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ABsrRAcr 

The application of traditional thermal analysis techniques as well as specialized 
thermal techniques to the characterization of explosives is reviewed. Topics included 
are general references, pressure measurement techniques, gaseous product analysis, 
DTA, DSC, TG, combined TG-DTA, and miscellaneous techniques as applied to a 

variety of explosive mater&_ The biblio_eraphy incfudes 135 references. 

INTRODUCTION 

The characterization of the thermal chemistry of explosive materials constitutes 
an important and growing discipline within the field of thermal analysis_ Qualitative 

knowledge of the thermal behavior of explosive materials based on intuition is no 

longer sufficiently reassuring to the worker handling these materials on a daily basis. 
Fortunately, the techniques of thermal analysis have proved amenable to the quanti- 

tative study of the thermal properties of explosives whiIe presenting challenges in 
both experimental design and interpretation. Although large quantities of the&al 
data have been generated and reported over the last few years, the study of the 
the~~he~t~ of expfosives is stilf in its infancy and remains an active area of 

investigation_ Therefore, it was rather surprising to discover the scarcity of basic 
reviews covering the literature of this important fieId. 

With the exception of the few limited reviews described later, the authors were 

unable to find a summary of the techniques, procedures, and applications utilized 
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in the study of the thermal properties of explosives as reported in the Iitqature, This 
paper wks to at least partially rectify this situation- Although no claims are made 

as to the completeness of the review. or even that the best papers were se&ted, we 
do fctl that the review adequateiy represents the major thrust of work currently 
being done in the field and provides references which the interested reader can consult 

for further detaiis 

CLOSARY OF TERbS 

The study of explosives, as with most scientific disciplines, consists of a myriad 
of acronyms, abbreviations, and other abuses of the Janguage which can intimidate 
if not discourage the uninitiated- To hdp alleviate the confusion, we offer the following 
list of common terms as a guide to the remainder of the paper. 

PEIW = penf.aefythritoI tetranitrate 

RVX = 1,3,5_trinitro-+triazine; cyclo~mUhylenetn‘natramine; hexogen 

HMX = octahydro-I~~~7_tetrani~~l~~~7_rctratocine; cyclotetramethylene- 
tetfz&ralmine; octogen 

PJZrii = pentraerythritol trinitrate 
CN= cefIuIose nitrate 

HEM = highly energetic material 

TNT = trinitrotoluene 
TNB= 1 $,Mrinitrobenzene 
Pentolite = mixture of P&lW and TNT 

Tetryl = N-m~yl-PJ~4,6-tctitroaniline; trinitrophenylmethylnitramine 

AIthough texts devoted exclusiveIy to the thermal properlies of expJosivcs could 
not he found, the thermal behavior of explosive materiaIs is discussed to a limited 
extent in several ref~cc works- An excellent book entitied C%e~tilry of the Sd.43 

State9 edited by Garner 4a describes much of the early work on the theory of solid t 
state thermal timposition with numerous examples relating to explosive materials, 
The chapters on the ‘Kinetics of Exothermic Solid Reactions*’ by Gamer and 

Bircumshaw~ the ‘Decomposition of Organic Solids” by Dawn, and “Explosion, and 
lktonazion in Solids” by Ubbdohde arc especially significant- Tire Decomposition 

of sblr;dr by Young 133 also deals with the solid state decomposition of explosive 

materials although in a fess explicit manner @an Garner’s book, Thermal decomposi- 
tion of pyrotthnk consthcnts and bhds is treated in some detail in excelient 
Akrencc &oks by uLern(O and by. ShidIovsky’zf and in the l&&een%g Da*@ 
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TABLE 1 

PhysicoZ proenr Zdiunned by ConvenrioMi 

2% RTA lZlt?TmLlZ 
--.. 

1ncrea.w Decreuse ~odiwnric Erorhermic f~~mwsi’ion 

Key: i, process is indicate, -, process is not indicated. 
= Table 1 is reprinted from ref. 81 with pznnission from the author and 77rermucZzZmica AWL 

Handboox--Miii’ury Pyrolechnics Series produced by the US Army Materiei Com- 
mand”‘, General reference books describing tbersnoanal_tical methods which may 
be useful include Thermal Methods of AnaZysis by Wendlandt’2g and Thermal Anulysis 
by Schwenker and Garr~‘~‘_ 

le application of thermoanalytical techniques to explosives and propellant 

ingredients was reviewed by Maycock8’, The chart reproduced in Table I served as 

a g&de to the seiection of applicable thermal techniques and the interpretation of the 

data was discussed in some detail, Three techniques commonly used in decomposition 
kinetics studies were reviewed: (I) normai isothermal decomposition using TG 
techniques; (2) shifts in DTA trzes as a function of heating rate; and (3) analysis 

of dynamic TG traces as a function of heating rate. Other topics discussed in&de 

phase changes of explosives and experimental techniques with reference to sample 
preparation, atmosphere control, and panicle size- Routine test procedures, prope$Iant 

characterization, radiation damage studies, and heats of explosion measurements 
W~XC mentioned as applications of thermoanaQt.icaI techniques. 

The stability of explosives, including thermal stab@, was reviewed by Auber- 
tein”. Definitions and procedures for routine stability tests were described and a 
selection of testing staadards was dis, After establishing tile distinction between 

chemical stability as used in general chemistry (e_g_, dissociation) and stability of 
expfosives, meaning their storage life without deterioration under practia conditions, 
Aubertein pointed out that most stability tests applied YO expIoslves have little or no 

meaning since the specific properties’ of the explosive under con$deration are not 
taken into account in the procedural test conditions, Some interesting historical b&k- 
ground on the thermal stabi& of explosives and the dtiveloprnent. of stabtity $sts 
is also given in the article. 



Decomposition kfnetics procedures and mechanisms for the thermal decomposi- 
tion of cxpioskcs wen: rev&wed in an articfe by AndmyevXc. Although defaifed 
experimental proccduns were not considered, gcneraf techniques Were d&ussed 
with the expccurd thermal behavior for several Classes of expfosivcs. This paper 
proviti a general description of kinetics procedures but does not delve in&o the 
ma&emaricaJ derivation of Ihe equations used to c&&ate the kinetic parameters, 

The application of DTA and TG to the examination of explosives was reviewed 
by Krienfo (in German), The genention and interprelation ofdara by these t.rdItiod 
&end techniques was zwkwd io some detail- SeveraJ new appJica&ions to explosive 
materi* were also mentioncd~ 

The monitoring of pressure variation as a funcZIon of time or temperature is a 
classical technique cumntly used for observing the progress of HzermaI decomposition 
~tions of exptosive materiaJs_ This technique was deveJop& prima.riJy during the 
192U3 wifh significant refinements during the 1940% Jeading to a considerable quantity 
of high quality kinetics data on the thermal decomposition of explosives. The original 
method, described by Farm&’ - m f920, consisted of decomposing a compound into 
a vacuum sys&em wbi?e following the progress of decomposition by means of the gas 
evotufion(prasun=) curve. Several significant modifications and refinements of 
the tashnique have since been made and will be described as applicable, 

Vaughan and PhiJJipssf4 were a’mong the first to report the application of the 
gas cvolufion technique to the study of up!os;vcS with rheir invesrigation of the 
tfrcnnal decompasition of cxrtab nifrobc~~n& &u-oxides in the rempcrature range 
of 50 to EO*C_ Sigmoidal volume-time curves were reported but Iittfe kinetic inter- 
pretation was attempted due to the complexity of the reactions and the limited 
accuracy of the d;lra_ Microscopic examination of the decomposition products and 
chemical analysis of the gaseous products were also included in the study_ 

In a I947 communication to I\farwp, PhilJips9’ nzported kinetic data obtained 
from p rcswrrz-time study ar&yses For the thermal degradazion of some organic 
ntifes_ However, this apparently represented work performed as part of the war 
&oti; thudbre, few defaiJs were disclosed dthough there were severai references 
to unpubJishcd !3cientiJ?c Advisory Councif Reports and implications that a consider- 
abk endeavor was underway to unrave1 the thermal decomposition processes of 
explosives, The order of thermal stability of the O-N bonds in alkyd nit&es was 
reported as methyl > ethyl > n-propyl with the order attributed to resonance 
stabilization effects, 

The utiimtioo of the pressurr+time technique to determine kinetic parameters 
for the thermal decomposition of explosives received considerable impetus fro& the 
series of papers published by Robertson’“O-X~Z in the late 1940’s_ The cox&~&~g 
system utilized in this study consisted of an Apiezon oil manometer to measure slow 
reactions or a membrane type manomezer cowisbng of a gfass gas handling system 
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and photographic recording to measure fast reactions_ Sample heating was accom- 
plished by two different mechanisms-a glass apparatus and an “ovens” apparatus- 
in the glass apparatus, the sample of explosive was placed in a small glass spoon 
rotating on a horizontal ground joint so that the sample could be dropped into the 
heated bulb. The Pyrex bulb was directly immersed in a eutectic mixture of sodium, 
potassium and calcium nitrates which was controlled to within l/Y’C_ The “ovens” 

apparatus consisted of heated parallel copper plates designed to suddenly close on a 
thin layer of the explosive sample mounted on a thin mica slide. Either of the heating 

devices could be incorporated into the closed system. 
Robertson investigated the decomposition kinetics of several expiosives by 

utilizing the pressure-time technique. The thermal decomposition reaction of ethyl- 

enedinitramine was foundxoo to be first order between 184 and 254°C with a half-life 
of 43 set at 184OC and 05 see at 254OC_ Decomposition was said to occur through a 

homogeneous reaction since variation of the quantity of sample produced no change 

in the kinetic results- Studies’ O” of the decomposition of tetryl showed some accelera- 

tion of the reaction rate during decomposition and the expression for the unimoIecular 

constant of initial decomposition was determined to be Ic = 10’ 5-sexp(-3S,500~~T)_ 

PETN pressure-time curves over the temperature range of 161 to 233T showed a 

very nearly constant rate of gas evglution for about the first half of decomposition 

after which the rate diminished in accordance with the unimolecuktr rate equation_ 

The initial decomposition rate expression was determined to be k = 10’g-8exp 

(-4?,OOO/RT) with the final rates being two or three times greater, Decomposition 

of PETN dissolved in dicyclohexyi phthalate was aIso investigated as well as the 
decomposition of ethyfenediamine din&rate and ammonium nitrate. 

