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ABSJRACT 

The thermal decomposition of the explosives, tetryl and 

nitroguanidine, were studied in an accelerating r3te 

calorimeter (ARC). The influence of sample size, bomb type 

and pressure on the kinetics of the decomposition was 

investigated. Using the data obtained, three methods were 

applied to evaluate activation energies for the decomposi­

tions. 

In the decomposition of tetryl, two maxima in the self-

heat rate were observed with increasing temperature. For the 

decomposition in the Hastelloy C bomb, the first peak 
-1 

corresponded to an activation energy of 52±1 Kcal mol and 
-1 

the second peak indicated 43±1 Kcal mol . The values 
-1 

obtained from the Titanium bomb were about 3 Kcal mol lower. 

The wide range of values for the activation energies reported 

in the literature was rationalised from the point of view of 

the techniques used in the measurements. 

The products of the thermal decomposition of tetryl., 

picric acid and trlrutroanisole, were measured at several 

stages during the decomposition. At the minimum self-heat 

rate after the first decomposition peak, tetryl had almost 

completely disappeared. The trinitroarusole and picric acid 

accounted for 62% of the tetryl decomposed, tne remainder 

being gaseous products and some ethanol-insoluble 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 suggested that 

picric acid may not be a source of autocatalysis. The 

activaiton energy and frequency factor for the second stage 

of 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 during decomposition. 

The thermal decomposition of nitroguanidine showed the 

characteristics of a propellant by the exceptionally fast 

self-heat rate. Analysis of the data of the complete 

decomposition gave unreasonably high values for the 

activation energy and frequency factor- Using data from the 

initial stages of the decomposition, an activation energy of 
-1 

32+2 Kcal mol was calculated. This behaviour was 

interpreted to indicated the importance of an autocatalytic 

process„ 
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CHAPTER l: EXPLOSIONS ftND THC EVALUATION OF THERMAL STAB IL IT. 

J . Def in,itjipn_of_E.xp 1 p_s iyep 

Explosives are substances or mixtures cf substances 

which a~e capable of undergoing exothermic chemical reaction 

at extremely iast rates, often producing high temperature: 

and high pressures of gaseous products. Explosives may be in 

the form of liquids, solids, gels or slurries. Typically 

they consist of a mixture of two substances, one serving as 

fuel and one as oxidizer. Even more rapid reaction can bo 

produced if the oxygen and fuel are contained in a singlo 

chemical. Nitroglycerin is a compound of this type, 

eh troglycerin contain* sufficient oxygen to burn its carbon 

and hydrogen and therefore produce an extremely rapid 

combust LOTI . 

An e ',plosion occurs when tne confined energy i : 

suddenly released, and may be small, as the bursting of a 

hall on, or large, as an atomic bomb. Between these two 

p iLremes are the commercial and military explosives wnere 

explosions are produced on a limited scale to cause specific 

effects. If the propagation velocity is less than the 
-I 

velocity of sound, 2000 m s , the reaction wave is said to 

bo a deflagration. If the propaqation velocitv of Lhp 
-1 

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

palled a detonation wave,, 
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11_„ _ C la ssif ira 11 on 

Explosives may be classified into three typesS 

I. Propellants (or deflagrating explosives; 

These are combustible materials which burn but do 

rmt explode. Examples: black powder, smokeless powder. 

',. Primary • or initiating) explosives 

These ewplode or detonate when they are heated or 

subjected to spark, impact or shock. They are said to nave 

high sensitivity. Examples: lead aside, mercury fulminate. 

3. High 'or secondary) explosives 

High explosives detonate under the influence of I ho 

shock of the owplosion of a .uitable primary explosive. Toey 

differ from primary explosives in that they are not readily 

exploded by heat or by snock and are usually more powerful 

For practical applications, all secondary explosives require 

the use of detonators. They are considered to have low 

r**risitiviiy. Examples: dynamite, trinitrotoluene. 

Explosives of all types are made for both commercial 

ind military purposes. Many commercial explosives consist of 

mixtures of inorganic compounds ve.g. nitrates, metal powder1 

and organic compounds (e.g. aromatic nitrocompounds, 

nitramines, nitrate esters). Many military explosives 

consist of one compound or a simple mixture of explosive 

compounds. Cn such compounds, the ox-'gen is in the form ol 

nitro or nitrate groups,, 
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T_[_I_.__U_se_s 

Explosives are widely used in industrial and military 

operations. A complete set of statistics shows a total 

consumption of industrial explosives in the United States in 

1977 of 1,680,000 tonnes C13. The most extensive application 

of explosives is in coal mining and construction. Pyrotechnic 

devices are now being developed for use as an inflation 

system for car air bags and as hot patches for repair and 

escape systems for aeroplanes. For military explosives, 

propellants are used in ammunition. High explosives are used 

as filling for shells, bombs and warheads of rockets. 

r V.. _ Co n t _r p_l __ and _ Ass essmen t _ o f _ E_: ;p lp si ye s 

In all countries the manufacturing, storage, transport 

and sale of explosives are strictly controlled by law. In 

Canada the licence for a factory or magazine for storage of 

explosives, and the importation and transportation permits 

are controlled by the Explosives Act and Regulations C23. 

Accidental explosions may involve loss of life, injury, or 

damage to buildings. An understanding of the potential 

hazards of explosives is imperative for safe handling and 

oper ations„ 

Although some information concerning an explosive can 

be obtained by general assessment of its properties and by 

application of theories of explosions, its properties must 



4 

-i 1 ways be tested experimentally. The power ol an explosive 

is one of the most important properties. Ballistic mortar 

and lead block tests are the popular tests for the strength 

of explosives. There -jre several types of sensitivity tests. 

The impact sensitivity is measured by the distance of travel 

of a falling weight into a small mass of explosive that is 

required to produce an explosion. Other sensitivit ,• tests 

are friction test (e.g. nut and bolt), shock sensitivity 

(e.g. air gap) and heat test (e.g. woods metal bath). Gases 

and vapours produced from the firing of an explosive are also 

evaluated for toxicity. In each case, the test results 

depend on the test methods and also upon a variety of 

physical and chemical properties of the explosives. In term*..* 

of safety, the thermal stability of explosives plays a very 

importarit role and this is discussed in the next section. 

V_. _ T e c h n_i_q u e s__ f p _r__ Ey aJLj j a t_ip n_ o f _ T h e r m a 1_ S t a p 111 t.y_ oj 

Expjpsiyes 

All explosives are stored in magazines for a period of 

time after they are manufactured. Throughout this storage, 

it is important that the explosives remain safe and retain 

satisfactory properties. Thermal stability tests provide 

data on safety at elevated temperatures. To determine 

whether instability will occur, it is necessary to subject 

I-he explosive to a higher temperature than that normally 

encountered. Unfortunately, as the temperature increases. 
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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: 

.L3.L 0il!.£s r e n t.i a_l__ S c; a n n i n_g_ C a _1 p r _i m e t r_y__ (.DSC.).. 

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 is 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 

heats associated with exothermic or endothermic transitions, 

for example, vaporisation, melting or chemical change. 

.<.b.L.P. 1 f.£erentia. 1_Ther ma 1_Ana 1 ysis_ (.DTA.).. 

In DTA, the sample and reference are heated at a 

controlled rate. As a sample undergoes a reaction, heat is 

absorbed or evolved, causing the temperature to lag behind or 

go ahead of the reference material. A thermogram is the plot 

of the difference in the temperature between sample and 

reference as a function of time or temperature of reference. 
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UTA is used primarily for studies involving hiqh temperatures 

which exceed the range of DSC. Materials routinely analyzed 

include minerals, metal alloys, ceramics, and glasses. 

(r-}«. IJ1£ r Jl)P51.r a v 1 m e t r 1 c_ A n a l.y s i s_ (T_G A.) 

Tn TGA, the weight of a sample is recorded as a 

function of time or temperature at a controlled heating rate 

in a controlled atmosphere. The rate of weight change is 

obtained from the first derivative of the weight change with 

time. This technique is called derivative thermogravimetr IC 

analysis (DTG). TGA is designed for a wide variety of 

applications, for example, oxidative stability studies, study 

of decomposition kinetics, determination of the content of 

moisture or volatiles. 

These methods have been used to determine properties of 

explosives such as thermal stability, kinetics of thermal 

decomposition and temperatures of initiation and ignition,, 

( dj_Sensi t ive__Detecto_r_of_E_xother m.i c_P_rpeess_ ( S_ED_EX_> 

SEDEX is an apparatus to detect the initial 

temperature of an exothermic process in substances under 

industrial operating conditions C3H. The sample is heated 

linearly in a receptacle by a gaseous medium. The 

temperatures of the heating medium and of the sample are 

monitored by sensors and the difference between these 

1emperatures is recorded. This instrument has the advantages 

of high sensitivity, good mixing of the sample and the 

possibility of using a protective atmosphere. 
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( ej_Flow 1 ng_Aft e r ,glpw_Sp ect r p scopy 

The flowing-afterglow method uses a small sample 

together with an ultra-sensitive analysis. Electronically 

excited rare gas atoms transfer energy to product molecules 

from the decomposition of the reactant, causing the formation 

of electronically excited fragments which undergo 

fluorescence. For example, with water, a common product of 

decomposition, excited OH radicals are formed by the-

following sequenro, 

He + H 0 *• He + H 0 + e 

t A 
HO + e *• H 0 

<-i ', 

* A 
H 0 > OH + H 

n 

OH > OH + hv 

The molecules NH , CO and N 0 also form electronically 
q i '•> 

excited species which readily f l u o r e s c e . 

