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I Objectives
. The research summarized in this final report of AFOSR-89-
. 0521 covers the period of October 1, 1989 to September 30, 1993. )
The objective in the first year was to characterize the rapid
thermal decomposition of hexanitrohexaazaisowurtzitane (HNIW or
TC1-20). The remaining three years of work were devoted to )
surmounting one of the major barriers that exists in describing
the coﬁbustion of solid rocket propellants. This prcblem is the
experimental characterization of the ~hemical reactions that ‘ )
exist in the surface zone (melt and/or foam layer) during
combustion. Determination of these chemical reactions cannot be
made with the flame present because the surface zone is too thin ,
and too heterogeneous to study by spectroscopic techniques.

The major processes that need to be defined in the surface
reaction zone are the initial decomposition reactions of the
constituent molecules and the first strongly exothermic reaction,
These two chemical processes play a major role in determining the
flame structure and the burn rate.

The bnpject has required unique and original experimental
techniques to be developed that combine infrared spectroscopy and

Mheat—flow measurements. The experiments are performed at high
heating rates to high and constant temperature. The most
powerful of our new methods is T-jump/FTIR spectroscopy. A
second techhique involves the simultaneous measurement of the
mass change and temperature change of the condensed phase along
with the IR spectrum of the gaseous products that leave the

surface (SMATCH/FTIR spectroscopy).
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The compounds selected for study include those that
currently have or in the future will have important application
in Air Force rocket propulsion systems. These compounds are .
shown in Figure 1.
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II. Major Accomplishments

A. Development of New Fast Thermolysis Techniques.

Two new techniques based on fast heating of a fiim of

sample to a high temperature combined with rapid-scan Fourier

transform infrared spectroscopy were developed. These are called

SMATCH/FTIR and T-jump/FTIR spectroscopy.

T-jump/FTIR

spectroscopy is the most widely applicable, and efforts are being

made in a number of other laboratories to adopt this technique

for combustion research.

B. Validation that a Rapidly Heated Film of Sample is the

"Snapshot" View of the Burning Surface.

The regression rates for selected energetic materials:

calculated from fast thermolysis of a 5Oum thick film by

SMATCH/FTIR spectroscopy closely resemble the regression rates

measured on the bulk material in a strand burner at the same

pressure. As shown in Table 1, this iS true for NC, HMX, RDX,

DNNC. GAP, and AP.

Table 1.

Burn Rate Comparisons

r, mm/sec (1 atm)

Compound SMATCH Strand burner

_ AP 0.16 Q.25 |
HMX 0.37 0.5
RDX 0.38 . 0.38
DNNC 0.27 0.27

138N NC 2.3 0.4

GAP

,Qg
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C. Determination of the Major Decomposition Pathways and
the First Strongly Exothermic Reaction in the Surface
Reaction Zone. . ®
By usiqg T-jump/FTIR spectroscopy, the chemistry of a &)
simulated surface reaction zone of many of the materials in
Figure 1 was characterized. Of particular interest is the semi- ®
global decomposition reactions of the parent molecule leading to
the initial products (Table 2). These initial products become
the reactants for the first strongly exothermic reaction which ®
dominates in releasing heat in the bubbles and voids in the
surface zone. This reaction strongly influences the burn rate of _
the material. ®
!
e ———————————§ {
Table 2. A Summary of the Major Initial Decomposition 3
Products and the Reactants for the First Large ;
Heat Generation Reaction 3
Compound Initial Products Heat Generation Reaction (] o 4
1
HMX CH,0 + N,0 + NO, + HCN CH,0 + NO,
RDX ]
AN NH, + NO, + HNO, NH, + NO,
DNNC Complicated but CH,O + NO,
similar to HMX and
RDX
NH,, HClO, HNO + HCO, »
RN + N, RN decomposition
IIX. Publications (Papers attached as appendices) »
1. T. B. Brill and P. J. Brush, “Temperature Dependence of the
Rapid Thermal Decompasition of Nitramines," Proc. 22nd
rnatj , he ICT, Karlsruhe, FRG, July,
1991' p 12"1-
L
4
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Federation of Analytical Chemistry and Spectroscopy Societies
Meeting, Chicago, IL, October, 1989. (SMATCH/FTIR lecture
presented)

