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ABSIRALT

The thermal decomposition of the explosives, tetryl and
nitroguanidine, were studied i1n an accelerating rate
calorimeter (ARC). The influence of sample size, bomb type
and precsure on the Vinetics of the decomposition wasz
investigated. Using the data obtained, three methods were
applied to evaluate 3activation energies for the decomposi-
tions.

In the decomposition of tetryl, two maxima in the self-
heat rate were observed with increasing temperszture. For Lhe
decomposition in the Hastelloy C bombk, the first pealk
corresponded to an acktivation enerqgy of 52%1 Keal mol“1 and
the second pear 1ndicated 43%1 Keal mol—l. The value&}
nbtained Trom the Titamium bombk were about 3 kcal mol lower.
The wide range otf wvalues for the activation enerqgies reported
i the literature w3s rationzaliced from the poinmt of view of
the techniques used 1n the measurements.

The products of the thermal decomposition of tetryl,
picric acid 3nd trinitroanicsole, were me3asured 3t zeveral
stages durimg the decomposition. AL the mimimum self-heat
rate after the first decomposition peak, tetryl had almost
completely disappesared. The trimitroanicsole amd pizric acuid
accounted for 62% of the tetryl decomposed, tne remainder

being gaseous products ard some etharnol-imsoluble residue.

The second peak corresponded to the decomposition of the
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product picric acid. The relation of the yields of the
products to the kinetics of the decomposition suqqgested that
picric acid may not be a source of autocatalysis. The
activaiton enerqy and frequency factor for the second staqe
nf the decomposition were substantially lower than those
derived from the first stage. The values obtained for the
Arrhenius parameters were interpreted in terms of the type of
process occurring durimng decomposition.

Ihe thermal decomposition of nitroquanidine showed the
characteristics of a propellant by the exceptionally fast
self-heat rate. Analysis of the data of the complete
decomposition qave unreasonably high values for the
activation enerqy and frequency factor. Using data from the
inmnitial stages of the decomposition, amn activation enerqgy of

213 keal molml was calculated. This behaviour was
interpreted to indicated the importance of an autocatalytic

process.



LHAPTER 1: EXFLOSIONS nAND THC EVALUATION OF THER#AL STABILIT.

o Defamation_of Explosive:n

tancas

1]

Buplosives are substances or mixtures cof sub
wiiichn are capable of undergoing esothermic chnemic3al reaclian
al ertremely 138t rales, often producimy highn temperature:

Explosives may be 1n

1]

and high pressures of gaseous product

]

Lhe form of liguids, solids, gels or =s=lurries. Typiecally
they consiet of 23 mixture of two substances, one serving 3as
tnel and one as oxydiger. Even more rapid rescltion can bo
produced 1f the oxyagen and fuel are contained 1n 3 singloe
chemical. Mitroglycerin i1s a3 compound of this type.
M1kroglycerin containz sulficirent oxygen to burn 343 carlhon
ared hydroegen wand bthersfoce produce an extremsly rapid
rombiust Lon.

fAn @ (plosion occurz when tne confined s=nerqy 1:
sinddenly released, and may be small, 3s the bursting of 2
hallon, or large, 3s an 3atomio bomb. Eetween these Lwo
milremes are Lhe commercial amd mililary evplosives wnere
guplosions are produced om 3 limited scale to cause specific
pffects. If the propanation velocity 13 less than Lho

-
velocity of sound, 2000 m 3 , the reaclion wave 1s 331d to
be 3 deflagration. I Lhe propagation velocity of Lne
-1

reaction wave 1s supersonic, 2000-8000 m = . the wave 1is

ralled 3 detonation wave.



1l _Clazsaifiration

“
a

"

Euplosives may be classified into three 1

o
R

pe
lo Fropellanis t(or deflagrating eplosives)
Theze are combustilbile materizsls which burn but do
rvt ecplode.  Examples: black powder, smobeless powder.

{w Pramary ror initistingd esplosives

These gvplode or detonate when tihey 3re hested or
subjected to spark, impacl or shock. They are said to nave
ntan sensibivity. Euaamwples: lead soide, mercury fulminate.

3. High (or secondsary) erplosives

Hiqgh erplosives dehonale under the 1nfluence ol [lhe
stiock of Lhe covplosion of 3 .uitsble primary erplosive. Tney
differ from praimary =2iplosives in that Lhey are not readily
euploded by heab or by snock and zre usually more poweriul
I'oev practical applications, a3ll secondsry explosives require
the uwse of delonators. They are caonsidered to have low
cengitiviiv. Euamplesi dymamile, trinitrotoluene.

Luplosives of 3all tvypes are made for both commercial
ind milatary purposes.  fMany commercilal evplosives comsist of
misitures of i1norvgInic compounds ve.g. niiratec, metal powder:
and organic compounds fe.qg. aromatic nitrocompounds.
nitramines, nitrate esterse’. Many military explosives
conslst of one compourd or 2 simple mirture of =iplozi.e
compounds . [ such compounds, the ovvgen 13 1n the form of

nitro or nitrate groups.



TII. Uses

Explosives are widely used in aindustrial and military
operations. A complele set of statistics shows 2 total
consumption of industrial evwplosives in the United States in
1977 of 1,680,000 Lommes [1J. The most extensive applicstion
ni euplosives 18 1n coal mining and construction. Pyrotechnic
devices are nod being developed for use as an 1nflation
system for car 2ir bangs and 3s hot pateches for repair and
escape systems for aeroplanes. For military explosives,

propellants are used im ammumition. High evplosives are used
{

as f1lling for shells, bombes and warheads of rockets.

In all countries the manufacturing, storasge, transport
and ssle of euplosives are strictly comtrolled by law. In
"anada the licence for 3 {actory or magacine for storage of
estplosives, and the importation and tramsportation permits
are controlled by the Euplosives Act and Regulations [21.
Accidental explosions may involve less of life, 1nmjury, or
damage to buildimgs. An understanding of the potential
hazards of explosives 18 imperative for safe handling and
operations.

Although some 1nmformation concerning an explosive can
be obtained by genersl sssessment of 1ts properties and by

application of theories of explosions, 1ts properties must



1lwaye be Lested eyperimenially. The power o an euplosive
1z nne of ilhe most i1mportani properiies. Fallistic mortav
and Jead block tests are Lhe popular tests for the =ztrenath
af arplosives. There wre several types of sensitivaity leste.
The impact sensibivity 15 measured by the distance of travel
af 3 falling weighl inlo 3 small mass of explosive that 1s
required to produce an explosion. Other sensitivit. tests
are friction Lest (e.q. mut and bolt), shock sensitivity

(a,q9. air aap) and heat Lest (e.q. woods metal bath). Gases

i1}

ard vapours produced from Lhe firing of anm explo=ive =are alsn
evaluated for toxrcity. 1ln each case, the test resulte
depernd on the test mebhods and also upor 3 variely of
physical and chemicsl properties of the esxplosives. In Ltermy
o calfety, the thermal stabirlily of euplosives playe 3 very

important role and Lhis 1s discussed in Lhe next seclLion.

N1l explosives are stored 1n magazinmes for 3 peraiod of
time after they are manufactured. Throughout this storage.
11 1¢ tmportant Lhat Lhe explosives remain safe and retain
gsatisfactory properties. Thermal stabilily tests provide
data on safely 3t elevated lLemperaturesz. To determine
yhnether 1nstability will occur, 1t 13 necessary to subject
the euplosive to 3 higher tempersture than that normally

encountered. Unfortunately. a3as the ilLemperszture increases,



the type of decomposition reaction may change. Therefore
experiments at higher temperatures do not necessarily
indicate the stability of the explosive under practical
conditions.

For determining thermal stability, it is usual to
measure the temperature at which decomposition begins. There
are several techniques for such studies:

(a) Differential Scanning Calorimeblry (NSC)

In this technique a fixed heating rate is applied
simultaneously to a sample and a reference material contained
in separate pans. The differential heat flow to the sample
and reference is monitored by a thermocouple and no
temperature difference i$ allowed. The output signal is
measured in terms of heat input or heat output as a function
of time or temperature. The system is used to measure the
theats associated with exothermic or endothermic tranmsitions,
for example, vaporisation, melting or chemical change.

(Y Differential Thermal Arnalvsis (DTA)

in DTA, the sample and reference are heated at =a
controlled rate. As a3 sample undergoes a reaction, heat is
absorbed or evolved, causing the temperature to lag behind or
90 ahead of the reference material. A thermogram is the plot
nf the difference in the temperature between sample and

reference as a function of time or temperature of reference.



UTA 15 used primarily for studies imvolving high temperatures
which exceed Lhe range of D&8C. HMaterials routinely amalyoed
include minerals, melal allovs, ceramics, 3and glasses.

Tm TGA, the weight of 3 sample 1s recorded 3z 2
funcltion of Lime or lemperaturs 3t 3 controlled heating rate
1n 3 controlled atmosphere. The rate of weignt change is
ohtained from the fireb deraivative of the weilight chamge with
time. This technique 13 c3alled derivative thermogravimetric
analysis (0TG). TOA 1z designed for 3 wide variety of
applicstions, for example, oxidative stabrlity studies, siudy
of decomposition bimetics, determinstion of fthe content of
moi1sture or volstiles,

The=ze methods have been used to determine properties of
evplosives sueh as therm3l stabirlity. birneties of thermal
decomposition and temperatures of i1nitiation and i1gnition.

SEDEX 1s 3am apparatuse to detect the inmitial
temperature of an exothermic process in substances under
industrial opersating condilions £L31. The sample 13 neated
Tinearly 1n 3 receptacle by 3 gaseous medium. The
temperatures of the hes’ting medium and of tne sample are
monittored by sensors and the difference between these
temperatures 1s recorded. This imstrument hzs the advantages
of high sensitivity, good mistimg of the sample amd the

possibility of using 3 protective atmospherea.



te) Flowing_Afterglow_5Speciroscopy

The flowing-afteralow melhod usesz 3 small szample
together wilh 3an ultra-szensitive anmalysis. Electronically
@xcrted rare g93as atoms transfer enerqy to product molecules
from the decomposition of the reactant, causing the farmation
of electronically excited fragments which undergo
fiuorescence. For erample, with water, 3 common product of
decomposilion, =xcited OH rsdiczals are formed by tho
[ollowing sequenco,

A +
He + H D=2 He + HO + ¢

~y -y
2l s

gH = OH + thv

The molecules NH . €O and N O also form electronically
3 2 3

excried speciles whichn readily fluoresce.