This technique was applied to the study of solid-phase 

thermal decomposition reactions at the Los Alamos Scientific 

Laboratory. It was used to study low-temperature 

decompositions and to measure trace amounts of certain 

molecules in a fast-flow system. Small amounts ol moisture 

in helium have been detected in tnis manner. Emissions from a 

pattern of fragments often identities a more complex molecule 

II 4 1 „ 
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y J_- _ T he_ D_ey e.lpp m en t_ o f _ t h e_ A c c.e.l.e r.a t .1 _n.q_ Rat e_ C a.lp r 1 m e t e r_ and 

t n _e_ 0 b.i.e c.t.i y _e_s_ of _ t h e_ P r e s e n t_ Study 

The evaluation of thermal stability from results 

obtained by these techniques was not always satisfactory. 

Two of the main characteristics of an explosive, the 

temperature at which decomposition commences and the 

activation energy of the decomposition process, were not 

always obtained unambiguously. The thermal decomposition of 

an explosive is usually a very compiex reaction, sometimes 

involving autocatalysis, and the mechanism of the reaction 

may change during decomposition. Furthermore it is difficult 

to compare measurements from different techniques and 

consequently the data cited in the literature are widely 

variable. 

The technique of the Accelerating Rate Calorimeter was 

developed by Townsend and Tou at the Dow Chemical Company C5H 

as an alternative approach to the evaluation of thermal 

stability. The main difference between this technique and 

those described above is in the manner in which the sample is 

heated. Instead of applying heat, the ARC uses the heat 

evolved by the reactant to initiate and sustain the 

decomposition. Townsend and Tou discussed the kinetics of 

decomposition under these conditions and developed equations 

relating the measurements to the rate constant for 

decomposition„ 
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The object of the present work was to examine the 

kinetics of a reaction taking place in the ARC and to 

evaluate the results m terms of the two characteristics 

mentioned earlier, the temperature at which decomposition 

commences and the activation energy for the decomposition 

process. The compounds chosen for the study were tetryl 

(Benzenamine , N-methyl-N,2,4„6~tetranitro) ][ ^r^and 

nitroguanidine ( G u a n l d l n e . n 11 r o ) H hJ = C 
i 

H-H-H 

The principles of operation of the ARC and a 

description of the apparatus used in this work are described 

in Chapters 2 and 3, respectively. Previous work on the 

thermal decomposition of tetryl is discussed m Cnapler 4. 

Measurements of the rate of decomposition in the ARC and the 

evaluation of the activation energy for decomposition arc 

given in Chapter 5. The analysis of the condensed-phase 

products is described in Chapter 6 and the correlation with 

the kinetics and a discussion of the mechanism is given in 

Chapter 7. The results of the experiments with 

nitroguanidine are described in Chapter 8. 
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CHAPTER 2: PRINCIPLES OF OPERATION OF THE ACCELERATING RATE 

CALORIMETER (ARC) 

LfLHrterflVii. EitftJ«$j.Q£i. Theory 

The theory of thermaL explosions was quantitatively 

described as early as 18':)T by D.L. Chapman lib]. The theory 

is concerned with the competition between heat generation of 

the reacting system and heat dissipation from the material to 

the surroundings,, The rate OJ loss of heat is appro<imately 

proportional to the difference in temperature between the 

material and the surroundings, but the rate of generation of 

heat L s proportional L o the rile of the chemical r e a rt10n , 

which incroasus exponenii illy with temperature. Whon tno 

rate of heat generation exceeds the rate of heat Loss, i 

non-stationary state develops, which may lead to a runaway 

reactiori and explosion. If the rate of heat loss equals the 

rate of heat generation of the reactants, +he temperature 

will remain constant, 

The original thermal explosion theory studied the 

conditions of stationary states and non-stationary states. 

Several models were developed, describing the rates of 

generation and loss of heat as a function of the s u e and tn^ 

chape of the react ant and of i t<̂  container and tne 

pondition* of heating [7,811. More advanced theories 

described the react ant consumption, reactiori mechanism and 

non-uniform react ant temperatures CCJJ 
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I Li „.Tll,spry_of_Ad _i ab _at i c_C_a 1 o_r_i me try 

Tn an exothermic reaction, when tne heat evolution rate 

exceeds the heat dissipation rate, the temperature will 

increase and accelerate the reaction. Tne heat generation is 

a result of the chemical reaction and its rate is therefore 

proportional to the rate of the reaction. 

For a reaction 

B — > X + heat 

dB 
dt k [B] u ) 

k = Ae 
-E/RT 

(2) 

where k is the rate constant at temperature T, A is the 

frequency factor, E is the activation energy and R is the gas 

constant. When the reactant B is not appreciably consumed, 

the rate of heat generation will increase exponentially with 

temper a ture. 

The reaction is thus self-accelerating and the rate 

will increase until depletion of tne reactant finally reduces 

the heat evolved. The rate of the reaction will pass through 

a maximum and finally diminish to zero at the completion of 

reaction at T . The amount of material present at any time 
f 

is therefore proportional to the fractional attainment of the 

final temperature rise and may be expressed as 
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T - T 
c = -—• — c 

T„ - T o 

T - T 
or c = C 

AT o 
uf) 

nhere C is the initial concentration, C is the concentr-U ion 
o 

at temperature T, T and I are the initial and final 
o f 

temperatures respectively, AT is the adiabatic temperature 

rise of the system. 

Differentiation of equation (3) with respect to 

temperature gives the following expression 

dC 
dT AT, (4) 

For an nth order reaction, the reaction rate is 

dC , „n 
7r— = " k C < "L) 

Combining equalions (4) and <5) gives the rate of cnange of 

temperature in the iystem, called the self-heat rate, m 

r 
which may be expressed as follows: 
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0V-) 
d T , f T f T N A- n n-1 

s o < b 

Defining k = k C n 

gives 
* 

k = 
m_ 

( « ' 

i 7> 

For a first-order reaction, k is equal to k. The order of a 

reaction involving the decomposition of a solid material is 

not well defined because the concentration of a solid 

material is not a defined property and the characteristic of 

the solid which is proportional to its rate of decomposition 

may alter as the reaction proceeds. Therefore a rate 

constant for decomposition of a solid may involve some 

uncertainties. In many cases the rate of decomposition is 

approximately proportional to the amount of material and n 

may be taken as one. Equation (75 then becomes 

* 
k = 

^ 

Tf - T 
'8) 

This limitation in the definition of a rate constant 

for the decomposition of a solid will be discussed later in 

the evaluation of the Arrhenius parameters reported for 

decomposition of the compounds studied in this work. 
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I J..I . w M,f. a 5 u r e m e n t s.._ U s_i_n.g_ t h e._ ARC. 

The Accelerating Rate Calorimeter measures the 

self-heat rate of decomposition of a substance as it 

undergoes self-acceleration, passes through a maximum and 

falls to zero. These measurements are important in the 

evaluation of hazard, as they provide early detection of a 

temperature rise or an increase in pressure. In addition, a 

large sample size can be used which reduces the possibility 

of using a non-representive sample. The results also provide 

information on the kinetics of the decomposition, for 

example, the evaluation of k, , which may aid in understanding 

the mechanism of the decomposition. 

In the accelerating rate calorimeter, part of the heat 

generated from the reaction is used to heat the sample bomb. 

In the experiment, the measured temperature of the 

sample/bomb system is dependent on the mass and the heat 

capacity of the bomb, the sample contact area in the bomb and 

the heat transfer coefficient of the material. The property 

of the system called the thermal inertia is defined as 

follows S 

0 = 1 + \ C 
vb 

M C 
s vs 

(9) 

where M and H are the mass of bomb and sample respectively. 
b s 

C is the heat capacity of the bomb and C is the heat 
v b v s 

capacity of the sample. 
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The effect of thermal inertia is to slow down the 

reaction by a constant amount. The adiabatic temperature 

rise of the reactant is given "is 

A T - _ AT (10) 
s 

where AT is the adiabatic temperature rise and AT is the 

temperature rise of the system. In experiments with the ARC, 

the thermal inertia is a critical factor in determining the 

rate of reaction. For perfect adiabaticity„ it should be 

kept low, but a large thermal inertia may be useful in 

preventing an explosion and keeping the rate in a measurable 

ringe. The thermal inertia may be adjusted by varying the 

ratio of weight of sample to the weight of the bomb, or by 

diluting the sample with inert material. In an ideal case, «S 

i< equal to one, but must be chosen to allow minimal damage 

lo the J nstrumen t„ 

The heal generated per gram from the decomposition of 

the material in the bomb,AH, is given by the following 

oguation 

I 
AH <cal g ) = C tf AT ( 11 ) 

vs s 

and the molar heat of reaction is therefore 

I 
AH (cal mol ) - A H x molecule weight (12) 

in 
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The accelerating rate calorimeter is an automated 

laboratory instrument wh11h can determine the time, 

temperature and pressure relationship of an exother mi' 

reaction in an adiabatic environment. During a reaction 

data is stored in a microprocessor and values of m arid 
T 

are subsequently calculated and presented graphically. 



17 

CHAPTER 3 : EXPERIflENTAL 

I.- _Bescr.i .pt.ipn_of _ t h e _ A.p.p.a.r.atus 

< a)_T_he_C.aJLpr.imeter_A s_s emp.ly 

The instrument used in the present experiments was 

developed at Dow Chemical Company and manufactured by 

Columbia Scientific Industries of Austin, Texas. The 

Canadian Explosives Research Laboratory has used this 

equipment for thermal hazard evaluation of explosives and 

investigation of incidents since 1981 CIO,113. 

A diagram of the calorimeter assembly and the sample 

bomb used in the present experiments is shown in Figure 1. 

A description can be found in the literature C5, 12-15]. The 

bomb and its contents must be maintained adiabatically with 

respect to the environment so that the heat generated in the 

reaction is available for self-heating of the reactant. To 

achieve adiabatic conditions over the temperature range of 

ambient to 500 °C, a digital thermocouple/heater feed-back 

system is used to control the temperature. The calorimeter 

is made of copper which has high thermal conductivity and 

will dissipate heat input quickly. About 3 mil of nickel-

plating protects the copper from high temperature oxidation. 