SNPE - LeBouchet, France, January, 1990. (invited fast
thermolysis lecture)

DRET - Paris, France, January, 1990. (invited fast
thermolysis lecture)

Franco-German Research Institute (ISL), St. Louis, France,
Jan., 1990. (invited fast thermolysis lecture)

American Defense Preparedness Association Meeting, Virginia
Beach, VA, March, 1990. (invited fast heat-and-hold lecture)

Lawrence Livermore National Lab, April, 1990. (heat transfer
in energetic materials discussed)

Los Alamos National Lab, May, 1990. (invited fast
thermolysis lecture)

AFOSR/ONR Rocket Propulsion Meeting, June, 1990.

French-US Information Exchange on CL-20, China Lake, CA,
June, 1990. (invited lecture on decomposition of CL~-20)

Gordon Conference on “Chemistry of Energetic MaterialsY,
June, 1990. (chaired conference)

International Combustion Symposium, Orleans, France, July,
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Zhongshan University, Guangzhou, Peoples Republic of China,
November, 1990 (3 invited lectures on energetic materioals).

Third Research Center, Japan Defense Agency, Tokyo Japan,
November, 1990 (2 invited lectures on energetic materials).

Space Research Center, University of Arizona, December, 1990.
(seminar on the burning surface)

State University of New York, Bringhamton, NY, December,1990.
tinvited seninar on fast thermolysis)
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CENPERATURE ODIFZADENCE OF THE RAMD TREAMAL DECOMPOSITION OF .
MNETRAMINES
Thomas B, Brill and Peter D. Brush
pepartaent of Chemistry, University of Delavare, Havark, A »
Delavare, 19716, USA

The T-Jump/FTIR spectroscopy technique will be described and
e vresults for MMX presented. <This device enables a3 thin
fils of sasple to be heated at 2000°C/sec and held
isothermally at a preselecied temperature while the rapid
decomposition process is studied. In this way. a controlled
study is possible of energetic materials at temparstures far
abave the &low decoaposition range. For exawple, the identity
and velative concentration nf the pear surface gas products
can be determined at temperatures characteristic of the
buraing sutface. tThere ig cvidence that autocatalysis exists
at high tewperatures for HEMX and that the farmation of W0 and
EO; are not directly coupled to the reactions that produce
G0 and KON,  The tseperature depordence of the M.0/K0,
eanching ratio of the nitramine group wis dotermines.
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Introduction

The ultimate goal of modeling of combustion and combustion
stability of rocket propellants requires, among other inputs,
a chemical and physical description of the condensed phase/qgas
phase interface at the microscale lesvel. Such detail has not
been forthcoming from direct measurements during combustion.
This is because the surface is transient, heterogeneous, non-
equilibrium and is obscured by the flame. Therefore, it is
necessary to design experiments that simulate the condensed
phase and surface during combustion, but release the gases
into a cool unreactive atmosphere where they quench and can be
detected immediately.

Figure 1 is a diagram describing the interface zone of a
typical propellant. Our objective is to experimentally
simulate the foam and disperse regions where the condensed
phase transits to the gas phase. The gases that are

.
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formed in these zcies feed the luminous flame and thus are
responsible for the major features of propulsion. Hence, our
research connects the formulation of a propellant or explosive
to its combustion characteristics through the study of the
basic chenical processes.

The challenge is how to simulate the conditions that are
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present on the burning surface and to characterize the most
important processes at the microscale level. The burning
surface can be imagined to be a film of material 5-S0uM thick
in which a phase change occurs driven by chemical reactions
and heat transfer. In effect, it is a "thin-film* reaction
zone that regresses through the condensed phase on one side
leaving gas products behind on the other side. Therefore, an
instantaneous simulation of this reaction zone requires that
the sample be a thin film, that the heating rate lie in the
1000-2000°C/sec range and that the pressure be atmospheric or
higher. The choice of this heating rate of is based on work
of Sakamoto and Kubota [1] with therwmocouples imbedded in HMX
propellants in which dT/dt in the condensed phase (foam)
reaction zone appears to be 1000£500°C/sec.