Tiite technique was applied to the study of solid-phase
thermal decompesition resctions at the Los Alamosz Sciemtifac
Lahoratory. It was used to study low-temperature
decompositlions and to measure trace amounts of certain
molecules i1nm 3 Fasi-flow system. Smzall amounts ot moisture
1n helium have been delected 1n tnie mamnner. Emiszions from 23
patitern of fragments often i1denmtities 3 more complerr molecule

CAl.



The evaluation of thermal stability from results
obtained by these technigues was not 3always satisfactory.
Two of the m3in characteristics of an euplosive, the
temperature a3t which decomposition commences ard the
activation energy of the decomposition process, were nol
3lways obtained unambiguously. The thermal decomposition of
an esplosive 1s usually a3 very comple:y reaction, sometimes
involving sutocatalysis, 3and the mechanism of the reaction
may change during decomposition. Furthermore 1t 15 difficult
to compare measurements from different techniques and
consequently the data cited 1m the literature are widely

variable.

The technique of the Accelerating Rate Calorimeter was
developed by Townsend and Tou 3t the Dow Chemical Company 057
ag an alternative approach to the evaluation of thermal
stability. The m3ain difference betwesn this technigque and
those described above 15 1nm the marmer in which the sample 1s
heated. Instesd of applyimg hest, the ARCT uses the heat
evolved by the reactanmt to imitiate and sustsin the
decomposition. Townsend and Tou discussed the Fimetics ol
Jecomposition under these conditions and developed equations
relating the measurements to the rste constant for

ilecomposition.



The abject of the presenl work was to estamine the
binetics of 3 reaction taking place in the ARC ard Lo
wvaluate the results 1n terms of the two characteristics
nentioned earlier, the tempersture at which decomposition
commences arnd the aclivationm enerqy for the decomposition

process. The compounds chosen for the study were Lelrvl

(Bensenamine, N-methyl~N,S.Q,G"tetranltrm)QJ[ N qand
Z
H—'ﬁ- NO, NO,

niiroguanidine (Guanidine. n1Lr0)HN=€L “
H=N-H

The principles of operation of 1he ARC and 2
Mdescription of iLhe apparastus wused in this worbl are described
in Chapters 2 and 3, respectively. Previouws work on Lne
Lhermal decomposition of telryl 1s discussed 1n Crhapler 4.
Measurements of 1he rate of decomposition inm the ARG and bLhe
evaluation of the activation enerqgy for decomposition aro
given inn Chapter 5. The analysis of Lhe condensed-phase
products 1s described win Chapter 6 and the correlation with
the binetics and 3 discussion of Lhe mechanism 185 31ven in
Chapter 7. The recults of the e.periments wilh

nitrogquanivdine are descraibed i1n Chapler 8.
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LHAPTER 20 PFRINCTPLLS OF OPCRATION OF THE ACCELERATING RATE

CALORIMETL® (ALLC)

1o tnermal VEgRlngLoy. Theory

1w

1]

The Lthenry of Lhermzl explosions was quanbicabiy
degscribed as early as 1899 by D.L. Chapmazan £61. The theory)
1z concerned wibth the competilion between heat genecvabtron of
the reacting system and heat dissipatiron feom the material 1o
Line seurroundings. The rite of loss of heal i1s appro<imately
proportional to Lhe difference i temperalure betwesn 1he
malertal s bhe surrourliings, bubk the rate of nernerzlion of

heat

.

g proportronal Lo Lne rike of the chemieal reaction,
which Lnereases exponentyally with temperature. When {no

rate of heal generalbion exceeds the rate of heal loss,

rmon-sztallonary stakte Jdevelops, which may lead Lo 3 rumawav
roaction and explosion. T the rate of heal loss equals fthe
raLke of heat generation of the resactants, the temperalnre
will remain consbanl,

The original Lhermal explosion theory studied Lhe
ronditions of stationary states and non-stationary states.
SJeveral models wers developed, describing the vates of
aeperation and loss of heat ae a3 function of the sise and Lae
chiape of the reaclant and of 1te contaimer and tne
cronditions of heating L[7.81. More advanced theories
dpacribed the resclant comsumptinn, reaction mechanism and

pom-uniform reactant temperaturesz [9)
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Im an exothermic reaction, when tne heat evolution rate
exxceeds the heat dissipation rate, the temperature will
inerease and accelerate the reaclion. Tne feat generation 1s
a result of the chemical reaction and 1ts rate 1s therefore
proportional to the rate of the resction.

For 3 resction

B =X + neat

_E_—:k[B] 1)

where ¥ 15 the rate constant 3t temperature T, A 18 Lhe
Trequency factor, E 1s the activation energy and F 15 the 9as
constant. Whern the reactant B 1s not appreciably consumed,
the rale of heat generation will i1rncresse esponentially with
temperature.

The reaction 1s thus self-accelerating and the rate
Wwi1ll aincrease unlil depletion of tne resctamt finzlly reduces
the heal evolved. The rate of the reaction will pass through
a maximum and finally dimimish to zmero a3t the completion of
reaction 3t T . The amount of material present at any time

£

15 therefore proportional to the fractional attaimmeni of Lhe

fimal temperature rise and may be expressed as
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T -
C = Tf_ C
f o ©
T. - T
R C=—§——C (WS
AIS 0

where T 1¢ the i1nibtisl concentration, © 13 bthe concentrnbion
(1
1l Lemperature T, T amd T are Lhe imitial and firnal
8 T
tomperabures respechbively, ALl 15 the =adisbatic temperatuve

<

risze of Lhe ayslem.
Grfferentration of equation (3) with respect Lo

Lemperatlure gives Lhe Tollowing oxpression

dc  _ o

dT AT

4)

Uoar an nih order reaction, the resction rate 15

ac n (")
qc - "~ kC +

Combining eguations (4) anmd '5) gives the vake of ~nange of

temperature 1n the =ystem, valled the seli-healt rate, m
T

which may be expressed a3s follows:
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Il
[aTg N
€

Il

r-h

N~—”’

4
n

@]
o]

7

=

{5 ¢

Ilefaning k

It
o
(@]

P77

Flves k =

For 3 first-order reaction, ¥ 15 equal to k. The order of 2
reaction involving the decomposition of 2 solid material 1s
not well defined because the concentration of 3 solaid
materi13al 1e not 3 defined property a3nd the characteristic of
the solid which 1s proportional to 1ts rate of decomposition
may alter as the reaction proceeds. Thnerefore 3 rate
canstant for decomposition of 3 solid may involve some
uncertainties. In many cases tne rate of decomposition 1s
approsiimately proportionzl to the amount of material and n

may be taken as one. Equstion (7} then becomes

* _i_ i83)

This limatation in the defimition of 3 rate comstant
for the decomposition of 3 solid will he discussed later 1n
the evaluation of the Arrhenius parameters reported for

decomposition of the compounds studied i this work.
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The Accelerating Rate Calorimeter measures the
self~heat rate of decomposition of a substance as 1t
nndergoes self-acceleration, passes through a maximum and
falls to mero. Thnese measurements are important in the
evaluation of hagard, as they provide early detection of a
temperature rise or an imcrease in pressure. In additiorn, =&
large sample sige can be used which reduces the possibility
of uging a non-representive sample. The resulis also provide
information on the kinetics of the decompositiom, for

H
example, the evaluation of k', which may 2id in understanding
the wmechanism of the decomposition.

Im the accelerating rate calorimeter, part of the heat
nenerated from the reaction is used to heat the sample bomb.
In the experiment, the measured temperature of the
sample/bombh system is dependent on the mass and the heat
capacity of the bhombk, the sample contact area in the bomb and

the heat transfer coefficient of the material. The property

of the system called the thermal irnertia is defirned as

follows:
C
¢=1+%’—— 193
s Vs

where M amnd M  are the mass of bomb and sample respectively.
b 5

o is the heatlt capacity of the bowmb and C is the heat

v ViR

capacity of the sample.
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The effect of Lnermal 1rertia 1z to slow down the

reaction by 3 congtant amounbt. The adiabatic temperature

rise of Lhe reaclant 18 g91ven e

At - 4 AT (10)

5

whern AT 16 the adiabatic btemperature rise and AT 1s the
Lemperature rise of Lhe system. In experiments w:th L.he ARL,
the thermal inertia 1% 3 critrcal factor inm determining Lhe
rate of reaction. For perfect adiabaticity, 1t should be
Fept Tow, bubt 2 larqge Lhermal itnerbila may be useful in
prevenbing an explosion and beeping the rate 1rn 3 measurable
rarnge.  The thermal 1nerctia may be adjusted by varying Lhe
ratio of weiqht of sample Lo the weight of the bomb, or by
dirluting the sample wilh imert malerial. In am 1desl case, o
1¢ equal to one, ol must Le chosern to 3allow minimal damage
Lo Lhe tnstrumenl.

'he heal nonerated per aqram from the decomposition of
the matertial in the bomb, AH, 1% given by the following

aguation

AH (cal g4 ) = @& AT t11)

arpd bhe molar heat of reaction ts Lherefore

I
Al (eal mol > = AH ¢ molecule weinht (12)
m
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The accelerating rsle calorimeter 1s 3an autom3arad

laboratory instrument whizh c=n determine the time,
temperature and pressure relationship of an e~othnermi-
reaction 1m am adiasbatic environment. During a3 reaction Lhe
*
dats 1s stored im 3 microprocessor and vslues of m and kb
T
are subseguently -3alculated and presented sgraphically.
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CHAFTER 3: EXPERINENTAL

I. Descraption_of_the_Apparatus
The instrument used i1n the present experiments was

developed 3t Dow Chemical Company and manufactured by
Columbkia Scientific Trndustries of Austin, Tewxas., The
Camnadian Explosives Research Laboratory has used this
equipment for thermal hagard evaluation of explosives and
investigation of incidents simce 1981 [C10,1113.

A diagram of the calorimeter assembly and the sample
hombk wused 1m the present edperaiments 18 shown in Figqure 1.
A description can be found in the literature [3, 12-15]1. The
bomb arnd 1ts comtents must be maintained adiabatically with
respect to the environment so that the heat generated in Lhe
reaction 1s available for self-heating of the reactamt. To
achieve 3diabatic conditions over the temperature ranqge of
ambient to 300 2C, 3 digital thermocouple/heater feed-back
system 1s used to control the temperature. The calorimeter
1s made of copper which h3s high therm3al conductivity and
will dissipate heat input quickly. About 3 mil of nickel-
plating protects the copper from high temperature oifidation.
The heating jacket has threes Sones: top, side arnd bottom.
The temperature of each sSone 1s controlled inmdependently.
Eig9ht electrical cartridge heaters are placed i1im the jackset

for uniform heating. The thermocouples are cemented to the
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Fiqure 1

Schematic dizgram of the ARL showing the modific2tions

10.

