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2.

I, INTRODUCTION

It is now generally accepted that the behaviour of a reactive 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 important to havk 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.

The research on this contract 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 scanning calori-
metry (DSC), thermogravimetric analysis (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 either been
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 OF 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 of a thin layer of material when
impacted is relevant to a range of problems 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 50% 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 50% height (see, for example, Dixon and Massey, 1957). However
although the test has been used for many decades it is only recently 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 techniques helped
establish 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, 1970). 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) Viscous heating of material rapidly extruded letween the impacting
surfaces (Eirich and Tabor 947, Bolkhovitinov and Pokhil !958) or by capi-
llary flow between grains (Rideal and Robertson, 1948).

. *1
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(iii) Friction between the impacting surfaces ,ond/or grit particles
and/or grains of the marnrial (Bowdc n nd Gurton, 1949).

(iv) Loca].isvd adiabatic deformation of the thin layer upon mechanical
failure(Afanas'ov and Bobulev,1971, Winter and Field, 1975).

It was shown quite convincingly (Bowden et al, 1947) that the presenice
of gas bubbles affected the impact sensitiveness of nitroelycerine,and
Dowden maintained repetatedly (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 the Russian school of thought (Andreev, Maurina and
Rusakova 1955, Bolkhovivinov, 1959, Aanas'ev and Bobolev,1971). In impact
experiments on solid explosive materials it was discovered (Kholevo, 1946)
that the sensitiveness was considerably reduced If the sample was prevented
fTom flowing. Afanas'ev and Bobolov(1961) produced evidence from strain-
gauge experiments which suggested that during impact the sample suddenly
undergoes a type of fracture. These authors proposed a mechani'sm of hot-
spot formation by the release of energy along slip surfaces formed at the
onset of mechanical failure (Afaras'ev and bobol.V,1971, Afanas'ev, Bobolev,
Kazarova and Karabanov 1972).

The high-speed camera work of Heavens and Field (1974) showed that
impacted 'samples in the drop-weight test may undergo bulk plastic flow,
show evidence oE partial fusion and even (with PETN) malt completely. The
flow speed during these processes is considarable and may reach a few 100 m a
Ignition occurred at a small number of local hot-spots. Strain gauge measure
monte showed that pressures of typically 0.5 - I VPa (5 - 10 kbar) were ach-
keved. If a sample failed by plastic flow this was accompanied by a sharp
pressure drop. It was Afler the presurp drop that the high velocity flow
phenomena took place an~dgjition occurred. Hot-spots were thought to be
caused either by local obstructions ir the flow or by the rapid closure of
gaspockets trapped in the material.

Recent work has been concerned with studying the effect of added grit
particles in greater detail. The case of the hard, high meltitw point
particle is reasonably well understood (Bowden and Gurton 1949, lowden 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 lowost malting point. Properties such as thermal con-
ductivity and hardness 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 temporature 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 polycarbonste (PC) anid
polyoulphone (PS) can also sansit.isa explosives in the drop-weight test
though others such as polypropylene (P) do .rot (Baan 1973). At first
sight this result appears surprising since polywors arc relatively soft
and have softening temperatures ustully well below the 700 X mentioned
above. The primary object of our now work wav to try to understand the
mechanisms by which come polymers give in.wrcFsed sensitivonens and why others
do not. At the start it appeared pomsible that the explanation could be a

,€ .- ---
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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 deformation 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 mechanical 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 decomr-
position of pure explosive and explosive/polymer mixtures and assessing
any differences. The apparatus used was a Stanton-Radcroft TG-750 thermo-
balance whichallows the weight 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
251 (by weight) of polymer to 75% explosive. This percentage of polymer
is much greater than likely to be found in practice, but was chosen to
amplify any interaction. The explosive used in all these experiments was

pentaerythritol tetranitrate (PETN). The analysis follow@ the method
of Hauser and Field (1978 and section 3 of this report) and so is only
briefly outlined here. ,.

Decomposition is assumed to follow an equation of the fora

d - A exp(-E/RT)wn (l) I
with w the fractional residual weight at time t, E the activation energy,
A the frequency factor, n the reaction order and T the temperature. Since
the heating rate H is constant, one may write dT/dt - H. Substituting
in equation I and taking loguyieldst

I dT . In -.E + n In w (2)

Thus a plot of (In dw/dT - n In w) against I/T gives a mtraight 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 IBM 370/165 computer. The programs used fit a cubic spline to
the orlinl data and produce differential& which are then used to give plots

of (Om - n In w) against I/T for values of n from 0 to 2 in steps of 0.2.
The stfAightest 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
competed with the original. Secondly, the dehydration of calcium oxalete
monohydrate was observed.

CAC 2 041I20 CaC2 04 4 120

. ...-. ...........
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This reaction is well understood and the reaction parameters are vell docu-
monted in the literature (Gurrieri, Siracusa, Cali, 1974, Freeman, Carroll,
1958). The results obtained with the technique outlined above were in good
agreement with the literature values and are set out in Table I.

Table 1: De!hydration of Calcium Oxalate Monohydrate

E/kJ mol in A/In.

This work 89.5 t 3 20.2

Literature 88.6 21.1

Results

(a) Thermal decopposition of PETN/polymer smples

The polymers reported to sensitise PETP (Bean, 1973) were polycarbon-
ate (PC), polysulphone amber (PS) and to a lesser extent polypropylene (P1).
Results obtained in this work confirmed the dramatic effect produced by Pt
and PC but shoved very little increased sensitivity in the presence of P?*,
Samples of these polymers supplied by AWRE were ground in a freeser mill to
sizes of <76 um and then mixed with PETN to prodg e experimental samples.
The heating rate used throughout was 10 de min and the purger gas
nitrogen or argon. The results are summarised in Table 2, the figures
listed being averages of between three and seven different experiments.

Table 2: ffect of Polymeric Additives on the Thermal
Z ;jo~'Etonof PETN

Sample 9 /kJ mol"  Ed/kJ mol In A/ln a n Ad/I n n T/K

PTN 143 t 5 193 ± 7 34 4 44 t 6 0.7 478

PB'flIPC 130 ! 10 214 t30 30 ! 6 53!0 1. 7

PETN+PP 122 ± 15 172 115 28 t 4 41 ± £ 0.6 477

PETN+PS 130 t 10 231 !20 30 1 4 49 -10 1.0 474

In each case, a two stage reaction was observed (Figure I), the firstii stage being identifi~ed with the sublimation of PETN (E ,A ) and the second

its decomposition (E dA ). The values cbtainsd for thl ativation energies
of sublimation 043 13 5 OJ mol-)and decomposition (193 * 7 W mol1) are Ini l geed agreement wtth the literature valies, Cunda11, Palmer and Wood, (1977) .

iI quota 150.4 WJ mol" for the sublimation of PETN while Roberston (1948),1

Rogers end Mrris (1966) Maycock and Vernaker(1970) and NS, Field and H user(1976) give values for the decomposition of 197,198,188 and 192 k mol'-

respectively. The value for In Aj of 43.5 is also in good agreement with
the 45.6 reported by Robertson (1948).

SA larger spread is observed in the values of H in the PETN/additive
samples than the pure PTN. Hnwever, alttough some activation energy
differences are observed, there are no significant changes or consistent
trends. The values of frequency factor are much less accurate than those
of activation energy sir.ce they have been obtained by measuring the intercept

* The sensitising effect reported by Bean for PP in PETN 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..

.-......



rather than the slope. Again,within the errors of measurement,they show no
significant changes froru the values for pure PETN. If the additive had
significantly affected the reaction towards greatly increased reaction rate
then A should have increaseid and E decreased. Table 2 shows that only small
changes in A and E took place, and further that any changes pf A and E
tended to cancel (i.e. as A increases, R also icreases 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 a 2/3) and n - 1.0
is the value one would expect for a bulk reaction. The explanatign for
this is that the high proportion (25%) of filler material distributed
throughout the sample breaks up the PETt giving it a greater surface area,
thus favouring a bulk rather than a purely surface reaction. The result
for PP 1:3 explained by the fact that it softens and melts at a lower temp-
erature than the other polymers. PZTN/PP samples were observed to'givedroplets of polymer which then coalesced to form one drop. 17his effectively

removed the dispersion of particles which gives n approaching unity leavinga surface reaction with u ca. 2/3. i

(b) Thermal decomposition of PETN/Benzoyl peroxidesampl

The results of the proceeding 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
decomootition products interacting with PETN. However, the 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 I
mechanical production of free rAdicals is important in initiation and have
done some experiments in which they find that tetramethylamuniwm tribo-
hydride (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 series of TO experimenta. Benzoyl peroxide is anorganic oxide which thermally breaks down in thle temperature r'ange 3.10

to 350 K to form two idetical free radicals

CAC
C% 6 - -0 -- -C61 ) 2 -(; 11 4 2C 6 H5  + 2CO 2

It is widely used in the polymer itdustry as a 'starter' material for
free radical polymwrisation as it provides a good source of easily formedfree radicals.

A number of TG runs were carried out on both bentoyl 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 PFTN/benzoyl peroxide.

Due to the decomposition of the benzoyl p.-roxide, the only activation
energy that can be estimated is the decamposit,.on of PErN, the sublimation
stage being baried in the b-n::,;yl peroxide reaction, Simulated computer
decompositions of these mixtures were made by ,ombiaing 75% of the numerical
value of pure PETN run with 25% of th- numeric.il value of a pure benzoyl
peroxide run (and similarly fnr the 93/7 mix). The figures thus obtained

,t~z,,,..A L.4...M4,4±jLAL it .1-- ~2 -, '! M &k k't-k~~Ct
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were treate, - if they had been real data and the analysis carried out in
the usual maunet. 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
th,- two materials acting independently.

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

Sample Ed/kJ mol "  ln Ad/in S-  n

7% b.p. 93% PETN 185 ± 8 46 t 2 0.7

7%h.p, 93% PETN 176 + 16 41 5
(Simulation)

25%b.p. 75% PETN 120 ± 6 29 2 0.6

25% b.p. 75% PETN 143 + 20 2/3
(Simulation)

(c) 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 the TG. U-V isfrequently effective in degrading polymer6 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 radicals 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 E /kJ mol "  in As/ln s"  Ed/ki mol-  in Ad/ln S-  n Tp/K
e a d d p

PETN 143 ± 5 31 ± 4 193 7 44 ± 6 0.7 478

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

PETN + U-V+
PC 124 - 8 29 - 3 196 t 25 49 t 7 0.9 458

PETN + U-V+
pp 102 -8 22 - 4 186 8 45 - 3 0.6 458

PETN + U-V + +
PS 112 - 8 25 - 2.5 Ed1368 ± 9 lnAd1 99 - 6 1.4 446

Ed2 185 ±15 lnAd 2 47 ± 5

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



The changes in the sublimation parameters E and A tend to cancel in all
cases and for the decomposition parameters d and d changes again effect-
ively compensate, particularly for polycarbonate. PP, PS and pure PETN
all show decreases in Ed (Ed2 in the case of PS) combined with increases
in Ad (Ad 2 with PS). Thus the 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
[t ly uniderstood. Although Edl (for the new stage) is very high, the value
of Ad, more than compensates for this, and Tp is redued 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 FETN/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 paameters 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
PS 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 cxfproduce. 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 PS and PP are degraded to a large extent by U-V and both produce

large concentrations of radicals when degraded, It suggests that the
sulphone groups have a specific effect on at least one of the stages of the PETN
decomposition. Support for this comes from the work of Reich (1973) who tested
the compatibility of i range of polymers with various explosives. PS is one
of the polymers he lists as incompatible with PETN since he detected an
increase in the value of the reaction parameter n in the present of PS.

. . . . . .? - ,' '' : . ..... l 
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From the series of experiments described in this section, 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, is still only marginal and the conclusion
has to be that chemical effects, although present, are only of secondary
importance compared with the mechanical ones to be discussed in the following
section.