Both kine*‘!.= ..} mechanism information is needed at high
heating rates and high temperature. However, no single
technique appears tn be able to provide a comprehensive
picture at this time. For this reason, our approach has
focused on the development of two new fast thermolysis
methcds: T-Jump Spectroscopy and Simultaneous Mass and
Temperature Change/FIIR Spectroscopy (SMATCH/FTIR) (2,3].
Measurement of both high rate kinetics and the gas products
released is iwmportant because these gas products feed the dark
zone of the combustion region.

This paper will present one of two techniques, that of T-
Jump/FTIR Spectroscopy, along with data on the fast
decomposition process of HMX.

T-Jump FTIR Spectroscopy of HMX

The T-Jump/FTIR method is designed to permit heating of a
sample at a high rate to a preselected final temperature. In
this way, we minimize interfering chemical processes that are
operative in decomposition studies at slow heating rates and
that result from "cooking™. A picture of the energetic
material much closer to combustion is obtained. A heating
rate of 2000°C/sec was chosen because it is the highest

13
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heating rate that can be achieved with the device without
overshooting the final filament temperature, T,.

The experimental design is shown in Figure 2 in block form.
The cell is an Al cylinder bored out so that an IR beam can
pass through the long axis. 2ZnSe windows enclose the

[z3 POWNIE Susk: v
“‘ N0 COTROLLES

Figure 2.

i
[N
!

~N
~

\
b
H

cavity. The cell can be pressurized or evacuated as desired
in the 1-1000 psi range. Ar is usually used as the
atmosphere. 1Le Pt ribbon filament that suppo.ts the thin
film of sample is inserted from the side. A Nicolet 20SX FTIR
spectrometer is used for the collection of rapid scan spectra
of the gas products 2mm above the surface. A scan rate of ten
scans per second is employed.

The heating experiment is built around a CDS Instruments 1000
controller. This device is able to heat the thin Pt ribbon
filament under the conditions described above. It senses
temperature by measuring the resistance of the filament as in
a Pt resistance thermometer. The co .troller was modified in
our laboratory so as to be able to record the very fast
response control voltage that maintains a linear increase in
the Pt resistance during the heating phase and a constant
resistance during the hold phase. This control voltage was

B
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i) '_‘ ) anmglified and channeled through an AD converter and recorded
i v on an IBM-PC.

A powdered sample of about 200ug is thinly spread or cast as a

film on the filament. The circuit is fired simultaneously

with the spectral trigger of the IR spectrometer. The added

heat capacity of the filament with sample present or an

- endothermic event of the sample, such as melting, requires an

1 increase (positive deflection) in the control voltage to
maintain the desired filament resistance. An exothermic event
is met with a decrease in the control voltage. Hence,
endothermic and exothermic events of the sample can be tracked
very sensitively and rapidly by the circuitry. Shown in
Figu-e 3 is the control voltage trace of the bare filament
superinposed on the trace when 200ug of HMX are spread on the

).
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filament. There is an initial endothermic departure (melting
and heat capacity effects) followed by an exotherm. These
events are seen more clearly in the difference trace (sample
trace minus reference trace also shown in Figure 3).

Simultaneously, the gas products are measured in near-real
time (maximum time delay is 0.1 sec) by the use of rapid-scan
FTIR spectroscopy. Shown in Figure 4 arc the results for HMX
at two different values of T,. The exctherm of HMX occurs at
a different time because of the different filament
temperatures. However, the time of appearance of the gas
products and their relative concentration ratios gives new
insight into the mechanism of decomposition.
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The fact that gas products are detected in advance of the
exotherm is strong evidence that autocatalysis is operative in
HMX even at high temperature. The fact that NO, ant W,0
appear in advance of the fuels (CH,0 and HCN) indicates that
these fuel and oxidizer-pioducing reactions are not coupled.
That is, NO, and HCN are not produced in the same elemsntary
reaction and N;0 and CH,0 are not produced in the same
elementary reaction. Instead, N,0 and NO, are released and
CH,0 and HCN are then produced in lster stage degradation of
the residue. The fact that the gas product concentrations are
not changing through the exotherm impliss that the mechanism
of decomposition before the exotherm and during the exotherm
is essentially the same. MNcre of the HMX is simply
decomposing. Perhaps most useful is the new data available
from this experiment on the gas product ratios as a function
of temperature. The N,0/NO;, ratio reflects the ratio of