11.

13.

to the assemhly system
top zone
s1de zZone
bottom =zZone
cartridge hester
radiant heater
original fixed bomb adaptor
three way valve
1716 1nchh 0.0. s tubing connected to pressure
transducer
cap, connecting the 3716 ineh 0.1, filler tube of
the bomb
sample contaimer (bomb) with 3/16 imnch 0.D. filler
tube
bomb fthermocouple

jacket thermocouple
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inside surface of +*he jackst to monitor the temperature 1in

each of the jacket seones. For self-hest measurements, ane of

i

the thermocouples, insulated with ficer-glass sleeves, .
clamped directly on the out=zide surface 2f the tomo. All thne
thermocouples are referenced to an i1ce point, made by Kave
Inzstruments. which 1s st3ble to within ©.01 °C. 1TIne jacket
15 1msulated with high temperature insulstion 7o minimice
heat loss to the surroundings.

*ressure 15 maonttored with 3 diapnram—type precssure
transducer from Sensotec Imc., ramge n-2500 psia. The
transducer 1s mounted imside the comtainment vess=1l where 1t
15 relatively cool. For safety precautions, the entire
calorimeter 1s placed inside a metal compartment.

When the material melts before decomposition starts,
some difficulties arise. The malten material may be carried
o the connecting line where 1t solidifies and causes 3
bklockage. To overcome this problem, the origimal fived
adaptor, connecting the tomb with the pressures gauge, was
repitaced with a removzkle 1416 1nch 0.0. stzinless steel
tubing. 0One end of the tubing was connected to the pressure
transducer and the other end was used for connecting the
zample bomb. A ithree way valve w3as installed to the lime +to
facilitate checks for good sealinmg of the svstem and t- 23llow
release of accumulated gsseous products after ~he e periment.
This modification reducad dam3age *o the original fi1 ed

adaptor, provided better sesaling 2t the commectichns, and
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mirmimized blockage of Lhe preszure meszurement lines.
611 the esxperiments were conducted 1n *he spherical
bomb umder an stmosphere of z3ilr. Irn the "confimed’ systien,

fie pressure

the sample anmd the bomb were comnected to L
bransducer. The pressure change during the course of

reaction wasz monitored and the products of decomposition

D

remained 1n the svsliem. Some studies were performed 1 3
"ron-confined® syslem i whicn the bowmb was loosely connecledl
to the line. The precsure 1n the system dJdi1d not incresse and

bhe products were uol confimed to Lthe bowmb.

Tne successful operalion of the ARC depends on
sensitive, clable and 1eli1alble measurement of tempesrature.
There showld be little eflects caused by anmealing and
oxidation. The microvolt output should rnot shifid with time
al 3 given temperature. Type N thermocouple (Nisil/MNicrosal)
meets all these reqguirements. The selected si1licon conmlenl
of itre alloy prevenis oxidation of the metal and beeps Lho
thermocouple culpult stable. Mismatch of the thermocouples
may st1ll be 3 problem. For example, Lwo thermocouples wihitch
mateh perfectly at 23 °C may have 3 difference of up Lo 15 u-
3l 300 °C. Towuw [12] reported that the thermocouple attached
Lo the si1de of the bomb 18 reliable for self-heat rates up to
70 °C/minn for Ti bomb (v 9 g) and 20 °C/min for Hastello., t

lsomb (19 a),
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(c)_Sample EBEombe

Spherical bombs, 1 inch 0.0. dizmeter 3and 9 ml
volume, were used in thie study. Differernt materials 3and
wall thickness gave 3 range of thermal i1nertia. ne Titanium
zomb had low mass and low thermsl inerlia. The Hastelloy C©
bomb had grester weight but was more corrosigrn-resizhtant. A
wide-mouth cylindricsl bomb made of Hastelloy © was uzsed for
Lesting viscous 3nd corrosive materials.

To schieve 3adiabatic conditions, the jacket was
maintairned at the same temperature 3s the bomb. If deaft
occurred, an offseb value was imcorporated into the measuredd
differance Lo =adjust 14 to the correct value. The
calibration was performed 1ncrementally every 50 °C, for Llhe
entire tempersture range, by applving the required voltage.
The empty bomb can Lherefore be heated to any temperature
Wwith zero de:ift. Durimg 3 test, 23 rise in temperature 1%

therefore due Lo reaction.

The tests were performed by the *heat-wairl-zearecn®
operation logiec, shown 1n Fiqure 2. The sample wias tirsi
heated to the start temperature amd held 30 mimutes for
Lhermal equibrium hefore the rate-sezrch operation. ifoa
self-heat rate greater than the threshold sensitivity, 7,03

-1
°" min , 1% not detected, the ARC will proceed 3utomatically

.
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Fiqure 2

Gtep-heat logic of the ARC

heat step

wait step

search for exotherm
follow run away reaction

time of explosion
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o Lhe next "heat-wart-searcn* sequence. When 3 seli-neal
rite greater Lnan the presel cvale 15 detected, the celfl-
icecelerating resction wi1ll be followed with data colleclion
of time, temperature and pressure. Uuariny Lhe vreaclion, Lne
calorimeter 1% maintarned al adiabatic condilionm umiil Lhe
completion of 4he reaction. At Lhe conclusion of 2an
axperiment, thne dalba are plotled by the microprocessor.

The 1sothermal ane melhod may also be employed to stud)
the thermal hazard of maleriales. Basically, the sample 1s
matnlained adiabhalbically 3t 23 given temporature for 3 long

pertod of time, for example, several days. If self-heal

“ |
rate gqrester Lhan 0.02 °C min 15 delected during aging, Lhe

111

cystam avtomalbically goes 1nlo Lhe dsta acquisition node
unlil the reacltion 18 comnplele. ff Lhe sample survives Lhe
1ing time wilhout reacting, them the sample 15 slep hesled
Lo generate Lhe seli-heal curve. This method 15 useful Tor
shudying the effechk of 3 catalyst or am imhibitor om Lhe

re3cblions.

P11 Makeraal:«.

The materisls were stored at room temperature with ro
further purificalion bhefore Lhe tests. The following samplac
Woro o nsols

lw Milibary seade 1etryl was obtatned from Delence
Research Establishmenl at Valeartier, Que.., irn the Torm o

vellow prilic.
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2. Nitroguanidine with mimimum purity 99% and averszqe
particle diameter 6.0-4.3 microns, was from Nigu Chemie
Waldbraiburg W. Germany.

3. H1lica, 240 mesh, used as diluent 1n the

experiments, was obtained from Fisher Scientific Co.
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LHAPTER 4: THERMAL DECOMPOSITION OF TETRYL

lo..BRQpRrties

Tetryl (Bengernamine, N-methyl-N,2,4,6-tetranitror 1s 3
pale yellow crystal. FPure tetryl melts a3t 139.5 °C and tne
technical products melt 23t 128.5-128.8 °C [16]1. Tetryl 1is
insoluble 1n water but 18 resdily soluble 1n acetone.

Tre explosive properties of tetryl were ejamined by
several authorz. It 1s 3 more powerful explosive Lhan INT
Al 1ts sensitivity to impacl znd friction 1s 3lso higher.

Beecause 1t 1e sensitaive 1o tnitiation by a primer, 1t 15 used

in detonating caps 3nd boosters.

Thermal decomposition of telryl has been studied sinmce
the early twenties [17-281. It 18 generally agreed that iLne
reaction 1s complexs and 1s probabkly autocatalviic, but the
wource of the autocatalysis 1s nmot firmly establishned.

In anm early study of the 1sothermal decomposition atl

120 °C, Farmer [18] identified piecraic acid, CO , CO, O anr

i i
3 =]

N 3s the products. He suggested bthat picric acid caused an
")

1

autocatalytic reaction. He also observed an abrupt change in
rale at the melling point and Found that the molten teiryl
decomposed 3about fi1fty Limes 3s rapidly a3as the solid. Bawn
L2911 discussed the aclivation enerqgies caleculated by two

1hvestigators. When Lhe data of decomposition of the solid
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ard ligquid tetryl were used, 2n activation a2nerjy of o0
-1 27 -1

“cal mol and 3 frequency ractor of 10 =3 were cilculasted
kv Roqinski. These high values were subsequently chown to be
erroneous and from 3 re~analysis of Farmer s data, Wiseman

concluded that the activalion energy for dJecomposition of
-1
so0lid tetryl was 37 kKeal mol Wwith 3 frequency factor of
12.7 -1
10 2 . Bimilar values were obtained by Robertson LJ0D,

Le

bv Cool amnd Abegg [21] and more cecently by Hutchinson [157.

letailed studies of the i1sotherm3al reaction were

-

reported by Oubovitskii and co-workers [22,231. Foth
condensed-phase arnd g3seous products were analysed during Lne
complete course of lhe decomposition. The g3seous products

from the i1sothermal decomposition were NO, NO . N . CO arnd

3 b
[ "

CO . They 3lso analvged bLhe condensed-phase products 31

-

aq

vari1ous degrees of conversion of the erigimal substarmce. The
products were i1dentifved as 2,4,6-*trinittroamisole. pieric
acid and N-methyl-2,4,6- trinitroamiliine by column
chromatography and ultraviolet spectroscopic techmiques. The
presence of these compounds was interpreted to i1ndicate tnal
the decomposition proceeds via three parallel routes.

Several studies of the decomposition were made usinn
therm3al analytical techniques. From 3 DTA study, Kriem [24]

-1
obtained an activation energy of 76 Ke23l mel . Rogers [251]

-

developed a method for estimating the activation eneray of 2
decomposition reaction by DSC, using an extremely small

~

unwelighed sample. His messurements gave an energy of
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-1
acLivalion for Lhe decomposition of 55 Keal mol o A similav

value was reported by Hall L261.
The more recent studies of the decomposition by UTa., Th
ard 1sobhermally, sre bhose of Hars and zo-workers 0277, Ir

th

1]

ITA study, bhe firsl e-obthermic decompositien occurred atl
160 °C and the second at 230 °C. For the i1sothermal
decomposition 3t 150-175 °C, the rates of evolution of NO

MO, N armd CH were measured and the activation enerqgy of the
3y a .,.’]

an

reaction Wwas éS keal mol .