2.1 Photographic Observations of the Impact Behaviour of Polymers
and Explosives

(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 ps. 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 a height of I m, the fall being guided by three cylindrical
rods.

The behaviour of small discs of polymer ca. 2 m diameter and 0.8 mm
height under impact is illustrated 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. F-igure 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.
Microscopic 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
shear bands (one set is labelled s). An enlarged view of region d, 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 observations lead to the conclusion that the polymers used may
be classified 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/or shear banding.

(b) 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 rapd~dflow

(300 m s-1) which Heavens and Field attributed to melting. Ignition occurred
in this final stage. RDX partially fused when 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 behaviour was very similar to that described by Heavens
and Field for granular material. Figure 7 illustrates a typical

result in which a 25 mmn pellet of PETN, pressed to 5k bar and of diameter
5 mm is impacted by a 5.5 kg mass from a height of I m. The same type of
behaviour as described for powders, can clearly be observed, In frames

a to f the material is deformed1lastically 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 tapid flow, as observed in frame g, takes place.
Although rapid flow is a necessary prerequisite for ignition the converse
is not necessarily true and many failures occur without a resulting ignition
This s'ggests 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 Field).

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

A number of high-speed photographic sequences at framing rates of up
to 2 x 105 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 PETN where ignition never

occurs before transparency 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. In the first instance,
pressed pellets of pure explosive were surrounded by polymer 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 8-11.

Figure 8 shows a 0.65 mm high PETN pellet surroundei by five I nm
high PS discs. During the impact the PETN disc (dark central area) breaks
up and is forced into close contact with the polymer. The polymer discs

deform plastically and then undergo catastrophic failure as described
earlier. In frame 8b all the discs are exhibiting cracking and shear band-
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ing and by frame 8c havw failed catatrophically. In frame 8dwe can
see the first ignition site (labelled I) with reaction spreading along
two paths into the PETN. A second site (labelled 2) has developed in
frame 8L. By the final frame, fast reaction has spread throughout most

of the PETN.

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
Lhree points (I to 3) on the polymer/explosive interface. The polymer
is the lighter central area, and the darker annulus is the PETN. In
the lower part the PETN is becoming liglur and this is due to the onset
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 PETN. This is why reaction
also spreads inwards as well as outwards. Frame 9b 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 s . The catastrophic failure
occurred between frames. Experiments with PC showed that it behaved
in a very similar manner, 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 II 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 H
occur but no ignition results. In Figure 11 ignition occurs at the polymer/'IX interface (frames d onwards) after catastrophic failure of the PC.

The findings of the photographic work described in this section 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.

2.4 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 (t ca, 10 s1')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 RI 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 mm 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
hair of gauges during impact would be due to compressive stresses alone.

<-I



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

v(t) a Vo" M_ F(t) dt (3)

with V. the velocity of the weight at impact and M its mass. A secend

integration gives the displacement of the weight as a function of time z(t).

z(t) a 1 V() 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 perfokming impact with no sample present, is subtracted from x(t) to
yield the compression of the sample.

zt) aZt) - zA(t) ()

The sample strain is then given byii H
C(t) - ln (6)

H - zs(t)

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

a(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
(b). 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
(as shown by the sharp drop at c - 1.8) 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
by PC. The onset of orientation hardening also takes place much earlier in
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
correction factor for anvil deflection and thus the calculated strain
become increasingly unreliable.
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
a marked difference in high strain rate impact behaviour between sensitising
and non-sensitising materials and again point to catastrophic failure as
being the process responsible for a polymer's sensitising action.

I I I I .
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(b) Impact behaviour of explosive/polymer samples

The sensitivity of pure explosives PETN and HNX and explosive/polymer
samples were compared by determining their 50% 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 explosive/grit
samples to determine (i) which polymers gave rise to increased sensitiveness,
(ii)if the size of the grit particles was important,(iii) the effect of *1
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 - 1 mg samples of powder which had been
pressed statically to 10 kbar to give pellets of 5 mm diameter and approxi- I
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 I
that the grit was used as obtained from the freezer-mill with a maximum
particle mass of ca. 20 Pg. The coarse material was as-received grit from
AWRE with particles of mass up to I mg and up to I = long. These reuelts
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 (cm) i

PETN (pure) 21.8 - 1.0

PETN + PC (very fine) 10.5 - 2.0
PETN + PC (very fine) repeat 10.7 - 0.6

PETN + PS (very fine) 11.1 t 0.3
PETN + PS (fine) 13.0 - 1.5
PETN 4 PS (coarse) 10.4 t 0.6
PETN + PS (I n= high, Imm diam.) 10.5 - 3.0

PETN + PMMA (coarse) 21.0 ± 1.6
PETN + PMMA (fine) 19,2 ± 0.8

PETN + PP (very fine) 18.8 ± 0,8
PETN + PP (very fine) 10% grit 19.2 ± 0.7

HMX (pure) 29.0 ± 2.0

HMX + PC (fine) 16.0 ± 1.5

HMX + PS (very fine) 15.1 - 1.0

HMX + PMMA (coarse) 22.6 ± 1.0

HMX + PP (fine) 24.4 ± 0.8

AgN 3 (pure) 19.3 ± 0.8

ABN3 + PC (fine) 16.8 + 1.3
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From the resiils set out, it can be seen that the size of the grits
Llsod doos not havl any great .ffect on the results produced. It might be
exp~ected thaL, iC -he effectiveness of the grit denended on Its ability to
disturb the fl)W ,Cf Lhe eXp.o.sive Cis it was extruded from between the
;invils, the 1.argk . porticles by virtue of their size would prove more effec-
tive, the very fine'particles being 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:
P'C and I'S b ,ilg eQully 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 explisives such as lead azide Pb(N )2 and silver azide AgN3 are not
particularly sunsitive in the drop-weight est provided the anvils are well-
aligned. However, as the table shows, the polymers do have a significant
effect on the sensitivlness 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." Thermal Properties

(a) Mechanical effects and thermal properties

The mechanical failure properties of polymer additives appear to be
of major importance in determining their sensitising effect. Those mater-
ials which undergo bull plastic deformation proving ineffective as sensitisers
and those which fail cttastrophically and with intense local deformation
effective. Thermal prcerties areal majo significance in determining
the failure modes of pcLymers particularl) when. high strain rates are in-
volved. This is because they soften at relatively low temperaturts and have
low densities, specific heats and thermal conductivities. Additionally,
materials can desensitiie 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 A.
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 obtained shw that both PC and PS have specific heats
which range from 1.25 kJ kg- K at room temperature to 2.35 kJ kg" I K" I

at 600 K, the increase )eing reasonably linear, PC has a melting point

of 420 to 430 K which oily introduces a very slight increase in Ithe effective
specific heat, giving a latent heat of fusion of ca. 7.2 kJ kg . PS shows
melting over the range 470-500 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-1 K-1 at room temp-
erature to 2.09 kJ kg-' K-) at 450 K. It melted over the range 390 -460 K with a latent hea: of fusion of ca. 64.0-kJ kf-I K-1. P*1A had a
relatively constant spe.ific heat of 2.9 kJ kg- I K over the range 470 -

630 K where a large dec)mposition 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 quenching for the polymers investigated would
be PP, PMMA, PC, PS.

I'.



Table 6: Physical Properties of Experiwentnl Materials

* Denotes measurements made in this work

MATERIAl, 02NSITY ROOX TEHW. "TIM101AL LATENT IWAT SOFTENING OR

SPECIFIC I:AT CO TucI'TVITY Ov FUSION MELTINC PO14T
g l-3 3- I K-I -W 10,-Jkgrm

3  
J 5  K Wn

1  
x ~ k,1 2 K

PETN 1.773 *1.09 *144.7 '414

10'X 1.96 1.25 , 555

PP 0.9 *1.92 O14 *64.0 $390

PC 1.2 *1.25 0.19 '7.2 *420

PS 1.24 *2.25 0.18 *6.6 *470

PI.& 1.29 *2.9 0.17 - 0.25 de.fmpose decomposes

210'E 0.94 - 0.97 2.2 - 2.3 0.45 - 0.52 -220 -400

Polyeitor 1.21 1.0 0.2

MATERIAL CLASS TRANSITION £IASTIC .AX ELONGATION TENSILE" HARDNESS

.DLUS 1. Rockwell;RM,"rzM,. om us .SON S Z.rrx Vickers; V.

M m-2 x 0-2 2 MN -2

P E TN1.37 10 .V. 17.9

I1fH xX 3.1 x 102 V. 40.3

PP 255 8.9 - 13.8 50 - 600 28 - 36 -R95

PC 418 22 t0 - 100 52 - 62 RIIB

PS 463 24 50 - too 63 -PR120

Pfl'tA 370 25 - 35 2 - 10 45 - 72 -100

1l1;'1. - 293 5.5 - 10.A 0- 860 20 - 36 R30 - RS0

I Best Available C.,



Measurements were also made on the specific heat and latent heat of
fusion of PETN. I -It was found that specific heat remained almost constant
at 1.09 kJ kg up to the melting temperature of 414 K. The latent heat
was determined to be 144.7 kJ kg-1 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 .iY 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 of 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 modifirairon 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 pm) 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 PMIA 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 I 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 detector
which is sensitive over the range I - 5.5 pm with a sharp cut-off at 5.5 pm.
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 pm) which would absorb a differing proportion of the signal depend-
ing on the temperature of the source. Thus, by calculating the ratios I/IF
(with I the intensity through the slit and IF through the filter) for sources
of various known temperatures, a calibration curve of I/IF against temperature
could be drawn and estimates of temperatures 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
associated with different substances having differing black-body emissivities
are eliminated by the use of the ratio I/IF.
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(b) Calibration

The theory of calibration follows the treatment of Land (t944) and

Parker and Marshall (1948). From Planck's radiation law we have

E C C X- 5 / (e B/AT- 1) (7)

with EX,T the energy emitted by the black-body at wavelength X and temperature

T, C and B constants and cA the emissivity of the surface at wavelength X.

This can be approximated to Wien's formula.

EB = A C ? t X-5 exp(-B/A T) (8)

p p p
with E the radiant energy received by the detector,A a constant dependent

on the area of the source, G a 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 betweeR the response

of the detector H and the energy falling on it is of the form

H Em  (9)

with m a constant.

Thus from equations 8 and 9:

InH - m(In (A G t) + ln(c - B/pT))

When the radiation passes through thePMMA filter the optical properties

of the system are changed (I,E,A and Xpchange) but the factors A, G and

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

In H' - m(n(AG) + n(e X;-5) -B/AT) ()
p P

From equations 10 and 11

In- B n - (12)

Sp 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 x_ and A' (and this is dependent only
on the properties of the system with and without he filter). Thus a plot

of 1n, against I should give a straight line and, in fact, this is what
is foUnd. T

Initially calibration was carried out using a 2.5 mm thick PMiA 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
25.4 pm diameter platinum wires which were spot-welded to the larger wire 48.0 nmm

apart. These wires were thin enough not to affect the tpmperature or the larger
wire which was considerd to be uniform over the 48.0 rm long middle portion.
From the knowledge of the resist-mce of thbis cent:ral portion, its temperature

was deLermined using standard table:;. The centrnl portion was
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(c) Results

In the experimental investigation, polymer pins of two different dia-

meters were used: small pins of diameter L:a. 1.5 mm and larger pins of dia-

meter ca. 6 m The smaller diameter pins were used in the initial experiments

but for the later measurements large pins were used sivce 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 apphire 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 thermal mass of the disc, 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 temperature 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 again 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 valun near the mean. Thus the readings
obtained with the larger pins will probably be underestimates of the interface
temperature. In the table of results given below (Table 7) the maximum black-
body temperature 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 area 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 polymners PP and PC so that with an
increased amount of observation time it may be possible to record higher
maxim-r, values of temperature for the three other materials. Ic' is, however, in-
teresting that the temperatures obtained follow the order obtained for the
sensitiveness of the polymer/explosive mixtures. It is also clear, particularly
in the case of PC, that temperatures well above the connercially quoted
softening temperature of 410 K and the observed 'melting' temperature (in
previous work) of 430 K are 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.

