values ob-
tained by monitoring a number of samples reucting isothermally at a number of
temperatures. The consistency of the X, and £ values with f{1 — 2) should as far
as possible be assessed, and correlated with, for instance, microscopy.

A quick method of calculuting E was used by Huynes and Young (24]. Consider
a set of (. 1) curves which huve been found to be isomorphic. For any two curves
(2, 7,) and (2,, t;) corresponding to temperaiures 7, and 7, respectively, one can
write

F(x) = 1K, exp (—~EikT)
Flay) = 1K, exp (~EKT),).

By choosing points corresponding to the same x on the two curves so that F(x,) =
= F(a,), £ can be evaluated by plotting In r vs. ;7. On the other hand, to deter-
mine F(x) often & trial-and-error method is resorted to, Conflicting forms df the
function have sometimes been asseried by several authors for the sume material,
like NH,ClO, (see {25]) und KM,0, (see [26]).

A conventional way of superimposing isothermul curves is to convert them into
‘reduced-time plots’ by individually scaling their rsaxis with the factor 1/1,, where
7, is the time when 2 = 0.5 on the /-th curve. In this way K(T)) is absorbed into
each scale factor and all (2, 1) = (0.5, 1) paints coalesce, while other x(1) points
may be plotted vut tc # the curves are indeed isomorphic. Sharp et al, [27)
tabulate the theoretical  ues of x against 1/ for some of the F{x) shown in Table I,
They propose that by comparing experimental duta with such master values the
correct F(«) can be identified.

The above method may. however, result in ambiguity due 10 u number of as-
pects. Experimental data contain rendom errors. but no simple statistical analysis
can be applied to the identification criterion it employvs because no straight-line
graphs are involved. Additionally. a general problem for all isothermal experi-
ments is the zero-lime uncertainty, The finite time tuken by the sample to reach
the designuted temperature may be negligible relative to 1. yet may affect the com-
parison with the tabulated values [28]. Morcover. F{z) may change in different
regimes of the «(r) curves. as mentioned enrlier.

)]

A new method

Here we suggest o step-by-step approuch to determine F(x). It was noted by
Hancock and Sharp [28) that for many forms of F(x). the plot of log]~ In(! — )]
vs. log £ is almost linear if « is restricted 1o between 0,18 and 0.5, Using a com.
puter program to generate artificial values and their log-In plots, we have found

38,

e o ih it i

WPPE - WGP e

PR




g'
E
3
&
;

k
]

o mmem w—

R Rl o i R S

-

this trae for all the theoretical forms fisted in Table | with the exception of 8,
C und £ The slope in cach case is listed there under the Column “or.

Obviously a log-ln plot is not very sensitive. I we were 1o rely salely on 6ito
discriminate between the Tungtional forms of /), the experimental datn would
have to be of the highest quality. A slightly more sensitive way is to plot [~ In(l -

0" vy, . but then m cun only be abutined iteratively. Fortunuiely. m does
ditfer significyntly between different groups of Fix), and the final discrimination

is casily achieved by a further graphical step. There are three possible situations
for this second siep: ~

Lo = 2or logsdn concave upwards

It will be seen from Table 1 that this situation suggests an autocatulytic reaction.
for which 2 = A"l ~ 2% for certain p and ¢. From the experimenta’ daty of %
and 2 ane can then do o least-sguares it on the griph of § log %0 log ¥ against
dlogtl - x)/dlog 2, and find p rom the r-intercept and ¢ from the slope. Here
dlogd s log d(r)) ~ log 24y et

For an 2 expression of this form, one has p(1 - 2') = gx'. where 2" is the value
ut maximum 4. Using this relation to reduce the number of unknown parameters
1o one, one cun use a simpler graph to determine p and ¢ [26]. However. the cal-
culated values of p and g are then subject to the accuracy of & and. more fundu.
mentally, the possibility that p and ¢ may change from one runge of 2 to unother
is not allowed for. As mentioned above, those types of f{l - 2) in which ¢ = 0
represent the acceleratory period which, in general should be followed by o decay
period governed by a different form of Al — ),

omx|

The reuction is either phase-boundary controlled or unimolecular, and 2 =
= K(l - 2)% as seen in Table 1, One then draws the graph of log 2 aguinst
log (1 — %) to find r, the apparent reaction order.

Lm=a2035

The reaction is diffusion controlled (see Table 1) One hus to test separately
whether (¢) is parabolic (the diffusion is in one dimension), or -2 In(l — %) =
= Al = % with y = 0 (two dimensions) or s = 1 3 {three dimensions).

The correlation coeflicient in the least-squares it serves. by measuring the li-
neurity of the 2 graph, as a quantitative indication of the confidence to be attuched
to the identified form of /Ul - 2} It may be that pand ¢. v or s change once ar
twice us the reuaction proceeds from beginning to completion, but the 3 graphs
will show it by displaying several lineuar segments. 1t however, a part of the gruph
say from (). £,) 1o (xa f4) is non-linear, then Fto) has changed to a form in unother
group, The first step should then be repeated for that part: log[=Intl = [¥ + ;]
1 = = ])] is plotted rs. Tog(r = 1)) for x between ¥, + 0.18(x, ~ 2)) und 2, + 0.5
(2. — %,). followed by one of the above three alternative procedures. On the other
hand. if a good fit is found with values of p and ¢. r. or v that are not ir Tahle 1,
the experimenter should assess whether theoreticul justification can be provided.
In this way new rate laws may be identified.