Fuglhner work by Hzrz arnd Osada 0281 using DTA ared
isothermal Lechmigques, confirmed 1he simultaneous and
itndependent tormetion of trinttrosnisole amd picric acid in
the 1mitial shbages 3and tYhe subsequeni conversion of +Lrintro-
anisele nlo preree acid, fivst reported by Tubovilsbiz and
re-workers [231. They suggestsd that radicals formed im mhe
1niti1al stages, rather than pieric a3cid. could promote thn
decomposition and cause an autocatalyiic effect. Thev
1dentified 1hree peabs by DTA. The activstion energires
derived by both btechniques appesred to be 31 kesl mDLNLH

TU 18 clear that Lhe understanding of the tinermal
Hfecompositzon of telryl 18 [ar from satislfactory. althougn
the main producls of the reaction, both gaseocus ard
condensed, have been wdentified, their 1deniification a2
primary or secondary and ithe 3ctivation energies for their

rabtes of formation are not es'ablisned. The purpose of hne

present study wss to gain further understanding of 4no
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mechaniem of the decomposition by application of the new

Ltechnique of 3ccelersting rate calorimetry. Measurements by
te ARC provide Fineljc data for Lhe over—-sll decomposiiion
from which Arrpenius parameters way be obtained (Chapter 4).
To differentiate praimary and secondary products, measurements

ni the condensed-phase producls were made i1n corvelaticn with

Lhe kinetiec data (Chapler .
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LHAPTER S: LERIVATION OF HINETIC PARAMETERS FOR THE THERMAL

ALCOMPOSITTIONM OF TETRYL

]. ,Eipeprimentsl

The thermal decomposition of tetryl w3z studied usinn
two lLypes of sphnerical bombs?

1o Trtamium bomb, spproxaimately 8 grams, T1ller tube
siue 3/16 1nenh 0.0, 1 1neh length.

2. Hastelloy € bomb, approrimstely 19 arams, filler 1ube
t1wme 3716 imen 0.0., 172 incn lengthth.

Experimenls were perilormed with values of the Lhermnl
inertis ranging from 7.4 Lo 21.8, obtaimed by usimg JdifTevent
welghtls of sample.  For example, with 1 gram of tetryl amld
Lhe bomb weiqhing 10 arams, and using values for C are] C

1 win A,
-l,~-1
°C “respectively, 3 value

ol 0.1 cal 9_1°E—l arnd 9.5 o3l g
of 3 was c3alculated for thnermal inertia from equation 9,
p.l4. The onset lempersature of decomposition was zlightly
higher for Lhe sample wibth greater tneermal inerti3a. Wilh Lhe
Hastelloy O bomb, explosion occurred whern Lhe value of & wis
loess thanm 8, causing some damage to the 1nsirument. In one
Avperiment, 0.3813 g9 of teifryl was mixed with 0.4%60 4 of
s1lica, g91ving 3 value for & of 10.3, based on tne weiqgnl ol
teltryl. The Lemperature of bLhe onsef of decomposition agreed
with that of the undiluted reactant. In both comfined ard

mon~confined systems, the temper3ature 3t whicn decompozition

~ammenced was similar. The experiments indacated tiaat t-e
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Ltherm3al decomposition of Letryl

pressure or by accumulasted producls at

all cazes the temperature 3t whicn

wa- above tne meltimg point of tebryl.

I1. RPesults

Typiroal resulis of Lhe szelf-neat

a2 3w function of 1/T faor Lhe thermal

are shown 1n Figure 3. It 18 clear

tabes plarce 1n two stuqes. Yalues

function of T, by equatiion 7, p.l3.
*

plot, log b z funclion of 1/7T, was

3Ic

the reaction order, n=0.5, 1.0,

deconposltion stiages, 3nd 15 shown

inlerpretabion of Lhie plot, the value

Limear relation over

roliable sndicalion of the aorder of

shiges of the decomposition of tetryl

firet arder procezc.

summarized 1n Table L. Im this Tahkle

itnhilial zelf-neat rate armd the marimum

and T
s m
decompo-~rlion and lhe

respecbively. T

of

15 nol grestly 3

deco

tna
ni ¥

The

and 1.5

in Figure 4.

Lhe widest ftemperature range 13
Live reaction.
apppear

The resultz of the e perimenls

refer to the temperature 3t

temperature at the

[

feckted by

an early stage. In

mposition commenced

n

i

rate and the pressure

dercomposition of Letryl

t tne decompositian
3
were obtained as 2

Linearity of the

tested uwsing values

for the two
Inm Lho

Whilch

jth
11

of n glve

Lhe mnostl

Bolh
to ocour by 2
EREA

and m refer to Lbr

) n
self-heal rate,

Lhe nnsol

maicimum rale.
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Fiqure 3
Self-heat rate, @, and pressure,A ; as a3 function of 1/7

for tetryl. Hastelloy C bomb; @ = 14.2
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Fiaure

j;
Kite consbanbt, b , a8 3 function of /T for

Tilarnaum bomby & = 13.4
Eeaction order, n
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®.0
Al

tetryla



¥

K

PS
H

I

Rate consta

36

1.0
0.5+
A
a A
O.] [ A AA
A a
° b o%
0.05} A“. o"’% Lo
® 0 A®
AA o o A:o°°°
eo a®®
ae g 2%
2% aey
a®o Ab.o°
OO" - A .00 0%
b ,,::°
o
+Y
0.005+ S
res 2
2®0 ¢
o 4
sy
a°
0.001}- ¥
®
0.0005
0.0001 I | l | | 11 |
100 120 140 160 200 220 240 260 280 300

T, C

(Scale: /1, K)



Table 1

Thermal decomposition data of tetryl

Expt  Weight @ Peak 1 Activation Energy,Rcal mol—1
# of tetryl
gram T w T m
o o m m
- - Method
°¢ ¢ min 1 ¢ ¢ min 1 Method (a) Method (b) ethod(c)

Peak 1 Peak2 Peakl Peak2 Peak 1

Hastelloy C Bomb

a

155 0.7300 7.4 136.2 0.03 183.3 161 60 53
156 0.4256 11.8 141.5 0.04 175.1 2.50 54 46 51 48
252 0.2546 18.7 141.0 0.03 159.6 0.26 52 42 54 40
291 0.3552 14.2 141.5 0.04 171.5 1.24 49 42
294 0.3550 14.2 141.7 0.05 172.8 1.76 51 43 48 38
164b 0.3813 13.0 141.4 0.04 168.5 0.78 52 37
Average Values 52+1 431 51%2 413 524
Titanium Bomb
274 0.3868 9.1 135.9 0.03 186.5 95.5 51 48
275 0.2510 13.5 135.9 0.02 170.1 0.88 46 38 43 36
276 0.1500 21.8 141.1 0.04 162.2 0.24° 48 41 46
277 0.2520 13.4 136.7 0.04 174.7 1.38 50 39 45 36
287 0.3000 11.5 140.8 0.03 176.9 1.95 50 40 45 42
288 0.3000 11.4 140.7 0.03 171.9 1.15 50 43 49 43
280C 0.3813 10.3 140.9 0.03 181.0 4.00 46 44 44
Average Values 4912 4112 462  39%3 4542

a - not included in the calculation of the average values
b - non-confined system
¢ - mixture of 457 Tetryl and 557 silica

L€
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The aclivation enecny for decomposition 1s one ol Lne
rmportant parameters relaling Lo the stabrlit. of am
eyplosive. 4n activition enerqy 1e 3associated with 3

parlicular mechantsn or pathway for decomposzition and maw

e determined directly from a measured rate of decompositlion,
e discussed earlier, Lhe rale meassurament 1s very sensitive
tm the conditions ol Lhe experiment. The calculztion of @he
activation enerqgy from the data and 1ls interpretation musti
he carelfully Lreated. Three mebhods for obktaiming Lhn
acLlivation enerqy will e described, following Lhe egualicnc
derived by Townserod and Tou [3J. A& comparison of the values
ohlaitned by these Lrealments 1lluslirates Lhe applicability of
cach method an Lhe inlerpretation of the mechanmism of {he

decompost Lion.,
A

fAs vdiscussed 1n chaplecr 2 , Arrhenius paramneters
may ke estimated direclly by squation 7, p.l3. Thiz 1z Lhe
most direcl method for obtsining the activation energy and 1s
1llustrated by the present resulls 1n Figure 4. The raln
ronstant will ke 3 limear Tunction of the reciprocal of Lhio
abeolute temperature provided the correct resction order was

4

eho-en. When loa ¥ 15 a3 limear function of 1/T, the slopo
1% directly relsted to the activation enerqy (equation 2,

p.1l). Activation energies were calculated both from the

measured slope 2nd from the printed data poimts. Resultbs



39

ivern 1n Tsble 1.

[¥u]

obtained for both decomposition stageg are
The activztion enerqy for the firet stage of decomposition
appeared more reproducible than that cbtaimed for the second
stage and was not gqreatly changed by the use of different

am the

-
-

ower

o

thermal i1nertia. The walues 3are, nouever,
decomposition in the Ti1i bomb. TIhe activation energy obtainesd
from the e periment with diluent was similar o Lhst obtained

from the pure compound.
k

4 eritical factor im the calculstion of ¥ 15 the value
of T . the firnal temperazture after complete decomposition.
Becaise two stages of decomposition were obtained, 3 gueztion
ari1ses concerning the separation of the two decomposition

peaks and the reliabtility of the measured value for T . Lri
+ T

ELhe calculation of F « I wWas takemn at the minimum i1n Lhe s
P

z@lf~-neat rate. To test the sensitivity of the values of ¥
amd the acltivation energy to an error in T ., k+ W3
§
caleulated wusaing T £ 5 ¢C. The error introduced into 1h+
i
aclivation enerqgy ranged from 1-4%. Small wurncertainties in

11

T therefore have only 3 small effect on the activation

I
enerqgy. Results of the sanalysis of the products, describel

lzter, substantiate the wvalidity of these vilues for T .
f

Tonwnsend 3nd Tou [5] discussed the relstiomznip
etween the time to ma imum rate. sbsoclute temperature. and
sctivation energy. For 3 rezaction with 3 high 3ctivat.orn

enerqgy, the time to masimum rate, © . was appro i1matel -
m
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proportional to lsk, the r3ate constant for Jdecomposi - i1on.