Table 7: Temperat 'es Achieved Durin.__P .er Friction

Polymer Maximum Interfacial Temperature/K

PP 360 t 30
+

PhMA 420 30

PS 450 20

PC 490 -0
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P (11 440 1



Examination of the polymer pin; after the frictional experiments reveal
that in the case of PC and PS severe deformation of the polymler had been
produced with evidence of much stretching and shearing of molecular layers.
The PP Pin, however, present a much more rounded rippeirance which indicated
that melting of the surface layers had taken place.

Figure 17 shows the overall appearance of the pins after the exeperiments

(a) is a PC pin and the many layers which have sheared off and built up on
the trailing edge are clearly visible. (b)-is a PP pin and shows the rounded,
melted-looking, appearance of the surface. (c) is a PMMA pin and shows the
roughened.surface obtained with no build up on the trailing edge. All the
pins 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
direction (Figure 18(a)). PMMA (Figure 18(b)) presented a rather 'powdery'
appearance with many particles of matcrial on the surface. The wearing away

of the PMMA pins proceeded in a more lrittle manner with small particles chipped
out of the-surface and with noaccumulation 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'melted and refrozen layer.

Although there is clear evidence that PC had deformed by the shearinr 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 polymers due to the force
applied by the counterweight would be negligible since the maximum weight
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 point, variations of ca. 200 bar being
needed to cause an appreciable (ca. 100K) 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, considcration
must be given to the possibility of high temperature regions during deformation.

2.7 Conclusions and Discussion

A combinati. of high-speed photographic, pressure measuring and
thermal analysis techniques have been used to study the behaviour and inter-
action oF explos'ves and polymers. Chemical interactions, for the mnaterial.s
tested, were fouvd to be of mior importance compared with mechanical consid-
er( tionr: in impa t sensitisation. Pure explosrivers were found to ignite only
nfLer rap i d and :.cvere deforma tion of the sample had occurred. In the
prc. 'r,,cc of sen, tising grits however, this severe deformation was not
ncce. s.sry for i;, it ion l. Boti 1-hc frt . torc and thurml] properties" of an
idditwive nre ipml, ,l:mt in dotlloeimn ng 'il swn.sitisitvi ty efect. A polymer

hiavi rig n roml,n in l (if' hilgh 1i rc'lg'h1 wIi'tl 1ow speci ic hent nd low heait
of fusion,. l, i r er,,l to ,remote cato!,Lr:opl1:e f ilure, will h) likelJy t-o
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cause soniltlation. In order to test thisihypothesis, two polymers were
chosen on the,,basis of ,their atrength and thermal capacity; polyestor 'which
has high strength and iowcapacity and-high density polythene(flPE) which
has a low stroangth and high capacity., They were mixed with PETN and, tested
in the drop-weight machine in, thg same manner as the samples described earlier.
The results obtained, 'togethier~ with a few comparison results from Table,5 are
set out in Table'8. Thermal properties can be found in Table 6.

Table 8:, 50% He ights for Exlsive/pol4yrmplis

SamPple * 50% height (cm)..,

PE TN '(pure 21.8 ±1.0

PETN + HDPE 24.8 -1.5

PETN+ PP 1 8.8' 0.8

PETN + Polyester 15.5 1 .0

PETN + PS'1. ~

these results confirm the predictions that Polyester should sensitise
and HDPE,.should not. In .fact it appears -that RHDPE, is; Acting, as'a des'ensitser.

The'conclusion ife acb ed, ther -efore, is that polymers whi .ch ar e mo st
likely to sensitise are those such as.I'C which are tough below their glass
transiticin temper'.ture '(as opposed to ?HMA which behaves in a-much more
brittle manner), and are likely to fail catastrophically. Those-*least
likely to'scns'itise are those which have.a. lowglass:traisiti'on temperature'

(PP or IIDPE) and which -deform in bulk with little local concentration of
energy. Polyester is somewhat intermediate in-behvieur (ahd sensit'isihg'
effect) between PC and PMIA as it i~t tougher than PMMA but much more brittle

thnPadso fisqiewell into the expected pattern. . .

In the case of the former the meltizhg point of Lte particle is the

ipran rpry(odnadCutn14) htti is sois essen-
f tillybecusethe ar matrias wth elldefnedmelting poinits and.

reltielylage atnt eas*, te ht potisgeneratb'it the melt'ing
a rage f tmpeatues nd hve ow atet hatsandthermal conductivities.

If heat is produced by localised catistrophic failure hot'spots willi fi.~rm.
However, when softening of the polymer starts the material will still
maintain a high viscor-ity. Continuing deformation will be able tro con-
tribute fute eprtr~ie yvsoslctn.Therithermal
lonses in the caise of a polymer nre very low compared with most Other

matrias bcatisecf helowlatnt.hei, terml.capacity -and conductivity,
and the hot spot is not quenched so reidily.

The fricrtion experiment gave evidence of temperatures well above. the
stifteninig ptint. ln thigs experiment, in average temnperature ftot a contact
areA Of ca. 2.5 ymn2 w,,ur tmintaitied. Local ho~t spot temperature would be



expected to excee~d the vuun retMord:d. In othcr e'xperimetiti. in the laboratory,
the temperature ribe at the tip of it crack propagating in a polymer was re-
vordLed, again u~iig I R ti-chniquou (Full er, Fox ~and Fiel d 1971) . Two imipor-

tant.v te o tti emege ft-01his work. Thi; firt ts thalt rmporatures wl

crack tIi? thus requiring more enorgy to be expended in crack growth.

It is clear from the earlier work and the present work with explosive/
polymer samples that some polymers can reach very high local Lemperatures
during their dleformaion. This is clearly relevant to the safe handling
of explosives since polymeric materials may be used for packaging or no
binding materials in explosive composites. The results also have interest
to studies or the fracture, friction, erosion and wear of polymers.
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FMIUD'. CAPTONS

I. Activation energy plot for the thermal decomposition of PETN for
Var.ouUs valuVs Uf reactioi ork'.r u. Tho ti vnl.ute whlrh gives the best
strai.ght line segments is ono. ippropriarc to the reaction (here 0.8).
These two stups (see daMhc:d line) correspondiing to sub limation, stage I,
and ducomposition stage I.

2. Experimental arrangement at instatit of impact, W; drop-weight; G,

gl.ass blocks; M, mirrors; S, saimple. Tho upper glass block is
attached to the weipht.

3. Impact on n disc of PP. The samlple; deforms by bulk plastic flow

throuahout, Diameter of field of. view 20 mm. Frame t'ime/la s
a,0; b,70;c,266. The zero tinev given in th.s and subsequent sequences
do not correspond to time after initial contact.

4. Impact of a disc of PS. The sample deforms initially by bulk plastic
flow (frames a and b) but. then deforms catastrophcilly (framae c).
Dismeter of field of view, 2.5 nun. Frane times/lis - a,Ohb,21;c,28.

5. Diameter versus time trac:es for impacts on PP and Pg. Note that
the diameter of the PS has approximat,:ly doubled before the catastropic
failure, but that the PP disc has a final diameter several times'its
initial value.

6. Micrographs of a deformed PS dine showing that the catastrophic failure
is a result of £racture and localised shear. The enlarged view in (b)
In from region S in (a). The view has been rotuted so that the shear
hnnds are horizont:.a,

7. impact on a pelje.t of PI:'fN. Frame a shows the 5 mem diameter pellet
before impact, R pid flow nud jetting occur as for puwdurod layers.
FUsionl of th. laye r starts in framei d. The whole layer is transparent
and flowing rapidly by frame (, when the first to two igniLion sites
formt.. The ci.rcu.llor featir, in fr.'nu' h i. an artifact. Diameter of

field of view 20 win. Fraino tiniwn/Ls : a,0;b,b7;c,221;d',308;e,389;
f,469;g,47b;h,1i82;i489.

8. PETN pellet surrounded by 5 PS discs See text for details. Two ig-
nition sites at the polymer/cxplosivw interface are labelled in frames
d and e, Diameter ,)f field of view 20 nun. Irrame times/wa :a,O;
b,91 ;c140;c,16l ;c,08;f, 75.

9. 25 mg disc of PETN containing a PS disc. Three ignition sites are
labelled. Field of vuew 20 min. Frame tirier/ub: a,O;b,14.

10. A PP disc (light) press;ed into an iLX ell(lot. The first frame is before
impact. Cosiderably bulk dtoraron of the PP occurs but there is
no ignidon of thle ox.lusive. ['icld of view 20 tmrm, Frame times/11s:

1. ,SimilUar to f'igTure MO bLIr with :1 PC discV; exc'pt that impact. lhas already
occiurred in fram .i. he 1PC fails cattastroilhirally. The firtt of sevoral

igniLion sites cai bo d,,ekt, ol in fi onw 11. Fie]i of vi,.w 20 ianu. lrnme
time/Its,(J ;b, 34b ;o ,9 ;d, l , 3 i ; f, 1"47.
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12. Experimental arranggoment for obtai.ning presure-time curvert. W, drop-
weight; H, RI,R2,l3, hard ,teel rollers; C, cylindrical guiding sleeve;
S, sample.

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

14. 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.

15. Calibration curves for the friction apparatus (a) high temperature
region (b) low temperature region.

16. ExampLes of the traces obtained with the apparatus (a) is a soldering
iron at 575 K (b) a small diameter PC pin and (c) a large diameter
PC pin. H is the signal strength when there is no filter between
source and detector and H' the strength when a. PMA filter is inter-
posed between source and detector.

17. Polymer pins after friction experiments. (a) a PC pin showing many
layers which have been sheared off aed built up on the trailing edge
(b) a PP pin which has rounded and shows evidence of melting (c) a
PM4 pin which has a roughened surface caused by small particles
being brittly chLpped out of the surface.

18. Micrographs of polymer pin surfaces after friction experiments.
(a) PC and shows considerably strain in the frictional. direction.
(b) PM4A which has a powdery appearance with many umall 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 completeness, reference is given 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.N. Chaudhri and J.E. Field, "Fast Decomposition in the Inorganic Asides",
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) Letters 1055-58.

M.N. Chaudhri, W.L. Garrett, 0. Sandus and N. Slagg, "The High Velocity A
Detonation of Single Crystals of Alpha-Lead Aside", Propellants and Explosives,
2, 91-93 (1977).

R. Patal and M.N. Chaudhri, "Differential Scanning Calorimetric Studies
of Decomposition of Beta-Lead Aside", Thermo. Chimica. Act&. 25, 247-251,
(1978).

T.B. Tang and N.M. Chaudhri, "Dielectric Breakdown of Ionic Amides", Conf.on Elect. Insulation and Dielectric Breakdown, Washington, (1979).

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

T.B. Tang and M.N* Chaudhri, "The Thermal Decomposition of Silver Aside",
Proc. Roy. Soc. A369, 83-104, (1979).
T.B. Tang, "Analysis of Isothermal Kineti.c Data from Multi-Stage Decomposition
of Solidd, Thermochimica Acta, 41, 133-116 (1980).
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SECTION 3

NEW mikTHO) I-OR TO AND) DSC DATA ANA[.YSIS '

H, K' PAIJSIR AM~ J .LFIELDH P/'yfrv ait/ 0Cinibi of Solids, Calylidisl, hirwgtary, Atadhigh.e Road, Canthridge (61. Briain)

(Received 28 Novemiber 197ti

AIIM kAM

The paper describes a graphical computer method ror- analysing TO rind 6SC
trace wh i ch gives nil Ifi ie rvact ion pamnd eers (E1, A, and it) elm mcerisn al nit nh.

order reaction from a single trace. If the reaction procceds in multiplc Stag'es (,A" /I
and it) triplets crtn beobtained for each stAge. The computer programmes ara basically
simple and usc little computing time (typically a few seconds). The advanitages of' the
approach over earlier methods are discussed. As a test of thv method,, results on the
dehydration of calcium oxalato monohydrate are doscribed.