The heating jacket has three zones: top, side and bottom. 

The temperature of each zone is controlled independently. 

Eight electrical cartridge heaters are placed in the jacket 

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

Schematic diagram of the ARC showing the modifications 

to the assembly system 

1. top zone 

2. side zone 

3. bottom zone 

4. cartridge heater 

5. radiant heater 

6. original fixed bomb adaptor 

7. three way valve 

8. 1/16 inch O.D. ss tubing connected to pressure 

tr ansducer 

9. cap, connecting the 3/16 inch O.D. filler tube of 

the bomb 

10. sample container (bomb) with 3/16 inch O.D. filler 

tube 

11. bomb thermocouple 

12. jacket thermocouple 



19 

11 
12 
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inside surface of +he jacket to monitor the temperature in 

each of the jacket zones. For self-heat measurements, one of 

+ he thermocouples, insulated with fioer-glass sleeves, _s 

clamped directly on the outside surface of the tomo. All the 

thermocouples are referenced to an ice point, made by Kaye 

Instruments, which is stable to within 0.01 °C. The jacket 

is insulated with high temperature insulation to minimize 

heat loss to the surroundings. 

"-ressure is monitored with a d lap h ram-type pressure 

transducer from Sensotec Inc., range "-2500 psia. The 

transducer is mounted inside the containment vessel where it 

is relatively cool. For safety precautions, the entire 

calorimeter is placed inside a metal compartment. 

When the material melts before decomposition starts, 

some difficulties arise. The molten material may be carried 

to the connecting line where it solidifies and causes a 

blockage. To overcome this problem, the original fixed 

adaptor, connecting the tomb with the pressure gauge, was 

replaced with a removable 1'16 inch O.D. stainless steel 

tubing. One end of the tubing was connected to the pressure 

transducer and the other end was used for connecting the 

sample bomb. A three way valve was installed to the line to 

facilitate checks for good sealing of the system and tr allow 

release of accumulated gaseous products after The experiment. 

This modification reduced damage +o the original fi ed 

adaptor, provided better sealing at the connections, and 



21 

minimized blockage of the pressure measurement lines. 

All the experiments were conducted in +he spherical 

bomb under an atmosphere of air. In the "confined" system, 

the sample and the bomb were connected to the pressure 

transducer. The pressure change during the course of 

reaction was monitored and the products of decomposition 

remained in the system. Some studies were performed in a 

"non-confined" system in which the bomb was loosely connected 

to the line. The pressure in the system did not increase and 

the products were not confined to the bomb. 

( b_/_Tnermpcpup Les 

Tne successful operation of the ARC depends on 

sensitive, stable and ie11 ab1e measurement of temperature. 

There should be little effects caused by annealing arid 

oxidation. The microvolt output should not shift with time 

at a given temperature. Type N thermocouple (Nisil/Nicrosil) 

meets all these requirements. The selected silicon content 

of the alloy prevents oxidation of the metal and keeps tho 

thermocouple output stable. Mismatch of the thermocouples 

may still be a problem. For example, two thermocouples which 

match perfectly at 25 °C may have a difference of up to 15 /jf, 

at 300 °c„ Tou C123 reported that the thermocouple attached 

to the side of the bomb is reliable for self-heat rates up to 

70 °c/min for Ti bomb t »*•» 9 g) and 20 °C/min for Hastelio, l 

bomb ( »— 19 g) . 
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( c_) _ 3 a mp _l_e_ Bp m b.s 

Spherical bombs, 1 inch O.D. diameter and 9 ml 

volume, were used in this study. Different materials and 

wall thickness gave a range of thermal inertia. The Titanium 

bomb had low mass and low thermal inertia. The Hastelloy C 

bomb had greater weight but was more corrosion-resistant. A 

wide-mouth cylindrical bomb made of Hastelloy C was used for 

testing viscous and corrosive materials. 

( d_)_Ca 1 _i br a11on 

To achieve adiabatic conditions, the jacket was 

maintained at the same temperature as the bomb. If drift 

occurred, an offset value was incorporated into the measured 

difference to adjust it to the correct value. The 

calibration was performed incrementally every 50 °C, for the 

entire temperature range, by applying the required voltage. 

The empty bomb can therefore be heated to any temperature 

with zero drift. During a test, a rise in temperature is 

therefore due to reactiori. 

I_l_. _ Operatipn 

The tests were performed by the "heat-wait-search" 

operation logic, shown in Figure 2. The sample was first 

heated to the start temperature and held 30 minutes for 

thermal equibnum before the rate-search operation. If a 

self-heat rate greater than the threshold sensitivity, '".02 
- 1 

0l" m m , is not detected, the ARC will proceed automatically 
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Figure 2 

Step-heat logic of the ARC 

1. heat step 

2. wait step 

3. search for exotherm 

4. follow run away reaction 

5. time of explosion 
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to the next " heat-wait-search" sequence. When a self-heal 

rate greater than the preset rate is detected, the self-

icceI orating reaction will be followed with data collection 

of time, temperature and pressure. Uuring the reaction, tno 

calorimeter is maintained at adiabatic condition until the 

completion of the reaction. At the conclusion of an 

experiment, the data are plotted by the microprocessor. 

The isothermal age method may also be employed to stud/ 

•l ho thermal hazard of materials. Basically, the sample is 

maintained adiabaticaJ 1y it a given temperature for a long 

p o n o d of time, for example, several days. If a self-heat 
- I 

rate greater than 0.02 °C min is detected during aging, the 

system automatically goes into the data acquisition mode 

until the reaction is complete. If the sample survives the 

ig i ng time without reactirig, then the sample is step heated 

to generate the self-heal curve. This method is useful for 

studying the effect of a catalyst or an inhibitor on the 

reaction^,, 

111. .Ma.ter i a.J «* 

The materials were stored at room temperature with no 

further purification before the tests. The following sample 

won; imod: 

I. Military grade tetryl was obtained from Defence 

Research Establishment at Valcartier, Que., in the form oi 

yellow p r i J I r .. 
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2. Nitroguanidine with minimum purity 99% and average 

particle diameter 6.0-4.3 microns, was from Nigu Chemie 

Waldkraiburg W. Germany. 

3. Silica, 240 mesh, used as diluent in the 

experiments, was obtained from Fisher Scientific Co. 
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CHAPTER 4: THERMAL DECOMPOSITION OF TETRiL 

Tetryl ( Benzenamme , N-methyl-N , 2 , 4,6-tetr arutro ) is a 

pale yellow crystal. Pure tetryl melts at 129.5 °C and tne 

technical products melt at 128.5-128.8 °C C161. Tetryl is 

insoluble in water but is readily soluble in acetone,, 

The explosive properties of tetryl were examined by 

several authors. It is a more powerful explosive than TNT 

and its sensitivity to impact and friction is also higher. 

Pecause it is sensitive to initiation by a primer, it is used 

in detonating caps and boosters. 

11_» _Pr ey_ipus_Stud i_e_s_of__t h_e_0_eppmpp_s_i_t ipn_ of_Te_try 1 

Thermal decomposition of tetryl has been studied since 

the early twenties C17-28H. It is generally agreed that tne 

reaction is complex and is probably autocatalytic, but the 

source of the autocatalysis is not firmly established. 

In an early study of the isothermal decomposition at 

120 °C, Farmer C18 3 identified picric acid, CO , CO, 0 and 

N as the products. He suggested that picric acid caused an 

autocatalytic reaction. He also observed an abrupt change in 

rate at the melting point and found that the molten tetryl 

decomposed about fifty times as rapidly as the solid. Sawn 

L29] discussed the activation energies calculated by two 

investigators. When the data of decomposition of the solid 
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and liquid tetryl were used, an activation energy ot 60 
-1 2- -1 

Kcal mol and a frequency factor of 10 s were calculated 

by Rogmski. These high values were subsequently shown to be 

erroneous and from a re-analysis of Farmer s data, Wiseman 

concluded that the activation enerqy for decomposition ot 
-1 

solid tetryl was 37 Kcal mol with a frequency factor of 
12.^ - r 

10 s . Similar values were obtained by Robertson C201, 

by Cook and Abegg C213 and more recently by Hut oh ins on C1" 1.. 

Detailed studies of the isothermal reactiori were 

reported by Dubovitskn and co-workers C 2 2 , 2 3 3 . Both 

condensed-phase and gaseous products were analyzed during the 

complete course of the decomposition. The gaseous products 

from the isothermal decomposition were NO, NO , N . CO arid 

CO . They also analyzed the condensed-phase products at 

various degrees of conversion of the original substance. The 

products were ldentifyed as 2 , 4 ,6-tr mitr oarusole . picric 

acid and N-methy1-2,4,6- trmitroaniI m e by column 

chromatography and ultraviolet spectroscopic techniques. The 

presence of these compounds was interpreted to indicate tnat 

the decomposition proceeds via three parallel routes. 

Several studies of the decomposition were made using 

thermal analytical techniques. From a DTA study, Knen C243 
- 1 

obtained an activation enerqy of 76 Kcal mol . Rogers C25] 
developed a method for estimating the activation enerqy of a 
decomposition reaction by DSC, using an extremely small 

unweighed sample. His measurements ga^e an energy of 



29 

- I 
activation for the decomposition of 55 Kcal mol . A similar 

value was reported by Hall L26J. 