Therefore 11t could be evpressed im tie Arrhenius form

_E /1y ,
Ine_ =-—- (——T) in A 13)

The time Lo mastimum rate was plotted agsinst reciprocal
of sbsolute temperature and 3 itypreal plot 15 shown 1n Figure
The limear relationship and zlope of Lhe line were determined
by limear reqgression. The values of i1he zctivation enerqgy
for bobth stages obtained by Lhis method are i1ncluded inm Table
and are 1n 9pod agreement with those obtaineg from the first
metlnod. Again, the activation enerqgy determined Tfrom Lhe
axperiments in the Ti: bomb was slightly lower tham from the
Itastelloy C bomb.

() Caleoulation_from_the Trnitial Rate

'

The previous metnods for determinsticon of 1he
activation enerqgy depend on dstas obtained durimg the compliate
course of Lhe reaction. The laimitation of these metnods i3
the occurrence of 3 very fast self-heat rate, possibl.
leading to i1gnition, or 3 change 1n mechanism 2a3s the
Jecomposaition proceeds.

A third mebhod uses d3ta only 1n the 1niti13l =z=tsaes of
ihe reaction and therefore provides 3 useful comparison with
the ~ther twe. As discussed previocusly, the onset

temperature for 3 resctieon 1s a furction of the thermal
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Figure §
Time to maximum rate as a function of 1/T for tetryl.

Peak 1 Hastelloy T bomb; @ = 14.2
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1mertia. The effect of ® 15 to slow down the reaction by 3
ronstant amount and Lhis effect 15 3 function of the
activation enerqy of the decomposition. Townsend and Tou [5]
derived 3 relationship involving the tempersature, thermal
inertia, and the activation emerqy for a particular self-heat

rate. The equation 1s shown as followsi

1 {143

where for experiments with thermi3l inertia & 2and &
1 2

temperatures T armd T are obtained 3at a particular self-heal
'| “»

rate, respectively.
Because the difference 1n temperature for various & 15
gmall, the self-neat rates must be accurately and

reproducibly measured. If 3 slight drift occurs, 1t will

cause some error in the estimation of T 2and T . The
‘| 3y

aa

self-heat rates for different values of & 3re shawn 2s 2
furnction of temperature i1n Fiqure Ga for the Ti1 bomb armd 1n
Figure 6B for the Hastelloy C bomb. From the curves, T and
T were estimated for self-heat rates of 0.05, 0.07, 0.29 arnrl

2 -1
0.10 °C min and the caleculated activation energies are
given 1n Takle 2. The values appeared to decrease zs the
self~heat rate increased. This method 1s less accurate than

the previous two becsuse 1t 15 difficult to estimate Lhe

small temperature difference, as 1llustrated im Figure 6.
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Figure 6

Self~-heat rate as a function of temperature for

various values of o for tetryl.
A Titamium komh

B: Hastelloy O bomi
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Tahle 2
Calculation of the activation enerqy for tetryl
from the relation between the self-heat rate.

the temperature and the therm=zl 1rnertia

Self-neat rate Temperature Activation enerqgy
-1 -1
°C mol o Kcal mel

Titamium bomb

s = 13.5 e = 21.8
0.05 140.0 143.5 47
0.07 142.7 146.3 46
0.09 144.5 148.4 43
0.10 145.3 149.3 42
Hastelloy C bomb

g4 = 7.4 ¢ = 18.7
0.05 137.7 143.3 36
0.07 139.7 145.95 55
0.09 141.0 147.9 49

0.10 141.7 148.9 47
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The average values, however, are close Lo itnose ob ained by

Lhe other methods for the same bomb.

The activation energies czlculated from the ARC asta by
ihe bthree methods are 1n good agreement for 3 parlicular
Lbomb, but there 13 a3 difference 1n Lhe values obbsined from
each type of homb. This difference may reflect the ditferent
thermzal conductivity of the bombs, which determines the speed
nf Lhe respon:ze of the system to the hest relessed by thoe
reaction. In an autocatalytic reaction evern small heat
tosses will have 3 large effect on the rate of decomposilion
whieh 1 turn delermines the rate of charnge of temperaturo
wilh time and ine value of the activation enevgy,

The present results are compared with the measurementlts
reporlted i1m the literature 1m Table 3. Lhiz Table -eveals
Lhal tne Arrnenius parameters obtained from 1sothermal
techhniques are in reasonable agreement, wilh an av

1 1
ol 36 Keal mol For the activation emerqgy and 19 e
for Lhe frequency Tactor. The latter mav be considerer
reasonable for 2 dissociation imvolving ihe bresking ot
bonds.  The ftechniques involvimg increasing tempecature,
tneluding DTA, USC amd ARC, give significantly higher value:s
for the sctivation energy, the one esception being the work

ol Hara and Osads [281. These hign activation energies.

which weres obtained within thne Lempersture range spanned oLy
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Measured activation energies for the decomposition of
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Table 3

tetryl

Technique Temperature Activation Frequency Reference
range enerqy factor
-1 -1
o0 keal mol log Al{sec )
Tsothermal 120~-140 36.6 12.7 Farmer (18)
ITsothermal 211-360 38.4 15.4 Kobertson (320)
Isothermal 132~164 34.9 12.9 Cook &Abeqgq (21
Isothermal 140-160 35.2 13.5 Dubovitskiil
et al. (23)

DTA 162 76 Krien (24)
Bsc 55 Rogers & Morris

(259
nsc 170-174 58 Hall (267
Isothermal 140-170 41 Hara & Osada

C28)
uTa 170 41.2 Hara & Osada

F38)
Isothermal 150-173 35 Hara, Kamei

% Osada (27

ITsothermal 180-205 32 13.2 Hutchinson (177
ARC 140180 52 21 Fresent work
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lhe 1sothermal measnrements, do not tndicate 3m e ceptionally
zluw rate for decomposition. They appear to be the result of
3 wery rapid ineres.e o the tale comstant with 1ncressinn
‘eompersture, guving sn apparently hiagh value for Lhe
activation enerqgy. EFrom the present result the zctivation

-1
enerqy of 53 kFeal mol ieads to a3 irequency factor oi

-y ..I
a1

9 = . Buch 3 value 1s 1mpossibly high for 3 simple
dissociation reaction.

Tt appears that when tebryl 15 subjected to 1nereasing
1=2mperature, the rate of decomposition increases much Laster
than predicted by 3 considerstion of Lhe Arrhenius enerqgy
barrirer measured 12othermally. A ohamge im mecnantsm as 1 he

reaction proceerds, allowing fhe neocurrence of some skeps wil-

lower eneray barriers could cause 3 shrong 1neresse 1m o rate
ER b G

it

with temperalure. Ihis may lead to an apparently high
activation enerqy and 3 correspondingly ig9h fregquency
taclor, compared Lo tne values mexsured i1sothermally. @
~hange in mechantsm may ocour 1f products of low stabilaitw
ire formesd or 1f rveactive intermediates cauze autocatalyvere.
In suech 3 situstion 1% 18 surprising thabk the pseudo fuired
arder rate constanl appearz to follow am Arrnenins behaviour
over 3 Wwide range of bLemperaturvre. Nevertheless tne empiricsl
activation energy okbtained from Lhese eixpecrimerntes canmol lie
simply interpreted in terms of 2 parfaicular enerqgy barrier

for the decomposition process. The nign activabion energy

moupled with 3 high frequency factor can probably bhe taken to
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1rdicste a high scnsitivaity Lo

Lo underqo a runaway r23cl 1on. this
obtained from technigues using
valuable in

Aan early study ol the i1sothermszl

{183 had reported results whnich led to high

activation enerqgy and frequency factor.
sybsquently chown
belLuwsen solid

thie rate of decomposition

rombination of the rate measured im solid and liguad

gave an
27 -1

Trequency factor of 10 SEC

rake of decomposition of the liguuld has

eyplained, bub 1t was concluded Lhal no

gi1gnificance could be attached to these

activation enerqy and frequency factor.

nf tetryl 1m Lhe ARC occured after

are Clearly nol related 1o tne measurements obtained

worb .

autocalalysis

inereasing temperature may

decomposition of

Li6] to be caused by a3 larqe difference

apparent sctivation enerqy of 60 beal mol

The reason

melting,

ard 3 tenderncy

be

Lhe assessment of theemal hasards.

tebryl

values for tne

These resulis were

in
and liquid teftrvl. 1
phases

]
afid 3

for the i1ncreased

not been adequatel:
particular

values of the

Since decomposibion
resnlils

the early

10 Love
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CHAPTER 6: ANALYSIS OF PRODUCTS

A method for separation and identification of tetryl
and related compounds by two dimemtional thin-layer
chromatoqraphy was reported by Yasuda [301.

Positive identification of trimitroanisole was
possible through its reaction with sodium ethoxide to

form 3 charqge-transfer complex. MWhen sodium ethoxide
P~
.

(0.01-0.1M) is added to 2,4,6-trinitroanisole (10 M)
solution in ethanol at room temperature, a vellow colour is
produced immediately. The colour is the result of abksorption
by 3 ciharqge~-transfer complex formed betweern TNA and sodium
ethoxide [31,32]1.

Im the present study, both thin-layer chromatography
arnd UVY-VIS absorption spectroscopy were used in the

separation and identification of the products.

Tetryl wused in this study was from Defence Research
BEstablishment, Valcartier, Que.(DREV), arnd used without
further purification. Sodium ethoxide solution, 0.1M, was
prepared by dissolving sodium ethoxide, 97% (Aldrich Chemical
Company), in ethanol. Piric acid, ACS gqrade, was obtained
from Anachemia Chemical Company and 3 stanmdard solution of
100 ppm was prepared and used in further dilutions. A
standard tetryl solution, 100 ppm, was also prepared. All

solvents were reagent grade.
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fre—-coated TLC plates, Silica Gel GOF-254, with layer
thickness 0.25 mm, were oblained from Camadawide Scientifac
Co.

The UVY~-VIS spectroscopic a3nalysis of the decomposition
products was performed using 3 Shimadou Model 200UV double-

beam spectrophotometer with 1 cm cells and 1 nm slit width.

Tetryl was decomposed i1n bhe ARD according to the
procedure described in chapler 3 using 3 0.13 qram sample 1n
the Tilarmaium spherical bomb wilh the 3/16° ¢ 1° tube slem.
Instead of comtinuing the decomposition until completion, the
resction was slopped at a pre-selected temperature and cooled
immedrately. 1ln this way products were collected arnd
analyoed 3t variouws stages during tne reaction.