L y— = §—— hiadndd
3 ¢
32
3+
2.0 1
2.4
2.11
a2
']
3,8+
IR E
[ L R
[

¥ =

{820, ND2) FOR HMX

0.0+ . SN
8,8 S 2} = ' g ey T T TR It M ey - 7 My
90 une 3 ne kL] R
e ('O
Figure 5.
17

*
®

»)




12 - 8

rate constants for the two glcbal decomposition paths of HMX,
reactions (1) and (2).

N, H2CN + NO2 (HCN + HONO) ()
NKND,
o -+ CH2NNO2
M N20 + CH20 @
RMX

At lower temperature reaction (1) dominates, while at higher
temperature reaction (2) dominates. The rate constants are
about equal at about 330°C. Temperatures in the range of
350°C are believed to exist on the surface of burning HMX
propellants. Thus, the plot of N,0/N0, shown above gives the
ratio of the rate constants that should be applied in models
of the gas phase during the combustion of O and at different
temperatures. This is highly valuable and here-to-fore
unavailable data.

If completed in time of the conference., T-Jump FTIR studies of

RDX and perhaps several othcr nitramines may be presented,
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Thermal Decomposition of Energetic Materials 54. Kinetics
and Near-Surface Products of Azide Polymers AMMO,
BAMO, and GAP in Simulated < «mbustion

J.K.CHEN and T. B. BRILL"*
Depariment of Chemistry, University of Delaware, Newark, DE 19716

Kinetics of weight-loss during programmed heating at 150°C/s were determined by simultancous masy and
tempeni.ure change (SMATCH)/FTIR spectroscopy of the polymers 3-azidomethyl-3-methylotctane (AMMO),
3. 3-bustazidomethyljoseane(BAMO), and glycidyl azide polymer (GAPP). The kinetics match the burn rate of GAP
extrapolated to the same pressure and temperature raage, whwh suggests that SMATCH/FTIR gives an
instantancous microscale simulation of macroscale combustion at those pressure and temperature conditioas
SMATCH/FTIR spectrostopy enabies the gases that keave the surface and fivm the carliest stage of the flame zone
to be identified. Small molzcules sre formed by BAMO and GAP, tut some large fragments are evolved by
AMMO. Kinetic constants were dewrmined (or AMMO, BAMO, and GAP by isothermal and noaispthermal
thermogravimetric analysis (TGA). Cumparing these data o SMATCH/ETIR kinetics reveals that the acceterating
rate of change of mass with fime (da/d!) st small a controls the temperature dependence of the TGA rate
constant, while the total mass presemt of 3 pasticular time (1 ~ ) comtrols the SMATCH/FTIR kinetics.
Urrespective of chemistry diffesences st low and high heating rates, TGA kinctics would be expected to fail ©
predict the combustion beinsvior because the specific reaction rales i the lower aad higher wemperawre ranges (ail

0 connect by facwr of several thousand.

INTRODUCTION

Considerable progress is possible if microscale
laboratory experiments on ihe thermal decompo-
sition of materials can be designed to simulate
aucrascale combustion behavior, such as the burn
rate. The simulation experiment might help estab-
lish some of the chemical processes at and near
-the surface that are impossible to swdy during
actual combustion. Such a microscale simulation
was our goal in developing simultancous mass
and temperature chasge (SMATCH)/FTIR spec-
woscopy (1, 2). By using SMATCH/FTIR spec:
oscopy the dynsmic et and tecmperature
changes of a 20-70-pm-thick flm sre measured
in real time at a fast heating eate while the ncar
surface gas products are analyecd with the rapid-
sean FTIR spocteum. Heating rated w0 the
100 . 200°C/s napge ave employed

The Kinciics of rapid weiph loss are found 1
preduct the bum rate of the material v the xane
peessuie and wopeealure caage (2. Hemce, the