The more recent studies of the decomposition by DTA, Ti"i 

and i so thermal ly, are those of Hara and oo-workers C2"'"!. Ir. 

the DTA study, the first exothermic decomposition occurred at 

160 °C and the second at 230 °C. For the isothermal 

decomposition at 150-175 °C, the rates of evolution of NO 

NO, N and CH were measured and the activation energy ot the 

2 4 -1 

reaction was 35 Kcal mol 

Further work by Hara and Osada C283 using DTA and 

isothermal techniques, confirmed the simultaneous and 

independent formation of trlnitro3nIso1e and picric acid iri 

the initial staqes and the subsequent conversion of trmitro-

ainsole into picric acid, first reported by Dubovitskn arid 

'•'-•-workers C233. They suggested that radicals formed in T,he 

initial stages, rather than picric acid, could promote tho 

decomposition and cause an autocatalytic effect. Thev 

identified three peaks by DTA. The activation energies 
- L 

derived by both techniques appeared to be 41 Kcal mol 

II is clear that the understanding of the tnermal 

decomposition of tetryl is far from satisfactory. Althougn 

the main products of the reaction, both gaseous and 

condensed, have been identified, their identification as 

primary or secondary and the activation energies for their 

rates of formation are not e<j4 ablisned. The purpose of tne 

present study was to gain further understanding of tno 
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mechanism of the decomposition by application of the new 

technique of accelerating rate calorimetry. Measurements by 

the ARC provide kinetic data for the over-all decomposition 

from which Arrhenius parameters may be obtained (Chapter 5 ) . 

To differentiate primary and secondary products, measurements 

of the condensed-phase products were made in correlation with 

the kinetic data (Chapter fc>). 
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LHAPTER 5: DERIVATION OF KINETIC PARAMETERS FOR THE THERMAL 

DECOMPOSITION OF TETRYL 

1 . ̂ G ;per omental 

The thermal decomposition of tetryl ^as studied us inn 

two types of spherical bombs: 

1. Titanium bomb, approximately S grams, filler tube 

size 3/16 inch 0. D., 1 inch length. 

J. Hastelloy C bomb, approximately 19 grams, filler tube 

~ize 3/16 inch O.D., 1/2 inch length. 

Experiments were performed with values of the thermal 

inertia ranging from 7.4 to 21.8, obtained by using different 

weights of sample. For example, with 1 gram of tetryl and 

the bomb weighing 10 grams, and using values for C and V 

-1 -1 -1 -i v'b 

of 0.1 cal g °C and 0.5 cal g °C respectively, a value 

of 3 was calculated for thermal inertia from equation 9, 

p.14. The onset temperature of decomposition was slightly 

higher for the sample with greater thermal inertia, with the 

Hastelloy C bomb, explosion occurred when the value of a wis 

Less than 8, causing some damage to the instrument. In one 

experiment, 0.3813 g of tetryl was mixed with 0.4560 g of 

silica, giving a value for ri of 10.3, based on tne weight ol 

tetryl. The temperature of the onset of decomposition agreed 

with that of the undiluted reactant. In both confined and 

non-confined systems, the temperature at which decomposition 

commenced was similar. The experiments indicated tnat t~e 
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thermal decomposition of tetryl is not greatly affected by 

pressure or by accumulated products at an early stage. In 

all cases the temperature at whicn decomposition commenced 

wa" above tne melting point of tetryl. 

U."_Results 

Typical results of the self-heat rate and the pressure 

as a function of 1/T for the thermal decomposition of tetryl 

are shown in Figure 3. It is clear that the decomposition 
A 

takes place in two stages. Values of k were obtained as =1 

function o£ T , by e q u a 111 o n 7 , p . 13 . The Lineantv of the 

plot, log k as a function of 1/T, was tested using values ol 

the reaction order, n-0.5, 1.0, and 1.5 for the two 

decomposition stages, and is shown in Figure 4. In the-

interpretation of this plot, the value of n which gives a 

linear relation over the widest temperature range is the most 

reliable indication of the order of the reaction. Both 

-itiges of the decomposition of tetryl apppear to occur by a 

first order process. The results of the e 'penmenU arc 

summarized in Table 1. In this Table m and m r^fer to Lhr 

n m 
initial self-neat rate and the maximum self-he at, rate, 

respectively. T and T refer to the temperature at the onsol 
o m 

of decomposition and the temperature at t-he ma'imuni rate. 
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Figure 3 

Self-heat rate, #, and pressure,A r as a function of 1/T 

for tetryl. Hastelloy C bomb; to = 14.2 
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Table 1 

Thermal decomposition data of tetryl 

Expt Weight 0 
# of tetryl 

gram 

Peak 1 Activation Energy,Real mol -1 

T -
o o T m 

m m 

°C min"1 °C C min 
Method(a) Method(b) Method(c) 

Peak 1 Peak2 Peakl Peak2 Peak 1 

Hastelloy C Bomb 

155a 

156 
252 
291 
294 

164b 

0.7300 

0.4256 
0.2546 
0.3552 
0.3550 

0.3813 

7.4 

11.8 
18.7 
14.2 
14.2 

13.0 

Average 

136.2 

141.5 
141.0 
141.5 
141.7 

141.4 

Values 

0.03 

0.04 
0.03 
0.04 
0.05 

0.04 

183.3 

175.1 
159.6 
171.5 
172.8 

168.5 

161 

2.50 
0.26 
1.24 
1.76 

0.78 

60 

54 
52 

51 

52+1 

46 
42 

43 

43tl 

53 

51 
54 
49 
48 

52 

51±2 

48 
40 
42 
38 

37 

41± 

IjO 

52±4 

Titanium Bomb 

274 
275 
276 
277 
287 
288 

0.3868 
0.2510 
0.1500 
0.2520 
0.3000 
0.3000 

9.1 
13.5 
21.8 
13.4 
11.5 
11.4 

135.9 
135.9 
141.1 
136.7 
140.8 
140.7 

0.03 
0.02 
0.04 
0.04 
0.03 
0.03 

186.5 
170.1 
162.2 
174.7 
176.9 
171.9 

95.5 
0.88 
0.24' 
1.38 
1.95 
1.15 

51 
46 
48 
50 
50 
50 

38 
41 
39 
40 
43 

48 
43 
46 
45 
45 
49 

36 

36 
42 
43 

280 0.3813 10.3 140.9 0.03 181.0 4.00 46 44 44 

Average Values 49±2 41±2 46±2 39±3 45±2 

a - not included in the calculation of the average values 
b - non-confined system 
c - mixture of 45% Tetryl and 55% silica 
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U J.-..Cja_l cu.l at.ipn_of_ the_.Act_i vat,i on _ Bner gy 

The activation energy for decomposition is one oi the 

important parameters relating to the stability of an 

explosive. An activition energy 1^ associated with a 

p-irtieular mechanism or pathway for decomposition and ma1' 

be determined directly from a measured rate of decomposition., 

As discussed earlier, the rate measurement is very sensitive 

to the conditions of the experiment. The calculation of I he 

activation energy from the data and its interpretation must 

be carefully treated. Three methods for obtaining thn 

activation energy wiLl be described, following the equation* 

derived by Townsend and Tou C5H. A comparison of the values 

obtained by these treatments illustrates the applicability of 

p irh method in the interpretation of the mechanism of the 

decomposition,, 

A 
1 ~*) _ C a_] Pi-1 i 3 t_i o n_ f r p m _ k 

As discussed in chapter 2 , Arrhenius parameters 

may be estimated directly by equation 7, p.13. This is the 

most direct method for obtaining the activation energy and is 

illustrated by the present results in Figure 4. The n t n 

constant will be a linear function of the reciprocal of th<-

absolute temperature provided the correct reaction order was 

chosen. When log k is a linear function of 1/T, the slop'1 

is directly related to the activation energy (equation 2, 

p.ll). Activation energies were calculated both from the 

measured slope and from the printed data points. Results 
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obtained for both decomposition stages are given in Table 1. 

The activation energy for the first stage of decomposition 

appeared more reproducible than that obtained for the second 

stage and was not greatly changed by the use of different 

thermal inertia. The values a^e, nowever, lower from the 

decomposition in the Ti bomb. Ihe activation energy obtained 

from the e'periment with diluent was similar to that obtained 

from the pure compound. 
k 

'A critical factor in the calculation of k is the '-'alue 

of T . the final temperature after complete decomposition. 
f 

Because two stages of decomposition were obtained, a questiori 

arises concerning the separation of the two decomposition 

peaks and the reliability of the measured value for T . in 
A- t 

the calculation of k , T was taken at the minimum in the 
f A 

self-heat rate. To test the sensitivity of the values of k 
A-

and the activation energy to an error in T . k was 
f ' 

calculated using T ± 5 °C. The error introduced into t h --
f 

activation energy ranged from 1-4%. Small uncertainties in 

T therefore have only a small effect on the activation 
f 

energy. Results of the analysis of the products, described 

tater, substantiate the validity of these values for T . 
f 

(. b_)_C a _1 c u 1 a 11 p _n_f rpm_T.1 me_t o_h a x I mum_Pate 

Townsend and Tou C53 discussed the relatlonsni p 

between the time to ma/imum rate, absolute temperature, and 

activation energy. For a reaction with a high activation 

energy, the time to maximum rate, t» . was appro I mat el/ 
m 
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proportional to 1/k, the f3te constant for decomposition,, 

Therefore it could be expressed in the Arrhenius form 

l n 9 m = -f-(^r)- lnA ,13> 

The time to maximum rate was plotted against reciprocal 

of absolute temperature and a typical plot is shown in Figure 5,. 

The linear relationship and slope of the line were determined 

by linear regression. The values of the activation energy 

for both stages obtained by this method are included in Table 1 , 

and are in good agreement with those obtained from the first 

method. Again, the activation energy determined from the 

experiments in the Ti bomb was slightly lower than from the 

Hastelloy C bomb. 

( r_>_Ca_lcul at ip_n_f rpm_the_ Tn_i_t_i_a_l_R_ate_s 

The previous methods for determination of the 

activation energy depend on data obtained during the complete 

course of the reaction. The limitation of these methods is 

the occurrence of a very fast self-heat rate, possibly 

leading to ignition, or a change in mechanism as the 

decomposition proceeds. 

A third method uses data only in the initial staqes of 

the reaction and therefore provides a useful comparison with 

the ~'ther two. As discussed previously, the onset 

temperature for a reaction is a function of the thermal 
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Figure 5 

Time to maximum rate as a function of 1/T for tetryl. 