(a) Collection_of

the_ Samples

After coolingy, the sample was dissolved in ethanol
ared transferred to a3 volumetric flask. The spherical homb
wae rinsed with ethanol until the solution was colourless.
Because complete removal with ebharnol was difficult, acetone
was used to dissolve any rem3aining solids. The acetone
aolution was tramsferred 1nto 3 beaker and air dried. What
rem3atned was dissolved with ethanol, combimed with the first
elharnol solutiom and diluled Lo volume. If 3 residue was
present, lhe weighl was determined by the weight difference

of a3 fi1lier papec Lefore and after filterimng the f1m3l
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ethanol solution. After 3i1r drying of the bomb, 1t was
weighed to check for complete removal of the sample. The
weilqght loss after reaction was determined from the difference
in weight before and after reaction.

The itwo major products which have been reportied
Tfrom the decomposition of Letryl are trimitroanmisole and
preric acid. Anzlysis for the former product was
considerable hindered by the imability to obtainm 3 sample of
trimitroanisole, due to restrictiom onm 1ts sale.
Nevertheless by 3 combimation of TLC z3malysis and UVY-VIS
spectrophotometric analysis and mabing wuse of published
values Tor the absorption coefficiemt for trimitroanisole, 2
quantitstive analysis for the resclion products was obtained.

t31)_Thain-layer Chromatography éanslysis

TLE teechnique was used successfully 1n separstion
arvl 1dentification of the decomposition products. The
solulion containing the decomposition producls was 3pplied on
lwo s1li1ic3s qel TLC plates. Each plate was developed in
benzene and 3 solution of bensene/metharol/3cetic acid
190/16/8 by volume) for 10 cm and 31r draied. Three
components of Lbhe mixture were observed, of which bands 2 and
3 were 1dentified zs tetryl and picriec acid respectively, by
comparison of retention times of the pure compounds. The
relative retention time (R Y values are summarizced in Table 4.,
A better sep3aration was acgleved using bencene as developer

armd 1t was used i1n subseguent measurements.


http://irr.li.yer_
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Table 4

g values of tetryl, piecric 2cid and thermal decomposition
r
products mixture

Developing solvent Sample/R
P
Tetryl Ficric acid Decomp. products

Renzene 0.26 0.00 (1) 0.45

(2 0.26

(3) 0.00
Bencerne/methanol/
acetic acaid, by vol.
(90/16/8) 0.64 0.23 (1) 0.73

f2) 0.65

£3) 0.23
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Further i1dentitfication of Lhe components of the
mi Lture was made by recovery of the separsted kands on the
TLC plates. Two ml of the 2thanol sclulion was used Tor the

separation. After development i1n bernzsene followed by 3ir

it
i1

dvying, each band, 1 cm width, w scraped off and eviracted
5 times, uwsing 3 ml of ethzanol each time. The exiracts were
centrifuged, combined zmd diluted Lo 25 ml. A plate waw
treated in the same w3y using thne pure solvent to serve ax
blank.

Caliberstion curves for tetryl and piecric 3acid were
abtained using ethanol solutions of 20, 15, 1¢, & and 4 ppnm,
prepared from tne stock solubiom of 100 ppm. E3ach solution
was scannmed from 800 to 200 mm. For tetryl tihe absorpliion
maamum was at 33 nm, while pieric acid showed maxaima at 215
rmoand 26¢ nm. Figure 7 shows ftne spectra of ftetrvl. picric
acid 3nd traimitroancesole im ethanol selution. A linear
relation between absorbance and concentration was ochtainmed
for tetryl and picric 2cid at the wave lengthns snown i1n Tahble
where Lhe values for the absorplion ceoefficients are 31ven.
The aksorbance of mixitures of telryl and picric acid 3t the

wavelengths i1ndicated may therefore be e.ipressed by Lne
9 ; p b

Following equation. s

A = 53 [picric acidl 137
400

5
)

y
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Figqure 7
Absorbance as 3 function of wavelength, i1ndaivaidual
in ethanol solution
A tetryl, 10 ppm

pieric acid, 10 ppm

s tranitroanisole, 2.4 ppm

compound
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Table 5

Absorbance of solutions of tetryl and picric acad

Compounds Wavelength Concentration a

-1 -1 -1
nm 3 L L g cm

0.020 0.015 ©0.010 0.005 0.004

Tetryl 230 1.92 1.18 0.834 0.41 0.32 81
Ficric acid 230 1.24 - 0.62 0.30 0.29 62

400 1.06 - 0.53 0.26 0.31 a3
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it = 22 [picric acidl + 81 [tetrylld Ll
T30

~1
where the concemtrations are eupressed 3as 9 L .

The sbsorbarnce of mi:rtures ot tetryl and preric zcid
was measured to confirmed tnat no chewmical interaction
necurred under the condidion of fthe measurements.
measurenents were made with egual volume migtures oI variods
concontrations of tetryl and piloric scid solutions. The
roncenlrations of the minlures were calculated from Lhe
measured absorbance using equations (15 and (16). Table
shows 3007 agreement belween Lne predicted and measured
roncentrations of Lhe mixtures, confirming that no

tnteraction occurs,

L

Hlentifycation of bands (2 and (37 from the TL
sepiraliaon 3as telryl and pieric acid respectively, wWwas
confirmed by the individuzl spectrz. Identifization of band
11 3as trinmilroanisole was made through 1ts reaction with
sodium elhoside solulion Lo Torm the ¢ —comple with strong
ahgsorption mas imum at 210 mmoand 490 om [31,321.  Band (1)
reacted with Uol M sodium etho 1de solution 1m ethamol.  Tho
gpectrum of this solutiorn, the ¢ -comple of TNA. 15 shown in
Fiqure 8. The concentration of hkrainmitroarnizole wae
determined using Lhe publizhed value for € a3t 490 mm (15850

-1 -1

L mol om ) L3317, where tne other products 1o not

absarl, from the following equation:
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~

Taple &
(orcenterations of equzal volume mixtur:

oi Letrvl and pieoric acad

Frepared mixtures Caloculsted
concentration Meassured zbsorbance concenlration
q 7L q 1
Teiryl F.f. A 200 A 230 Tatvryl  F.A.
0.0025 0.0075 0.38 0.64 0.0024 0.0070
0.0050 0.0030 0.26 0.70 0.0048 0.0050
0.002% 0.0030 0.20 0.52 0.0027 0.0048
0.0030 0.0023 0.13 0.93 0.0048 0.0024
2.0025 0.0023 0.13 0.38 0.0027 0.0033
0.0020 0.0030 0.10 0.27 0.0017 0.0021
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Figure 8
Absorbance as a function of wavelength for § -complex of

trinitroanisole in ethanol solution

solution of INA, 24 ppm and sodium ethoxide, Q0.1M
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A = 65 [INAI 170
490
where Q 1s expressed in o unils of L g9 o and Lne
concentration of TNA 13 aivern 3as 5§ L .

Arnaly=siz of the condensed-phase products by <ihe

"

(=
methiods was made atter stopping —he reaction at zeleciled
temperalures ihroughout Lhe course of the resction. In sone
ciaskes Lthe recovered solutilion was not separated into fthe
component fractions. From the spectrum o the solution
contaiming 23ll the products, only the concentration of picrice
actd could be determinerd. The absorbance at 400 mm 18 due to
preric acivd only (see Fiqure 7). In these euperimenis tho

welght loss was measured in the usual way.
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CHAPTER ™ PRODUCTZ, MLECHaNMTSM OF THE THERMAL DECOMEOSITION

NE TETRYL

-

1. Condensed-pnase Necompnsition Products

The main condensed- phage products previcusly rveporled
from the decompozition of Letryl, irimatroanizole and picric
agid [33,08,32073, were delecled and analyzed in Lhe decomposl

Lion ureder tne presenlt conditions.  Thne products were
moasured at warious stages in tne decomposition in Lne AR
and Lhe rezulis ave presonted in Table 7 and Firgure 9. The
Finelic Teatures of Lhe decomposition ave 1n essential
Jgqreement wilh the recults of Dubovitsbii and co-workers
17,331 and of Hars and Ocada L3287, These independont
“Ludies bolh led to the conclusion Lhat trainittroanisole and
preric acid were bolh praimary producis, Tormed by puralleld
rogtes. and tnalh drimilrcamiscle zubsequently decomposed Lo
protie actd, whicn in turn Jecomposed at nigher temperatures.
This imlerpretalion was most evident Irom the i1sothecmal
Adovomposition but was also supported by the ITa e periments
a1 Hara ard Oszda L2281 1n which lhree esothermic peaks wore
nbserved. These peabs were 1dentified wilh the sequentisl
decompositions described asbove. Esaminztion of Figure 9

shows Lhat bolh "N& and pieoric acid are farmed at Lhe

heginning of the re3action and are probably bolh primar

i

produclts. TINA waz less slable 1lhan pieric acid amd 1i:

mavimum yield w3z achieved 2atb about 160 20 whereas 1he

o

ma.imum yield of pirerice acid was at about 199 T,
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Table

7

Comdensed-phase products from the decomposition of tetryl

1 the

ARC

Temperature ZING ZPiecric acid ZTetryl ZWt. loss ZResidue
o etharnol 1nsol.
150 20.1 12, 59.8 8.0 0
155 N& 24.9 NA 13.3 0
16O 39.4 26.3 15.6 18.7 O
165 36.1 26.5 18.9 18.5 0
180 15.4 46.5 0.5 25.9 11.7
185 NA 49.0 NA 29.2 NA
200 4.4 41.2 0.7 28.5 15.2
217 NA 22.3 NA 48.1 NA&
254 NA 0.03 NA 67.1 MA

NA

not avalaible
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Fiqure 9
Self~-heat rate, A, reactant and product composition, B.

s o8 function of 1/77. Ti bomb; & = 21

i
(R

A. Points indicate the temperature at which reaction was

stopped for amalvsis

E. O tebryl
Cl: trinitroanizole
X+ proric acid
A weight loss, w =~ w

Q £
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.1
i
o
l__l

1 contrast teo ihe 0TA resultz, toe selir-hest
measured 1n Lne ARLC shows only Lwo well-defined peabs witlh
increasing hemperature. Ry comparison Wit the composition
nf the products 3s zhown in Figure 9, the first corrslated
Wikt the disappesrznce of lLetryl into both proric acard znd
trinttreanicsole. The temperature 3t the maimoam rate was
161 °C whers only about 13% of +the ta2tryl rem3ins. TIne rate
constants abtained ihrougn analysis of the first peak
therelfore relate to the over-2all decomposition of the tetrvl.
The comversion of Lrimilrosnisele imto pioric acaid, =2videntl
from the analysis shown i Figqure 9B, 17 detectable only as
an asyvmmetry in the first pesk im Figure 24, alithonuzh data
obtained using a larger amount of tetryl stowed 3 small
shoulder on Lhis curve. The minimum between tne peabs
corresponds to complete disappesarance of tetryl and tne valuwe

of AT should thereforve give 3 reasonable value for AH of tho

reaclion,

Telryl —> trinitkroaniscle + piecric aicd

The keginning of the second peak, 180 °0C to 200 ©°C.
refers Lo Lhe decomposzition of bhe rem3aining 19X of
Ferimitlrosnisele into pioric amid anmd the decompositicn of
proerle acid. The major pard of the second pealk describes Lhe
decomposition of picric acid amd the ms 1mum rate (not as

well-defined 2s for the first peak) occurs a3t aboutr 223 0
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the masimuam amount or

L]

at which temperzture about 20% o
picric Icid rema’ins. {imetically these two peabs may be
ronsidered as separated, and each amalysed independently.
The difference 1n temperature between the points of wmariisum
rales for each decomposiion was zbowt &% °C, bul this

difference will be 3 funclion of thne rate and 1he AH of e3ach

decomposiiion 3nd 15 not 3 general criterion for separation.