Cmt@@lwlbyiﬁcmf buinin {naliiuie
Publinhad by Elxcvaer Scuence Poliabing Co., bac.
i9

thin flm of rapidly decomposing material in the
SMATCH/FTIR technique apparently simulates
the heterogencous surface feaction zone of a ma-
terial burning at steady state. The gases cvolved
initiate the carlicst stage of the flame during
combustion, but have not been identifiable during
combustion bocause they are rapidly consumed
very close to the surface. By evolving the gases
into a cool, nonrescting atmosphere of Ar, these
species are quenched and quickly identified and
quantified by the use of rapid-scan FTIR spec-
tmscopy. The gas products are similar to those
measured in our previous fast thermolysis/FTIR

- wuidies (3], which gives confidence in the fast

thermolysis/FTIR 1echaique as also being ablz o
reveal many of the spocies dut food e carly
Qe zone. ,

The SMATCH/FTIR concept wis applicd in

 this article to determine the kinctic voasanls and

iy prodocts 81 the condensod-pliace /pai pluse
averface during 2 combustion simwlstion of
atidecontaining polymers. The compounds siud:
iod were puily  (axidomcthylascthyl  excianc),

- AMMO. polyfBiclasidemctiyijorciaac], BAMO;

and glyeidyl azide polymer, GAP.

AT 208094783 30
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These polymers have potential as energeiic
binders and plasticizers in gun and rocket propel-
lants, where a relatively low flame tempesature
and high mass impetus are sought [4, 5).

In addition to the decomposition kinetics at fast
heating rates, AMMO, BAMO, and GAP were
analyzed at slow heating rates. These data enable
the relationship of kinetics expressions at slow
and fast heating rates to be better understood. As

GAP

a result, this project was able to connect the

kinetics of fast thermal decomposition to the bum
rate and to reveal some of the species in the
surface reaction zone. [kt also showed that the
faciors controlling the thermal decomposition
rates measured at slow rates are different from
those at high rate heating and combustion condi-
tions.

EXPERIMENTAL

Samples of AMMO monomer (bp = 165°C) and
BAMO polymer were supplied by G. E. Manser,
Ac.gjet, Sacrsmento, CA. AMMO polymer was
synthesized by Oyurni (6] by stimming AMMO
manomer with BF, - Et;0 in anhypdrous MeOH
for 24 b, A polyrmer of MW » 8000-10000
forsed. GAP (MW = 2000- 5007) was provided
by D. 0. Wealery, Rockawdvae, Canogs Pask,
CA.

The SMATCH/FTIR tocuugue has boen 8o
wiibod eliewiwee (5, 2] The tchaigue ermploys
a cantitevored quarnz whe whisse vibeations) fre:
quency dopends oa the sasple maxs. Typically.
0.2-0.8 mg of sample {2 flm of 1664 pro
thickness) war painted oato 3 metal tip attachod o

J.K.CHEN ANDT. B. BRILL

induction at a chosen rate in the 100°-200°C/s
range. The sample atmosphere was | atm of Ar.
The heating rate and film thickness are matched
so that the heat transfer is fast enough to give a
reasonably uniform temperature throughout the
film (2], The dynamic weight change of the sam-
ple was measurcd by the change in the vibrational
frequency of the tube. Data were recorded at 160
Hz, which provides enough poiats on the weight-
loss curve to be confident of fitting the shape. The
temperaturc was measurcd by a type E thermo-
couple spot-welded to the metal end-tip and in
conuact with the sample film. Infrared spectra of
the decompesition gases were measured about 3
mm above the metal end-tip by using a Nicolet
60SX FTIR spectrometer operating in the rapid-
scan mode (10 scans/s, 4 cm ™" resolution). The
IR spectra were converted to the relative percent
composition scale by integrating the absorption
bands and converting them to a relative concen-
tration scale by their absolute intensitics [7}. IR-
inactive speeics, such as N, and H,, are not
detected and, theiefore, are not included in the
quantitation procedurc. The gas evolution rate
from these polymers was rather high, resulting in
loss of resanance of the quartz tube in many
cases. The film of polymer needed to be very
uniform in thickness for best results. Still, the
decompasition of BAMO was too exatharmic to
maintain resoiance. For this reason, only AMMO
and GAP were characterized by SMATCH/FTIR.
However, the off-gassing process of GAP and, to
some extent, AMMO was sufficiently vigorous
that SMATCH/FTIR could be applied oaly to
small sample sizes. Consequently, various elec-
wonic interferences intruded on the weight-loss
The temperature profiling /FTIR spectrascopy
techaique has boen deseribed clsewhere [8). About
2 mg of neat sample was placed an the aichrome
ribbon filamcw, The cell was purged with argon
and pressurized as desired. The infrarsd beam
way focused sevesal eflimeters above the sam:
e, With the spodi-ameter scanning a1 10 scans/s
and accutiulating fwo spoctea peof file at dem ™!
tolwasa, curfedl war applied o the filament,
During the fainal 1-4 5, tan hestiag ocutred.
Al that e the fral wagpeiaire was eachad
av; ferinnd condtant for the semazining 180 5 of
diy acguintion  As i SMATCHIFTIR, o
tpecua of e gas roducts were caavariad ta the
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relative percent composition, and IR-inactive
specics were not included.