Confirmation is carried out by plotting the sclected functional form or forms
on top of the experimental curve. A slight misfit in the very eurly part (~ 1
minute. depending on the sample size und the environment) may be attributed
to therma! lag-time and ignored. The 4 graphs give AL and from a set of A values
at different temperatures A, and £ can be Jetermined. Note that the determination
of these macro=kinetic constants depends an the form of f{] - %) chosen. ax it
should he,
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It may be added that we see it an immediate possibility to have full automation
iz in the acquisition and processing of data in thermal analysis experiments. The
i hardware can be under the control of microprocessors or dedicated minicomputers,
? : and their output would go into a computer or the same minicomputer, A com-
3 puter program can then reduce the data to 2(¢) or A(t) curves, and further analyse

2%0 300-
Time,min
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Fig. 1, Decomposition of a single crystal of AgN, at 351 K; 1. Thermogravimetric data,
2, a-time curve, 3. 1 — (I — a)'* u5, time.
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Fig. 2. LogeIn plot

j the curves to identify f{1 - «) and so calculate X, and £, uccording:to the method ;
proposed here. Nevertheless, the physical interpretution of these results by the P

experimenter remains the crucial step. ;
The method has been applied to investigate the kinetics of siow thermal de- [
composition in silver azide single crystals using thermogravimetric data, Curve |
| in Fig. tis a typical experimental curve of weight loss against time 1, and Curve 2
is the corresponding reduced-time plot of x vs, +.t. In Fig. 2 we plot log[=In(] =
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- )] vs, log(t/1) for 0.15 < % < 0.5, obtaining essentially a linear graph of slope
=1.]. The decomposition of AgN, therefore appeuars to be phase-boundary
controlled or unimoleculur. Accordingly, we draw in Fig. 3 the graph of log 4 s,
log(l = a). It shows that between | — 2 =1 to 0.1, d = K(! = %' withh the
correlation coeflicient among the data points better than +0.9, Indeed, the plot
of 1 — (1 — ) vs. r(Curve 3, Fig. 1) is a good straight line, with u correlation
coetficient of +0.99 for 0.1 < 2 < 0.9, The decomposition is thus of the contract-
ing cylinder type. We have also obtuined K, and E. and found that their inter-
pretation in terms of Fqs (3) and (4) leads to a pluusible physical picture, Further
details are given in a separate paper devoled to the mechanism of the thermal de-
composition of AgN; (30].

In a second paper [29), we discuss the unalysis of' dynamic kinetic data which
are easily obtained from modern thermounalytical instruments,

Conclusion

We have described a systematic method fur determining the kinetics of solid-
state reactions from isothermal data, It may be stressed once more that whenever
possible a judgement should then be made on the consistency of the K, gnd E
values with the implication of Il = ) regarding the likely mechanism of the

reaction.
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and the U. S. Army Armament Research and Development Command. Thanks are also
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ANALYSIS OF DYNAMIC KINETIC DATA FROM SOLID-STATE
REACTIONS

ToNG B, TANG and M. M. CHAUDHR!
Physics and Chemixtry of Sollds, Cavendish Laboratory, Madingley Road, Cambridge U. K.

Poray

(Received Decembe: 12, 1978; In revised form August 20, 1979)

The kinetics of heterogencous reactions, involving one reactant in the solid phase,
usually follow the law 2 = K, exp(— E/kT)M(1 — 1), whero x is the degree of conversion
of the solld, and K, and E are the kinetic constants, A critical examination is given of
the various methods which are currently used to analyse dynamic cxperimental data. b
The limitations of these methods and their Insensitivity to the form of f{1 — 2) are
pointed out. An alternative approach free from these iimitations is suggested. In this,
f(1 ~ 2) is determined from isothermal experiments, and then the dynamic data are
accurately analyzed to obtain the values of the kinetic constants. A case study is given E
to elucidate the applicability of the approach. 3

There are many reactions of interest in which one of the reactants is in the solid
phase. These reactions can be classified variously os decomposition, dehydration,
calcination, dehydroxylation, reduction, polymeric inversion und degradation,
oxidation etc., and they occur in o wide range of substances including ceramics, 1
explosives and biological materials. The dynamic method of studying their kinetics
involves measuring the reaction rates under conditions of a continuous temperature
change.