Kinetics data have been reported for some cyciic nitroamines which were 

determined to undergo a liquid phase decomposition in accordance with the uni- 
molecular equation _ lo1 Solutions of RDX in dicyclohexyl phthaiate and TNT were 

found to exhibit a decreased rate relative to the decomposition of the fused explosive_ 

This sugcsts that short chain reactions are involved in the decomposition of the pure 

material. 

An interesting series of papers was published by Batten16* l7 and Batten and 
Murdies4* I5 which characterize the thermal decomposition of RDX at temperatures 

below the melting point_ The pressure measurement systems used in these studies are 

illustrated in Figure I_ The authors discussed several factors which influence the 

decomposition process, postuIated a decomposition mechanism, calculated activation 

energies, and considered the catalytic effect of formaldehyde on the decomposition 

reaction. The sigmoidai decomposition process was divided into three stages-an 

induction period, an acceleration region, and a maximum rate region, The induction 

period was attributed to negative catalysis by the decomposition products, the 

acceleration region was thought to involve competing reactions of positive and negative 
catalytic gaseous decomposition products with the undecomposed RDX, and the 

maximum rate region represents the condition where negative catalytic action is 

minimized. It was reported that the presence of formaldehyde substantially accelerated 
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fig_ I, Rrvlioa vcwcis mcd by Batten and mlrdid* for fhc study of the therm21 deompo5ition of 
zzyfmtxd fran ref. 14 with pcmis&n from the rlshon and the Ausfralian Jomxal of 

&e rate of reaction with the duration and dcgnzc of the acakatory process increasing 

strsdily with d ccrzasing reaction tempcraturc to about a six-fold increase at the 
lowest tnmperaturr: rckttive to the highest, Typical decomposition-time curves for 

the decomposition of RDX Mow its mcfting point arc shown in Fig, Z These curvu 
display the sigmoidal shape which is charackristic of most data generated by the 
pnrssure-time techni4u~ 

Cosgrovz and Owen 33-35 bav~ z&o made a substantial contribution toward 
cIucidation of the thermal decomposition reactions of RDX- These authors rcportsd 
that the rate of decomposition was dire&y proportional to the voIume of the reaction 
vessci, indepcn~t of the amount of RDX at a constant volume, and retarded by 
the presence of inert gases Data were presented which indicated that gas phase 
decomposition of RDX was dominan t during the initial stages of the seaction- Tfie 
effects of the products--nitrogen, nitrous oxide_ nitric oxide, carbon dioxide, carbon 
monoxie water, formaldchydc, hydroxymcthyl formamide, and methylent di- 
formamide-as well as a small quantity of TNT” on the decomposition process was 
disc+usscd_ 



Fig_ 2. Typical decomposition-time curves for 0.2-g samples of RDX in the spread condition, at 
tanpaatures below its mehingpoint- Inset: Rangeof the maximum ratepI~tedagainstt~peraturr13. 
<Reproduced from ref_ 15 with permission from the authors and the Ausfrakixn Joumaf of Chemistry_) 

The thermal decomposition and explosion of azidev was studied by Yoffes3’ 
using the apparatus ittustrated in Fig. 3. Topics which were investigated and discussed 
in&de autocataIys&_of the reactiorr by fhe products, self-heating of the sampfe during 
decomposition, and the explosive decomposition of the samples. It was noted that 
the explosion temperature of silver azide was a function of the inert gas pressure above 
the sample, the mass of the sample and the thermal conductivity of the container vcsset 
atid &he bath. It was determined that some of the azides decomposed after melting 
whiIe others decomposed from the solid state, 

In rhe mid-fifties, Bircumshaw and Newman published two papex-szo* ” which 
&present a rather thorough investigation of the thermal decomposition of ammonium 
perchforate. It was found that ammonium perchlorate decomposed to the extent of 
28 to 30% when heated at temperatures below 290°C in an inert gas stream or in 
vacua and Ieft a residue which was chemicaIIy identical to the starting material_ The 
effect of crystal transformation on the decomposition curves was reported as were 
impurity and particie size effects. CaIcuIations of kinetic parameters were shown 
using various methods. An extension of this study to higher temperatures~ (above 
3SOOC) has been reported by Gafway and Jacobs4’_ 

Sptie interesting Sormation on the processes w&h control the reaction rate 
in the burning process was afforded by an.investiga&on of the thermal decomposition 
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off gunpowdci’, J3ascd upon data obtained by the volume-time technique, the 
fallowing reactions were postulated for the decomposition process: 

S + organic 4 H,S 
KNO, -F organic - NO* 
2KN0, i s --+ K,SO, -!- 2N0 
KNO, i 2N0 -. KNO, + NO t NO, 
H,StNO,-H~OiStNO 
2NO2 + 2S-2SO,-kN, 
2KN0, + SO, + KzS04 -#- ZNO, 

The5c rcrctions apply essentially to thcpre-ignitionstagcsof reaction; onccthereaction 
gets undenvay and sufkient heat is evolved, then the primary process of the oxidation 
of carbon by potassium nitrate dominates with propagation of the process through 
the material_ It was suggested that the formation of a Liquid phase produced by tbe 
mdking of sulfur at about 130°C is a MyxstaJy condition for initiation of the thermal 
deoomposition process_ 

The thermal stability of sewn struauraily reMed expfkive compounds 
disso’tvqd in TNT w;p5 dcterminaI by pr+w micanurnn&~t$~~_ Large diffixenas 
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in thermal stability were found and were accounted for by the ease of oxidative attack 
of the substituent by the nitro group, Compounds with easily oxidizable groups are 

least stable- 

Additional studies which utihzed the pressure monitoring technique as a 
portion of the investigation include the decomposition of ethy1 nitrate by Pohard 
et aLg3, the decomposition of nitryl perchlorate by Cordes32, and the decomposition 

of solid zf~di~dote~~~ob~t~II1) azide by Joyn&*. A modified version 
of the pressure rise technique was used by GriEths and Groococks4 to study the 
very rapid gas evohrtion from the thermal decomposition of r-kztd azide. Jach66 also 
reported on the decomposition of a&ad azide using a pressure measurement technique 
and Muellars4 has studied the decomposition of molten silver azide, Additional 

studies utilizing pressure techniques include those of Maycock and Pai VemekerT7, 
Urakawa and Masutomi”4, Pai Vemeker and Avrami”, and Rosen and Dacons’16_ 

A different type of pressure monitoring technique which utilizes simultaneous 

~e~o5~rnet~ and pressure measurements, known as the~obaro~vimet~c 
analysis (TBGA), has been applied to the study of nitronium perchlorate7g and other 

explosives 82. The modified Nettler thermoanalyzer system used to obtain these 
measurements is illustrated in fig_ 4_ By simultaneously recording p vs. f and w 
vs_ t at IOT intervals in the temperature range from 80 to 15O*C, sublimation and 

decomposition processes for nitronium perchlorate were characterized, Sublimation 
processes were observed for both nitronium perchlorate and for nitrosonium perchlo- 
rati which is formed as a decomposition product of nitronium perchlorate. The 



sensitkvity of the sub&nation process to au overpressure of an inert gas was also 
demonstrated by ti tzcbniqut- 

The ZkfZE’IOk3r~timeftiG technique was used to character& the thermal and 
photosubiirnation processes of PZTN, RDX, and TNTa2. A compilation of the 
activation me&es of sublimation and equation of the mateMs compares favor- 
ably with previously repurzcd enthalpies of sublimation and evaporation. Photo- 
sublimation rates for these explosives were found to be pressurc-dependcut and 
txoportional to the intensity of the radiant enerky; on the other hand, they were 
independent of radiant wavelength in the spectral region from 200 to 600 nm- 

While these pressure-time studies make an important contribution toward the 
cmtion of the thennaJ proper&~ of e~pfosives, it should be noted that all 
studies were perf+ormcd at elevated temperatures, As Aubertejn” pointed out, the 
stability of exptusi~~ is defined in terms of deterioration under practical storage 
conditions_ Sina cxtrapolatio~~ of data from high temperatures to low temperatures 
is of dubious validity, there is a definite need for modification of’ the pressure-time 
or other techniques to include low or ambient tcmperaturc decomposition processes, 

Many studies of the the& daompositioa of explosives utilize analytical 
techniques to cbara~ the distribution of evolved gaseous products either as a 
suppIemeutary urftnique or as the primary thruzz of the research. The procedures and 
techniques ran_= from miaimal cia&cal analysis to elcgaut instrumenti desigus. 
130th vapping or cum~tie m&mds and real time analyses fiave been used to 
adv=t.as It may&o be of hisrutid interest to note that a paper by Rogers et ai.“’ 
&s&b@ tbc pyrx@sis ofsome uptosive compounds is regarded as a &ssic in gas 
evolution studies and is often acknowledged as the birth of ,m evolution detection 
QGED) due to the thoroughz~~ of the investigation- 

C&S a~Jysis wds often iuchzded in pressure-time studies of thermal decomposi- 
tion to aid in t&c interpretation of the data. Vaughan and PhiIllips’26 separated the 
evolved gases from 5ome nitrobcnzenediazo-oxides by fractional condensation with 
subsequent analyst% of tie individual f&ions, Three fradions were collacttd: 
Fractiou I, gases voWliz at - 186cC, contained Oz. NO. HZ, CO, and Cl-I,; Fraction 
llJ,gasesvofatileat - 12W’C, contained CO, and N&B; the residue cousisted of organic 
vapors, NO,, etr= AcuMin& to the authors, %ccepted chemical methods” we= used 
to andyz the individual fractions. 