Isothermal and dynamic thermogravimetry
{TGA) were carried out on 2 DuPont Instruments
2000 thermal analyzer with a 951 thermogravi-
metric module. Dynamic thermogravimetry stud-
ies were run at a lincar heating rate of 1°C/mia.
Between 1.5 and 2.5 mg of sample was used and
a flow rate of 20 ml/min of Ar existed in all
cases. The DuPont model 910 differential scan-
ning calorimeter (DSC) was used to determine
the enthalpy change of 2.5-3.5 mg of sample
heated at a lincar rate of 1°C/min under an Ar
flow of 20 mi/min.

KINETICS OF DECOMPOSITION

The kinetic constants of thermal decompoesition of
bulk samples of energetic materials are sensitive
to a myriad of experimental and physical vari-
ables. Important experimentally controlled vari-
ahles include the heating rate, sample tempera-
ture, and pressure. For example, low temperature
and slow heating rate data on solids pertain to
slow cook-off stability. Without empirical scaling
(9). these data cannot be applied to the combus-
tion regime where a high temperature and heating
mte exigt. We now have methods to measure
kinctics at both low and high heating rates, which
enables the relationship of the kinetics of slow
and fast weight loss (0 be better undersiood.

Kiactics 21 1°C/Min

The nonisothermal kinetics method is subject fo
criticism [10]. Por this reason, the rate of gradual
weight-loss was compand uader isothermal and
aonisothermal conditians by TGA during the ini-
Gy 0% -40% of weight loss where dacoemnposi-
tion of the azide group dominstes. The vate con:
sani, &, for isothormal decomposition were -

calculated from Eq. 1 and are given in Table 1.
Approximate first-order kinctics s followed. The
fractional weight o isdefined as (% — W)/ W,
as is frequently donc in TGA measurements {11].
W, is the initial sample weight and W, is the
weight at time, (. Figure | shows the Arrbenius
plots and Tablec 2 gives the resulting 2ctivation
eacrgy E,

~In(l ~a) =kt +¢ (1)

and preexponential A values.

The Kinctics were determined vader non-
ssothermal conditions (TGA, dT/dt = 1°C/min)
by the use of Eqgs. 2 and 3 {12, 13},

da -
= =K1 - )", @

where k(T) = Ae™5/27. Equation 2 can be
simplified by the use of a lincar heating rate
dT/dt = £ and integrated w yicld Eq. 3 when
a=1{4}

m{ ~tn(t !- «)

lal (n- 51)”--5—, )

Figure 2 shows the Archenius plots and Table 2
conaing the Arrhenius coastants. As can be seen,
appeoximate  fuest-order  kinctics i3 followed.
However, we caution thay his faex (ells huile
about the awchanisim.

The Aschenius consants in Table 2 are essan-
tially the same withia experiracatal etror (o bath
the isbertal and nonisathermal kinstics aeth
ads. which leads coafideace tn the uwe of aon.
isothermal avihods for shese azide palyaces, The
activation epsigics  Table 2 e in e raagze of
thuse masured feom the change of wieasity of

TABLE Y
igiimiul VGA S QM& - l ot Arnle Folpmeren

mC YO w°c e e e e
Tolpmer (%465 (% 6% c«tm nm" 1w £ty ww‘n L)
ANMO ans s 1360 T 1 5% 0L
BAMO i 1} 1) W ss [*F <] [ 1Y% i38 W
GAp 2% N s wWw (V1) 133 30
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Fig. |. Arrheaius plots fod szidaenethy! polymess measured by the isothermal TGA method.

the N, peak in the mass spectrum of these com-
pouads [15) and by DSC {16] and DTA [17).