Originally proposed by Skramovsky [1], the dynamic method is becoming in-
creasingly popular, especially with the development of differential thermoanalytical
techniques like DSC and DTA. Since the initial temperature can be chosen so that
the rcaction rate is relatively insignificant to begin with, it does not suffer from
zero-time inaccuracy —u problem whichexists in isothermul experiments where the
temperature is raised rapidly and then held constant at a particular value. A further
advantage is that, provided the dynamic data have been unambiguously and cor.
rectly analvzed, any changes in the kinetic constants will not be over-looked even
within smull temperature intervals, In contrast. the isothermal method only pro-
vides values averaged over discrete points in temperature. Also. when the method of
analysis used is such that the kinetic constants are calculated from each dynamic
curve then very few samples are required: only a milligram or so of the material is
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- needed for its thermal characterization, If many runs are indeed carried out. differ-
enees between individual samples can be determined. The last two advantages are
particularly useful in single crystal work.

On the other hand. intrinsic differences should be carefully distinguished from

k| the effects of experimental conditions. In the first case litzrature data have shown

,‘,3_ J , that experimental parameters such as sample mass [53] und shape, particle size in
the cuse of powder samples, and ambicnt atmosphere (or vacuum)can affect signifs
i icantly the calculated values of kinetic constants (see [2]). If this happens. then
}1.( whenever possible the empirical results should be extrapolated to refer tou ‘stan:
¢ dird set ol experimental conditions, Secondly, the heating rnte very ofien affecis
v the shape of the dynamic curve obtained, but discussion will be deferred to the next
- section. Lastly. the very fact that temperature is now 3 variable. in addition to time.
: J complicates the unalysis of duta, 11 due care is not taken, either inuceurate or towally
o : mislending values nre oblained. bn fact, o survey of the literuture reveals several

! instances of high-quality experimental data being missinterpreted by methods

: : beyond their runges of validity. [n this paper, we first describe the various methods

! und point out their limitations, We thén defend the approach in which use is made

of both isothermal and dynamic experiments, The analysis of isothermal data yields

Ly JU —2) (as defined below) unambiguously and, knowing /{1 - %), one can calculate

3@} individunl values of the kinetic constants from each set of dynamic data. We may
{

mention that, historically, isothermal experiments were the only ones employed

i in the pioneering age in the twenties and thirties. when solid-state reactions began g
5;‘_ (o be studled from the modern point of view, as distinct from that of Langmuir.
¥ Nernst und Tammann,

' Kinetic squation

As discussed elsewhere (3] the Kinetics of a reaction proveeding isothermally can
usually be described by the empirical relation:

Dpornermal = KA1 =2} exp (= E/RT). : (hH-

o e
e o a2 care

Here 2 is the fraction of the solid reacted, & Boltzmann's constant. T the tempera- .
ture, and f{1 =) and the constants K, and E are characteristic to the reaction., |
The function {1 ) may change in different ranges of x but is, for a given 1, inde-
pendent of T at least within a range of 7. K, and E should be the same for the

‘i ; sume /{1 — %), If the rate-controlling step of the reaction occurs on the reactant-free

T surface or on the reactant-product (solid) interface, then K, will contain the sur-

" ' fuce-to-volume ratio. In other words, the reacting system should reaily be normal-

H ized perlunit Jarea rather than per unit size, and K, be given in units such as mole-
culess™ ' m~%,

5 Some authors have questioned the general validity of (1) on various grounds
: | (47}, However, in the literature (1) is almost always successfully fitted to experi-
[ mental data. Indeed, this empirical relation can be given mechanismic jutification
(see [3].
In dynamic experiments, also, it is commonly agreed that (1) may be adapted to
describe the reaction rate;

g = K, (| ~x)exp (- ERT()) (2)

T(*) is controllable by the experinienter. Some temperature programs offer the
muthematicul advantage that exp [~ E/AT)T can be integrated analytically (see
later discussion on integral methods of datu analysis). Examples are the hyperbolic
program where i'T' = A - B, i.e, T = BT [8, 9]; u parabolic program in which
AT + BT — C =1, ie, /T = 24T + B, with B = AE/K, by iteration [10): and
an exponential program so that T = exp (- B/T) with 8 = E:A [10). For the sake ‘
of cxparimental convenience. however. the arrangement is usually that T =g \
(A. C und & represent constants in a particular run of experiment). ;
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However, it has been taken by some authors who object to (2). that
¢ Ca ‘%

where [L«’:I, ™ (3),onerma The argument is then that (2} is seen to be inade-

quate even in the case of d¢ = 0, since the second term on the R.H.S. of (3) is non.
zero but left out in (2): see e.g. [11, 12]. It has further been proposed [13), by a
derivation starting from (3), that (2) is correct only if it includes the extra factor

(1 + (1 = T/T)ET)

in which T, = T(0). But we hold thut (3} is unsound. Given . T and ¢, 2 is not
uniquely determined und therefore not a function of thesc system variables: ¢dx >
> 0, as 2 cannot decrease even for negative T and d¢! Nevertheless, the inexact
differentiul dx can be integrated, if the dynamic process can be treated as the limit-
ing case of a series of time intervals, during which the reaction proceeds isother-
mally according to (1) but at the end of each of which T is altered. in & time so short
that during it the sample is unchanged. Along this path P the result is easily ob-
tained (14]:

H r
* o da ° Ke
T - W e - 4
J AT=%) ;l Kdi=-2 i' exp (= EKTHT @

where K = K, exp(—~E/kT). We must emphasize that (4) is not logically seif-
evident, as is sometimes implied [14] or argued by mathematical operations based
on the presumption that 2 = a(7, #) {15). Rather, it comes from the assumption
that the reaction under study involves no slow processes, so that & depends only
on the present values of @ and 7°(a is a function of state), but not on the history of
the reacting system {c.f. [16]). Only by this assumption (absence of memory effects)
can the dynamic process be treated as P, (Experimentally. a temperature program
with temperature jumps. which approximates P, has been realized on a thermo-
balence interactively controlled by computer (17].) Equations (2) and (4) are of
course equivalent. Their validity hus also been shown by ‘rational’ thermodynamic
arguments. in which the functionul relation 4 = g (1, Kt) is regarded as the ‘con-
stitutive equation’ characterizing the reaction system [18]. In a new direction,

the possibility has been suggested [64) that solid-state reactions may be studied
by far from equilibrium thermodinamics.

On the other hand, experisnce shows that apparently (4) is not always followed
exactly. Consider u reaction being investigated by a series of experiments conducted
at different heating rates $ but with the same initial temperature 7, In (4) we see
that the R.H.S., for a given upper temperature limit 7. is directly proportional to
1/9. Plots of the L.H.S. vs. T should therefore all have the same shape. It may hap-
pen, however, that increasing departure from isomorphism is seen when experimen-
tal data obtained at higher ¢ ace so unalyzed. The most probable explanation is that
the temperature change is too fast. causing the temperature distribution in the
sampie to become significantly non-uniform. In fact, thermal equilibrium Is an
undetlying assumption when (4) is derived above: without it 2 will depend on the
thermal history of the reacting system, '

Other fartors may also bu at work. The reaction rate may be sensitive to the
structure of the reactunt, and a higher ¢ can enhance the defect density or change
the activation energy of reaction at a defect site [19). In branched-chain reactions.
the speed of the progressive acvumulation of active centres may vary with the rate
of change in temperature (20). If the reaction is a surfuce process. the distribution
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of reaction ‘centres’ among corners, edges or faces of the sample may change with
@ [21). It may also be that the chemical system under study has multiple reactions
proceeding concurrently in it. and they have different E [22]. All these variations
in E may be accompanied by changes of K, in the same direction. Because of this
coupling, a linear relation between E and log K, is sometimes observed. Called the
‘compensation effect’, this phenomena does not necessarily mean, as was suggested
{4), that the Arrhenius expression in the R.!LS, of (4) is invalid, In all these cases,
by varying ¢ the experimenter can, in fact, gain additional Insights into the mecha-
nism of the reaction, or distinguish between the competitive reactions in the react-
ing systems (u situation usually, though not always, indicuted by the presence of
multiple peaks in the & curves). This is possible if the method of data analysis
employed is such that X, and E are determined from a single @ or 2 curve, rather
thun from data at & number of heating rates. The method we suggest will be of this
type.

It may also happen that in (2) X, x 7, so that it cannot be taken outside the
integral sign in (4), Indeed. modifiuations have been suggested of some methods of
data analysis (those that assume a reaction order for the reaction) to take this extra
temperature dependence into consideration [23]). However, even when theoretically
required, the correction may for practical purposes be ignored, unless £ is small or
temperatures used are very high (d In X/dT = [E + AT)/kT*). Likewise, any slight
temperature dependence of £ can usually be neglected. Furthermore, irrespective
of this or the above complications the form of /{1 - a) in (2) and (4) is not affectec.
It should be the same as that in (1), on the basis that the dynamic process can be
treated as the limiting case of a series of isothermal intervals, as already mentioned
above,

Data analysis

Experimentally, ¢ or « is obtained by DSC, DTA, TG, DTG, quantitative IR
spectroscopy or X-ray diffraction, dilatometry, or measurements of chemi-lumines-
cence, ultrasonic attenuation, dielectric constant, viscoelasticity, thermal or electri-
cal conductivities, or optical reflectivity when changes in these characteristics can
be correlated with a. The oldest technique is thermomanometry, in which the pres-
sure of an evolved gas is measured at constant volume, but its use has so far been
more popular in isothermal experiments. Many methods of analyzing d or a data
have been proposed to calculate the kinetic constants £ and X, (for a critical
review of the earlier work see {24)) and sometimes also /{1 — &), Often they were
originally formulated with reference to one particular instrumentation, but they
may be made generally applicable to all techniques after quantities measured on
DSC, DTA. TG instruments etc. are all interpreted in terms of « and 4. On the
other hand, their validity does depend on the particular reaction whose data are
being analyzed. Their limitations in this respect form the subject of our discussion
below. They will be examined in three groups: peak-temperature, integral and
derivative methods, in this order. Sophisticated instrumentation systems are com-
ing into use, that incorporate computers to establish baselines or other null settings,
to carry out automatic data acquisition, and to let the experimenter interactively
analyse the data (e.g. {25]). Such advances do not. however, remove the danger of
uncritical choices of the method of data reduction.
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Critical examination of current methods
Peak-temperature method