Peak l; Hastelloy C bomb; £ = 14.2 
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inertia. The effect of sb is to slow down the reaction by a 

ronstant amount and this effect is a function of the 

activation energy of the decomposition. Townsend and Tou C5I1 

derived a relationship involving the temperature, thermal 

inertia, and the activation energy for a particular self-heat 

rate. The equation is shown as follows: 

1 _ 1 , R . __1 
T2 " Tx E ln 02 

where for experiments with thermal inertia t> and 4 , 
1 2 

temperatures T and T are obtained at a particular self-he ii 
1 o 

rate, respectively. 

Because the difference in temperature for various ei is 

small, the self-heat rates must be accurately and 

reproducibly measured. If a slight drift occurs, it will 

cause some error in the estimation of T and T . The 
I 2 

self-heat rates for different values of «S are shown as a 

function of temperature in Figure 6A for the Ti bomb and in 

Figure 6B for the Hastelloy C bomb. From the curves, T and 
l 

T were estimated for self-heat rates of 0.05, 0.07, 0.09 and 
2 -J 

0.10 °C m m and the calculated activation energies are 

given in Table 2. The values appeared to decrease as the 

self-heat rate increased. This method is less accurate than 

the previous two because it is difficult to estimate the 

small temperature difference, as illustrated in Figure b. 
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Figure 6 

Self-heat rate as a function of temperature for 

various values of 0 for tetryl. 

A: Titanium bomt' 

B: Hastelloy C bomb 
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Table 2 

Calculation of the activation energy for tetryl 

from the relation between the self-heat rate. 

the temperature and the thermal inertia 

Self-heat rate 
-1 

°C mol 

Temperature 

°C 

Activation energy 
-1 

kcal mol 

Titanium bomb 

0 .05 

0 .07 

0 .09 

0 .10 

a = 13. 

140.0 

142.7 

144.5 

145 .3 

11.8 

143 .5 

146 .3 

148.4 

149 .3 

47 

46 

43 

42 

Hastelloy C bomb 

0.05 

0.07 

0.09 

0.10 

a$ = 7.4 

137.7 

139.7 

141.0 

141.7 

* = 18.7 

143.3 

145.5 

147.5 

148.5 

49 

47 
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The average values, however, are close to those ob'ained by 

the other methods for the same bomb., 

1 y _. _ Eva I u a 11 pn_ of _ T_e eh n.i _qu.es 

The activation energies calculated from the ARC oata by 

the three methods are in good agreement for a particular 

bomb, but there is a difference in the values obtained from 

each type of bomb. This difference may reflect the different 

thermal conductivity of the bombs, which determines the speed 

of the response of the system to the heat released by tho 

reaction. In an autocatalytic reaction even small heat 

losses will havo a large effect on the rate of decomposition 

which in turn determines the rate of change of temperaturo 

with time and the value of the activation energy, 

The present results are compared with the measurements 

reported in the literature in Table 3. xhis Table -eveals 

t h a t the Arrhenius parameters obtained from isothermal 

techniques are in reasonable agreement, with a n a v e r a q e value 

i " i:- " i 

of 36 Kcal mol for the activation energy and 10 sec 

for the frequency factor. The latter mav be considered 

reasonable for a dissociation involving the breaking ol 

bonds. The techniques involving increasing temperature., 

including DTA, DSC and ARC, give significantly higher value1 

for the activation energy, the one exception being the work 

of Hara and Qsada C28J. These high activation energies, 

which were obtained within + he temperature range spanned by 

http://_qu.es
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Table 3 

Measured activation energies for the decomposition of tetryl 

Technique Temperature Activation Frequency Reference 

range 

°C 

energy factor 
-1 -1 

Kcal mol log A(sec ) 

Isothermal 

Isothermal 

Isothermal 

Isothermal 

DTA 

DSC 

DSC 

Isothermal 

DTA 

Isothermal 

Isothermal 

ARC 

120-140 

211-260 

132-164 

140-160 

162 

170-174 

140-170 

170 

150-175 

180-205 

140-180 

36.6 

33.4 

34.9 

35.2 

58 

41 

41.2 

12.7 

15.4 

12.9 

13.5 

13.2 

21 

Farmer (18) 

Robertson (20) 

Cook&Abegg (21! 

Dubovitski i 

et al„ (22) 

Krien (24) 

Rogers % Morris 

(25) 

Hall (26) 

Hara & Osada 

(23) 

Hara % Osada 

'28) 

H a r a , K a m e i 

% Osada (27) 

Hutchinson (17' 

Present work 
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'he isothermal measurements, do not indicate an e'ceptionally 

sIow rate for decomposition. They appear to be the result of 

a very rapid increase in the rate constant with increasing 

temperature, giving an apparontly high vilue for the 

activation energy. From +he present result the activation 

-1 
onerqy of 52 kcal mol leads to a irequency factor ol 

2 1 -I 
10 z . Such a value is impossibly high for a simple 

dissociation reaction. 

T t appears that wh^n tetryl is subjected to increasing 

temperature, the rate of 'decomposition increases much faster 

than predicted by a consideration of the Arrhenius energy 

barrier measured i -. other mal ly. A change in mecn^nism as t he-

react Lon proceeds, allowing lhe occurrence of some steps wil-

1ower energy barriers, could cause a strong increase in rate 

with temperature. This may lead to an apparently high 

activation energy and a correspondingly nigh frequency 

tactor, compared to tne values measured isothermally. A 

change ln mechanism may occur if products of low stab11Itv 

ire formed or if reactive intermediates cau = e autocataiysIs. 

In such a situation it is surprising that the pseudo fLrst 

order rate constant appears to follow an Arrnenius behaviour 

over a wide range of temperature. Nevertheless tne empirical 

activation energy obtained from these experiments cannot be 

simply interpreted in terms of a particular energy barrier 

for the decomposition process. The hign activation energy 

coupled with a high frequency factor can probably be taken to 
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indicate a high scnsitivitv to autocalalysis and a tendency 

to undergo a runaway reaciion. In this sense the results 

obtained from techniques using increasing temperature may be 

valuable in the assessment of thermal hazards. 

An early study of the isothermal decomposition of tetryl 

I 18] had reported results which led to high values for the 

activation energy and frequency factor. These results were 

=ubsquently shown L263 to be caused by a large difference in 

the rate of decom pos111on between solid and liquid + e t r v1. A 

combination of the rate measured in solid and liquid phases 
I 

gave an apparent activation energy of 60 kral mol arid a 
2 7 - | 

frequency factor of 10 sec „ The reason for the increased 

rate of decomposition of the liquid has not been adequately 

explained, but it was concluded that no particular 

significance could bo attached to these values of the 

activation energy and frequency factor. Since decomposition 

iJf tetryl in the ARC occured after melting, the early results 

are clearly not related to the measurements obtained in tnr-

work . 
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CHAPTER 6: ANALYSIS OF PRODUCTS 

A method for separation and identification of tetryl 

and related compounds by two dimentional thin-layer 

chromatography was reported by Yasuda C303. 

Positive identification of trinitroanisole was 

possible through its reaction with sodium ethoxide to 

form a charge-transfer complex. When sodium ethoxide 

(0.01-0.1M) is added to 2,4,6-trinitroanisole (10 M) 

solution in ethanol at room temperature, a yellow colour is 

produced immediately. The colour is the result of absorption 

by a charge-transfer complex formed between TNA and sodium 

ethoxide 1131,323. 

In the present study, both thin-layer chromatography 

and UV-VIS absorption spectroscopy were used in the 

separation and identification of the products. 

L?._ H J.i.e. X..L?.LS„_ a D d_ Ajpj) a r a t u s 

Tetryl used in this study was from Defence Research 

Establishment, Valcartier, Que.(DREV), and used without 

further purification. Sodium ethoxide solution, 0.1M. was 

prepared by dissolving sodium ethoxide, 97% (Aldrich Chemical 

Company), in ethanol. Piric acid, ACS grade, was obtained 

from Anachemia Chemical Company and a standard 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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Pre-coated TLC plates, Silica Gel 60F-254, with layer 

thickness 0.25 mm, were obtained from Canadawide Scientific 

Co. 

The UV-VIS spectroscopic analysis of the decomposition 

products was performed using a Shimadsu Model 200UM double-

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

1 _I_. _ P r op e d u r e 

Tetryl was decomposed in the ARC according to the 

procedure described in chapter 3 using a 0.15 gram sample in 

the Titanium spherical bomb with the 3/16° x 1" tube stem. 

Instead of continuing the decomposition until completion, the 

reaction was stopped at a pre-selected temperature and cooled 

immediately- In this way products were collected and 

analysed at various stages during the reaction. 

( a.) _Co 1.1 ectip_n_of _ t_h_e_Samp.les 

After cooling, the sample was dissolved in ethanol 

and transferred to a volumetric flask. The spherical bomb 

was rinsed with ethanol until the solution was colourless.. 

Because complete removal with ethanol was difficult, acetone 

was used to dissolve any remaining solids. The acetone 

solution was transferred into a beaker and air dried. What 

remained was dissolved with ethanol, combined with the first 

ethanol solution and diluted to volume. If a residue was 

present, the weight was determined by the weight difference 

of a filter paper before and after filtering the final 
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ethanol solution. After air drying of the bomb, it was 

weighed to check for complete removal of the sample. The 

weight loss after reaction was determined from the difference 

m weight before and after reaction. 

(b.) _ A n.a 1 y s 1 _s_ o.f _ P r p d u c t s 

The two major products which have been reported 

from the decomposition of tetryl are trirntroanisole and 

picric acid. Analysis for the former product was 

considerable hindered by the inability to obtain a sample of 

trlrutroanisole, due to restriction on its sale. 

Nevertheless by a combination of TLC analysis and UV-VIS 

spectrophotometer IC analysis and making use of published 

values for the absorption coefficient for trmitroanisole, a 

quantitative analysis for the reaction products was obtained. 