Kinetics x: 150°C/s

Consideradle care was taken with the
SMATCH/FTIR expesiments to employ a film
thin enough to optimize temperature uniformity
during the heating phase. A 20-60-um-thick flm

enables a heating raic of about 150°C/s to be -

achieved with a temporature gradient of <$°C
across the film. This anount 6f material is suffi-
_ ¢lent o oblain the roquired mass change and
spectral data. Rapid waiphtloss kineties were

because the heat release was so violend that the
vibrating tube failed to maintain resonance. Fig-
urzs 3 and 4 show the composite plats of the
SMATCH/FTIR data for AMMO and GAP, rc-
spectively. The initial 80% of the weight-loss
curve was i to the polynomial Eq. 4 by using the
coefficients given in Tabie 3. The hammoaic noise
in Figs. J and 4 is electrical interference and docs
oot strongly affect the goodness of fit of e

" polyeomial because the number of experimental

datx poins in the weightdoss step (15-20) is
sufficiently large to give 3 good represensation
with Bq. 4. The weight-loss cusve was espandad
in time so that i best €ix could be obsined.

v ; LR
wrzatured by SMATCH/FUIR for AMMO s j . 4= Eu‘- {4)
GAP, but could oo be detesetiond for BAMD ind)
YAHLE
| ot TOA ’ Bomacskererd TGA®
_ 7, a0 T E, b A Y
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Fig. 2. Amdcovey plots oeiswred by oosissheringl TOA mehat for saadocanthyt

polyseis.

The derivative of Eq. 4 gives da/di. Io thix
way, Eq. 2 can be setved by the derivative method
-0 ywld Eq. 5 and obain £, and log A after
,ﬁaﬁn&&cuﬂmdntﬁul&wﬁw&cwuﬁm

dor E, s
Faar| T T W

As shawn in Fig. 5, # = 2 is appropriate. The
amperinre conresponding to exh | - o daa
dawa. Despite coasidersite &fant 1o lovar: the best
pagition to place the therecaauple 9 endninize
the empertare lig due ©© dow heat wsasfy,

Cthere i an inevitable amall tormpeesture lag. In

thix experimens this Lig affots A4 moce than £,
Tabla 4 gives the soluticas of Eg. $ for AMMO
asd GAP daap with the somperaluee ranges
which hese dita were extescted. The vatue of
& = 2 dics axX benply that bigh ratc Socanpin
mdm;-o!,m 8 3 sovond-oddcr ploRvcas.
The value of & in Bq. 2 i simply 3 (aniincscy
chaascn W give aonual Adrhcaius bohavior.

cmdmuuummu
Hcating Rales

The speciits ccachion ates in Tables 2 and 4
measited by eowitothermal TGA  asd
bMATCﬂfFTtR ia diffcrem temrpenture ranges
miss finking one anither by sevsral ovders of
enagaitude (18], Oa this basiy aine TGA kinetics
ould aat be expestad W ccplaia cunbustion bes
bavior. SMATCH/FTIR kiocics (vide infra) e
able to match bura rale data, Rupgesting thal they
are ddoadly welated o what oy during de
igaision foombnstion pooess.