Kissinger [26) considers reactions of the type f{1 —2) = (1 — )", Differentiating
(2) with respect to 7, and setting the resulting expression to zero, he obtains

&, (E/kX@/T3) m exp(=E/kT, )0l —a,)'d,, (3)

in which m,signifiss ‘p:ak' quantities, at the point of maximum & where & = 0,
He next nssumes that n(l ~«,)* ' x |; therefore

o7, 3 exp(~E/kT,,) )]

regardless of n, which itself may be calculated from the shape of the 2 (1) eurve.
£ und &, on the other hand, ure obtained by performing a series of’ experiments at
different ¢, An aspect, which we regard as an inefficiency, of Kissinger's method is
that only one point on the ourve is used although, in the case where multiple peaks
occur signifying that different /{1 = «) and £ govern different sections of the curve,
the method should still be applicable to each peak.

There is, however, an important limitation, The a priori condition that /{1 =) =
= (] =«)" is actually valid only in very special circumstances, namely when the
rate-limiting step of the reaction is the inward movement at a constant speed of
the reactant-product interface, where » is 0. 4 or 2/3 for one-, two-, or three-
dimensional movement, respectively, or when the reaction is unimolecular so that
n = 1. Even among these special cases, the other approximation that Kissinger
uses is still conditional, since (1 ~«,,)" ' w | only for n = 1. When »n is % or 2/3,
this expression varies with &, approximately as da,, #(1=n)/(1 «=%,)*" 2 0.2
day,. where dua,, is the variation in a,, itself. In the Appendix we show that «,,
changes with ¢ in the general case, Hence, when an apparent reaction order exists
andis 15 or 2/3, Kissinger's method can lead to a systematic deviation in (6) and thus
generate a significant but hidden error in the calculated £ and X, .

If no apparent reaction order exists, then it definitely should not be used, other-
wise an approxinuately linear plot from (6) results in totally misleading values of
the kinetic constants, An example is in the decomposition of benzenediazonium
chloride: it derives from DTA data a value of E that is 409 lower than the nearly
identical values, obtained by applying other methods of analysis to the data from
DTA as well as other techniques [27]. Other examples are in the study of lithium
aluminium hydride, where the Kissinger values are half of the isothermal result
(28], in RDX where it is again 40% lower than all the values calculated by other
methods [29]. and in urea nitrate. where it is 309, lower {30).

Integral methods
The L.H.S. of (4) is a fur.ction of x only anzg will be denoted by F(x):the R.H.S.
can for practical purposes be equated with | Ki¢ dT. since in experiments T, will

be such that reaction velocity is negligible bglow it ie. T, € E/k. In view of these
considerations, many authors have proposed different methods of analysing a(T)
data,

T

The temperature integral | exp (= E/kT)dT has no analytical solution, (In the

unusual case of a hyperbolic, parabolic or exponential temperature program,
on the other hand, exp (= E/kT)/T is integrable.) The numerical values of the inte-
gral have been compiled but, being a function of both £ and T. are not directly
useful unless an iterative solution of (4) by trial-and-error is resorted to. Such an
approach has been advocated by Zsakd [31] who considers in particular the cases

"
‘

of fll =2) = (1~2)" with n =0, 1/3, 1/2, 2/3, 1 or 2. when g(x)m log J ]ﬁdg';)‘
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has simple analytical expressions, and by Satava and Skvara, [32) who generalize
the method slightly by tabulating the values of g(%), 0 < x < 1, for some other
forms of /{1 — %),

For more efficient approaches, approximations to the integral are necessary.
Thus. taking the first two terms in an asymptotic (v m E/KT — co) series of

‘ exp(—71) ‘:: Coats and Redfern obtain the linearized relation [33):

k4

In(ROT"") = A = EIK(T"Y) )

wheic A = In(K, k/EDK | = 2K TIE ) is *sensibly constunt® if’ the range of temperature
4T is small. They further assume that {1 —a) « (1 —=4)*, and so F(x) can be cal
culated at each (2.T). Plotting (7) for several values of x thus gives £ and X,
muking use of only one set of duta corresponding to u single ¢

Several cautionary notes should again be made here, The assumption for /(] — 2)
has already been discussed. Similar to the case of Kissinger’s method, results ob-
tained may be wrong and misieading if this functiona! form is not independently
determined beforehand. Thus, in a study on the dehydroxylation of kaolinite [34),
straight lines over different ranges of (T°') are given by (7) for a whole series of
values of n, namely, 0, 0.5, 0.667, a and 2. [n particular, plots using n w | and
n = 2 are almost equally ‘good’,

Secondly. the accuracy of the asymptotic approximation is rather low. By com-
paring its values with tabulated values of the integral (31, 3, 36), we find its rela-
tive errorstobe 4//1m 209, at w = 5, 5% at u= 10, and 1.5% at v = 20. Thus, for
example, if £ isleV,then for an accuracy of 98 % the highest temperature reached
in the experimental run should not be more than 600 K, a very low figure for most
materials though it is higher for larger E. Additionally. expanding A into a power
series shows that 44/ A= 2k AT/E,so that at say2 % inaccuracy the range of tempera-
ture, AT, from which (x, T) points are selected should be less than 100K (for £ =
leV). The total possible deviations in the calculated £ and X, are, to first approxi-
mation, the sum of the 47// and 4A/A4. 1t certainly is unsatisfactory if they are large
and yet nowhere mentioned in the caleulation,

Other approximations to the temperature integral have been suggested by van
Krevelen et al, (37] and by Horowitz and Metzger (38). who made use of certain
asympiotic expansions in the vicinity of T,,, the temperature at penk reaction rate.
Both have been shown [39) to be even less accurate than the Coats and Redfern
approach, and so will be left out in our discussion.