<_i_)_ T h irr.li.yer_ C h _rp m a _tp_g r ap h_y_ An _a_l_y s 1 s 

TLC technique was used successfully in separation 

and identification of the decomposition products. The 

solution containing the decomposition products was applied on 

two silica gel TLC plates. Each plate was developed in 

benzene and a solution of benzene/methanoi/acetic acid 

'90/16/8 by volume) for 10 cm and air dried. Three 

components of the mixture were observed, of which bands 2 and 

3 were identified as tetryl and picric acid respectively, by 

comparison of retention times of the pure compounds. The? 

relative retention time (R i values are summarised in Table 4. 

J 
A better separation was achieved using benzene as developer 

and it was used in subsequent measurements. 

http://irr.li.yer_
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Table 4 

R values of tetryl, picric acid and thermal decomposition 
f 

products mixture 

Developing solvent Sample/R 
f 

Tetryl Picric acid Decomp. products 

Benzene 0.26 0.00 (1) 0.45 

(2) 0.26 

(3) 0.00 

Benzene/methanol/ 

acetic acid, by voI„ 

(90/16/8) 0.64 0.23 (1) 0.73 

'2) 0.65 

'3) 0.23 
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Further identification of the components of the 

mixture was made by recovery of the separated bands on the 

TLC plates. Two ml of the ethanol solution was used for the 

separation. After dtvelopment in benzene followed by air 

drying, each band, 1 cm width, was scraped off and extracted 

5 times, using 5 ml of ethanol each time. The extracts were 

centr ifuged, combined and diluted to 25 ml. A plate w a<~ 

treated in the same way using the pure solvent to serve a -

blank . 

(.1 I . • _ IJ V - M I S_ Sp e c t r op hot _o me t r I c_ A n a l y si s 

Calibration curves for tetryl and picric acid were 

obtained using ethanol solutions of 20, 15, 10, 5 and 4 ppm, 

prepared from tne stock solution of 100 ppm. Each solution 

was scanned from 800 to 200 nm. For tetryl the absorption 

maximum was at 220 nm, while picric acid showed maxima at 215 

nm and 360 nm. Figure 7 shows the spectra of tetryl. picric 

acid and trirntroanisole m ethanol solution. A linear 

relation be t w e e n absorbance and concentration was obtained 

for tetryl and picric acid at the wave lengths shown in Table 5, 

where the values for the absorption coefficients are given. 

The absorbance of mixtures of tetryl and picric acid at the 

wavelengths indicated may therefore be expressed by the 

following equation,^ 

A = 53 [picric acid] f15) 
400 
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F i g u r e 7 

Absorbance as a function of wavelength, individual compound 

in ethanol solution 

A ; tetryl, 10 ppm 

# : picric acid, 10 ppm 

D i tr mitroanisole, 2.4 ppm 
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Table 5 

Absorbance of solutions of tetryl and picric acid 

Compounds Wavelength 

nm 

Concentration 
-1 

g L 
-1 -1 

L g cm 

0.020 0.015 0.010 0.005 0.004 

Tetryl 230 

Picric acid 230 

400 

1.52 1.18 0.82 0.41 0.32 

1.24 -- 0.62 0.30 0.25 

1.06 -- 0.52 0.26 0.21 

81 

62 

53 
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A = 62 [picric acid] *- 81 [tetryl] (16 
230 

- i 

where the concentrations are expressed as g L 

The absorbance of mutures ot tetryl and picric acii 

was measured to confirmed that no chemical inter action 

occurred under the condition of the measurements,, 

Measurements were made with equal volume mixtures of vanojs 

concentrations of tetryl and picric acid solutions. The 

concentrations of the mixtures were calculated from the 

measured absorbance using equations (15) and (16). Table (, 

shows good agreement between the predicted and measured 

concentrations of the mixtures, confirming that no 

L 111 e r a c 11o n occurs. 

Identification of bands (2) and (3> from the TLC 

separation as tetryl and picric acid respectively, was 

confirmed by the individual spectra. Identification of band 

n ) as trinitroanisole was made through its reaction with 

sodium ethoxide solution to form the (T-eomple with strong 

absorption maximum at 410 nm and 490 nm [31,32]. Band ' 1 ) 

reacted with 0.] M sodium ethoxide solution in ethanol. Tho 

spectrum of this solution, the (T -comple of TNA. is shown in 

Figure 8. The concentration of tr mitroanisole was 

determined using the published value for £ at 490 nm (.15850 

-I -L 
L mol cm ) [331, where tne other products do not 

absorb, from the following squat ion:: 
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Table 6 

Concentrations of equal volume mixture 

i)[ tetryl and picric acid 

Prepared mixtures 

concentr ation 

1 t."1 

Ca 1c u1ated 

Measured absorbance concentration 

Q '-
-1 

Tetryl P.A. 

0.0025 0.0075 

0.0050 0.0050 

0.0025 0.0050 

0.0050 0.0025 

0.0025 0.0025 

0.0020 0.0020 

\ 4 0 0 

0 . 

0 . 

0 . 

0 . 

0 . 

0 , 

, 3 8 

. 2 6 

, 2 5 

, 1 3 

, 1 3 

, 1 0 

V 
0 

0 

0, 

0 

0 

0 

230 

. 6 4 

. 7 0 

. 5 2 

. 5 5 

. 3 8 

. 2 7 

Tetryl P . A • 

0.0024 0.0072 

0.0048 0.0050 

0.0027 0.004H 

0.0048 0.00211 

0.0027 0.0025 

0.0017 0.0021 
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Figur 

Absorbance as a function of 

trinitroanisole in 

solution of TNA, 24 ppm 

8 

wavelength for (T -complex of 

ethanol solution 

and sodium ethoxide, O.IM 
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A = 65 [TNA1 >17' 
490 

-I - 1 
where (31 is expressed in units of L g cm and the 

-1 
concentration of TNA is given as g L 

Analysis of the condensed-phase products by the = <-

methods was made after stopping the reaction at selected 

temperatures throughout the course of the reaction. Jn some 

cases the recovered solution was not separated into thij 

component fractions. From the spectrum of the solution 

containing all the products, only the concentration of picric 

acid could be determined. The absorbance at 400 nm is due to 

picric acid only (see Figure 7). In these experiments tho 

weight loss was measured in the usual way. 
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CHAPTER ": PRODUCTS, MECHANISM OF THE THERMAL DECOMPOSITION 

ilF TETRYL 

1 . Condensed-.phase Decompp_sit ipn_ Pr oduc t_5_of_T_et_ry 1 

The main condensed-phase products previously reported 

from the decomposition of tetryl, trini+roam sole and picric 

acid [23,28,30], were detected and analyzed in the decomposi 

tion under- tne present conditions. Tne products were 

measured at various stages in tne decomposition in the ARl 

and the results are presented in Table 7 and Figure 9. The 

kinetic features of the decomposiiion are in essential 

jgroement with the results of Dubovitskn and co-workers 

r11,23] and of Hara and Osada [281. These independent 

-tudies both led to the conclusion that tr initroanisole arid 

picric acid were both primary products, farmed by parallel 

routes, and tnat tr mitro arusole subsequently decomposed to 

pacic acid, whicn in turri decomposed at nigher temperatures. 

This interpretation was most evident from the isothermal 

decomposition but was also supported by the DTA experiments 

of Hara and Osada 1.28] in which three exothermic peaks wore 

observed. These peaks were identified with the sequential 

decompositions described above. Examination of Figure 9 

shows that both TNA and picric acid are formed at the 

beginning of the reaction and are probably both prima? 

products. TNA wa; less stable than picric acid and it= 

maximum yield wa: achieved at about 160 °C whereas the 

ma .imum yield of picric acid was at about i°>> C, 
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Table 7 

Condensed-phase products from the decomposition of tetryl 

in the ARC 

Temperature %TNA %Picric acid %Tetryl %Wt. loss %Residue 

°C ethanol insol. 

150 

155 

1.60 

165 

180 

185 

200 

217 

254 

20.1 

NA 

39.4 

36.1 

15.4 

NA 

4.4 

NA 

NA 

12.1 

24.9 

26.3 

u U a J 

46.5 

49.0 

41.2 

99 T 
M m m w 

0.03 

59.8 

NA 

15.6 

18.9 

0.5 

NA 

0.7 

NA 

NA 

8.0 

13.3 

18.7 

18.5 

25.9 

29 . 2 

38.5 

48.1 

67.1 

0 

0 

0 

0 

11.7 

NA 

15.2 

NA 

NA 

NA not avalaible 
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F i g u r e 9 

Self-heat rate, A, reactant and product composition, B„ 

as a function of 1/T. Ti bomb; $ = 21 

A. Points indicate the temperature at which reaction was 

stopped for analysis 

B. O" tetryl 

• :: t r i n i t r o a n i s o 1 e 

^ ; p i c r i c a cid 

A ; weight l o s s , w - w 
o f 
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In contrast to the DTA results, tne self-heat rate 

measured in tne ARC shows only two well-defined peaks with 

increasing temperature. By comparison with the composition 

nf the products as shown in Figure 9, the first correlated 

with the disappearance of tetryl into both picric acid and 

trinitroarnsole. The temperature at the maximum rate was 

163 °C where only about 15% of the tetryl remains. Tne rate 

constants obtained through analysis of the first peak 

therefore relate to the over-all decomposition of the tetrvl,, 

The conversion of trinitroarusole into picric acid, evident 

from the analysis shown in Figure 9B, I; detectable only as 

an asymmetry in the first peak in Figure 9A, although data 

obtained using a larger amount of tetryl showed a small 

shoulder on this curve. The minimum between the peak<* 

corresponds to complete disappearance of tetryl and the value 

of AT should therefore give a reasonable value for AH of the 

reaction, 

Tetryl — > trinitroarusole + picric aicd 

The beginning of the second peak, 180 °C to 200 °C„ 

refers to the decomposition of the remaining 10% ol 

lri rutroanisole into picric acid and the decomposition of 

picric acid. The major part of the second peak describes the 

decomposition of picric acid and the ma- lmum rate (not as 

well-defined as lor the first peak) occurs at about 228 °L .. 
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at which temperature about 20% of the maximuni amount of 

picric acid remains. Kinetically these two peaks may be 

considered as separated, and each analysed independently. 