Ro&rtsoufaeLO= ;Jw, utilized fraaioual separation and analysis of de: 
camposition products in his thermai studies- Analyticai methods used include ab- 
su@on of NO in chromous chloride and determiuatiou of Co and Hz by copper 
oxide combustion with the residue assumed to be nitrogen. CMbosorb was used to 

sqpaae and gzzzti&dy dctcmziw tic quantity ofC0, prescntt Robertson also 
fontnd that the product distribution from the themxd decomposition of PETN at 
2iO*C varied with heating time_ 
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Bircumshaw and Newman2’* ‘* used fractional separation in their study of 
ammonium perchtorate decomposition. The oxygen and nitrogen fraction was 
colfected with a ToepIer pump, transferred to an Ambler ,eas analysis apparatus, 
exploded with pure hydrogen, and the oxygen/hydrogen content calculated from the 
pressure difference_ Chlorine and chiorine dioxide were determined by sweeping the 
evolved gases through a se& of absorber bulbs containing a neutral potassium iodide 
solution followed by titration of the released iodine with thiosulphate- Nitrosyi 
chloride concentration was determined by measuring the volume decrease of a nitric 
oxide/oxygen mixture produced by conversion to nitrogen tetroxide in the presence 
of nitrosyl chloride. 

Hermoni and GruenwaJd6“ also utilized fractionation with subsequent chemical 
analysis to study the high-pressure thermal decomposition of nitroethane. However, 
the residue Ieft at -70°C was dissolved in 0.1 N potassium hydroxide and the nitro- 
para&rs were determined polarognphicaiIy_ 

Infrared spectroscopy was used for the analysis of gaseous products from the 
thermal decomposition of ethyl nitrate “- 73_ Ethyl nitrate was sealed in bulbs, 
immersed in a hot bath for a measured time interval, quenched in a cold-water bath, 
the gaseous contents transferred to an IR cell, and the spectrum recorded. Gaseous 
products were identified as ethyi nitrite, nitromethane, and mttthyr nitrite. Nitrogen 
dioxide and nitric oxide were determined qualitatively by visual observation of color 
and quantitatively by measurements of absorption intensity at 4050 A using a visible 
wavelength spectrophotometer, 

Pollard et ai.93 measured the gaseous evolution of nitrogen dioxide from the 
thermal decomposition of ethyl nitrate by a photometric technique. The intensity of a 
fihered waveband from 5ooo to 5450 A, in which region nitrogen dioxide absorbs 
strongly, was measured with a photocell at suitable intervais with concentrations 
Calculated from Beer’s Law_ Fractionation and analysis was used to determine the 
other products reported to be COz, CO, NO, N@, and Nz with a possible trace of 
hydrogen- 

A fractionation analysis technique was used by Cord&* to study the thermal 
decomposition of nitty1 perchlorate. The fraction noncondensabie at liquid nitrogen 
temperature was analyzed on a mass spectrometer and found to be at Ieast 99% 
oxygen with no nitrogen present, The faction volatile at - I 12% was ana&zed 
spectrophotometricaJiy before and after sparking with a T&a coil. The only spectral 
species observable before sparking were Ct02 and Ct2 whereas onIy Cl2 and NO2 
were observed after sparking. Based upon these data, the original composition of this 
fraction was deduced to be C12, CIOz and N&Cl with Cl2 comprising about 90% 
of the mixture_ 

Waring and Krastins *” identified the gaseous products from nitroglycerin 
by IR analysis_ The decomposition reaction was quenched by quick cooling at timed 
intervals and the gaseous products were transferred to an IR cell and spectra recorded. 
Species identified included CO, NO, C02, NO,, and HzCOOH as well as traces of 
formaldehyde. In that portion of the study designed to determine the sequenb of 
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product evolution, Waring and Krastins introduced 5 to 10 mg of nitroglycerin into 

a high-temperature IR absorption cell, brought the system to a requisite temperature, 

and continuously scanned the spectrum between 2 and 9 pm. 
Cosgrove and 0wen3f-35 studied the decomposition of RDX at 195T using 

a static system with product analysis by mass spectroscopy, IR spectroscopy, and 

wet chemical methods. Products of decomposition were identified as N,, NO, N,O, 

CO,, CO, H,O, methylol formamide and similar compounds, formafdehyde, HCN, 
a nitrate aud a nitrite_ 
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A &sic paper pubJisJacd by Rogers et al_* I0 in 1960 describes the construction 
and theory of operation of a pyrolysis apparatus with applications related to the study 
of explosive mate&&_ TJze pyrolysis block and schematic of the apparatus are 
iilustratcd in Fs~_ 5 and 6, respe6veJy- BasicaJJy, the technique invoWs heating a 
sample at a linear rate in a flowing inert gas stream and measuring the changes in 
thcrmaf conductivity of the gas stream due to the presence of gaseous decomposition 
products TJE rrsponsc of a thermal conductivity ceJJ is recorded as a function of 
sample temperature as showm in the curves for PJZTN and RDX in Fig_ 7. This 
technique is now known as gas evolution detection @ED). Rogers et al. invest&&d 
the &act of carrier gas ffow-rate, heating rate, sample -*tight, thermal conductivity 
bridge vohage, pressure, and composition of carrier gas on the resulting pyroJysis 
curves for some expJosives_ TheorcticaJ arguments were developed to demonstrate 
the application of pyrofysis data to Jcinctic studies- It was also observed that the 
curves obtained were approximattly the deriwative of the thermogravimetry curve_ 

Rogers Jaftr described a modification of the pyrolysis apparatus to utilizt tbin- 
Jaycr chromatography VLC) as an evolved gas analyzer* ’ I_ As the sample was heated 
at a Jinur rate in a dynamic gas atmosphere, an activated TLC plate moved in front 
of the outkt o&ice on a troJJey whose speed was coordinated with the heating rate_ 

At the end ofa run, the pJate was devebped and the position of thespots was measured 
to detern&e rht femmture range in which each decomposition species was evolved, 

‘The application of the apparatus to tht study of the thermal decomposition of TNT 
w described in some d&J. Relative retention values and cha~~cter&ic colon 
produced by developing the plate with /r-DEAB reagent indicated the presence of 

1,3,5-trinitrob (TNB), 2,4,6trinitrobenzyl alcohol (TNB-OH), 4,6-dinitro- 
anthranil (DNA), 2,4&rinitrobcnzoic acid (TJW-a), and a trace of an unidentified 
compound- The TLC data, together with DTA and pyroJysis curves for TNT, are 

shown in Fig, 8- 
Dxons et aJ_” aJso used TLC to study the thermai decomposition of TNT_ 

The TNT was decomposed in Pyrex test tubes heid at 200°C for I6 h, The residue 

was dissolved in benzene with individual f&ous identified by elution on the TLC 
~$ate_ A brown powder remained after dissolution of the residue in benzene which 
did not mcJt JxJow 3GWC and burned with infumesccnce when ignited by a flame, No 
effort was made to identify this substance aJthough exploratory chromatography 
indicatcxi that it was a mixture of severaJ comJxments rather than a singJe compound, 

A very useful and prackaJ form of gas anaJysis was described by Frazer and 
Em&’ in the dcvcJopmcnt of the chemicai reactivity test (CRT). In this test, a sampIe 
ozf the pure cxpJosive or a mixture of urplosivc with 3 foreign material was sealed in 

a spcciaJJy designed container and heated in an oil-bath for a specified period of time. 
The sampIe exmrainer was then connected to a three-stage gas chromatograph for 
quantitative anaJysis of gaseous decomposition products. 7Shis method aUowed 
the progress of reaction to be studied as a function of time, temperature, and material 
cr~vironment and was an expedient method for defog material in~m~tibj~~. 