INTROD1.cTrioN

The deduction of the rea6. on parameters E (activation energy), .4 (rreqteoncy
factor), and it (reaction order) from TG, and DSC traces is clearly or interest. A
number of methods have been used in the past to do this but all have unsatisfactory

features, In the work described here a number or Fortran programmes were written
to extract all three reaction parameters of (n iith-order reaction from .1 singlo TG, orI
*DSC trace. The progrAniles were run on the Canibridr.0 IBM 370,:11 computer,
and tho plotter was used for graphical output. So that the advantages of the present
approach can be appreciated earlier mecthods are briefly discusod.

Murray and WVhite' havc show n that the tcmpcrature at the reaction peak of
137A traccs call be U-Wd to obtain E and .4 fromn a nu1.mber of traces if a first order
reaction (eqn. 1) is assumed, %khcre iv is the fractionial reSidulZ1 WCipiht, Ithe ti11e, T
the temperature and R the gas constttnt,

If qn (1 i difeentatd o obain ilic maximum rot cht-df then eqn. (2) call

maxilmini.

E I~

A ~ ~ ~ ~ ~~2 pltyi/mvessI ~T el&, EIR as the slope and In (Al?'In as the intercept

energy plot, A numiber of experiments are ncecdd to obtain a reliable %-tile for E.
There ik alm the limitation that the theory only works for it first-order reaction.



isin~cr2 %h'v~vt! imi ihc tciican I%, ci(W l ;II nilt -u Odcr rvw lion
byCq~n ~n. (J)

IHle %1tows ill his ptcpcr flifL tho product ifl" i indepciidcol (if 1the livating

rate ((/,) ail adlost cqcat to tinily. riwhc rftie, c~i) (3~) ccvcy im~uixs to Nil, (n.
The ninprouch iig.-iin imics poor usc or [lie informa iori contained in it VTA tracc.

OYit\%AS aIt iysis1 ofTG( tntcoe bopiiis with a r~citial form oF renctioii cqulttioit.

div
d A - x r (4)

Theais itcgiated by Wawa who shows thut the .olition to tho right-11,11d xide or the
equation is a polynondcal in the viaitblu EIRT, Equation (5) is oil approximate
forniul whiv4 relates tli he hating tate 0 with P.

log 0 4 0,4567. log 01 + 0.4567 5

whereTand r2 con espond to the saim fract ionril decomposition of:(the stimple.
Sinc a lot orIo veistis It/Tcan be obidined for e~ach vawit or ic, Wawa~ aggrepics

all thcsc results In a inaster-curve with n g.ain In accuracy of tho fnul rusult. Equation
(5) nlyassuicsthat tefnio w is fystintA iulvltco v

This method also niecds a number Of CKper1imets at diffecrent licatinB rates to
getcratec noteh drita for at slnqlc activation eti-gry plot. Although the 17ethod W45
developed rot thriqcta1%~vitnetriv cata, it can b(- upplicd to DSC data by integrating
the peaks to give valuci ofie, A thcoreticot analysis of sucli a process Is given by Reed
01 al,.

B~orchardt andc D~aniels' describe n mothud which tllows E, A and nt to beI.'determined from the shape of a DTA curve, 'Their upptoulQh was applica Io reactions
in the liqluid pliuse. 'I hie typc of rcoction to which? this Inethod i.% applicable mlust have
a single rtt cunstant and ta ctivation cner~y must niot vary with teinperature.
Bly considering the heat transfer ccquatiii of tlt. calotitnetct eqn. (6) was obtuinedc

-- P dN NA J~c 7),4 (6)
da KA' dr '

where N is the- nunib',r oif moles present. u (lie initial ni in her, K the ht;.t truntiser

anid 17tho. tciitrei fl c tw%-en ticQ t.oCelli. I titejillcl aore qn (6) with

respet to tillic ,1Ives

where a is t he ;a li nde, tlk 11 FA cmz vu up to I he pro.sent tImpCiaturc.
The cp dnfor ilhe ratw cotiant 4, ..) it iractiuct of order ni is

where V is the voumvt. S istilittilt.~ eqns. (6.) anl (7) for dIA', and N gives

k {!<~P1" i ~ 'dKT t

k/



Jfor ii. Thislh~ ed k~I 1 ,I I;h A 1,\ Ofv ht I,- \c CLI IS 1,11 (it, ti\ aIti(1I elm ! y

hits voltav, or r', 4 mid it i Lail bItulilld. 11WV ifllill (illWcidy of' Iahis mnethodI ila
II u mbe II of plou l i a( a~5 hai to t iadc feoa eCkh val iuc of1 a unti ii c points lie Oil it
Straight line.

A number of committearir naai licka es:d by lienin ct al." and used to
solve three prublems, namecly (1) file production of alacrmoprnams given thc reaction *
parn meters L'. A, it nod givon that tile rciawtio1 is of II ith hrnde typle" (N) tile rrtkIala.
tioat or tile (EA ., it) triplet fAoiu an ~spa mu tha inra m a this is tile Inverse to
problem (I); a aid (ili) the determination of tho aevmctioaa pua ramwvrs anad tile Cotilapko
reactin in cchavai'ni from ai giveni (Npeaimicot al thoanogrmm. The fi rst problem is a
strulefitrorward function plot of thu solaatioii to the nith-urdecr rcalin equatiori.

Tho second problemi Is more dillcilt, and prosenils. 1twif to a yollo %\h)o waints toI
obtain reaction parniaaeturs fromt experiancntail data. lDenin el al.' trecat It as a problemA
in curve filling. Thcy ltmiiisc tile i.fiepancy hat\%cci:itha esperinicnal data and thle
calculated rulition by tak ias ith e disvrepancy citerion t he ninu deviation of
tile fuaaatioll fA-011 11h1 data. The soitilion or the tihii d 1 woa it an :attcnvt~t to reveal
the meeaniaa of a chemia retcian. The progritmimes becom: quite inivolved a0%*
they work out octivatioii cnerjjiQs for caich iection of the tharmogram by' using it plot
or reaction rate versus i,'T for a (onstant inmount of conyersion, at, but diir~rcllt
heoatin$t rates.

Thia most general formo oh' the fit funcetion il!stumes it decompoilt prcess
which procceds Ili at nuntboa of indi'idutil sing"c. itach stage conists of tan clementtary
fitt-order reaction, iLe., eqo. (I) w h A, E and at- replap'et. by A,. E,~ and iv,, respecive'ly,
NVh10ao "I" delotes thle variable heaanping io the ith stage of tie reaction, The programn-

me which optn iwstliI fit of this rutiction to thc daIta takes tp to 4 11 Of COanPuLinic.I
This ninkest the method rather cxpcatsive. Another \%eak point is the diceancy
criteritt between the data and the fit, which is takni ats the nma.iiaur chI1Tvrvnce. It is
well known that the data points towards. the enki of a decomposition process beconic
less ruliabla due to im~putitits, and zerTo errors. B~ut thct-e points haver thle suanta %%eight
in the analysis as all thi: others.I

schcnipf et aP, dkcseribo a Viogruanini is-klii fits a least squire polynoniinl to
,the weight-toss ciarve. The cluiit iy dma~dt is cuilcoifaect by dill'erenfiation of tile

Polynomial. A sLoighlt Ii tic is then fttox to at plot of log k vvrsus 13'7. and the least
square ci ilcalon I% used a i':iaa. The reamedior orkder is aitiid to he one, and n6

an a fthe weight-oss curve. COt wvoik shows thaft 00% is very critical and ran be
oatpti frmd ocim ilI h I t~tif an ideai- plota iouonw byt thee tomptni a,

NEJiW hITt2Haf

The method dec~oped wasi hamed tit, atc itteas of I'lorchitirdt tand Dainicils' Our
data were tbtainod frrom boili ir th'Iwnnohf:maice (S~tanton RcdcrQIL) atnd a differential
thernial calorimetecr (Peai . 1:;aiho.r rSC. I.

Tile Analysis Aistia:es :: Ir-7miion \kI( It %:ana III J!'ibed by

Sinec the hetat ni, imk: hi Not nihi a )i n s'nt the limne Yariinblc can be
climinartcd fai vi. ( t0) l 1ti, v I'd )t,(I (a1.le SC(
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2 iTaking intur r~i 1lhlils oil hoihl Sit. ic

Note that (.-. dw/dy) is i posiwequnntity shic : the trnetional rcsildualwclht decroases
with increasing temperatilre.

A ploi or (i,(~- dw,) - In Q~iv)) versus (lI/T) only yields a strtaight line if
Qwii) has bee~n chosec ermeily. In the ca-i orfi(tii) w it tiw rea~ctionl order 11 is
varied tmill n straigjht liiw is roand, The auiiotlon cnirg Jcan be obtanud fromi the
slope or this plot, the firc~iwiwy ractor A froiia intercept on the ordinatc ndc the
rection order it Is detcrnihicd by the straip1it linec critorion.

This annslysia can Rlso lie zpplikd to the DSC data since the batsic eqn. (12) only
differs fromi (10) by constants.

dQ 4l(w - iv,) A exp (. j~7 ~)(2

Ttoe..(- int the eq~uation corre.-.ponds to an cxothormic (cridotharissic)
roetion where, Q is the bent Sivei oR'by the s.ample, AllI is (lie crithalpy chinus: of tho

entire reaction, wo is thia initial WeIght tind ii, is the rcit m-ciglit, and th other parim.

miers nrc a% defined previously.
Taking log~arithms gh-es

In ts / ill rovJ ts.11w - w, .

Trhis timre dQ/dt at tempeuraturc 1' iqii thenasitred quinilty and is noeds to be
CisICUlitte, This iu easIly dolls Since, ir flic rectiton reults In a %%.eight loss

do

tape. This intormalion is then rend ito disc Imes or hecomputer. Thest: Ales cans be
used by the prV.inc '%hkh cnlculate thc activailoi i enerjy. etc. After these
prograrnrie% have tun, the plotter output ii~ viewed on a 10"'Osion scrogn. Only If the
plot Is saltisfactoiry Isis 41CoPY obtalined from thec plotter for the final imtaly-sis. *flo
dlmnen.ons ctorrespond to the original output or the chart recorder to ilhat a direct
comparison is possible. liTerent p-m colotirs nre used to differentiate bmt'en the
rawbdata (black) and the theoretical fit to the data (green). Thoic colours are rc-
preseittet. In Fig. I as a broken line (black) mid n (till linu (grecen).
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Fig. I. Weight loss' Curve orca C!O41J:!O anaIysis. The dashed line is the original dat.-tand thertil
* tine the replot Usinr thie Computed MF,.4, it) triplet for the three straight Hie wcetions %vhich are

separated by vertical dnAhed lincs.

The differenflal ,,rograrnime*
Thecre arc thll-c dilferenit ways in which difercritials to the weielht-loss curve

were obtained. Thc first uses diffircrccs and produces a noisy (liltftrftial curve. which
is, however, nearest to the orig-inal data. The other two use a polynomial lit, and a
spline fit, respectively. Tile polynomial fit, usually of 25th order, is generally good but
produces artificially large undulaliotis over straight egionls Ot' the curve. Tile best
results wsere obtained by a Cubic spline fit. This programmne fits a third order curve to
sections of tile data, and joins them inl such a wvay that the Function and the first two
derivatives are continuous. The programme uses a standard subroutine from thef )-Harwell Fortran library, MhIch choosesits own knots (points where twvo splincs nicet)
according to the behaviour of the origin:il cu~rve. This meains that over a straight part
of the curve a long section can be fitted by a single cubic spline, whereas at places of
greater variation, smaller sections are choscti to bec Approximated. Tile dilTerenflal
of the curve is then obtained by differenLiating 'the thirdr order splinc: The fit of tile
spline and the differential is very accuratc. The amnount or data, smoothing achieved
by this fit suits the purpose of tile follo\\ing programme (next section) best.