From the measurements of F 3s 3 funckion of

temperature for the first decompo<aition pesab, wvalues of the
-1

activstion enerqy, 292 kcal mol arnd the freque-cv {sctor,
21 23 |

1o =10 sec » Wwere gbtaimned and repovted in chapter .

1t was swugqgested 1 this chapter that these *hign® values,

which carnnot be interpreted 1n terms oI passage over an
mRrargy barrier 1n the usual way, were the result of changes
1 the mechanism of decompositicon as the reaction preoceeds.
Arrhnenius parameters were also derived by Finetic anmalvsis of
the measurements of the sscond decomposition peak. Althougn
less telizbility 15 achieved from these measurements, 1t 13
evident fram Table 1 that the activation eneraqy, of abouil

-1
40 kcal mol ¢ 18 lower than that obtained from the first
peak. With this activation enerqgy amnd the messured value of

L

b +Figqure 4), 3 valueg for Lne frequ
13 15 -1
T2 -10 zec was obt3zined. Thie decomposition thereiore

]

noey factor im the range

has Arrhenilus parameter:z which 3are closetr to thoze e :pected
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for a bond-bresbing process. From Fiqure 9 11t appears that
thie decomposition begins enly after Letryl has completelwv
d1wappeared and trinitroamisole has almost dizappesred. The
eplf-heat rate Lherefore describes the decomposition of

picric acid and bhe Arrhenius parameters obtaimed are 10
reasonable agqreement with those reported previously for
-1 11 -]

preric acad (E = 28.6 keal mol , & = 4,10 sec '
{34,351,

fm all studies of the decomposition of telrvl,
reference 1s made Lo the autocatalytic character orf the
re3achlion. In several studies L1291, 1t was suqggested thnal
picric acld may catalyage the decomposition of Letryl,
possibly by 3 protom tramsfer reaction, giving 3 cation which
15 considerably less stable than the molecule. Tihis
conclusion 1s laraely based on the resultis of the euperimenls
nf Hinsnelwood L1191 and of Duboviiskii and co-worbkers [22,237
1n which addition of picric scid increased the rate ot
decomposition of Letryl arnd removed the induction period.
The present results and those of Harz and Osadas [361, as
discussed 1n their work, do mob substantiate this role of
prerice acid. The results of the i1sothermal decompositions at
150 °C reported by Hara and Osada suggest that autocatalyeirs
necurs before the formation of trinitroanisole amd picric
acid. The Jdecomposition was not accelerated by etther of
these products. The results shown in Fiqure 9, altnouah not

as evbensive as the i1sothnermal resulte, 3alsc do not indicate
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3 particular acceleration of the decomposition by ihe
formstion of picric acid. This conclusion sugqesks thal the
1nerease in rate on addibion 2Ff picric acid may be 3ssociatedd
wikh the lowering ol the meltimg point, 3s recognized by
Hingshelwood L[13] =and discussed by H3ll Lo61.

IThe more probsbhle cause ol autoacceleration 1s Lne
formation of ihe reaclive products, nitrogen dicvide and
nilric onride. The analysiz of the aaseous products reported
by Dubowvitsbkbii and co-workers [22,231 zhowed Lhsat ooth
nitrogen dioxide and milric oxide disappesred 1n cecondary
reaclions and Lhese authors recoqnizsed the 1mportance ol
Lhese reactive radicals 1n promotina decomposition of lelryi.
feactive qaseous products may everd Lheir effect before
dirffusion from 1ne solid phase. The effectiveness af thi-
agtocatalyrie may therefore depend on 3 number of Tactore,
auch zs the efficiency of removal of the products from the
decomposing solid. Decomposition during increasing
temperalure m3ay be more craitically affected by the presence
of these productl:..

fm zummary, the two pesbks inm the self-neat rate a3z -

41

furnclion of temperature observed in iLhe decomposition of
tetryl 1n the ARC are shown to relate to the simultanecus
decomposition 1nlo frimilvoaniscole and picric zcird amd tao the
subsequent decomposition of picric acid, respectivelv. From
the Finetic 3snalysis of the self-heat rate for the fiv:zi

peak, 3 "high® activation energy and frequency factor were
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obtairned, suggesting a complex mechanism of decomposition,
probably inmvolving autocatalysis. The kirnetic parameters
obtained from the amalysis of the second peak are °normal’
for 3 decomposition process and in agreement with previous

results.



73

CHAPTER 8: NITROGUANIDINE

Nitroguanidine 13 an important ingredient in triple
base propellants. ﬁIt oxists 1n two forms, & and B, wilh
desities 0.3 g cmug appd 0.9-1.0 g cm~3 respectively. BRoth
forms of nilroguarnidime mell 3t the same temperature, 232 °C,
although higher melling poinls, 246 °C and 2579C, have bhoen
veported [163. DTA studies of Ripper and Kriem [361]
suggested that the o form begins to decompose a3t 187 -0,
while the & form decomposes a3t 2035 °C. Many tests concerning

the properties of nilrogqusnidine were performed by the U.S.

Army Material Command L[371.

From the thermzl decomposition of nitrogquanidime in Lhe

range 190-340 °L, Lthe main gaseous products are N O, H O, NI
2 2 2
and CO . accompamied by 3 large guantity of solid products.
¥

K

A mechanism 1nvolving two psthways has been proposzsed [387.

The first decomposition pathwsy involved mitramide (NH NG O
1 7

i

and cyanamide (NH CN) 3s imntermediztes, while nitrocyanamide

(NC&NF{CADwas the intermediate ¥rom Lhe second pathway.
St42ls and Piril discussed bhe structure anmd resctivity of
mriroguanidine and concluded that intramolecular hydrosen
honding was stronger than intermolecular hvdrogen bonding.

The praimary reactron pathwiays i1n the thermsl decomposition of
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nmitroguanidine are Llherefore predominantly intramolecula~.
Studies of the decomposivion by thermoanzlytical
Technigues showed thal 2 single enotherm m3 i1mum Socudrred 2t

-

01 snowed that

=%

a0 C L3911 whils 3 thermosgravimehric study [

*he i1niti3al weight loss begar at 250 2L, Roggers [41,.421

W)

measured a3n activation energy for decomposition by the DED

-1

technigque of 21 Keal anl .
Vollk [437 i1dentified the solid products and amalyoen
the 23seous products of mitrogquanidine decomposition by mass

spectrometry. He found that N 0 and NH were the main
2

[+ e

fasequs products arnd their ratio was tempersture dependent.

N\!M \C\/N .
The solid residue at 1230 °C, melamine i h voand ammeline

Ho /N\?rNHL | g
( )N ‘. was analyzed wusing HPLC. The decomposition

hehavsgk} wags strongly affected by the confinement. Up to
H0-70% weight loes peocurred during decomposition. The
residue canlained mainly melamine and ammeline and was
considerably heat resistanmt. FErom the messurements of tihe

-1
rate of weight loss, am achtivation energy of 51.6 Rozl mol
W3z obtained.

Taylor and Andrews, Jr. [£41 used the flowing-atterglow
spectroscopy tecnnilgue to study the solid phase tnermal
decomposition reaction. NH N O, CO 3o H 0 evolved from

3 3
nitrogusnitdine were analysed by monitering

& & + +
NH ., OH . N DO 3amd CO . Tne activation enerqles w=re

vt E2

ne emission o}

-
2 -
T

calcoculated from the slopes of the curwve

i

. log rat

3]
[}
i1
D]

y}
e
[
w
o
4
il
2

Tunction of 1/T. These measurements led to nigh 3
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|
prierqgies (70-110 kecal mol Y and corresporedingly hign
30 50 -
frequency {aclors (10 -10 sec t. Thev suggested tnat

this result mav ke due to autocatalyviic evolulion of gases

whicn led to violent dzcomposition above 160 °C. After ihis

prnenomenon ocourred once, the activalien enerqgy became I3 75
-1 5 7 -1
keal mol and frequency facltor was 10 -10 sec . These

values zre more typical of organmic thermal deqgredation.

Few zludies of *the binetics of the decomposilion have
heen athtempted. PBecause of Lhe complerity of the reactiong
the kFimetic paramelers which have been reporited are very
di1 fTicult ko inbkerprel in terms of the mecnanism of 1he
decomposition. The present worlk deccribes zome preliminacy
erperiments on Lhe Jdecomposition of mitroguanidinme 1n Lho

ARC, praimarily for Lhe purpose of obtaining binetac

parameters for the decomposiltion. The effects of sample si1oo

and confinemenl of g93seous producits have been i1nvestigated.

111._Cxperamental

The tnermal decomposition of nitroquanidine was studied
ti=1ng the Hastelloy C spherics]l bomb with the filler tulie of
3716 1nech 0.0. 3nd 172 1nech length. The experiments were
performed 1n both the confined armd non-cornfimed systems. [ne
therm2l 1mert13a ranged from 12 to 22, obt3ined by using
welnhls of sample between 0.2 amd 0.3 grams. E periments

were performed using thne heat-wart-search method described

in Chapter 3.
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IV, Results

A. General Features

Whern nitroguanidine was tested in the comfined
system, the decomposition commenced between 161 and 165°C
depending on the value of the thermal imertia. The ignition
rate was not vigorows, the time to maximum rate was short,
and pressure build-up was fast. The resulis are summarizsed
in Table 8 and the self-heat rate and pressure as a function
of 1/T are plotted in Figqure 10. The total adiabatic
temperature rise was in the range of 15-17 °C depending on
the value of #. After reaction, the percent weight loss was
approximately 65%Z. The nigh amount of residue may have been
due to inhibition of the products to further decomposition
£431.