Amongst the integral methods. the best is probably the one due to Ozawa, which
requires data at different ¢ but, in it /{1 = a) remains completely general. The ap-
proximation to the temperature integral is: —

¥

J.. exp(—E/kTWT a f 10t 192 04T ENT) (8)
]
so that from (4)
log ¢, + 0.45T(E/K)/T, = log ¢y + 04SNEIK)T, ©)

where T, and T are taken at an arbitrary but identical value of x in the two curves
corresponding to heating rates ¢, and ¢,. Plotting log ¢ vs. |/T for selected values
of z should therefore produce straight lines, the slopes of which give E [40].
Three comments are appropriute here. By comparing (8) with tabulated numner-
ical values, we see thatitis 7% outat v = 100or 7 = 1170K, and 3% and less only
for T < 720K (if E = | eV). These errors should be examined before Ozawa's
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method is applied. Secondly, the method has been moditied [41] to read. in place
nf(9).
4'n¢/AT,," = 0457 Eik (10

in which Ain¢ = Ing, — Ing, etc., and m denotes, as before, peak quantities.
This relation may be compared with (6) but in general it does not hold sinca, as
shown in the Appendix, x,, varies with ¢. Lastly, like Kissinger's method, £ cannot
be determined from data at a single @, and in some cases this may be a disadvantage.
as discussed before.

Derirative methods

The derivative methods olter un udvantage aver those deseribed ubove in invok-
ing no mathematical approximations. Unfortunately, they use & data which, with
present instrumentution, tend to be of' lower quality whether they are obliained by
numeticully differentinting the * datu or are direet experimental read-outs,

The most straightforward, but as it stunds relatively inefiicient, of the derivative
methods is to write (2) us!

In(2[f(1 =x)) = in K, ~ ERT (n

and to substitute different of /{1 — x) until a linear plot appears (42). Later, we shall
urgue, however, that even this labor omnia vincit upproach like all dynamic meth-
ods in general. cannot guarantee correct values of £ and K, (nor an unambig-
uous form of /Ul — =) in this specific case), although the labour it involves may be
undertaken by the computer,

The earliest derivative method is probably that of Borchardt und Daniels, origi-
nally formulated for homogeneous reactions in the liquid phase (43] but later extend.
ed to solid-state reactions {44) for which it is now frequently used. The method
puts f{l ~x) = (1 =x)"into (11), with # given a guessed value, and if a linear plot
results then £ und K, are obtained from it. Bused on this method. Hauser and
Fleld [45] have developed a computer procedure, in which plots are generated for
u series of values of » incremented at discrete steps. and the *best’ one is then se-
lected to yleld £, K, . and . An attraction of this method is that n can be readily
selected by eve. Alternatively. since in this case

Aln3/4In(l =x) = =(Ek[AT " dInll=2)]) + (12)

a plot of the L.H.S. rs. the quantity in the square brackets at once gives £ from the
slope and » as the y-intercept [47]. If constant 41nd. dIn(1 = ). or AT~ ' is selected.
Eq. (12) can be further simplified [61]. We have emphasized previously the falli-
bility in presuming such a convenient form of f{1 - x): Ozawa {47] has commented
on the possibility that this procedure. and the integral method of Coats and Red-
fern, may give false values of £ and K, . [n addition. since (12) involves the ratios
of differences. the quality of data called for is even higher than that demanded
alone by the use of 4: experimental data so plotted more often than not show very
large scatter. The Rogers and Morris method [48) plots dinx 5. T~ '. and can be

seen to be the speciul case of # = 0 In (12). An example of the general danger that
very linear plots may sometimes appear even if the applied method is not valid is
given by Patel and Chaudhri. The Rogers and Morris method was used to analyze
DSC data on lead azide, and a straight line results although the calculated £ turns
out to be 180°, larger than the Ozawa value [49). Conversely. the coincidence of
values calculated by various methods need not prove that these methods are all
applicuble to the case in hand. A counter-example is provided by a DSC study on
RDX [29). where the Rogers and Morris value agrees well with other values bul
the complex decomposition is beyond doubt far from the #» = O type.

On the other hand. David and Zelenydnszki [50] plot In\ | :/ (1 —1)'/(1 —1)]

against (77 '); this umounts to assuming a ‘reaction order’ # = |. It serves as yet
another example of the futility of linear plots. for their method gives such plots for
the decomposition of ‘u wide range of materials’ including calcium oxalate and
polyethylene which, most likely. ure not of first or any other "order”.