The method has now become the standard tent for materMs izkompatibility although 
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Fig 8. Graphical compikation of thermal data for a 0_2W mg sampk of TNT; heating rate, I t *C 
min-1; carrier gas, air”‘_ I = DTA nuvc; 2 = pyrolysis curve; 3 = TNT zone; 4 = 2.6 and 
3.IDNT zone; 5 = 2,4-DNT zone; 6 = TNB zone; 7 = DNA zone; 8 = TNJ3-Of-E zone; 9 = 
tmidcntificd u)nc: 10 = -l-N& ZOWL (Reprinted with pcnnksion from the author and from R N_ 
Rogers, Gwnbbw~ P37oJH ad 7Xx-Layer CJwomatography. A MerhtxJfor de Study of Dewm- 
psi~ioon MecJkmi.. AnuJ~kuJ Cirmidq-, 39 (1967) 730_ Copyright by the American Chemical 
WY.1 

several subtle refinements such as elimination of the three-stage gas qhromatograph 
in favor of improved single stage instruments have evolved through extensive Iabora- 
tory use_ 

A GC determination of the explosion and decomposition gases of explosives 
has also been reported by Schubert and Volkxzo. A theoretical consideration of the 
chemistry of thermal decomposition was used to postulate probable product distribu- 

tions from the dissociation of organic nitrates. Techniques for determining these 
postulated decomposition products gas chromatographically were then discussed 
and evaluated. When the GC technique was applied to PETN at 140°C and nirro- 
cellulose at 132°C a change in product distribution as a function of the duration of 
decomposition was found to occur, 

GC was also used by Rauch and FanefIig5 to identify the products of de- 

composition of RDX in the temperature range of 207-227°C1 The GC analyses were 
supplemented by ultravioiet, infrared, and mass spectrometric measurements_ Other 
investigations utilizing GC for product analysis ir,cIude determination of theheat 
stability of pentolite by Urakawa and Masutomi124_ 

The thermal decomposition of ammonium perchlorate has been studied mass 

spectroscopicaIly by severai investigators. Heath and Maje@ found the d&composi- 



tion products to consist primarily of H=O, NO, NO,, 0, and Cl,, but Goshgarian 
and Walton’* found the major products to be H,O, NO, 02, Cl,, HCI, N,O, and NL. 
Maycock, et aJmT6 used isotopicaliy labeled * SNH,CI04 and found the same product 
distribution as Goshtin and Walton mt that the NO was determined to be a 
fwtation produczof N~0.AIatcrstudya7 used isotopically labeled NH,D._CiO, 
and a Knudsen cell to further clarify the product distribution_ 

Maycock and Pai Vernekerf5 have studied the decomposition of nitronium 

perchforate using mass spectroscopy_ The isothermal decomposition process was 
monitored with a Bendix ti~~f-~j~t m spectrometer which was gatcd ~muI~e- 
ously on five diff&rent chemical spccics as a function of time The experimental appara- 
tus is lliustrattd in Fig_ 9, The primary products wen: repotted to be O,, NO, and 
Cl, and kinetics; co&ants wet-c cah~~littcd for the formz~tion of these products- 

At Icast one paper dcscrhs the investigation of a pyrotechnic mixture by 
.mass -metric andysis in combination with other techniques” Is_ Simuitaneous 
.DTAJEGA experiments provided semiquantitative data on the thermal decomposition 
of a potassium chlorate&ctw mixture, 

D-+AL THERMAL ANALYSIS AND DI -4L SCAWWKi CALDRlMJ?TRY 

Diffmntial thermal analysis (DTA) and diffiz.rential scanning calorimetry 
CDSC) have been used to considerabic advantage in the study of the thermal properties 

0f~~p1osives~ Unique instrumentation suitable for the hazards and special problems 
presented by explosive materizds has been developed and described in the fiter&ure- 
Them& data generated by these techniques have +een used in appfications ranging 
from kinetic stFldies f.43 qwtity co&of to t&tbi@ Ef!sting_ 



-- 

fig- 10. Schematic diagram of the DTA apparatus designed by Bohon~_ (fCeprintcd w&h permission 
from the author and from R L- Bohon. Df$.krerrGd 77mmaf Am&s& of Explosis-es d Propdhrs 
Un&r Cbmrolld Amtwp/ier~. ArraljGcal Ctiry. 33 (1961) 1451- Copyxight by the Amexican 
chanical socic&y*) 

A thermist&zed DTA apparatus was described by Pakulak and Leonardgo and 
applied to the study of the thermal behavior of the nitrate esters of ceiiuIose and 
pentaerythritol. The thermistor bridge arrangement used in the instrument reportedly 
gave high sensitivity while maintaining acceptable reproducibility. DTA curves of 
cellulose, celhilose acetate, eeiIulose nitrate, pentaejfhritol, PETriN, Pw; and 
3,3-b%(nitratomethy!) oxetane whichwere generated by the instrument are reproduced 
in the article, . ,.. 

. . 
. . 



Bohon26 described a DTA apparatus design which stressed versatility, rugged- 
nlrs, chemical inertness to fhxorine-containing samples, and easy repIacement of 
thermocouples for use in studying expfosives and propeffants under controffed at- 
mospheres_ The system featured a tiny pressure tight constant volume bomb, the 
“f-p** celt, as well as “g-cup- cell with a porous metal cap_ The apparatus could 
sustain detonations and could operate at pressures of over 400 psig with intemd 
rempcratuns up to 5GWC. Construction de&Is for the apparatus are shown in Fig_ 10, 

Tecftniques for obtaining approximate heats of explosion on milligram quanti- 
ties of prop&ants and explosives using the instrument described above were reported 

by Bobon r z 5 The success of these techniques was mixed--singIe-eompound explosives 
which ignite and homogeneous double-base prop&ants generally yielded acceptable 

resuits, but composite, heterogeneous prop&ants produced less satisfactory results_ 
Problems encountered included errors introduazd by sampIe impurities, incomplete 
combustion, reaction with the cup, calibration errors, and small sample size necessi- 
tated by strength limitations of the container_ Still, the method gave surprisingIy good 
results for some materiaJs and seems to \\zrant consideration when sampIe quantities 

are limited and for prehminaw screening of new highIy energetic materials. 
High pressure DTA was used by David3” to study the reactions of dinitro- 

toluene and tolyIen&iaminc. A sample container design was descrii which would 
accommodate pressure changes up to 3WO psig at 50°C and couId be used with a 
standard DTA apparatus such as that marketed by the Robez% L. Stone Company- 
The cell was used to study the thermal stabirity of dinitrotoluene, the reduction 

tempratunz of dinitrotoIuene with Raney nickel, dccompositivn reactions of dir&row 

tolucnc with toIyI~~~rnjn~ and the param&ers aiigctjng the violent decomposition 
of reduction mixtures, 

Graybush et aI_ ” ha\-e reported modifications to the remote cell used in con- 
junction with the DuPont 900 DTA which alfows its utilization for the study of 
primary exphrsives The modifications were primarity concerned with achieving a 
vacuum of IF6 torr and protecting thermocouples from cxpostin: to stray thermaI 
currents_ The high vacuum aIIowed compkte removal of trace amounts of oxygen 
which wcm suspected of interfering with the decomposition reaction mechanisms of 
the cxplosi~~~_ when kad tide s;Fwrimcns were pkuxt in the modified cell at varying 
vacuum pressures prior to backtiiling and purging with helium, deformation of the 
cxotbcrmic trace was observed to occur as a function of pressure with peak shape 
becoming conSant at 1W6 torr- The articfrt reproduclcs curves for Iead a&de, lead 
azide doped with ferric halide lead styphnatc, mercury fufminatc, and potasrum 
dinitroHuroxan ahhourh only the lead azide data are discussed in any detail_ 

DuswMts9 described the aralysis of DSC (or DTA) curves of highly exothermic 
reactions to obtain useful information concerning the thermal properties of the 
material. It was suggcrtcd that comparison of “starting*” and maximum peak tempera- 
tures of two simiIar materials, for one of which the stability is known under the 
conditions in question, might dctcct gross differences, changes during stooge_ effects 
of soivent, and so forth- Another suggest& test consisted of heating a ‘portion of a 



19 

sampIe isothermaily for a period of time at an appropriate temperature, then de- 
composing it in tile DSC and comparing the decomposition exotherm with that of 
the untreated sampIe_ The difference between the two exotherms is a measure of the 
extent of decomposition at the isothermal temperature. Other topics discussed indude 
peak shape analysis, critical temperature determination, four different methods for 
obtaining kinetics data from DSC measurements, and experimental considerations 
such as sample characteristics and b&line positioning- 

The thermal behavior of solid pr5pdants was studied by Sammons” * ’ using 
DSC techniques, Activation energies for the thermal decomposition of a carboxy- 
te~inat~ polybutadiene binder, ammonium perchlorate, and a propellant were 
calculated using established kinetics procedures. A combustion model for solid state 
propellants was discussed and, based on the model, additives were selected that were 
likely to alter the temperature sensitivity of the bum rate. These preliminary studies 
indicated that DSC can be used as a tool for selection of additives to achieve variation 
in ballistic characteristics of a solid propellant_ 

Freeman and Andersona used DTA to investigate the effects of X-radiation 
on crystalline ammonium perchlorate. Two endotherms and one exotherm were 
recorded for irradiated sampIes prior to the crystal’tine t~ns~tion; these were not 
present in untreated samptes. Additionaf exotherms were also observed after the 

crystalline transition for the treated material. The DTA curves showed that irradiated 
samples displayed decomposition characteristics simiIar to ammonium perchlorate 
sublimate. Jt was postulated, with some experimental support, that. the presence of 
CJO; ion was responsible for the anomalous behavior of the irradiated sample. It 
was also nated that X-ray diffmcrion patterns and IK analysis did not indicate any 
differences between the treated and untreated materials. 