The programnnic to find E, A andui
It is, Assumed in this analysis that the reaction that leads to the wecight-loss curve

is at least picec-wise of the Pith order, i.e. follows.eqn. (10) with ri(-a%) = ir4 This
programme plots [1 (- duvfdt) - it hI wt) versus I IT for different values of it. Tile
values of div/d/ and of it are obtained from a file that was created by the previous
programme And contain,; the smoothed weight-loss data and the differential in the
form of thie spline parameters. The value of it is tAicn as zero for the first plot and
then increased by 0.2 tell limes tip toni 2. Theseceleven lnshv i~rneratrs
Trhe straightest of them can easily be -,elcctced by eye and this i, viluec is then taken as
thc reaction order. The slope yivids r and the intercept A, The rcstiltitir triplet of
nttn~crs (C , i) are necessary and suflicient to characterisc an tith-order reaction.
The type or reaction, iU'. f(tt) 11u clln e cha tiped ctsily so 111 htithe prougr.tnt me is
Applicable to reactions% oranly type, i.e. f(ll) canl have ally rori (e.g. I-11)do1m chailt
scission).

-This find the Milow intj 11pt 'rlhus C;,n be ot'tainel (rmm the authors.
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The programm", to produce n theoreticaifitfirom the (r, A, ) triplef

This programme allows the production of a weight-loss curve with up to four

different sections each of which has its own E, A ,nid it factor. It was impl~mcntcd on

a Hewlitt Packard )cst top calculator and plotter of the type IIP 9S25. The thcoretical

plots produced in such a way fit the original weight-loss curve very vell. They also

provide a useful check that all the calculations necessary to produce this triplet were

correct, and produce a good fit.

S I " 1

.2 24 is 27

Fig. 2. Activation energy plot for various values of reaction order n. The 01 value which gives the
best straight line .,cn m'nts is the one appropriate to the reaction (here 0.6). There are three steps to
the reaction but the first two correspond to only ca. 2%; of the weight-loss.

TEST OF Mu[T1?OD

The dehydration reaction of calcium oxalate monohydrate

Ca C20 4HZO -* Ca C204 - H20

is well understood and yalues for the reaction parameters can be obtained from the

literature- ). It therefore provides a good test case for the new analysis method.
Figure I shows the weight-loss curve of a sample of Ca C2O4H:,O. The dashed curve
represents the original data and the full curve the theoretical fit based on the Comr'puted

(E, A, n) triplet. Figure 2 shows the activation energy plot. The number at the end of
each line gives the reaction order that is assumed for the calcultion of the corre-

sponding line. The straight lines which approximate the cuves best are used to obtain
(E, A, n) triplets for the three sections. Since 14cse (E, A. n) triplets completely
specify the reaction the original weight-loss curve can be modeicd (full curve Fig. I).
The results obtained with this method, and literature values are summarized in Table

I. All our experiments-were performed at a heating rate of 10 deg min= '. The results
obtained in this way have an error of -. 5 kJ mo' %hich is due to the variance of the
samples thenscves. The rcthod itself has much greater accuracy. It was found that
the best straight line could be fitted to a curve corresponding to a reaction order orO.6

TABLE I

Io A Ref.
kJ mole'-)

87 19.8 I11' work
84 17.3 This work
go 21.0 A
92 9

______________________ ______________________
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which indicates a surrice reaction (theoretically 2/3). It can also bec sen on Fig. 2
that therc are three distinct stages or thc rection. Thc first two. howcvcr, corres'pood
to only 2Y. or the wcight and, are :attribolcd to v'olmil stjbstan~cs'dii lhe surfacc.
This shows the sensitivity or tlie method used cslicciall' co: n~iderinig that the vcrtku!L
axis has a logarithmic scale. Thc real dehydration reaction is represented by the last
straight line segrncnt.

-The mcthod 6utlincd in this paper has reccntly. been succssfully applied ". to
d~ccornposifion studies of P.E.T.N., P.E.T.N. with fillers, high denisity potyctlhyku1c
(11DPE) and polyletrifiuorocthylcnc (PTFE).
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ANALYSIS OF ISOTHERMAL KINETIC DATA
FROM SOLID-STATE REACTIONS

TOJNG B. TANG and M., M. CIIAUtflIRI

J'htyuics arid Chemnistry of Solidi, Careadsh Labortory. Madfi'gley Rood, Cam'bridge UK

(Received December 12.1978)

In most solid state reactions the reaction velocity can bc described as a product of
Iwo functions X(T) and flt - 2) where 71% the temperature and i the dcgree of con-
version of the solid reactant. The ph~ictiI interpremation of these functions is diwcussed.
and a systematic metniod is described by %ich At - ,) of a rcaction is idenitified from
its kinctie data. K(T) and the reaction mchanism are then (letermined. 1 his method
has been successfully applied to analyse the kinetic-, of i h thermal decomtposition of
silver azide.

In a solid-state react ion, the reaction velocity is given by - d/dt (I a) m -
where tx - otQ) is the fraction or the solid reactant which ha% reacted by time r.
Its kinetics can be solved by determnining 6 is a function bf temperature nnd the
global amount of reactant left. This phenomenological 1,nosvlcdge is a necessary,
though not sufficient, condition for elucidating the reaction mechanism. It is
necessary to formulate the reaction velocity in tcrms of the global variable *,
because there is a continuous collapwe or structure in the reactant. Furthermore,
thc local concentration of the reactant varies throughout the reaction volume and
cannot be used as a state variable. In fact, unlike thec ase of a homogeneous tv-
action in the liquid or gaseous phase. there is no real 'reaction order' with respect
to any reactant in a reaction involving condensed matter whose mechanism is
usually of the heterogeneous type.

If the reaction proceeds isothermally, it is observed empirically that (2. 1)
curves corresponding to dif~rcnt temperatures T are isomorphic to one another.
at least within i range of T, i.e.. by a linear scale change in t. differcrnt curves can be
superimposed [1]. It follows that i is a sep.rabie function:

(~)scierr~I K(T)fl ) 1

Hercf(1 - a) may change in different ranges, of T or ot. For every fl - 2) there
corresponds a single K(T). It ihould be noted that experimcntal data may be ide-
quately analystd by (1) only if it has been ensured that the temperature distribution
in the sample is suficicntly uniform and cop-;tant. Furthermore, the theoretical
significance of K(T) andf(l - a)determincd from the data should always bc exam-
ined withl regard to, the class of mcchanisms they indicate. A question of con-
ihicncy arises in this respect. In the literature, coheresit and integrated a1ccounts

of the physical (ats contrasted with the forinnl) meanings or K(T) and ]{l - 7
are riot easily found. A discussion on their interpretations therefore forms the
first part of this paper. In the second part %% e proposc an efficicrit method of de-
tcrnlinince. with coinidence, both /0( -- :o and K(T) fromn :;and 1(1) data. The inter-
pretation offil - x) is the essential link in !hi, method between the expcrimnental
data aud the function--.

Phy~.ical intirpretations

The finction fr(I - u)

Solid-sIle rcictions are conm i ex orccesses, Nshich preccd in sevcrol staics..
These can he thle dcoalt ~in'ransle of clctrons in chcmiczl bond (ir, the
case of flon-11nCtals). filhe dififtio ~I oa"foris, frlc ~ or ions. hie desorptiOn
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of product molecules when they are in the gaseous phase. the heat transfer to the
reaction zone in the case of endothermic reactions. and the formation of ant w solid
structure (crystalline or amorphous) if one of the products is in the solid phase.
The last step may often be further differentiated into nucleation, growth of nuclei
(at velocities which depend on sizes or nuclei) [i I and sometimes the collhpse of
the lattice from a transitory one to the equilibrium structure [2]. Irrespective
of the details of reaction mechanisms. however, under a given set of circumstances
(", a, sample history etc.) one or the stages will be the slowest. It then acts as 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 homogertous reaction whose
progress is independent of spatial coordinates, an additional controlling factor.
numely topochemistry. This refers to the geometrical shape of the solid reactant
and. in different cases, to its free surface area. its defect structure, the thicknessA
of the product layer if solid, or to the product- reactant boundary, etc.

The function f(I - :) reflects the nature of the rate-limiting step and ihe topo.
chemistry of the reaction. It may accordingly depend on certain sample conditions,
such as whether the sample has been pre-irradiated or bleached, and whether
the sample is in the form of a powder, or a large single-crystal of a different shape
from the crystallites. It will vary in several ranges of Tifin each of them a difitrent
elemeniary step becomes rate.limiting, as occurs in the decomposition of potassium
azide (3. At a given temperature. it may also change In different ranges of i.
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 (I]. An extreme case is the decomposition of ammonium perchlorate
which, in the two temperature regimes below and above 620K, has entirely dif-
ferent reaction mechanisms and in fact yields different reaction products (5].
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
higher. In all possibilities, however,fl .- o) should be the same for a given ,Y
independent of I' (within a range) if it is to have more than only an empirical
significance.

In Table I we have collected together the more common forms offmI - 2)
which have been used in the literature, and the corresponding integrated forms

dt 1/f.l - Y) - 'f(I - Y) m F(s). Note that F() - K (f - t,) if the range
o 0
of a for which it becomes applicable starts at 0 - (,,). Also, for simplicity here.
after we write K for K(T).

In many reactions, such as most dccrin'csiticrs and dehydrations, the rate-
limiting step takes place at the intetf ce ctwcc n difl'cr nt phases as in sublimation,
The speed ait which the interface n .,; d Uctant is (at a given temperature)
then either a constant, or a unique function of the interfacial area, This area
therefore, from the kinetic point of view, plays the same role as that of con.
centration in homogeneous reactions, If the sreed is constant, then the theoretical
significance of.Al - ,) is tlear: it gives the area expressed us a fraction of the
original area at 2 0. This is the case of a reaction controlled by the movement
of a coherent phase-boundary and listed as F. G and H in Table I. In this situation,

the explicit form oF A I - Y) depends on the geometry of the reacting system,
though generally it is H decreasing function of Y or at most constant.

If the reaction consists of the formation of compact nuclei of a solid product
at localized places in the reactant followed by their relatively rapid growth, then,
to express the total interfltcial aret,A I - a) is derived from the laws of nucleation
and growth. This is the situation when the reaction is autocatalytic [131: reactant
molecules at a reactant-product interface react in preference to those at a reactant-
vacuum' surface. The preference is due to the existence of microstrains in the
reactant at the interface, or due to the electrochemical potential of the product
phase when the rate-limiting step is a redox process. The various possible forms of

IP-I I I I I IiI
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/lI 1 f or .in autocaitalvtic reaction arc listed in Tabhe 1. A to F. Note that they
have the general form f~il - 2)m "(1 I -/)t'I. In A4. BI and E. q is ;,tro and 11
increases monotonically with 2. Such a situation is most unlikely to lust up to

Y ,1 These types of 1(1 - 2) therefore may apply onlly to the acceleratory part,
it' it is present in the 2-timne cut-vg and which hill usually be followed by a decaypart. In C and DA q is non-7ero and these types give sigmoid-shapd curves. The
inflexion point occurs at 2' - p!(p + q), as can be seen at once fromn the condition
i= 0. It is thus kinetically feasible for them to fit the complete experimental curve.

There are, however, physical grounds to consider that even they should be used
to analyze ol~y the acceleratory period [I].