48,
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Some of the integral and derivative methods described in the foregoing have been
compared by testing their accuracies on synthesised DTA data {exact as well as
with artificial random error) for one £ value and temperature range, the reaction
considered being of the type with a reaction order [51). Among the methods not
included there is that due to Friedmann [52]. It probably is the most general among
the derivative methods. Like Ozawa's procedure, it makes no assumption about
S ~x), although it requires & data which, furthermore, have to be at a numberof ¢.
Once again. from (2) with da/d7 = a7;

e

In(a7¢) = In(K,f(1-2)) - E/kT. (13

Since K, f(1 ~a) is identical for the same value of &, taking 47 and the correspond-
ing 7 from sevérul ¢» one can determine E, X

1t is our contention thut even Friedmunn's method has one basic Hmitation which. ’
more significantly, is shared by all dynamic methods described above. The point ;
in question is that all of them have to presumethe constancy of f(1 - x) as the tem-
perature is chunged. However, since mechanisms of solid-state reuctions are gener- !
ully complicated, there is no generul justification for this presumption, thoygh it
may be true for particular reactions within specific temperature ranges, An illustra-
tion is the case where parallel renction paths exist, each with values of K, and £ 5
such that a quantitative change of 7' will lead to a qualitative change in the dominat- :

ing path. Another case is where the identification of the rate-limiting step depends 5
on T. Methods have been proposed which, by the use of computers, try differeat .
b forms of f{1~a) in analyzing the dynamic data [53 - 5], However, the search is 4

i limited to functional forms which are already known, \
) More importantly, from our own experience with azides we have strong doubts
: as to the exactness in determiningf{1 = «) ot even its constancy from dynamic dats.
Ny Likewise, in a study on the dehydration of manganese formate [54) for instance,
i no unique form of /{1 ~&) and correspondingly no unique values of £ are identified 4
;| even over appropriately restricted ranges of &, the criterion used being minimum
o standard deviation in the Arrhenius plot, Further examples are the thermal dehy-
droxylations of kaolinite [34] and of magnesium hydroxide [$6]. We suggest that,
in dynamic experiments since data nre collected under variable temperature condi-
tions, the change due to f(1-«) isinherently masked by that due to X(7").This pitfall
is illustrated in the Figures. Figure 1a shows the graphs of a(T) and its derivative )
which are generated artifically according to the theoretical equation a7 = K,

. —

10T, kY 1

Do pa e

480 480 500 820 540 360 880
Temperature, K

Fig. 1a. Artificial data ¥ = X7, and corresponding 2" m d2/dT data, plotted ‘aguinst T which
rises linoarly with ¢
Fig. 1b. Arrhenius plots of: (1) «//3(1 — 1)*, (2) a7/l ~ x)''*, (3) 7, and 4 «3a
for the data shown in Fig. Ia
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exp | — E/kT) throughout from 2 = Oto x = 1. The values chosen for X, and £ are
[0* and leVrespectively. Let us now examine how the data generated according to
this relation, which is of the type x = Kr. will be fitted by different kinetic equations,
one of them being the correct one. In Fig. Ib we plot against 107 the natwural
logarithms of the following expressions: —

(h 2731 -2)*", i.e. assuming | - (1—x)'"" = Kr: reaction controlled by
three-dimensional contraction of phase boundary:
) 27/2(1=2)" 06,1 = (1—2)" = Kitype:

{3 ¥ the original assumption: and
(4) 2/[3a%%, ic. a = (KN reaction controlled by e.. three-dimensional
growth of existing nuclei,

Itis seen that the incoreeet /U = 2) in (1) und (2) still give virtuilly linear plots, with
slightly dillerent slopes: interestingly, curve (4) is 5o misieuding as to show two
“linear' segments with a seemingly significant transition in between. Experimen-
tally, Guarini eral. {37) have noted that it is impossible to ascertain from their DSC
data whether the monomerization of 9-Me-10-AcAD has an apparent reaction
order of 1, 0.67, or 0.5, in all of which cases £ has about the same derived value,

The suggested approach

In the foregoing sections. we have discussed the limitations regarding the applioa-
bility of various methods that have been used to analyse dynamic data. In many
published works we find that often a number of apparently different methods are
used to analyse the same set of data. However, we think that in many cases this
procedure Is of no real significance, when some of the methods used are mathemat-
ically equivalent and therefore lead to the same results, or when some are invalid
in the given situation and thus lead to doubtful values, The limitations of the meth~
ods cxpress themselves both as discrepancies in the calculated values of the kinetic
constants, and sometimes as fortuitous agreements when some of the methods are
certainly inapplicable. (An extreme example of the second situation is that, for
RDX. the Kissinger value [29] of E is near to that obtained [$8] by plotting
2 05 T™', a procedure which has absolutely no theoretical justification.) Accord-
ingly. we suggest that the interpretation of dynamic data should as far as possible
be based on results from isothermal experiments. A similar approach has been
used for studying the dehydroxylation of kaolinite by Achar, Brindley and Sharp
[(63).