Compatibflity of highly energetic mate&Is with various polymers was studied 
by Reich9’ using DTA. Explosive materials such as CN, RDX, and HMX were 
mixed with various polymers including Teflon, polyethyfene, Epon 828, polymethyf- 
methacrylate, polyisobutylmethacrylate, etc., to determine effects on ignition sensi- 
tivity and/or thermal stability_ A novel kinetics method was developed and used in the 
interpretation and evaluation of DTA data obtained. A summary of the data obtained 
for CN and RDX is presented in Tabie 2, The calculated values of activation enerw 
and reaction order were used as indices for judging compatibiIity of the HEM with 
the polymeric materials. It is interesting to note in Table 2 that decomposing RDX 
in the presence of HMX (also a cyclonitramine) produced a decrease in the measured 
activation enerv from 80 to about 66 kcal mol-’ and a decrease in raction order 
from 0.8 to O-7. The study of the thermal ‘behavior of RDX-HMX mixtures WV& 
extended by Reich 9s Data from cyclic and non-cyclic heating programs indicated _ 
that soJid solutions of RDX-HMX occurred in the composition range of about 
55 to 83 weig@ percent RDX. These data were tised to construct approximate phase 
diagrams for the melting and decomposition of RDX-HMX mixtures_ 

l%e autoignition temperatures of some military high explosives were determined 
by a method using DTA data witJ~ a modified form of the Kissinger equations6_ By 
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obtaining DTA traces at several heating rates and extrapolating the related data to a 
near zero heating rate, reproducible autoignition temperatures were obtained for 
TNT (275”C), RDX fl97*C), PETN (16tY’C), and HMX (234”C). 

Warren and Wilsonr2* combined the: techniques of hot-stage microscopy and 
DSC to study the ~e~~~arnic properties of the esters of 2,4,6-trinitrobenzoic 
acid, Entropies of fusion and Q to p transition were calculated from the respective 
endotherms and correlated with alkyl chain lengh. 

Other studies which reported DTA data as a supplementary technique included 
a study of the explosive behavior of barium azide by Pai Verneker and Avramisp 
and a study of the heat stability of pentolite by Urakawa and Masutomi’24. DTA 
curves for several organic explosives were reported by Piazzig2 and an apparatus has 
been described for DTA studies of explosives which features an aluminum-foil- 
covered asbestos oven with a blow-off top and sample holders that disintegrate to 
dust upon detonation _ r2 DTA was used by Boddington et al.‘” to study pyrotechnic 
reactiora of tungsten-potassium dichromate- 

Perhaps the most active investigator of the thermal properties of explosives 
through the use of DSC techniques is R, N, Rogers of Los Alamos Scientilic Labora- 
tory. Numerous articles have appeared in the literature either authored or co-authored 
by Rogers which describe applications of DSC to explosives research with an-especi- 
ally significant contribution to thermal desomposition kinetics- Many of these 
articles are reviewed while others which do not explicitly mention explosives appliea- 
tions are neglected even though they have utility in explosives research. 

Rogers and Monisxo5 reported a method of estimating activation energies 
with a DSC Detailed procedures were outlined as well as helpful hints on technique 
and anticipation of potential problems that the investigator may encounter. Activation 
energies were calculated for HMX. RDX, tetryl, PETN, and KMnO,, pure and in 
solution, and were compared with previously reported literature values_ The primary 
advantages cited for their method of determining activation energies were the small 
sample size required and the fact that the DSC method negates the necessity to assume 
a pro~~ouatity between gas evolution rate and reaction rate as is done in gaso- 
metric determinations. 

Rogers and Smith’03 discussed a method of estimating pre-exponential factors 
from the DSC curve of an unweighed sample, The equation A = BEexp(-@‘RT_)i 
RT’ is developed where B is the heating rate, T_ is the temperature of maximum 
deflection, and E is the activation energy (calculated by the method described in 
ref- IfIS)_ Although the actual heating rate is not known accurately at the maximum 
with highly exothermic materiaIs, the value of ii is relatively insensitive to this 
parameter so that an estimated rate suffices for calculations_ The pre-exponential 
factors calculated for RDX, HMX, tetryl, and PETN using the method compared 
favorably with values obtained from alternative. sources. 

Differential scanning calorimetry has been suazessfully applied to the study 
of the chemical kinetics for simple homogeneous decomposition of a pure compound 
in a condensed phase r 06_ However, it was stmssed that kinetics theories developed 
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for DSC apply only if thc_reaction is first order- If the fraction of materid dccom- 

posed at T_ is not constant with difftrent heating rates, t&e reaction must be complex 
and does not conform to the kinetics mode&_ When the kinetics theories were applied 
to the thermal decomposition of RDX- both autocatafysis and inhibition were 
&ii&d since the caIculated activation energy both increased (inhibitor effij and 
decreased (cataIytic e&ct) in diff&ent regions of the DSC curve. 

The DSC determination of kinetics constants for systems that melt with de- 
composition was discuss& by Rogers *07- It was suggested that systems that melt 
with decomposition could be detected by one of several observations, namely: (I) the 
capillary melting point as a function of heating rate; (2) the size of the DTA or DSC 
melting endotherm as a function of heating rate; or (3) the decomposition rate curves 
show an induction period at temperatures below the nominal melting point. Kinetics 
curves corresponding to decomposition in the solid phase, the mixed solid and liquid 
phases, and the homogeneous liquid phase are illustrated in the article for cupfiion 
tosylate and HMX, 

A simplified dete~j~tion of rate constants by DSCwasdescribed by Rogers’ 6+ 
based on the fact that many explosives decompose in a homogeneous liquid phase 
which impiics a first order reaction, In such cases_ DSC yields rate data directly; this 
obviously simplifies the kinetics work_ Plots of the natural logarithm of the deflection 
from basciine in miIffmetefs versus time gave values for the rate constants for cup 
fcrron tosylate and HILfX from the measurcc! slope of the curve. The rate constant 
for the decomposition for HMX at 271 “C was calculated to be 04OI5 see-’ as 

compaxed with a value of O-00 J 3 set-’ calculated by more traditional methods, 
The observation that isothermal rate cumes determined for some compounds 

by DSC varied with the volume of the sample celi ied to a method for the determina- 
tion of *=por-phase kinetics data* ‘=. By integration of decomposition curves for 
RDX, the fraction of the original sampIe present,in the vapor phase at the instant 
the last liquid disappeazd was determined_ A Ctausius-CIapeyron plot was con- 
structed from these data with the slope being the hut of vaporization of the~om~und_ 
Arrhenius plots of RDX and HMX vapor-phase data were presented with calculated 
VaIucs of activation energies and preuponentiafs. The vapor phase technique also 
aifowed curreztions to be made to kinetics constants for reactions in the condensed 

P- - * I* In studying therm& decompositions, it is usually assumed that DSC recorder 
deflection is due to reactions in the condensed phase when in fact, there are usually 
vapor phase decomposition contributions. Rogers discussed techniques to establish 
an accurate baseline to compensate for the vapor phasecontribution and demonstrated 
the corrected cahzulation for RDX, 

DSC was used in combination with X-ray data and microscopy lo establish 
crystal imperfeaions as the source of anomalous behavior in the heat of fusion of 
PETN recrystallized by different methods* *3_ Microscopy showed at least three 
gcneraf crystal habits of PEfN: (I ) “tetragonai’g showing characteristic apex an@es 
and Iittfe evidence of strain; (2) “needle” having reentrant cavities from the ends 
andlor a high r~~-t~~d~ ratio; and (3) %qerfine” composed fargcly of irreguhr 
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TABLE 3 

HEAlS OF FUSSON OF DSFFEREA 7 PETas CRVSTAL HA%rrs~ 

--. I___ -____I-___-I 

superhe 
25-9 4700 31*7iO.l 

4300 3SJgxz 
333=JO.2 

Needle 
3250 36.5 F 0.3 

25-159= 37_0*0_1 
25-81 16400 36_6&0_3 
2%57= 18600 37_7_ 12 

TctragonaI 
RPS-3515 loal 36.8 10.4 
DE2 Ioal 36.5 210.5 
Single aysmls 37.4 fi 0.3 

___-. ._.. --.- _ __^... -.____- __.._____ .._---.~__-.- ____- __, -_-_-_ __- 

m Table 3 reprinted from ref_ I I3 with permission from the authors and 77rermochimica Arra. 
b DetamWd by gas pcrmdiliiy. 
C Pmpmcd by rcprccipitation of supcfine 2689. 

plates- The heats of fusion for these forms are given in Table 3. Factors investigated 
include the effect of precipitation temperature and of sample purity on AHr- The 
formation of a metastabte poIymorph, PETN II, was studied and crystal orientations 
were discussed, Differences in the heat of fusion were attributed to the lattice ener,ey 
increase resulting from random inclusion within the lattice of inverted and strained 
PMTN mofecufes, 

Rogers has also reported using DSC data to caIcuIate the lowest temperature 
(criticaS temperature, T,) at which any specific size and shape ofexplosive composition 
y self-heat to explosion and correlated these data with time-to-explosion tests’ OS_ 

TtiERMOGRAVtMEIRY 

While thermogravimetry (TG) can proside useful data relating to the thermai 
properties of explosives, there is a surprising scarcity of experimental studies based 
soIeIy on this technique, Many papers include TG in combination with other thermal 
methods but few papers have been published describing specialized apparatus or 
techniques as are available for DTA_ Therefore, those few papers devoted exclusively 
to TG are d&cussed in this section, but the majority of the TG work will be discussed 
in the next section on TG-DTA techniques. 