The difference in temperature between the points of maximum 

rates for each decompostion was about 65 °C, but this 

difference will be a function of tne rate and the -—H of each 

decomposition and is not a general criterion for separation.. 

I.I.. _ hechan.i s _m_ of _ t h e_ D e com pp.s.i t _i on 

From the measurements of k as a function of 

Hemperature for the first decomposition peal-, values of the 
-i 

activation energy, 52 kcal mol and the freque-cy factor, 
31 23 I 

10 -10 sec , were obtained and reported in chapter 5. 

It was suggested in this chapter that these "high0 values, 

which cannot be interpreted in terms of passage over an 

energy barrier in the usual way, were the result of changes 

in the mechanism of decomposition as the reaction proceeds. 

Arrhenius parameters were also derived bv kinetic analysis of 

the measurements of the second decomposition peak. Although 

less reliability is achieved from these measurements, it is 

evident from Table 1 that the activation enerqy, of about 
-I 

40 kcal mol , is lower than that obtained from the first 

peak. With this activation energy and the measured value of 

k iFigure 4 ) , a value for the frequency factor in the range 
13 15 -1 

10 -10 sec was obtained. This decomposition theretore 

has Arrhenius parameters which are closer to those e ;pec+ed 
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for a bond-breaking process. From Figure c' it appears that 

this decomposition begins only after tetryl has completely 

disappeared and trinitroarusole has almost disappeared. The 

^elf-heat rate therefore describes the decomposition of 

picric acid and the Arrhenius parameters obtained are in 

reasonable agreement with those reported previously for 
-1 11 - J 

picric acid (E = 38.6 kcal mol , A = 4„10 sec • 

[34,35]. 

[n all studies of the decomposition of tetryl, 

reference is made to the autocataly+ic character of the 

reaction. In several studies L29], it was suggested thai, 

picric acid may catalyse the decomposition of tetryl, 

possibly by a proton transfer reaction, giving a cation which 

is considerably less stable than the molecule. This 

conclusion is largely based on the results of the experiments 

of Hinshelwood [19] and of Dubovitskn and co-workers [22,23] 

in which addition of picric acid increased the rate ol 

decomposition of tetryl and removed the induction period. 

The present results arid those of Hara and Osada [28], as 

discussed in their work, do not substantiate this role of 

picric acid. The results of the isothermal decompositions at 

150 °C reported by Hara and Osada suggest that autocatalys is 

occurs before the formation of trinitroarusole and picric 

acid. The decomposition was not accelerated by either od 

these products. The results shown in Figure 9, although not 

as extensive as the isothermal results, alsc do not indicate 
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a particular acceleration of the decomposition bv the 

formation of picric acid. This conclusion suggests that the 

increase in rate on addition of picric acid may be associated 

with the lowering ol the melting point, as recognized by 

Hinshelwood [19] and discussed by Hall [26J. 

The more probable cause of autoacceleration is the 

formation of the reactive products, nitrogen dioxide and 

nitric oxide. The analysis of the gaseous products reported 

by Dubovitskn and co-workers [22,23] shewed that ooth 

nitrogen dioxide and nitric oxide disappeared in secondary 

reactions and these authors recognised the importance oJ 

these reactive radicals in promoting decomposition of tetryl. 

Reactive gaseous products may exert their effect before 

diffusion from the solid phase. The effectiveness of thi= 

autocatalysis may therefore depend on a number of factors, 

such as the efficiency of removal of the products from the 

decomposing solid. Decomposition during increasing 

temperature may be more critically affected by the presence 

of these product^,, 

In =. u m m a r y, the two peaks in the self-neat rate as * 

function of temperature observed in the decomposition ol 

tetryl in the ARC are shown to relate to the simultaneous 

decomposition into trinitroarusole and picric acid and to the 

subsequent decomposition of picric acid, respectively. From 

the kinetic analysis of the self-heat rate for the fir it 

peak, a "high" activation energy and frequency factor were 
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obtained, suggesting a complex mechanism of decomposition, 

probably involving autocatalysis. The kinetic parameters 

obtained from the analysis of the second peak, are "normal" 

for a decomposition process and in agreement with previous 

results. 
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CHAPTER 8: NITROGUANIDINE 

r,,_Pr opertiss 

Nitroguanidine is an important ingredient in triple 

base propel 1 ants. It exists in two forms, dL and 6, with 
-3 -3 

desities 0.3 g cm and 0,9-1.0 g cm respectively. Both 

forms of nitroguanidine melt at the same temperature, 232 °C, 

although higher melting points, 246 °C and 257°C, have been 

reported [16]. DTA studies of Ripper and Krien [36 3 

suggested that the oL form begins to decompose at 187 JC, 

while the 6 form decomposes at 205 °C. Many tests concerning 

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

Army Material Command [37 1. 

1 _I_» _ T h e_ T h.er.maj __ D_e com pps l tip n _ o f _ N it rp.g u an JL d.i n.e 

From the thermal decomposition of nitroguanidine in the 

range 190-240 °C, the main gaseous products are N 0, H 0, Nil 

and CO , accompanied by a large quantity of solid products. 

A mechanism involving two pathways has been proposed [38]. 

The first decomposition pathway involved nitranude (NH NO *> 

and cyanamide (NH CN) as intermediates, while nitrocyan amide 

(NC^rJH CrJ)was the intermediate from the second pathway. 

Stals and Pitt discussed the structure and reactivity of 

nitroguanidine and concluded that intramolecular hydrogen 

bonding was stronger than mtermolecular hydrogen bonding. 

The primary reaction pathways in the thermal decomposition of 
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nitroguanidine are therefore predominantly intramolecular -

Studies of the decomposiTion by thermoanalytical 

Hechruques showed that a single exotherm ma lmum occurred at 

"",50 °C L39] while a thermogr avimetr ic study [40] showed that 

••he initial weight loss began at 220 QC„ Rogers [41,42 i 

measured an activation energy for decomposition by the DSC 
- I 

technique of 21 Kcal mol 

Uolk [43] identified the solid products and analynen 

the gaseous products of nitroguanidine decomposition by mass 

spectrometry. He found that N 0 arid NH were the main 

qaseous products and their ratio was temperature dependent. 

The solid residue at 130 °C, me] amine ( c, », * and ammeline 

( 11,-^ ̂  * w a s analyzed using HPLC. The decomposition 

behaviour was strongly affected by the confinement. Up to 

60-70% weight loss occurred during decomposition. The 

residue contained mainly melamme and ammeline and was 

considerably heat resistant. From the measurements of the 
-L 

rate of weight loss, an activation energy of 51.6 Kc^1 mol 

w3 s obtained. 

Taylor and Andrews, Jr. [4] used the flowing-atterglow 

spectroscopy technique to study the solid phase tnermal 

decomposition reaction. NH , N 0, CO a_id H 0 evolved from 

3 ^ "* 
nitroguanidine were analyzed by monitoring the emission ol 

A A + + 
NH „ OH , N 0 and CO . Tne activation energies w^re 

2 J. 
calculated from the slopes of the curves, log ra+e as a 

function of 1/T. These measurements led to nigh ac+ii ati:n 
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I 
energies (70-110 Kcal mol ) and correspondingly high 

30 50 - 1 
frequency factors (10 -10 sec '» They suggested that 

this result may be due to autocatalytic evolution of gases 

whicn led to violent decomposition above 160 °C. After this 

pnenomenori occurred once, the activation enerqy became 25 -5 
-I 5 7 - i 

kcal mol and frequency factor was 10 -10 sec . These 

values :re more typical of organic thermal degredation„ 

Few studies of the kinetics of the decomposition have 

been attempted. Because of the complexity of the reaction, 

the kinetic parameters which have been reported are very 

difficult to interpret in terms of the mechanism of the 

decomposition. The present work describes some preliminary 

experiments on the decomposition of nitroguanidine in the-

ARC, primarily for the purpose of obtaining kinetic 

parameters for the decomposition. The effects of sample size1 

arid confinement of gaseous products have been investigated. 

11 _l.« _ E.xp e ri _m_e nt.a .1 

The t h e r m a l d e c o m p o s i t i o n of n i t r o g u a n i d i n e was studied 

using the Hastelloy C spherical bomb with the filler tube oi 

3/16 inch O.D. and 1/2 i rich length. The experiments were 

performed in both the confined and non-confined systems. Tne 

thermal inertia ranged from 15 to 22, obtained by using 

weights of sample between 0.2 and 0.3 grams. E penments 

were performed using the heat-wait-search method described 

in Chapter 3. 
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LY._»._ R e 3. u_l t s. 

A.?._ Q e n e _r a 1_ Features. 

When nitroguanidine was tested in the confined 

system, the decomposition commenced between 161 and 165°C 

depending on the value of the thermal inertia. The ignition 

rate was not vigorous, the time to maximum rate was short, 

and pressure build-up was fast. The results are summarised 

in Table 8 and the self-heat rate and pressure as a function 

of 1/T are plotted in Figure 10. The total adiabatic 

temperature rise was in the range of 15-17 °C depending on 

the value of in After reaction, the percent weight loss was 

approximately 65%. The high amount of residue may have been 

due to inhibition of the products to further decomposition 

C43]. 

When nitroguanidine was tested in the non-confined 

system, the reaction stopped after a short period of time. 

The onset of decomposition was detected at about 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. 