In othcr reactions the rate-limiting step is not confined to, or does not only
occur tt the reactant surl~acc. For instaince. in thc Linimolccular-lideay type or
reaction, all molecules whether on the surface or in the bulk have anl qual proba-
bility per unit time of reacting. This is the case when the change from the re-
atatn to the solid product phase involves little re-arrangement ol' the reactant
atomns, The reaction hus homogeneous mechanism and thus at true reaction

order or one, iLe. fl I - -Y) a I - ii. Many decomposition reactions tend to this

Table I

The common I) pcs ortiolid-state reaction

Reaction

Autocatalytic Power-law nucleation and growth at constant speed: A
Linear branching chain of nuclei, no overlap during growth: B
Branching-chain nucleation, Interference during growth: C
Random nucleation, growth accompanied by ingestion or nuclei: D

k Instantaneous nucleation, size-dependent Viowth: E

Phase-boundary controlled decay )-dimensional: F
2.dimensional: 0
3-dimensional: H

Unimollecular decay: I

I-dirrensional: J
Diffuslon-controi led 2-dimensional: K

3-dimensional: L

Al - a) VK rl id) K, Referenco

or 1 I~" .27n 161
B ll n I- C(T) "'171

C It(i - 2) -In(- (I 1- 0 - "'181

D (-in (0 - 2))1Iill~i (I o) -

E V11~ 2(,7I - OUll

F 1 e 1.14 131
0 (1 1.11{ - i'' t
Hi (I - W11l 3{1 I-. )'20 [12)

1 1 - 2-in (I - 1t [ 131

j I I 2j1:2 0.62 1141
K I ' -Int(I - YIF+ tI - 7)tf In (I 7Y 0.57 [141

C . 14H ' (I 3j 1)i - (I - 2 0.54 [3In lan II I1: I ot'..5716

ill Plot of L.-iS. in i)i against log Idictinctively concave upi%%ardh; c', ano , are constan:k
while CIT) 1% funotlon of temperature

iii) h - 0.774. 0.700. 0.664. 0.642. 03M5 for n - 2, 3, 4, 5. ...-

1)Alternative derivations; ile haive obtaincd thc alprodirni fo'rms or ((I - Z) by ex-
panding into series (I - )3and (I - iY"-l to %econd curdtr in j: rusultins error me 79,6
I<10% forY < 0.8)
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limit at high a values. Another example is when the rate-limiting step is the
ti migration of product ions along the dislocation network to form additional

growth nuclei at dislocation nodes t17]. This leads tofl - a) = Y, 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 oonsistc of reactions controlled by the diffusio. of reactants
across a product la er which is solid. The diflusion may proceed uniformly through
the bulk of the layer and is thus st.ucture-insensitive, or preferentially along its
gross lattice imperfections arising from product-reactant mismatch. In the case
of uniform diffusioai, the speed at which the product-reactant interface moves is
a function only of the product thickness (and temperature), and the appropriate
forms ofll - a) are included In Table I as J, K and L, The oxidation of metals
often follows diffusion-controlled kinetics: in sheet form these tarnish according
to the parabolic law alsct. Exceptions aret hose metals in Croups la and Ila 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 cuherent
layer before coming into contact with oxygen.

The junction K(T)

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

K(T) - K., exp (-EIkT) (2)

in which k is Boltzmann's constant, :,.nd the tnac.'u-kiretic constants E and K,
do not depend on T(within the range), though usually they take on different values
whenAl - c) changes.

If it Is established that the reaction is rate-limited by a 'liffuslon or migration
process, the Interpretation of K(T) is complicated, but obviously it is proportional
to the corresponding transport,€oeflcient, which in general is an exponential func.
tion of T. An over-simplified theory for the situation of uciform one-dimenslonal
diffusion gives K(T) w (SIV,)OD(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 controlled by a surface process,.
on the other hand. the simple theory of Shannon (18] is often successful, This
theory is a generalization of the Polanyi - 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 ($St/k) 6SO/ V (3)

and exp (-ElkT) - exp (-A 11*!T). (4)

Here the mean-frequency factor kTt/h containing Planck's constant is usually in

the region of 10s" s- (see below), elSI and ,4 H are respectively the entropy and the
enthalpy of formation of the transition complex, 6 is the thickness of one mono-
layer and V0 the initial volume of the reactant, und Sf~l - 2) gives the free sur-
face 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 T, (In gas reactions, the collision theory gives K, 7 Ti.) In our
opinion, however, if the vibrational modes are being considered then only at low
temperatures will the peak distribution of phonon frequencies lie at 07h. For
most substances (with the exceptions of Be. C'r and diamond) the Debye tempera-
ture O is less than 500K, so that the frequency ractorshould stay asAk0,,: - 10"s-'
for all likely experimental temperatures.
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The ftactor exp(A.:' k) may alternatively he written in terms of partition func-
tions ,s Q IQ, which can be dctermined from spectroscopic data 120). In most
cases AS' cannot be larger than the reactant cntrop'. of melting. and exp(AS*/k)
comes out normally tctween unity and 101. Occasionally exp(AS:,k) is found to
be lcss than unity, as is the steric factor in gas reactions. Such a negative value of
,S means that the activated complex is nore ordered than the reactant (e.g.
[21 ]). txperiments on some decomposition reactions have given K which are ab-
normally high in comparison to the theoretical values of (3), Hypotheses put for.
ward to explain such discrepancies include co-operative activation [22]. proton-
delocalizmion 123), and a mobile layer of molecules on ihe reactant surface (18].

Kinetic analylia
Current prac'tive

In determining the kinetics one wishes to find K, E. andAl - ) or equiv- !

alently F(ac) so that the reaction velocity can be predicted at any given T and o.
This is commonly done by analyzing a set of 2(t) or equivalently 1(t) values ob-
tained by monitoring a number of samples reacting isothermally at a number of
temperatures. The consistency of the XK, and E values withf(l - 2) should as far
as possible be assessed, and correlated with, for instance, microscopy,

A quick method of calculating E was used by Haynes and Young (24]. Consider
a set of(2, t) curves which have been found to be isomorphic. For any two curves
(tt,) and (:, ta) corresponding to temperatures T, and T2 respectively, one can
write

F(ys) w-tK,. exp (-EkT,) (3)

F(n.f,) - t,2K, exp (-E,'!7k).

By choosing points corresponding to the same Y on the two curves so that F(O1 ) -

, F(a.=), E can be evaluated by plotting In f vs. 1, T. On the other hand, to deter-
mine F(*) often a trial-and-error method is resorted to, Conflicting forms df the
function have sometimes been asserted by several authors for the same material,
like NH1 CIO 4 (see [25]) and KMO 1 (see (26]).

A conventional way of superimposing isothermal curves is to convert them into
'reduced-time plots' by individually scaling their -axis with the factor Ihrj, where
t, is the time when i = 0.5 on the i-th curve. In this way K'(T) is absorbed into
each scale factor and all (., t) = (0.5. 1) points coalesce, while other 01(r) points

,may be plotted uut tc " the curves are indeed isomorphic. Sharp et al. [27]
tabulate the theoretical ucs ofi against 'r for some of the F(2)shown in Table i.
They propose that by comparing experimental data with such master values the
correct F(o) can he identified.

The above method may, however, result in ambiguity due to a number of as-
pects, Experimental data contain random errors, but no simple statistical analysis
can be applied to the identification criterion it employs because no straight-line
graphs are involved. Additionally. a general problem lor all isothermal experi-

ri ments is the zero-time uncertainty. The finite time taken by the sample to reach
the designated temperature may be negligible relative to r. yet may affect the com-
parison with the tabulated values [28). Moreover. F() may change in different

regimes of the *(t) curves. as mentioned earlier.

4 new thiwhod

Here we suggest a stepby-step approach to determine /11x. It wus noted by
Hancock and Sharp [28] ihat for many forms of Ffy. the plot of logl-ln(I - 2)]
vs. log I is almost linear if 2 is restricted to between 0,15 and 0.5. Using a com-
puter program to generate artificial values and their log-In plots, we have found
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ths ittic for all [lie theorceil lor1til, Iltstd ill Ia l 1tI , il i he C c~tlol 'I R.
C and F. The slope in each case is listed there undler the ( olumn 'In'.

Obviously aI log-In plot ks not very ,ensitive. It' \ke %ere to rel\ suiIlcl\'Ii t 1;to
dvicoiiuate between the functional formis of1 Pot, the experi mental dati s\ ould
have to be & Ihe highest quality, A slightly more sensitive %s aV is to plot f- In( I -

-2)]'"" vs. i. but then in can only be obtatined iteratively. Forta nately. tit does
difrer iignifietqntly between different groups of FlYl. and the final discrimination

i aivachieved hy a further graphical stepl. There tire three posihie sitationis

It wil besep: m abe I that this situation SggestS an tiutocatlytie reaction.

lor wihI=KxOl I - Yl't for certain p and q/. Front thle espiernienill' dai of, i
and ,t.t 01C Cn then dIo .1 leaSI-t-sares lit oni the graph ol' I log 4.,, log 7 againstA
-1 loV( -. x)!/J log 2, and fitnd p I roiii the *t-i ntercept and q from the slope. Here
J 01 log io /, -- log (12). etc.

f-or tan expression or this form. one has p( I - x') = fix'. where x' is the value
at maimum 1. Using this relation to reduce the riumber Of Un~known parameters
to one, one can Ilse a simpler grtaph to determine 1) and q (26]. However, the cal. :
culated values oif p and q are then subject to the accuracy of x' and. more runda.
mentally. the possibility that p and q nmay change rrom one range of % to another
is not allowed for. As mentioned above. those types ot'ff I - Y) in which q - 0
represent the acceleratoreio whiingnrl should lie followed by a decay
period governed by a different form orA I - YAl.

2. r

The reatction is either phs-boundary controlled or uniniolecular, and I
K(I -- 2)1, as seen in Table 1. One then drtaws the graph of' log i aigainist

log (1 - u) to find r,. the apparent reaction order.

3. in z: 0. 5

The encion s dffuson ontolled (see Table HI. One has to test separitel

whether YvI is parabolic (the diffusion is in onv diniension i. or .- I In(l - Y)-
KG( - Y j' with s = 0 1 two dimensions I or .% -I 3 1 thrne dimvensiotns).

itThe correlaion ccticicflt ini th es-urs i c1s %mesrn h i

to te ientfie foin r ' I ) Itnimhe hatp aind (/. r. or s chatnge once or

thie itpsrimenter shoul prsceedswhetherbtgorntical10uCtmfictionca butte prgided.
hisowa new rat dslawgsevmal hiea eideniie .1' ivc tpatothgrh

sayfrt if,,/tio 0 i s notn- ltin theo t selected uito oal form in anotherI
op o ste s olthent ctr li gte forti [in uthe lr earl pI r

(ii, -te.ldepedy onef the ampese a the alesrniet rcds may the terd

to therisviv ne ra~te aw ignore demga i s 'A.adtrn t e o vle

ai different tempertttres A', and LEan bie deterntiied. Note that the detnii tion
oif' these mnacro-kinetic C011.001111 depe1nds onl the 'ri of fl 1 7)e chosen. :I, it
should he.
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It may he added that we see it an immediate possibilit. to have full automation
in the acquisition and processing of data in thermal analysis experiments. The
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-
puter program can then reduce the data to 2(t) or 1t) curves, and further analyse
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the curves to identifyf.l - a) and so calculate K, and E, accordinglto the method
proposed here. Nevertheless, the physical interpretation of these results by the
experimenter remains the crucial step,

The method has been applied to investigate the kinetics of slow thermal de.
compositlon in silver azide single crystals using thermogravimetric data, Curve 1
In Fig. I is a typical experimental curve of weight loss against time t, and Curve 2
is the corresponding reduced.time plot of: vs, t;r. In Fig. 2 we plot log(-In(l -
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log (I - a). It shows that between I -a I to 0. 1. 1 = K(l - )l with the
correlation coefficient among the data points better than + 0-. Indeed. the plot
of I - (I - i)l vs. r (Curve 3, Fig. 1) is a good straight line, with a correlation
coefficient of + 0.99 for 0. 1 < x < 0.9. The decomposition is thus of the contract-
ing cylinder type. We have also obtained K, and E. and found that their inter- :
pretation in terms of Ecqs (3) and (4) leads to a plausible physical picture. Further4 details are given in a separate paper devoted to the mechanism of the thermal de-
composition of AgN., (301.