Cook and Abegg3’ presented a method empioying the direct measuremen;of 
weight toss by use of a sensitive quartz spring balance to study the i+otherm,& de-. 
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composition of explosives. The method assumed that weight loss resulted only from 

decomposition and was thus applicable only for systems where the vapor pressure 
was su!ikicnt!y low that no appreciable weight was lost from vaporization. Expcri- 

mental values were determined for precxponcntia! factors and activation enersics 
of the decomposition process by applying a least-squares tit to experimental log k’(T) 
vs. IjTcurves. Ammonium niiwte, PETN. EDNA, tetry!. hydrazinc nitrate, and TNT 
were studied. For the decomposition of TNT in the temperature interval of 250 to 
301 “C. there was no mmureable vapor phase decomposition-only liquid phase 

decomposition. Comparisons of calculated kinetics values with previously reported 

values were generally rather poor. Autocatalysis was thought to bc appreciable for 
some substances at the higher tcmpewturcs of the cxperiment- 

The sublimation of ammonium perchlorate was studied by Jacobs and Russcll- 
Jom&’ using a Stanton thermo_q.ravimetric balance. Calculations of activation energy 
for the decomposition of ammonium pcrchloratc in the temperature range of 304- 

375@C indicated that _--phase reactions were ratedetermining. so that weight loss 
measurements wcrc attributable to a sublimation process. The sublimation process 
was fGund io fit the equation 

I - (I _ a)‘;? .Y: kf 

where u is fractional decomposition, 7 ..-’ 2 or 3. k is the rate constant, and f is time. 

B.ased on a theorcfica! mode!. ancthcr more complex expression was derived and 
c-ted with experimental data_ The eva!Joracion coefficient varied from about 4 x IO -’ 
for sublinratiou iu vacua to about 5 x IO-’ for sublimation under one atmosphere. 
The c!lemiStry of the sublimation process was also discussed. 

Thermognvimccric solid decomposition results for isothiocyanatopcntomminc- 
coba!t(!!!) perchlorate (ICC!‘) wcrr analyzed by ;I gzomctric mode! based upon 
srowine spherical nuclei and burning sphcrc rclalions 99 Activation cncr$ies were _ 

calculated from the TG curves in air and in vacua. 

Although both TG and DTA are extremely useful in the study of thermal 
dccomtposicion. each technique has limitations with regard to the physical processes 
that can bc okrvcd. Therefore. a common pncticc has ken to combine the two 
techniques to furnish complementary data for a more complete view of thermal 
occurrences. Combination of TG-DTA with yet another technique such *as evolved 

gas ana!_vsis is also king used to provide an even wider perspective of the thermal 
processes. Althou@ several combined techniques have already been discussed, this 

section is devofed exclusively co combined TG-DTA as applied to explosive com- 
pounds. 

In 1957, Hogan and Gordon”’ reported a study cf the thermal properties of a 

b;lrium peroxide-magnesium-calcium resinate system using TG and DTA. However, 
10 prevent damage to the instrument. only the individual ingrcdicnts rather than the 



Fig. 1 I _ Diffcrcntial rhcrmal anat>=& curies for pcxautum pcrchtoraic. barium IIII~JIC, and a pcxts- 
sium perchlorate-&rium nitrate binary mixlure as reported by Hogan and Gordon‘s’. Huting rate 
is 15 ‘C min-’ and sample size is 4 g_ (Keprinied Mith pcrmwion from the au?hors and from V. 0, 
Hogan. S_ Gordon and C. Campbell. Di/icr~nrial Thermal AnaIpis and Tirrrrri~~~rror~rr~rrr~ Applied 
10 Porassium I~erchlorcr~Alumi-~r~~rn iWrote Mixlurev, Anal_hkal C.Xemisrr_t-. 19 ( 1957) 506. 
Cog-&&t by rhc Amcriun Chcmiut Sw5ery.t 

mixture were run on the thcrmobalance. TG curves shawcd a weight loss corre- 
sponding to the loss of one atom of oxygen from Ra0, at 6W”CI n conrinuous weight 
gain beginning at 600°C with changes in S/O~XF at 650 and 675-C for rnagncsium, and 
a continuous weight loss from 1 IO to 560°C with a change in slope in Lhe 350 to 450°C 
region for calcium rfsinate. The DTA curves showed no thermal efkcts for RaO,. 
an exothcrm beginning at 496°C followed by the fusion endotherm at 637°C and a 
second cxotherm for magnesium, and an cndotherrn at 211cC followed by several 
changes in baseline for calcium resinate. DTA curves for hfg-BaCI,, Mg-CaR,, 
BaO,-CaR,. and BaQ,-Ng-.CaR2 systems were also obtained and discussed. From 
the data, it was concluded that ignitions involving calcium resinate occur after it has 
begun to decompose but before any of the other ingredients undergo any Ulcrmal 
reactions. Time-to-ignition data were also obtained and showed that the thermal 
degradation products of calcium rcsiuate vary with temperature and Jctcrminc the 
ignition parameters for compositions containing this material. 

TG and DTA were also used to characteriirc a series of potassium pcrchloratc- 
aluminum-barium nitrate mixtures “ TG cu;rycs for the individual oxidants and a . 
series of potassium perchloratobarium nitrate binary mixtures were reported_ The 
curves for potassium perchlorate and barium nitrate show stoichiometric decomposi- 
tion to potassium chloride and barium oxide at about 6tXl and CSOT, rcspc-ctivcly. 
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The DTA curves obtained for the oxidants are shown in fig 11, TG curves of the 
ternary mixtures exhibited weight losses equivalent to the quantitative decomposition 
of potassium per&orate to potassium chloride at about 540°C and a further IOS 
due to decompositkn of the nitrate ion. The DTA curve for the ternary mixture 
fschibited the porassium pfzhlorate transition, the fusion of the eutectic mixture of 
KGfO, and &NO, at 465V, the fusion of duminum, and the decomposition of 
nitrate ion- 

Campbell and Weingarteen29 studied the ignition and combustion reactions of 
black powder using TG and DTA. DTA curves were obtained for each of the in- 
gre&ents and then for the black powder mixture- Overlapping endothermal bands 
from the crystalline transition of potassium nitrate, transition and fusion of sufphur, 
and the vzqwz-bation of volatiife matter from the charcoal were resolved in the DTA 
curve for black paw&x_ The TG curves showed a sQlxt we@2 loss beginning at 
250°C folfowed by an extremeiy rapid weight toss at 27SQC due to ignition, AI1 
passibfe binary combinations of the ingredients were a&o examined by DTA and TG. 
These data showed that an exothermal reaction between sulfur and potassium nitrate 
occurred at the temperature at which black powder ignites and that there is no heat 
evolution from a pre-igdion z-wcfion befwwn nuJten sulfur and the oxyhydro- 
carbons present in the charcoal as proposed by Bfackwootf and J30wdena2_ 

DTA and TC studies of some salts of grranidiae and t&ted compounds have 
rz been reported by Fauth _ For six picrates examined, the order of increasing thermal 

stability under rapid heating rates was determined to be hydra&e > aminoguanidine 
> N-methy&anidine z+ guanylurea 3 N-ethylguanidine > guanidine- The styph- 
natcs were o&w-wed to detonate with the relative stability in terms of increasing 
temperature of detonation being hydra&e > N-methyfguanidine > Nethyl- 
guanidine > guaaidine s guanyfurea =r aminoguanidiue_ 

.A wide mriety of military explosives were analyzed by TG and DTA in order 
to establish the fc=asibility of developing thermal stability tests utiiizing the tech- 
niq?.lcs7*_ DTA and TG curves were given- along with some interpretation, for twelve 
diffirmt exptosive mat&& The use of derivative DTA was r#xrmmended to im- 
prove resotution of points of inficction and ciarify tie tcmpaatufeat which the therm& 
event occurs 

The therm& decomposition reaction of ammonium perchkxate afler irradiation 
with X-rays and r-rays was monitored in DTA and TC; experiments cwnduczd under 
ambient anCr reduced pressure by Freeman et al_*- 45. Four principal changes in the 
details of the decomposition of ammonium perchlorate due to pre-irradiation we= 
fisted as: (I) more extensive reaction prior to and during crystalline transition: 
(22) highly exothermal decomposition immediateIy following crystalline transition: 
(3) mure extensive feactioR over the temperature range of 310 to 38SQG; and (4) a 
decrease in the extent of r&c final stage of decomposition at temperatures higher than 
385°C. The impon of the various stages of reaction m found to be a function 
of radiation exposun: dose- It was suggest& that the rsdiatiian praduccs positive 
holes which favor an &c&on transfer mechanism of decomposition_ 



Scanes” I8 has applied DTA-TG to the study of pyrotechnic compositions 
containing potassium chlorate and Iacto~~ The compositions were examined under a 
variety of conditions and it vlras determined that the most signifkant peaks ia the 

I)TA curve were exotherms at about 2fXPC, corresponding tu the fusion of lactose, 
and at about PWC, corresponding to the oxidation of the organic residues, The 
tendency of the composition toward explosion was demonstrated to be a function 
of heating. rate and temperature. Mass spectrometric gas analysis was also performed 
to complement the DTA-TG data. 