§.«._ Q si. c._yJk 3_t[.ip n _ o f _ t h e _ A c t_i_y a t_i o n _ En.er.g_y 

In this study, the activation energy of 

decomposition of nitroguanidine was calculated following the 

http://En.er.g_y
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l i a b l e 8 

T h e r m a l d e c o m p o s i t i o n d a t a o f n i t r o g u a n i d i n e 

E x p t # W e i g h t ni 
m 

°C nun 
- 1 

t< Ofi 11 f i e d,.. sy s t e m 

°C nur - 1 

165 

166 

231 

249 

250 

323 

nnc\ 
J AJ J 

0.2135 

0.2540 

0.2362 

0.2228 

0.2541 

0.3074 

0.2068 

20.9 

17.7 

19.6 

A.. J . 4 . 

18.6 

15.1 

22.1 

165.9 

1 61 „ 0 

161. 7 

166.6 

160.9 

160.9 

167.6 

0.04 

0.02 

0„04 

0.09 

0.03 

0.03 

0.32 

172.4 

170.1 

16S.9 

175.2 

167.3 

171.2 

173.3 

28.5 

21.0 

44.5 

10.8 

30.5 

15.0 

N o n - c o n f j ned__sys_tem 

169 0 . 2 3 4 8 1 9 . 1 L 9 3 . 7 

170 0 . 2 4 3 3 1 8 . ! 

0 . 0 4 

102.0 0 . 0 7 

2 0 1 . 7 0 . 0 6 

2 0 4 . 6 0 . 1 2 
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Figure 10 

Self-heat rate,#, and pressure, A . as a function of 1/'.)' 

tor nitroguanidine. Hastelloy C bomb; $ = 19.6 
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Ihree methods whicn were derived by Townsend and Tou [5] and 

discussed in Chapter 5, The e penments in the non-confined 

system had very short e otherms which did not provide enougn 

data for the determination of the activation enerqy. Onlv 

the data from the confined system was analyzed. 

A 
< ,ar) _ C a, ] _cJJJ. j 11 p n_ f r o m _ k 

The estimation of the Arrhenius parameters from the 

plot of the k against 1/T was the simplest approach, since 

the curve was plotted automatically from the microprocessor 

of the ARC. Tn the decomposition of nitroguanidine, the 

=elf-heat rate increased vary rapidly, giving a very steep 

-lope and hence a high activation energy, approximatel 
• I 

300 Kcal mol . This very high value led to an impossibly 

high value for the frequency factor. 

( b.)_C a_l c u.l.at i.on_f rpm_Time_tp_h _a_x I m u _m_R ate 

The relationship between the time to ma lmum rate 

and the absolute temperature (equation 13, p.40) wa_ 

discussed in Chapter 5. The time to maximum rate was plotted 

as a function of 1/T and a typical result is shown in Figure 

11. The slope was determined by linear regression. Tne 

activation energies determined by this method were in 

agreement with those obtained from method (3), about 300 Kcal 

- I 
mol . The frequency factor was also correspondingly high. 

(p.)_Ca_1 cu_] at lon_ f rom_ + he__ Inlt.i.aj_Rate 

For determination of the activation energy by 

method (a) and (b), data from the complete course of the 
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Figure- LI 

Time to maximum rate as a function of 1/T for nitroguanidine. 

Hastelloy C bomb: confined system; £ - 18.6 
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reaction were used. The results demonstrated that these 

treatments did not give reasonable values for an activation 

energy and frequency factor for the decomposition of 

nitroguanidine. The third method used data only from the 

initial stages of the reaction. 

The relationship between temperature, thermal inertia 

and activation energy was given by equation 14. p.43. For 

this method temperatures are determined at which the 

self-heat rates are the same for experiments with different 

values of <6„ For the most accurate measurement of these 

temperatures, the self-heat rate is plotted as a function of 

temperature for each experiment, as described in Chapter 5. 

Two of these plots are shown in Figure 12. Temperatures were 
-1 

measured at self-heat rates of 0.05, 0.07, 0.09 °C m m , and 

the values given in Table 9. The activation energy wss then 

obtsined from equation 14 arid the values included in Table 9. 
-I 

The average value was 32±2 kcal mol 

Nitroguanidine is a very fluffy material with low 

density. Heat transfer in this solid may not be uniform, 

causing a certain degree of difficulty in obtaining 

reproducible data. This factor could cause further 

uncertainty on the value obtained for the activation energy 

of this decomposition. 
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Ciq ur e 12 

Self-heat rate a"-> a function of temperature for variou*-

vilues of JS for nitroguanidine. Hastelloy C bomb 
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Table 9 

Calculation of the activation energy for nitroguanidine 

from the relation between the self-heat rate, 

the temperature and the thermal inertia 

Self-heat rate 
-1 

°C min 

Temperature 

°C 

Activation energy 

Kcal mol 

0.05 

0.07 

0.09 

fli = 18.6 

161.40 

161.70 

161.90 

i = 19.6 

162.00 

162.30 

162.55 

34 

34 

29 
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y »_ ff'tprpretat.!pn_of_ th.e._Act_iy_at_ipri__Ener.g_y 

The activation energy for the decomposition of 

ru tr oguarudine calculjted from the API data by method K a) and 
-J 

th» gave high values of about 300 Kcal mol with 

correspondingly high frequency factors wmch cannot 

be e plained by a simple bond-breaking mechanism. On the 

other hand, the activation energy determined by method vc>, 

which involved only measurenients at the initial stages of the 

decomposition was a reasoriable value for the rearrangement of 

"in unstable compound. 
I 

The very high values of 300 heal mol are more 

difficult to explain. These values were obtained using data 

covering the whoLe course of the decomposition and involving 

a change in temperature as well. During this process some 

reactions occur which increase the rate enormously and 

continuously- Empirically, the result suggests a series ot 

steps occurring with progressively lower energy barrier:. A 

possible route to this effect could be auto catalysis, cause id 

by reactive intermediates. The difference m rates obtained 

in the confined and non-confined systems suggests reactive 

intermediates may be important,. 

Comparing the me111ng point of nitroguanidine reported 

by other authors LL6,36] to the temperature of the onset of 

decomposition, 161 °C detected by the ARC, it appears that 

nitroguanidine decomposes in the solid state. A solid state 

decomposition is usually a slow process until some change 
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-iMow its decomposition rate to increase sufficiently tor it 

to self-heat to explosion. The decomposition rate of a solid 

can also vary tremendously with changes in purity and crystal 

perfection and is affected by other factors, such as, the 

fate of nuclei formation and the strains created by the new 

solid phase. All these occurrences lead to complications 

which could contribute to the unusually large increase in 

rate observed over the course of the decomposition. These 

and other factors have been discussed recently in a review of 

processes occurring during the thermal decomposition of 

solids by Boldyrev 144 I. 

When the temperature increase in the bomb is very fast, 

there may be insufficient time for the bomb and the sample to 

come to thermal equilibrium. This may cause the measured 

temperature to be lower than the temperature of the sample. 

It should be pointed out that if the temperature of the bomb 

:md the sample are not equilibrated, as may happen when the 

temperature increase is yery fast, the measured rate of 

decomposition will be too slow. This error therefore is not 

a factor contributing to the fast rates of decomposition 

observed with nitroguanidine. 

The results of the present work are compared with the 

kinetic parameters cited in the literature in Table 10. The 

experiments by DSC and the second stage of tne experiments by 

the flowing-afterglow techniques indicated low values for the 

activation energy, comparable to the value obtained in the 
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Table 10 

Measured activation energies for the decomposition of 

nitroguanidine 

Technique Temperature Activation 

range energy 

°C Kcal mol -1 

Frequency Reference 

factor 

log A(sec T 

Flowing-

afterglow 

Isothermal 

DSC 

ARC 

160-180 

• 160 

70-110 

JO-

110-240 

200-204 

160-180 

160-168 

51.6 

20.9 

*-300 

32 

30-50 

5-7 

21.2 

7.5 

Taylor 

Andrew 

folk 

Rogers 

Present 

Present 

* 

Jr. (4) 

(43) 

(41) 

work 

work 
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present work from the data at the initial stage of the 

decomposition. On the other hand, a first stage in the 

decomposition was observed in the flowing-afterglow 

experiments where a very rapid reaction occurred, described 

by the authors as "virtually catastrophic8. Although the 
- I 

activation energy reported for this stage, 70-110 Kcal mol 

was lower than the present value, it seems likely that the 

same phenomenon occurred in the present experiments. It 

should be noted that the r-apid reaction occurred above 160 °C 

in both techniques,, 

A final possibility may be mentioned as a cause of this 

rapid reaction. The presence of oxygen in the bomb may 

contribute to rapid secondary reactions during the 

decomposition. At the same time the large heat releases in 

any oxidation process could be an important factor in causing 

an increase in rate during the course of the reaction. 

Further experiments are planned to test this possibility 
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CLAIMS TO ORIGINAL RESEARCH 

Kinetic data for the decomposition of Tetryl, including 

the temperature and pressure as a function of time, were 

determined using the ARC, Two stages in the decomposition 

were clearly distinguished. 

Three methods for the derivation of the activation energy 

for decomposition from the data were used and evaluated. 

From dat3 obtained using the Hastelloy C bomb, an 
-3 

activation energy of 52+1 kcal mol was obtained for 
-I 

tne first stage and 43±1 kcal mol for the second 

s t age . 

The activation energies derived from the present data were 

compared with those obtained by other techniques. It was 

=hown that measurements of the rate of decomposition under 

increasing temperature may give high alues for the 

activation energy and the frequency factor 

The condensed-phase products of the decomposition of 

tetryl were analysed at various stages of the 

decomposition. It was concluded that picric acid did not 

cause autoratalysi. „ 

Data for the thermal decomposition of nitroguanidine in 

the solid state were obtained using the ARC. 

Derivation of the activation energy for decomposition 

showed the large discrepancy in values obtained using data 

from the complete course of the reaction an: using 'data 

from the initial stages only. These results showed tne 

importance >-,f autocataiytic process in the decomposition, 
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