In a second paper (29], we discuss the analysis of' dynamic kinetic data which
are easily obtained from modern thermoanalytical instruments,

Conclusion

We have described a systematic method for determining the kinetics of solid-
state reactions from isothermal data. It may be stroised once more that whenever
possible a judgement should theni be made on the consistency of the K ,, And E
values with the implication of flu - a) regarding the likely mechanism of the
reaction.

We would like thank Dr. J. E-. Field or this Laboratory and Dr. D. A. Young of Imperial
College, Lonidon, for discussions and comments. The work was supported by the S.R.C.
and the U. S. Army Armament Research and Dvvelopnient Command. Thanks are alsoJ
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ANALYSIS OF DYNAMIC KINETIC DATA FROM SOLID-STATE

REACTIONS

It ToNo B. TANG and M. M. CHAUDHRI

Physics and ChrnisrPry of Solids, Cavendish Laboratory, Madnuiry Road. Cambridge U. K.

(Received Devembe.- 12, 1978; In revised form August 20, 1979)

The kinetics or heterogeneous reactions, Involving one reactant In the solid phase,
usually follow the law i = A, exp(- Ek7W)(l - x). where -x s the degree of conversion
of the solid, an d K. and E are the kinetic constants. A critical examination Is given of
the various methods which are currently used to analyse dynamic experimental data.
The limitations of these methods and their Insensitivity to the form of ft I - 'X) are
pointed out. An alternative approach free from these limitations Is suggested. In this.
1(1 - z) 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
to elucidate the applicability of the approach.

Li There are many reactions of interest in which one of the reactants is in the solid
phase. These reactions can be classified variously as decomposition, dehydration.
calcination, dehydroxylation, reduction, polymeric inlversion and degradation,
oxidation etc., and they occur in a wide range of substances including ceramics,
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 [I ], the dynamic method is becoming in.
creasingly popular, especially with thc development of differential thermoanalytlcal
techniques like DSC and OTA. Since the initial temperature can be chosen so that
the reaction rate is relatively insignificant to begin with, it does not suffer from
zero-time inaccuracy- a problem whichexists in isothermal 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 analYzed, any changes in the kinetic constants will not he over-looked even
within small 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 samplcs are required: only a milligram or so or the materittl is
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need.rd lor its thermial characterization. If many runs are indeed carried out. differ.
efiv: between individual siimples can be determined. The last two advantages are
part icularly useful in single crystal work.

On the other hand. intrinsic differences should be carefully distinguished from
the effects of expeimental conditions. In the fir~it case lit;araturc data have shown

that experimental parameters such us sample mass [531 and shape. particle size in
the case or powder samples, and ambient atmosphere (or vacuum)can affect signif'.
icantly the calculated values of kinetic constants (see (21) If this happens. then
whenever possible the empirical results should be extrapolated to refer to it 'stan

dir' ~t u'csL'rnwnalCondition%. Secondly. the heittinp rate very often affects
the 4hape of the dynamic curve obtained, but discussion will be dellerred to the next
section. Lastly. the very fact that temperature is now a variable, in addition to time.
coniplicaics thu antilysis oif data. i r due care is not taken, either inaccurate or toially
misleading sttlues :are obluifled. In fact. it survey oft' the literature reveal,. several
instances or high-quality experimental data being mis-interpreted by methods
beyond their ranges of validity, In this paper, we first describe the various methods
and point~ out their limitations, We then detend the approach in which 'use is made
of both isothermal and dynamic experiments. The analysis of isothermal data yields
Af I - %) (as deflned below) unambiguously and, knowingfll -~ o)'one can calculate I
individual values of the kinetic constants from each set of dynamic data. We may
mention that. historically. isothermal experiments were the only ones employed
in the pioneering age in the twenties and thirties, when %olld-mate reactions began
to be studied from the modern point of view, as distinct from that of Langmuir.
Nernst isnd Tammann.

Kinetic equation

As discussed elsewhere [3) the kinetics of a reaction proceeding Isothermally can

usually be described by the empirical relation:

[H ]oeere %ithfrcin fthe sliteatreatd isoltzalays ucoessfully fTte toemperi-
mue. ntldat. Indeedan ths empirical relataon canre giverecisic trecation.

pndno.a lersimen ao itng is commonl agred t hatuldm be ated toe
dscrie 1 2Ithe to rate:otoln tpfterato cuso h ecatfe

Tufe is con tole byata the prut(idnterf e tmeuen programscoffa the 
aeteomeatio dvne othatexpors te t recanbeing tegrated aalyaly (seeral

izpror whetrea rthe tha pe un.ie.t size and K8, 9]e agaoicv rra in wntu h ichte
cut4- IT - C . ie /'-2T+B ihB-AKb trto 11 n
Sneoentiahograe qusonha th gexl valBiTdith of (1 on [ar0]. Fohes

[4f 7)ermea covneneHowever, the ltrue 1is a rranmet a suc sually tt t ee-
mA n rpeent con.Inee, tnts iinal atincarn gie perhimiu. iia

-1~(e 13 1).r-.
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However, it has been taken by sonic authors who object to (2). that

d,- -. dt + dT + dO (3)

where m ) j * ~ The argument is then that (2) is seen to be inade-

quote even in the case of do - 0, since the second term on the RH.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

(I + (1 - T,/T)E/kT]

in which T,, a T(0). But we hold thol (3) is unsound, Given i, T and 4), :, i,1 not
uniquely determined and therefore not a function of these system variables: Oda >
> 0, as A cannot decrease even for negative dT and do! Nevertheless, the Inexact
differential do 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 Tis altered, in a time so short
that during it the sample is unchanged. Along this path P the result is easily ob-
tained [14]:

0 p 7,

where K K, exp(-E/kT). We must emphasize that (4) is not logically self.
evidient. as is sometimes implied (14] or argued by mathematical operations based
on the presumption that : , 4(T. t) [15]. Rather, it comes from the assumption
that the reaction under study Involves no slow processes, so that d depends only
on the present values of a and r (i 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-
balance interactively controlled by computer [171,) Equations (2) and (4) are of
course equivalent. Their validity hiss also been shown by 'rational' thermodynamic
arguments, In which the functionul relation I - g t, it) is regarded as the 'con-
stitutive equation' characterizing the reaction system [18]. In a new direction.
the possibility has been suglested (64] that solid-state reactions may be studied
by far from equilibrium thermodinamics.

On the other hand, experience shows that apparently (4) is not always followed
exactly. Consider a reaction being investigated by a series of experiments conducted
at different heating rates 0 but with the same initial temperature T,. In (4) we see
that the R.H,S., for a given upper temperdture limit 7, is directly proportional toi/. Plots or the L.HS, vs, rshould therefore all have the same shape. It may hap.
pen, howevcr. that increasing departure from isomorphism is seen when experimen.
tal data obtained at higher 0 are so analyzed, The most probable explanation is that
the temperature change is too fast, causing the temperature distribution in the
sample to become significantly non-uniform. In fact, thermal equilibrium Is an
underlying assumption when (4) is derived above: without it I will depend on the
thermal history of the reacting system,

Other factors may also &. at work. The reaction rate may be sensitive to the
structure of the reactant, and a higher 0 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 surface process. the distribution

L
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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 122]. All these variations
in E may be accompanied by changes of K., in the same direction. Because of this
coupling, a linear relation between Z 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.!I.S. of(4) is invalid, In all these cas.
by. varying 4i the experimenter can, in fact, gain additional insights into the mecha-
nism of the reaction, or distingui.h between the competitive reactions in the react-
ingi systems (it situation usually. though not always, indicated by the presence of
multiple peaks in the curves). This is possible if the method of data analysis
employed is such that K,, and E are determined from a single 4 or x curve, rather
than from data at it number of heating rattes. The method we suggest will be of this
type.

It may also happen that In (2) K, z T, so that it cannot be taken outside the
integral sign in (4). Indeed. modifluatlons have been suggested or some methods or
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 KIdT - [E + kT/kT'). Likewise, any slight
temperature dependence of E can usually be neglected. Furthermore, irrespective
of this or the above complications the form off(I -a) in (2) and (4) is not affected.
It should be the same as that in (I), 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, d or a is obtained by DSC, DTA, TO, DTG, quantitative IR
spectroscopy or X-ray diffraction, dilatometry, or measurements of cheml-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 p-es-
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 E and K, (for a critical
review of the earlier work see [24]) and sometimes alsofAl -a). 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, TO instruments etc, are all interpreted in terms of a and d, 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 I -2 ) - (I - a)", Differentiating
(2) with respect to r, and setting the resulting expression to zero, he obtains

.(E/kXCJ/T ) - exp(-ElkT, )n(I -at)R-ld. (5)

in which msignifies 'pak' quantities, at the point of" maximum 0 where & - 0.
He next itiumes that n(i - ,,)" m I; therefore

OT, Io exp (-E/kr.) (6)

regardless of n, which itself may be calculated from the shape or the x ({) curve.
" and k, on the other hand, are obtained by performing a series or experiments at

different 4. An aspect, which we regard as an inefficiency, of Kissinger's method is
that only one point on the curve is used although, in the case where multiple peaks
occur sigining that differentftl -a) and 5 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 thatAl -a) -

- (I -a)* 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 n Is 0. IA or 2/3 for one., two-, or three-
dimensional movement, respectively, or when the reaction is unimolecular so that
n - I. Even among these special cases, the other approximation that Kissingeruses is still conditional, since n(l -a,)" I I only for n - I. When n is V2 or 2/3,
this expression varies with o,, approximately as 2m itn(I - n)/(l - ,)2" k. 0,2
A4o,, where J4 u, Is the variation in ,,. itself. in the Appendix we show that t,,,
changes with 0 in the general case, Hence, when an apparent reaction order exists
and is /2 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 K.

If no apparent reaction order exists, then it definitely should not be used, -other.
wise an approxinately 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 40% 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 30% lower [30].

Integral methods
The L.HS. of(4) is a function of a only and will be denoted by F(%): the R.H,S.

can for practical purposes be equated with K/4, dT, since in experiments T0 will

be such that reaction velocity is negligible below it. i.e. T,, . Ek., in view of these
considerations, many authors have proposed different methods of analysing a(T)
data.

The temperature integral exp (-E/kT)dT has no analytical solution, (In theb
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 or both E and , 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

" da
offAl-x) - (1-2)" with n-0, 1/3. 1/2, 2/3, 1 or 2. when g(2). log

.. . . . . . . . . . . ............... ........................ ...... ..
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has simple analytical expressions. and by gatava and SkvAra, [32] who generalize
the method slightly by tabulating the values of #(2), 0 < 3 < I, for some other
forms off( I - z),

For more efficient approaches, approximations to the integral are necessary.
Thus. taking the first two terms In an asymptotic (u a E/kT -. o) series of

I,.

exp (- r)- ._ Coats and Redfern obtain the linearized relation [33):

In (F a)T') - A - Elk(T" 1) (7)

whee A = ln(X, A/'d( I - 24 T/E)la'sensibly constant' if the range of temperature
dT is small. They further assume thatfI -a) - (I - ). and so Fa) can be cal.
culated at each (a,T). Plotting (7) for several values of 2 thus gives F and K.,.,
iiittking u.c il' only one icl ordult vorrcso)nding tou singlc4,.