SimuItancous DTA-TG wan used by Pai Vemeker and Maycocks to charac- 
ter& the explosivity of lead azide, The TG curve was used to distinguish between 
decomposition and detonation since decomposition gives a mass toss of 25 to 30% 
while detonation gives a HW$/~ mass toss- It %vas shown that a critical mass was 
neteuafy for detonation and that increased heating rates lead to detonation. Examina- 
tion of the DTA data generated on samples ased for various time intervals at different 
temperatures revealed a small exotherm which sometimes occurred around 12O”C, 
was independent of the system in which PbN6 was stored, and wx never observed 
after four we&s of storage_ Sever& possible explanations were offered although the 
effkct was not further investigated. Reactivity changes as a function of aging u-ere 
inYestie;ared in three, different ways: the tbe~o~~~~rn~t~c method, tvhich can 
differentiate between decomposition and detonation, as a function of heating rate; 
the DTA method afshift in the exorhex-m temperature: and the DTA method whereby 
sensitivity in arbitrary units was defined as the height of tbe exotherm over the half 
width. Copper was found to desensitize the decomposition reaction in rhe initial 
four weeks after which a sensitization was observed, 

Simultaneous TG-DTA techniques have aIso been used to determine the 
characteristics af the decomposition of nitronium perchtorate’g_ The three-step 
weish$ ioss was deduced to follow the reaction steps: 

An endotherm peaking at 156% which was not asstiated with a weight 10s~ was 
observed and attributed to a crystal phase change in nitronium perchtorate, 

An endotherm at 19f)-200°C and an exotherm accompanied by a sharp weighfit 
ioss at. 29@-%IO”C was reveakd by the TG-DTA curves for WMX’O. The endotherm 
was attributed to the crystal phase change of monoclinic @-HMX going to hexagonat 
&HMX_ TherrW cycling around the transition temperature showed that the con- 
version pra was irreversible, 

Simultaneous TG-DTA hz+ been used in conjunction with other teehnr’ques 
such as pressure-time measurements, visible range absorption _spetztroscopy,- and 
ekctrkai cunduct%ty b study the rok of point defects in the thermal d~orn~s~~on 
if ~monjum perMorateTf, 
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The study of the thermochemistry of explosives has provided a plethora of 
unusual special purpose techniques and inszrumentation to generate data OD thermal 
be!ztvior_ Therefore, this se&on is a catch-all in which widely diverse studies will be 
described, But the central theme of all the studies is the same--to obtain information 
on the thermal behavior of explosive materials in a safe, scientifically acceptable 

manner_ 
I R techniques have been used with some success in the study of exph+es_ The 

thermal decomposition of di-t-butyl peroxide (DTBP) and some nitrate esters was 
studied by heating a dispersion of the material in potassium halide pellets and 
monitoring changes in the IR spe~tra’~_ The gradual disappearance of the o-0 

stretch at 875 cm-’ was used to calculate rate constants for the decomposition of 
the DTBP, An activation energy of 38 kcaI rnor’ was calculated as compared with 
39-I keel mop’ previously rcporfcd for the gas phase decomposition_ In the de- 
composition of n&ate esters, it was found that NOX (X = Cl or Br) is formed by 
reaction of the KX matrix and NO, formed from the homoSytic cleavage of the 
R&NO= bond- The thermal decomposition of NO; formed by the heterolytic 

cleavage of the R-ONOz bond in KX was asses& by considering the free enere 
of possible reactions and studying the o.xygen donor-acceptor tendencies for various 
specie?i_ 

The aikaii metal halide matrix technique has alsO beeu used by Hartman and 
Musx? in their study of the thermal decomposition of oitro~ycerin. Pressed disks 

of the matrix material and nitroglycerin were heated %othermaIIy with the iR spec- 

trum recorded at specified intervals- As the nitroglycerin bands decreased, product 
bands due to ionic nitrate, carbon dioxide, formaldehyde, water, and me&stable 
products or intermediates appeared in the spectrum_ Effects due to differences in 
matrix material were discussed and it was pointed out that the matrix acts as a scav- 

enger for reactive intcrmcdiata- Two possible problems were noted for the technique: 
(I ) diffusion of products from the pellet, and (2) reactions with the matrix material, 
Decomposition kinetics constants were ca!culateci and a mechanistic description of 
the dissociation process was considered. 

An IR invesfig&on of ammonium nitrate melts showed that the melts had an 
ionogeneous character, in which the ammonium could not move freely, probably 
bexause of hydrogen bridges 6g_ The melts were contained in Pyrex cells with silver 
chloride windows at 215°C The spectra of the gas phaseshowed an immediate increase 

In the partial pressure of ammonia as decomposition began foIlowed by a pressure 
decrease and the formation of N,O_ The HMO, and HI0 pressures increased slowly 

and NO, was formed later in the reaction. Based on these qualitative observations, 
a rather complex dissociation mechanism was proposed, 

An apparatus has E designad to automatically measure the time-to-explosion 
for HEM and is shown schematically in Fig. 1259. The explosive is placed in a copper 

cyhnder which is quickly immersed into a thermostated Wood’s metal-bath. The 
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figure C?_ Diagram of the time-to-expbshs aQQaratuS dewelope& by Ha&in and Icicciff3*- 
A = Irnpttke ~unu?r and interval limcr: B = sIegdoun transfomw; C - mercury thermometer; 
D = Wood-s mctal-kd; E = bohw copper cyhda; F = w&e conncdng bath and timer_ (Re- 
prinwd with pamriaion from the authors and from H. Hcnkin and R- .M&ill, RrrrcJ of &xpJusk 
Decomposiiicm of EkpJ~siws. Iirduzrriol and Enginrerinig CkmJstry, 44 (1952) 1391_ Copyright by the 
American chunbzll !Socicty,) 

instant the cylinder touches the molten metal, electrical contact is made which 
initiates the impulse counter until the expiosion of the sample btows off the cap and 
interrupts the electrica circuit, Data obtained by this method are illustrated in Table 4, 

Rogers’ OS described a modified time-to-expfosion method utilizing the apparatus 
in Fig_ 13. The apparatus encloses the metai-bath and is thus safer to the operator_ 
Comparisons of critical temperatures in standard gilding-metal bfasting cap shells 
and in aluminum cells showed that several explosives, TATB, DATB, and BTF, were 
incompatible with the @ding-metal ceIIs_ Experimentai data were compared with 
c&Mated critical temperature values based upon kinetics constants obtained from 
DSC curves and substituted into the equation 

where T, is the &t&I temperatuns, R is the gas constant, u is a geometric factor, p 
is the density, Q is the heat of reaction during the self-heating process, 2 is the pre- 
exponential, Eis the activation energy, E is the thermai conductivity, and 6 is the shape 
factor- Comparison of the experimental and theoretic& critical temperatures for 
several exptosives are shown in Tabfe 5 

Rogers’ Og described the use of time-to-explosion data to detect incompatihiIity 
in explosive systems through significant decreases in the critical temperature of the 
pure: exptosive and shorter time-to-explosion after addition of the material in question_ 
The low temperature, long exp?osioa time @on of the thermal initiation curve was 
considered of primary importance. Hazardous mixtures identified by the method 
included ammonium nitrate-zinc powder and HMX-RDX. 
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350 
324 
272 
256 
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1.03 
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No explosion 
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1.45 
I-45 

No ex@osion 

3% 

z 

zi 
229 
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No aplosion 
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0.100 
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41-f 
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440 

1200 
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0,143 
a442 

4.20 
8.17 

13.7 
21.5 
7&5 

:zi 
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TABLE 4 (continued) 

Temp. Exprosion 
(“CJ rime 

(see) 

Thnp. fipiosion 
(‘C) rime 

fsed 

251 O-450 
232 OJ53 
221 O-750 
192 208 
180 4-88 
176 6-80 
169 135 
162 37.1 
158 120 
149 793 
142 No explosion 

277 26.3 
273 29-6 
267 SO-3 
260 No explosion 

_- _---- -_ 

1 Table 4 is reprinted with permission from the authors and from H. Henkin and R. McGill, Rorcs 
of Explosive Decompaihm of fiplosires. Indiuflriol and Engineering Chemidry. 44 (1952) I39 I _ 
Copyright by the American Chemical society_ 

fig_ 13, Expaimental assembly for the time-tc~xplusion test as described by RogersI-_ A = 
cartridge heaters (three); B = top assembly, bolted to base; C = sampIe-azll holder assembly. the 
sampk cell being insulated from the hoIda with a band of giass tape around its top; D = sampie- 
aII-holdcr pivot arm, allows cell and holder to be imcrted into the lower assembly remotely; E = 
mefa!-bath contaioa, made from mild steel for stabiiity with molten meta1; F = sample CC& G = 
sampk cell support pedestal, kngth adjusted according to length of sample c&l_ (Fbprinted from 
ref. 108 with perm&sion from the author and Xhcmru&mi?a Acfa.) 