Whern nitroguanidine was tested in the non-confined
system, the reaction stopped after a short period of time.
The onset of decomposition was detected at akout 200 °C. The
self~-heat rate was slow and the adiabatic temperature rise
only 2-3 °C. Experimental results indicated that the
decomposition behaviour was strongly dependent on the
confinement. This phenomenon suggested that the decomposition
of nitroguanidine was sensitive to pressure and decomposition

products.

In this study, the activation enerqy of

decomposition of nitroquanidine was calculated following the


http://En.er.g_y

77

Tatle 8

Thermal decomposition datzs of nitrogquanidine

Bupt# Weiqgnt ] T m T i

-1 _ -
““g 0 T min 2 O min 1

enfangsd_ system

169 G.213% 20.9 168.9 0.04 172.4 28.5
166 0.2540 17.7 161.0 0.02 170.1 21.0
231 0.3362 19.6 161.7 0.04 168.9 44.5
249 ¢.23238 21.2 166G.G 7.09 175.2 1¢.8
350 2541 18.06 160.9 0.03 167.3 30.5
328 0.3074 15941 160.9 0.03 171.2 S5.5
339 0.20683 22.1 167.6 0.32 173.3 15.0

Mon-rconfined syelem
169 0.2348 19.1 L98.7 0.04 201.7 0.06

170 0.2433 18.5 202.0Q 0.07 204.6 0.13
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Cigure 10

Self~hest rate, @, =and pressure, A, 3s 3 function of 1/Y

[sx

tor mitroguanidine.  Hastelloy C bomby 6 = 19.
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three metihods whicn were derived by Townsend and Touw [33 z3nd
disecussed 1n Chapter . The e periments in the non-conrTined
system nad very short & otherms which di1d not provide enoudn
data for the deiermimation of the aclivabion sneray. Oni-
the data from the confined system was analysed.

A
fa), Galeulation_from ¥

The estimation of the Archenius parameters from Lhe
A
plot of tihe ¥ agaimst 177 was the simplest approach, since
the curve was plolied zutomatically from the microprocessor
af the ARC. Tn the decomposition of mitroquanidine, the
splf~heat rate 1ncreased vary rapirdly, giving 3 very steep
~lope and hernce 3 high 3ctivation energy, 2pprotimatel
-
300 keal mol . Thais very high value led to an impossibly
hign value for the frequency [actor,
(h)_Calcoulation_From_Time_to_Mazamum_Rate
The relationship ketween the time to ma i1mum rate
and the absolute temperature (equation 13, p.40) wa.
discussed 1n Chapter 9. The bime to wa.imum rate was plolted
as 3 furction of 1/T amd a3 1ypical result 15 shown in Figure
11. The slope was determined by linear regression. Tne
activation encergles delermined by this method were 10
agreenent with those obilained from method (37, 3aboul 300 keoal

-1
mol . The freguency factor wae 3lso correspondingly high.

Fnr determination of the activation ernersg, by

method (3) and (L), datas Trom the complete course pf ithe
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Fioure 11
Time to mazaimum rabe as a funclion of 1/7 for milroguanidine.

Haslelloy € Lomb! confimed system; 4 = 18.06
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reaction were used. The results demonstrated that these
treatmnents diud not give reasonsbkle valuez for an sctivation
enerqy and frequency factor for the decomposition of
nitrogquanidine. The third method used datas only from the
1tnitial stsges of the reaction.

The relationship between bLemperature, thermal inertia
ard activation enerqy\waa given by egquation 14. p.43. For
this method temperatures are determined 3t which fhw
cealf-heat rates =zre Lhe same Ffor experiments with different
values of é. For the most zccurate measurement of these
temperatures, the self-heat rate 1s plotted as a function of
temperature for each experiment, 3s described i1n Chapter 5.
Two of these plots are shown in Figqure 12. Temperatures were
measured at self-hest rates of 0.0%, 0.07, 0.09 °( mln_], and
the values gqiven in Table 9. The activation enerqy was then
obtained from equation 14 and the values i1ncluded 1n Table 9.

-
The average value was 3212 Kecal mol .

Nitrogquanidime 15 a3 very fluffy material with low
density. Heat Lransfer i1n this solid may not ke uniforn,
causing a certain dearee of difficulty 1m obtairming
reproducible data. This factor could cause further

uncertainty on the value obtained for the activation enerqy

of this decomposition,
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Tigqure 12
telf-heat rate 2~ 3 function of tempersture for varions

ynlues ol @ Tor nibrogquanidine. Haztelloy O bowmb
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Table 9
Calculation of the activation enerqy for mitroquanidine

from the relation bhetween the self-heat rate,

the temparature and the thermal i1nertia

Self-heat rate Temperature gctivation eneraqgy
-1 -1
e omin o kecal mol
4 = 18.6 éd = 19.6
0,03 161 .40 162.00 34
0.07 161.70 162.30 34
0.09 161.90 162.55 29
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The activation enevny for the decomposition of
nitroguanidine caleulated Trom Lhe AFC data by method va) armd
th' gave high values of 3about 300 kKeal mole with
correspondingly hign freguency facters wnich cannotl
e @ plaimed by 3 simple bond-breaking mechanism. On Lhe
other hand, the activation energy deltermined by method wob,
whichn 1nvolved only messurements at the initial stages of 1he
decomposition was 3 ressonzble value for tne rearvangement of
O unstable compouind,

The very nigh values of 200 keal mol are mMore
drfficult o e.plain. Thnese values were obtained using dals=

covering the whole coudrse of Lhe decomposition anmd 1nvolving

a ohange 1n temperature 3s well. During tha

iy

Process some
reactions occur which increase the rate enormously and
carntinuously. Empirically, the resuli sugqgests 3 seriss of
asleps occurring with progressively lower enerqy barrierz. A
possible raoute to this effect could ke autocatalvsis, cauced
2y reaclive intermediates. The difference 1m rates obtzinesd
1n the confimed amd rnon-confined systems suggeshs reaclhiwve
intermediates may be i1mportant.

Comparing the melting point of niftroquanidine reportiler
by other aulthors L[1&,361 to the Lemperature of Lhe onset of

decomposition, 161 °0 detected by the ARL, 1t zppears 1hat

ul

nitroauanidine decomposes i1n the solid state. A solid ztate

decomposition 15 usually 3 slow process until some change
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Atlow 1te decomposition rate Lo increase sutficiently ior 1t
Lo self-heat to explosion. The decomposition rate of 3 solid
ran 3lso vary itremendously wiln changes an purilby and cryelal
periection and 15 affected by other faclors, such 215, ithe
rate of nuclelr formationm and the straims created by the new
sol1d phase. All these occurrences lead to complicztions
which could contribute to the unusually large 1ncresse in
rate observed over the course of the decomposition. These
ard other factors have been discussed recently imn 3 review of
processes occcurring during the thermal decomposition of
s0lids by Boldyrev [441.

When the temperalure increase 1n the bomb 15 very fasi,
Lhere may ke insufficient time for the bomb and the sample Lo
come to thermal equilibrium. This may cause the measured
tempersture to be Jower than Lhe temperature of the sample.
11 should be pointed oul thal 1F the temperature of Lhe bomb
arid the sample are mot equilibrated, s may nappen when Lne
temperature increase 1s very Tast, Lhe measured rate of
decomposition will be too slow. This error therefore 1s nol
a Lacteor comtributing Lo the fast rates of decomposilion
observed with nitroguanidine.

The results of the present worl are compared with tLthe
Vinetic parameters cited im the literature 1n Tabkle 10. Theo
eyperimenls by DSC ard Lhe second stage of tne esperimenits by
the rlowing-afterglow techniques indicated low values Tor Lhe

sctivation eneraqy,., comparsbile to the value obtained 1n Lhe
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Table 10

Measured activation enerqies for the decomposition of

rmitroquanidine

Techrnique Temperature Activation Frequency Reference
range enerqy factor
5 keal mol™t lag Alsec™

Flowing- 160-180 70-110 30-50 Taylor 3
afterglow + 160 25-35 5-7 Andrew Jr. (4)
Isothermal 110-240 31.6 21.2 Vollk (432
nsc 200-204 20.9 7.5 Roqgers (41)
ARC 160-180 “300 Presenti worb

LGO-168 32 Presenl worl
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present work from the d3tba at the i1nitial stage of the
decomposition. On the obher hand, 3 first stage in the
decomposition was observed 1n Lhe flowing-zfterglow
iperiments wnere 3 very rapid reaction occurred, described
by the autnors as °virtuzally catastrophic®. Although the |
artivation enerqgy reported for iLhis stage, 70-110 keal mol .
was lower than the present value, 1t seems libely that Lhe
zame phenomenon occurred in the present experiments. [t
should be noted tnst the rapid reaction occurred above G0 °C
i both technigues.

A final possibilaty may be mentioned as 3 cause of this
rapid reaction. The presence of ouygen 1n the bomb may
rontribubte Lo rapid secondary resctions during Lhe
decompostition. At the same tTime the large heat releases in
any oxidation process could be an importamt factor i1m causing

an increase 1n rate during the course of the reaciion.

Further experaiments are planmed to test thiszs possibalaty
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CLAIAS TO ORIGIMAL RESEARCH
Gimetic dats for the decomposition of Tetryl, including
Lhe tempersture and pressure 3¢ 3 function of ftime, wersa
determined using the ARC. Tuwo stages in the decomposition
were clesrly distinguished.
Three methods for the derivation of the activation esnergy
for decomposition from thne dats were uszed and svaluated.

From d3ats oblained using the Hastelloy © bomb, an

-1

activation ernerqy of 5241 keosl mol Wwas cbitarned for
-1

lne Tirst stage and 43%1 keal mol for the secon

sfage .

The activation energies derived from the present d3ta were
compared with Lhose obtglned by other ftechniques. It was
=nown thatl measurements of Lthne rate of decomposiiion under
incressing tempersture may g9ive nigh  3lues for the
activation enerqy and the frequency factor

The condensed-pnase products of the decomposilion of
tetryl were analysed 3t variouzs stages of the
decomposition. It was concluded tnat pieric scid did motl
cause autocatalysi..

ODats for ihe Lhermal decomposition of nitroguanidime 1n
the solid state were obtzined using the ARC.

Derivation of the activztion enerqy for decomposition
showed bthe large discrepzncy 1n values obtsined using data
from the complete course of the reaction and using data

from the 1miti3al stages only. These results sznowed tne

importance ~f autocatalvtic process in the decomposition.
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