One can unambiguously determine 71 — 1) over the whole range of x and over
the relevant temperature range, from the independent analysis of individual iso-
thermal curves. A systematic method of efficiently implementing this identification
hus been proposed by us [3). It may also be noted that thermoanalytical equipments
are equally applicable in isothermal experiments (see ¢.g. (62)) though they are
more often used in the dynamic mode. The identified form(s) of f{] = 2) can then
be substituted into either (2) or (4). In this way, form the dynamic % or & data one
can then determine accurately the non-average and singie-sample values of £ and
K, : advantages which have been mentioned in the introduction to this paper.
Moreover. the values will correspond individually to different heating rates.

We applied this approach to the spinel formation ZnO + CryOy = ZnCr,04.
A DTA curve (experimental atmosphere: Ny at 300 mm mercury) was published
in Ishii et al. [59]. who have also motitored a(r) by chemical analysis when the
reaction proceeded isothermally in nitrogen flowing at 50 ml/min, and showed
that the isothermal data At [} — (] ~2)'*)% = X7. We have measured X from the
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Table |

Isothermal data

r

dou.. C rafative unin In K
800 | 0
900 4 1.4
1000 2} 31
Table 2
Dynamic data
1. i 2 1 vy 1)
deg. U ! rehutive uniis AL e
00 0l 2 -28
820 048 4 —-14
900 0.2 7 -0.%4
1000 0.3 12 +0.76

experimental data points at ¢ = 20 min in the published isothermal plots, From
these values of K, given in Table 1, we calculate a value of 1.5 ¢V for E.

In Table 2 the values & were measured from the published DTA curve whose
heating rate was unspecified, and the x values were read off from the (a, T) graph
which Ishil ef al. have drawn presumably by integration. Now, from their analysis
of the isothermal data the governing kinetic equation is, in differential form, d =
= K/[(1=a)"¥ = (1=a)"23], at least within the ranges 800 = 1000° and « from
0to x 0.6 corresponding to K7 = 0to x 0.07, The Arrhenius plot of & (1 —a)~!"
[(1=2)="" = 1], for the four data points shown in Table 2, is indeed a good
straight line, From the plot we obtain E = 1.3 eV, In view of the probable experi-
mental errors and inaccuracies in obtaining data from the published graphs, we con-
sider satisfactory the reasonable agreement between this valueand the one calculat-
ed from the isothermal data.

Conclusion

Most of the commonly used methods of analyzing dynamic data have been shown
to be applicable only under particular conditions. It has been pointed out that to
use these methods without considerations of the range of their validity can give
misleading values of the kinetic parameters, An approach has been advocated in
which use is made of both the dynamic and isothermal data; the functional form
JU ~12) is determined from the isothermal experiments. This form in conjunction
with the dynamic data, gives the values of the kinetic constants.

We would like to thank Drs. ). E. Fie'd ;nd H. M. Hauser for discussions sand comments,
Ehe work Rwu ouhppggod l{_\ pl;l by the S.R.C.. and the U.S. Gove'nment through its
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Arpendix

We wish to predict how the value of x at peak reaction rate varies with the heat-
ingrate ¢. Atx = x,,:from(4)

Im Tﬂl
' da K,
e T - F(o,. ¢, Ty =0
| 4ies = e J dTexp (= EKT) B Flt,, b, To)
] v (14)
and from the fact that 4 = 0
) E ¢ explEkT,) _
/ ” 3,,,) ‘ T,f, K, L) ('(anu ¢~ Tm) = 0. (ls,
Solving the simultaneous cquations dF = 0 and dG = 0, we find
dz,, . A 0 oF ‘ P cF 0 oF M ‘ (16)
dep - O ‘.)7.m ) T "I "ﬂTm (‘)d,,, ‘hn nTm i '

Defining dimensionless quantities U m E/kT,. p = ¢/K,7,. and Ka,) IT
da/ftl = 2}, we have the following: ¢

fg - f;} i.chxp(- U) = He) . fg - B—;»j exp(U).
i = o o= G ey, am
Henee G = = i T UM<y 7o tkl

where /i m u exp (V). Incidentally, d7,,/d¢ cen te derived in a similar way

The only case we find reported in the literature, in which a,, is apparen.. inde-
pendent of ¢, is the primeary recrystallization cf pre-ccmpressed copper (607, where
4,, m 0.5. In all other cases, experiments give changing «,,. We have made a rough
check on (18) by taking the case of the decomposition of the explosive RDX [29],
for which the Rogers and Morris method eives £ = 2.10 ¢V and K, = 1041,
The reaction is complex, but these representative values are chosen because they
correspond to an assumed kinetic equation in which /{1 ~2) = 1. We thus have
very simply /(%,,) = %, and /(1 -a,,) = 0. For ¢ » 0.167 K ', x,, is given a5 0.62
and T, as 512K our calculation shows da,/d¢ > ~0.1 s K™, a value which

compares well with the experimental indication that d4x,/4¢ = (0.60 — 0.62)
;(0.333 - 0.16T1s K™,
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