Several cautionary notes should again be made here. The assumption forAI I - o)
has already been discussed. Similar to the case of Kissinger's method, results ob-
tained may be wrong and misleading If this functional 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. In particular, plots using n - I and
. - 2 are almost equally 'good',

Secondly, the accumey of the asymptotic approximation Is rather low. By com-
paring its values with tabulated values of the Integral (31. 35, 36), we find its rela-
tive errors to be ll- 20y at u - 5. 5! at u - 10, and 1,$ % at u - 20. Thus, for
example, If £ Is I eV, then for an accuracy of 9% % 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 dA/A f 2k A TIE, so that at uy 2 % naccuracy the range of tempera-
ture, T, from which (at, 7) points are selected should be less than lOOK (for £ -

I eV). The total poshlble deviations in the calculated E and K, are, to first approxi.
rmp.tion, the sum of the il/land iA/A. It certainly is unsatisfactory if they are large
and yet nowhere mentioned In the calculation,

Other approximations to the temperature Integral have been suggested by van
Krevelen et al. (37] and by Horowitz and Metzger (381, who made use or certain
asymptotic expansions in the vicinity of ",. the temperature at peak reaction rate.
Both have been shown [39) to be even less accurate than the Coats and Redt'ern
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 0 but, In itAI - ) remains completely general. The ap-
proximation to the temperature integral is: -

,exp(-ElkT)dT - 10( 9 0.475'kT) (8)

so that from (4)

logo, + 0.457(E/k)/TI - log o, + 0.457(E/k)T2  (9)

where 71 and r, are taken at an arbitrary but identical value of 2 in the two curves
corresponding to heating rates 01 and ,. Plotting loo 0 vs. lIT for selected values
of a should therefore produce straight lines, the slopes of which give E (40).

Three comments are appropriate here, By comparing (8) with tabulated numer-
ical values, we see that it is 7 % out at u - 10 or T - 1170K, and 3 % and less only
for T < 720K (if E - I eV). These errors should be examined before Otawa's
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method is applied. Secondly, the method has been modified [41] to read, in place
,f (9).

A In!AT,,,' = 0.457 Eik (10)

in which 4 In 0 a li 0 - In O,. etc.. and m denotes. as before, peak quantities.
This relation may be compared with (6) but In general It does not hold since, as
shown in the Appendix, x, varies with 0. Lastly, like Kissinger's method. E cannot
be determined from data at a single 0, and In some cases this may be a disadvantage.
as discussed before.

Derrahire inethods
The derivative methods oller tin advantage over those described above in invok-

ing no mathematical approximations. Unfortunately, they use 0 data which, with
present instrumentation, tend to be of lower quality whether they tire obtained by
,numerically dilllr;ntiatinp the x dataii or tire direct experimlenial read-outs.

The most straightforward. but as it stands relatively inelficient, of the derivative
methods is to write (2) its: -

In(dlf(I-x)) w In K, - ElkT (11)

and to substitute different ofAl -x) until a linear plot appears (42]. Later,weshall
argue, however, that even this labor omnla vincit approach like all dynamic meth-
ods in general. cannot guarantee correct values of E and K, (nor an unambig-
uous form of Al-a) in this specific case), although the labour it involves may be
undertaken by the computer.

The earliest derivative method Is probably that of Borchardt and 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
putsAI -) - (I -2)0 into (I1), with n given a guessed value, and if a linear plot
results then E and K, are obtained from it. Based on this method, Hauser and
Field [45] have developed a computer procedure, in which plots are generated for
a series of values of it incremented at discrete steps. and the 'best' one is then se.
lected to yield E, K,. and n, An attraction of this method is that i can be readil.
selected by eye. Alternatively. since in this case

J In 1/4ln(I - -(Eik[AT-',4 In(I -)]+ -i (12)
a plot or the L. H.S. vs. the quantity in the square brackets at once gives E from the

slope and n as the.-intercept 147], If constant 4 In1.4 In(I - 2). or 4T- Iis selected.
Eq. (12) can be furtier simplified [611. We have emphasized previously the falli-
bility in presuming such a convenient form of Al -%:) Ozawa (47] has commented
on the possibility that this procedure. and the integral method of Coats and Red-
fern. may give false values of E and K,, In addition, since (12) involves the ratios
of ditTerences. the quality of data called for is even higher than that demanded
alone by the use of i: experimental data so plotted more often than not show very
large scatter. The Rogers and Morris method (48] plots 4lnx vs. T . and can be
seen to be the special case of n - 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 E 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

applicable to the case in hand. A counter-example is provided by a DSC study on
RDX [291, where the Rogersand Morris value agrees well with other values but
the complex decomposition is beyond doubt far from the it - 0 type,

On the other hand. Divid and ZelenyAnszki 150] plot In d (1- 2)/(1 - Y)Odi

against (T ). this amounts to assuming a 'reaction order' ,,. I. It serves as yet
another example of the futility of linear plots. for their method gives such plots for
the decomposition of 'a wide range of materials' including calcium oxalate and
polyethylene which, most likely, are not of first or any other 'order'.
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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 E 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
fI -:o). although it requires data which, furthermore. have to be at a numberof,

Once again, from (2) with da/dT as

In N rOi) - I n(K A Il- 2)) - Elk T. (13)

Since k,,fA -x) is identical for the same value of cc, taking 2 and the correspond-
ing Tfromn several 4) one can determine E,

I is ou r content ion that evcn Fried ma in's method has one basic limitat inn wh ich.
more significantly, is shared by all dynamic methods described above. The point
in question is that all or them have to presumethe constancyoff(l - o) as the tern-
perature is changed, However. since mechanisms of solid-state reactions arc goner.
ally complicated, there is no general justification for this presumipuion, though It
may be true for particular reactions within specific temperature range^ An illustra-
tion is the case where parallel reaction paths exist, each with values of K. and E
such that a quantitative change of 7'will lead to a qualitative change in th. dominat-
ing path. Another case Is where the Identification of the rate-limiting step depends
on T. Methods have been proposed which, by the use of computers, try different
forms ofAlI - a) in analyzing the dynamic data (53 - 55], However, the search is
limited to functional forms which are already known.

More Importantly. from our own experience with auides we have strong doubts
as to the exactness In determiningA I - a) or even its constancy from dynamic data. 'Likewise, In a study on the dehydration of manganese tormate 154] for Instance,
no unique form offtl - *) and correspondingly no unique values of E are identililed
even over appropriately restricted ranges of a, the citerion used being minimum
standard deviation In the Arrhanius plot. Further examplies are the thermal dehy-

KI droxylatlons of kaolinite 134] and of magnesium hydroxide [561. We suggest that,
in dynamic experiments since data are collected under variable temperature condi.
tions, the change due to /(I -at) is inherently masked by that due to X(T).This pitfall
is illustrated In the Figures. Figure ]a shows the graphs of ai(7) and its derivative
which are generated artifically according to the theoretical equation ar uK.

.10

0I I
0.5

d 460 480 5W 520 540 w %t

Fig. la. Artificial data 1 w~ Xi, and corresponding 21 as dis/dTdata, plotted'agoinst T which
Fig lb ArhenuplotA of: (1) att/ 3(j - 2x)"'. (2) sTj 2 01 - 2)111. (3) 7'. and(4) %/*/

for the data shown in Fig Is
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exp I-Elk T)throughout from 1 0 to , I. The values chosen for K, and E are
10" and leVrespectively. Let us now examine how the data generated according to
this relation, which is of the type Y K= . will be fitted by different kinetic equations,
one of them being the correct one. In Fig. Ib we plot against 10'/T the natural
logarithms of the following expressions: -

(I) :2r/3(0I - 2)",. i.e. assuming I - (IP- )i4: 
- K,: reaction controlled by

three-dimensional contraction of phase boundary:
(2) 2 1/2(I - i',i,e, I - (I -I)", - i Ktype: :

(3) IT: the original assumption: and
14) Y1/312:1, i.e. a , W01: reaction controlled by e.g. three-dimensional

glrowth of existing nuclei,.'

11 is ,ccn that the incorrel./Il - -Y in (I) and (2) still give virtually linear pios, with
slightly dilferent slopes. interestingly, curve (4) is so misleading as to show two
-linear" segments with a seemingly significant transition in between. Experimen-
tally, Guarini etal, (57have 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 E has about the same derived value.

The aggested approach '

in the foregloing sections. we have discussed the limitations reilarding the applica- ;'

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 I
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 express 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, rot
RDX the Kissinger value [29] of E is near to that obtained 158) by plotting
2 vs T- 1. a procedure which has absolutely no theoretical justification.) Accord-
ingly, we suggest that the interpretation of dynamic data should as far as possible
he based on results from isothermal experiments. A similar approach has been
used for studying the dehydroxylation of kaolinite by Achar. Brindley and Sharp

One can unambiguously determineA I -2) over the whole range of 2 and over
athe relevant temperature range, from the independent analysis of individual iso-

thermal curves. A systematic method of efficiently implementing this identification
has been proposed by us [3), It may also be noted that thermoanalytical equipments
are equally applicable in isothermal experiments (see e.g. 162]) though they are
more orten used in the dynamic mode. The identified form(s) ofAI -I) can then
he substituted Into either (2) or (4). In this way, form the dynamic 2 or d data one
can then determine accurately the non-average and single.sample values of E 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 + CrO, -# ZnCrO 4.
A DTA curve (experimental atmosphere: N2 at 300 mm mercury) was published
in Ishii et al. [591. who have also mottitored %(t) by chemical analysis when the

reaction proceeded Isothermally in nitrogen flowing at 50 ml/min, and showed
that the isothermal data fit [I - (I - 2)t ' - Kt. We have measured K from the
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Isothermal data

,A" In A'
deg. ra lls.ti unilt

800 I 0
900 4 1.4

I000 23 3.1

Table2

Dyvnamic: data

d ou, rlldl@Cd klnth. A I Ig oo

700 0,.1 2 - 2.6
820 0. 15 4 -1.4
900 0.2 7 -0,44

1000 0.35 1 . +0.76

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

In Table 2 the values d were measured from the published DTA curve whose
heating rate was unspecified, and the a values were read off from the (c, T) graph
which Ishil er al. have drawn presumably by integration. Now, from their analysis
of the isothermal date the governing kinetic equation is, in differential form, a --K/[(I _ot) -_ (I_)!,] at least within the rangles 800- 1000' and ot from

0to -- 0.6 corresponding to Ki -0 to z: 0,07, The Arrhenius plot ofd (I -0)" '
[(I=)t:: -I], 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 value and 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 live
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
fI - x) is determined from the isothermal experiments. This form in conjunction
with the dynamic data, lives the values of the kinetic constants.
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We wish to predict how the value of 2 at peak reaction rate varies with the heat-
i ng rate 0. At x - 2.: from (4)F~~~ ~ ~ ~~ Salix th -Elkanou 7) amA~n F(,Ym. 0). T,,) 0 (4 2

11and from thetact that i -0 4

E 0 ep(ElkTm)
f 0 -2.1 G(a~,~ Tm) 0. (I5)

Solvng he imutanouscquations dF - 0 and dG -0. we find

(12,, ~ C; F 'IG j P PF G OF ril*'t(; 1

Defining dimensionless quantities U' Elk Tm. p as 01K., T,,, and I10m) n
0

dalA I - x), we have the following:

Pr K, -U-L-"-* W -

~- dTcxp( U) :4) C XP(U).

bO p V(2 +U)
~4)PU)Tm exp(V). (17)

Hence da, U h(2 +U)J(vm I
dO*4 4 W(2 -+'J).A'i-a)-'~ -~/ 1)'

I where h a m exp (CI). Incidentally, dT,,/d4) cen toc derived In a similar wp
The only case we find rcrortcd in the literature, in which *mis apparern. lodle.

pendent of 4). is the pr'nr.ry rccrystallizatlon cf pre-ccmprcssed coprer [601. where
:tm n 0.5. In all other cases, experiments give changing v., We have made it rough
c heck on (18) by taking the case of the decomposition of the explosive RDX [29).
for which the Rogers and Morris method gtives E - 2. 10 eV and K., l 0"s'f .

The reaction is complex. but these representative values are chosen because they
correspond to an absumed kinetic equation in which. l - 2) 1,I We thus have
ver . simply /(%',) - o, andf'(l - m) w 0. For4 0 in0. 167 K s z ,,is given as 0.62
and T., as 512K: our calculation shows d*,ld4) z - 0.1 s K' a value which
compares well with the experimental indication that (0/4) -6.0 - 0.62)1

(i0.333 - 0.167) s K .eerce
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