Time-to-explosion measurements were used to determine the effects of various 
adsorbates on the explosive decomposition of RDX30, It was found that neither a 

radical nor an ion scavenger in contact with RDX as a gas or adsorbate produced an 
effkct on the activation energy relative to vacuum-exposed material. Shifts in the_:&& 
curves were found to be independent of chemical processes and were solely a function 

of the physical adsorption of vapors. I+sorption of the acjsorbea vapors r&tided 
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Hi\ilX 
RDX 

PE-IN 
TATS 
DATFS 

NQ 
PAT0 

its-B5 
X5-217 
287-289 
2m-203 
331-332 
32s323 
24s2!5i 
mO-20s 
2sOGS2 
320-321 

253 O-033 lJ?l 
217 0.035 1.72 
291 O-038 1.57 
1% 01141 I-74 
334 o-033 I.&Q 
323 01135 1.74 
275 0.033 1.81. 
20s 0,039 I -63 
2s O-037 I -70 
316 0,037 I -65 

5 x w= 52.7 711 
2_02x1ou 47-l 25 
251 % IO” M-4 5-O 
63 x IO” 47-O 6-O 
3-18 x W’ 59.9 IO.0 
l-17 x IO= 46.3 6-O 
AI1 x IOJ= 37.2 
2s x 10; 2Q2 ;: 
IJI x 10’0 322 3-O 
l-53 Y It)) 30.3 50 

* ReprintaS from ref. IUS =+h pamission from the author and 77wrmocfCjnica Acra_ 

the onset of initiation due to the endothcrmicity of the process and, therefore, shifted 
rate curves toward longer times to explosion, Jime-toexplosion data have also been 

reported, in combination with data from other thermal techniques, in papers by Pai 
Verneker and A-is9 and by Popolatoga. 

‘lime-to-explosion measurements were made for severaJ explosives under static 

pnssures up to 50 Kbar at various temperatures7’_ PETN and HMX showed in- 
hibition with increasing pressure as evidenced by a reduction in the rate of de- 

composition while TNT showed no effect from the pressure increase_ A diamond 

high-pressure IR cell was used to obtain spectra of the thermal decomposition of 
nitromcthane, Band shifts were noted with increasing pressure which were attributed 
to stronger hydrogen bonds between the methyl group and neighboring nitro groups 
and to the contraction of certain bond lengths. 

A rather unique method for studying the behavior of explosives at temperatures 
between uwl and looO”C was developed by Wenogtad130, The explosive was Ioaded 

into fine hypodermic needfe tubing which was heated essentialiy instantaneousIy by a 
capacitor discharge_ lhe temperature and explosive event was recorded by monitoring 
the resktance of the tube and using the temperature coefficient of resistance of the 
material to determine the temperature. TJre osciJIographic output obtained by the 
method is iliustrated by the record of expksion of a TNETB sample in Fig. 14. The 
explosives studied showed time delays varying between 50 msec and 50 e. Using 
the temperature at which a time-to-explosion of 250 w was obtained as the critica 

temperatureof the exptosive, a plot of critical temperature as a function of impact 
sensitivities was made With the ucception of tchyi and DNITB, the data fit a smooth 

curve fairly weIL 
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fig_ 14 Ckciilographic ma~rd of acplosion of TNETB sample using the method of Wamgrad~~. 
(fkprinted from rcf, 130 with permission from tftc author and The Factday Society.) 

A theoretical treatment of thermai initiation has been developed by Zinn and 
NaderE3’ * Numerical solutions were obtained for non-linear heat conduction equations 
arising in the theory of thermal explosions and explosion times were calculated for 
several explosive materials assuming various geometric sample shapes_ Experimental 
explosion time data for most explosives were in reasonable a_meement with theoretical 
values. The steady-state heat conduction equation obeyed by explosive materials was 
also studied ma~emati~ty by BaiIey13 in order to be able to guarantee the existence_ 
of steady-state solutions when the boundary temperature is low enough, and to obtain 
information about the onset of thermal instability. 

The theoretical development of the thermal initiation of explosives was later 
extended by Zinn and Rogers’35 to in&de the effects of pressure accumulation and 
reactant depletion. Time-to-explosion measurements were made for several explosives 
and results were compared with theory and with previously published data. All data 
werez in reasonably close agreement with the calculations_ The determination of rate 

parameters for the decomposition of TNT from the experimental time-to-explosion 
data was also discussed. 

The effect of particle-size distribution on the thermal decomposition of cr-lead 
azide was studied by Hutchinson et aL6’ usins a gravimetric method_ Decomposition 
was monitored by continuously weighing activated charcoal which was maintained at 
liquid nitrogen temperatures and adsorbed the nitrogen released from the reaction_ 
The decomposition data, recorded as weight of released nitrogen adsorbed on the 
charcoal vs. time, were transformed into rate curves, A model of lead azide de- 
composition was discussed which exhibited a ftir degree of correlation with experi- 
mental results, The data showed that fine particks decomposed at a faster rate than 
coarse particles and that the explosive decomposition yieIded a stoichiometric quantity 
of nitrogen confirming fead and nitrogen *gas as the products- 

Dacons et aI_” studied the decomposition of TNT by heating at 200°C for 
16 h in air and then analyzing the residues. The residues were dissolved in hot benzene 
and separated by column chromatography- At least 25 discrete species were indicated 
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by the chromato~phic process; in addition, a polymeric material of indelSte 
composition and insoluble in hot benzene was also observed, It was also noted that 

no trinitrobcnzene was detected although Rogers”’ has identified TN8 as the 
primary TNT decomposition product between 233 and ?85”C. A number of possible 

explanations were off’ for the contnsting results of the two investigations_ 
The infIuence of high pressure on thermal explosion and the decomposition 

and detonation ofsingle crystak has been investigated by Bowden et aLzs_ The data 
for high-pressure studies indicated that the effect of pressure on the thermal de- 
composition of PJZI$ cyanuric triazide. and lead azide was small but caused a slight 
reduction in the rate of decomposition, A high-speed cini microscope was used in the 
second part of the study to follow the cambustiun and explosion of singk crystals 
of silver tide, thalloirs a&de, mercury fulminate, lead styphnate, trioitrotriazido- 
benzene and cyanuric triazide. Burning speeds were determined and physkal efk&s 
such as propagation of cracks ahead of the flame front were described_ The experi- 
ments indicated that the explosion of crystals is not a uniform process and demon- 
srrarcd that increases in crystal size or initial temperature lead to increased burning 
rates. 

The combustion of ethyl nitrate was studied by Needham and Pawlings4 by 
stabiking an ethyl nitrate flame on a burner and sampling the &me with a fine 
silica probe. The products were coIkct& in a trap at -SOT, fractionally distilled, 
and identified by IR spectroscopy_ Products identifsed include HzO, CO, NO, CHI, 

CO,, C,H,, N,O. CH,ONO, CH,NO,, CH,OH, H&O, CH,CHO, HCN, CzHt, 
Hz, NI, and more compkx materiak Reactions were discussed to account for the 
product distribution. 

The heats of reaction of a number of mixtures containing potassium chlorate 
and lactose have been determined by bomb calorimetrys 19_ The maximum heat of 
reaction was obtained for a mixture of 74% potassium chlorate-26% lactose_ 
Stoichiometric equations were considered for various mixtures and correlated with 
the measured heats of rezrion. Heats of reaction of potassium chlorate with various 

other fuels were aiso determined calorimetrically and found to show little variation_ 

Therefore, heat of reaction cannot be the sole criterion when sekcting a fuel. 
The thermal stabilities of HNAB and HNB were studied by Hoffsommer and 

Feiffcr”’ in the temperature range of 215 to 280°C by anaIysis for undecomposed 
explosive_ TLC was used to measure the residual explosive. HNAB &composed at 

1.3% per hour at 230°C. about 18 times faster than HNB, and 60% per hour at 280°C. 
about 4 times faster than HNB, 

A high-heating-rate thermoanalytical technique has been reported for use in the 
study of propellants ” Samples were prepared as thin films whirh were uniformly _ 
hcatcd by radiant energy on one side while the temperature of the opposite side was 
monitoi#1 by a rapid response IR detector, Heating rates of SO to 300°C se& were 
used. The IR detector output was digitized, converted into time-temperature results 
by use ofmlibration data., and reduced to a fwm similar to DTAcurves bydXeren&g 
the experimental vah~~ a@nst a hypotheticaI inert sample, 
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The effusion prvcess of measuring vapor pressure developed by Knudsen has 
hezen used to determine the enery of activation of the decomposition of cefiulose 
nitrate6’- Other studies on the thermai behavior of explosives include a deription 
of an improved apparatus and technique for the measurement of the vacuum stab%ty 
of explosives at efevated temperatures‘* 5 and measurements of the electricaS con- 
ductance of KCEO, and KC10,-primary expfosive mix&m to determine thermal 
stabiGty’-T’ * A study which compares theotetica! burn madeis to experimental data 
for some composite rocket propellants has been performed by MihIfeithS3_ 

ACK?Gow#_EDG~~T 

The authors wish to thank Joseph S. Madachy for his invaluable assistance in 
preparing this review for publication. 

CCRWLWXX!3 

Although the general areas of study within the broad field encompassing the 
thermochemistry of explosives have been mentioned, many significant studies were 

regrettably nc@ected. Almost all of the considerable quantity of thermal work 
emanating from the Russian schoul of thermal analysis has heen neglected due to the 
inaccessibility of much of the work and the language barrier- However, translated 
a&tracts indicate a considerable effort toward the elucidation of the thermat behavior 
af explosives by AndreyevEW9, Befyayev”, Boholevz3, Gvrbunovse5’, Grishi~“~, 
Rayevskiy9&, Svetfov’ 232 and many more investigators. Many studies which were 
performed for the military were also omitted because af classification problems or 
inaccessibility- There was also the probfem of defining an explosive in a su%ciently 

general manner to demonstrate the significant techniques without having to review 
the major portion of the chemica\ IiteratuFe. White numerous explosives were not 
mentioned, several compositions not normaJIy regarded as explosives in the traditional 
sense, such as some of the pyrotechnic mixtures and propeiiants, were included due 
to their rising importance. 

R_CEs 
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