The fact Qo we have eaperimentally m
a1ined the ooy of B, 2 a low (TGA) aad Nigh
(SMATCH/PTIR) boating smes caables e &
il of B oot of e heatiag e oa the
weight o dnetics to be uadcrwiad ey
deaty. Sinoe B, 3 is 2 spsial case of B3 3. e
twd experimvenlx <an e compared with Bq. 3
The eigedizgre Sepenkiace of the tactiun e
capecanad by Be. § doponds oo the prisdest of the
tale of weight change (da/di) sed e wol

TARLE S
B Wmm%w“mmwﬁutmwm
M-m i ‘ a,, o .. ) w, 3 t, fiu
Gar m.ﬂ am‘u ?‘2?93 ‘:nu 245. aam
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aed the aeac-sucface pas praducts Bl o6 LR actaeg. Nwwlﬂu N, and any Wy wew
mm&»mm

weight Qf'mesamplc €1 = a) "* at any panviculye
tiend. Figures 6 and 7 show Low these (wo rms
. o0 ANMO depeisd on the emperstuse. In the
slow hesting rate TUA experiment, Fig. 6 reveals
that dafde is very sensitive ta weperature be.
cause the weight change begias slowly and 2
ccitrates rapadly. fa the faur Deating e

SMATCH/FTIR eaptiiaent, dofdt eemaing

posctss. Hense, da fdt strongly iaftuenics e

wpcaure Ogpendence of the reattion i N,

Piguiv 7 stiows thal the rowise & teoe of the
{1~ o)™ v o, The mass chaages slawdy

(@ the tons heating eale crporisanl 3ad thi ks 3
erisor cifect o B HC cottans, whereas af fas

bestiag edos U (1~ @) " worm is the over:
whelttiing contabulor 10 the icmperanue dopiing:

oie o thee rade constans. Coansisondy., the chaie

of # has 2 stiong ialluchie oa the fiacaiiy of B3

S at hizh heating ies The VGA dabs ave b
extizad with a=1 i &2 is s for v
SMATCH/FTIR data, a ecgative vaie of £, is
peoducad in the lower wenpciatuie rsage. A valee
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400 1
0.8
1 300 -
3 los
200 & | g4 2
|
o
< lo.2
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of =2 or higher is neaded  liseanze the
SMATCH/FTIR data. (a fact, we have found
tha e o= 2 b the senailes capaacat thy is shie to

lmem;e SMATCH, FTIR 2aty for 2 wide raage

of cammpanads {2, 19). Clasty, the viluc ot ® 3

mﬂe‘dy ] Wg pramcice. Asy celstioaship of &

Relatioackip of (he SMATCH/FTIR Kinctics

The SMATCH/PTIR oxpedinvial 2moengts
i U BRespevaturc aas hoatiag rae comdthons
u&:mwmdmmmwdhﬂ
g caenbgution I fve wawluion i auae, the
Liogtic comitaees foody SMATCH/PTIR thoold
palir the b cite of e dnlorial wiees the
peesiaie and Esngctabuce a6 e saiw foé Both
esrywcicovaite. Bode raic daka for GAP e avail:
able 1171, when casbics this atalysis ti e msdc
Bircio calés, 7, af¢ exjnesiable ta Ardhonacs-ide
forte (N} For uaaghelamad gic of the
SMATCH/FTIR data v caloulane 2 buie sale. we
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Fig. 4. SMATCH/FTIR data for GAP sthowing the worght sl wagerstuce chaage aad the
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am AS.

have usad 3n adaptation of this concept shown in
£Q. 6, where b is the thickness of the film:

H{mmss) = Ake™&/8T, | {6)

This equation kas validity if the @l thickness i
apprasimately the sime 2 the reaction zone of
the burning material at | atm, A 20-60 uentbuck
reatan 1ond & quite fessonsble it this peessure.
By wiing the Arrbizaing cotstants ia Table § o
GAP, e caporisacatal Blm tickness of 1) pra,
ami‘l‘izwc {Frg. 4), a vahe of #= 135

Js 8 caloulated from the SMATCH/FTIR
(bhallsm This cogresshon rale comparcs quie
wcaﬂmmth;hmuwe for GAP of ¢= 1.7

/ by catiapolating the higher pees:

sty oliaing N
e @a Ga tomgciaie soasilivity  plots of
®Koboka 3ad Soacbe (1T] 0 1 am, This is the
s boved of sptocamca as that fo¢ the buia vaie
caloulitod from SMATOH SFYIR data z6d i
wod fo¢ combuidion of oiftoociiulase sampler 2]
Thus, the Gt that the SMATCHETIR Linctss
data can sEawonably malch buo fates sacasuied ia
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that the fitm of sample in SMATCH/FTIR simy-

Iates the condensed.pitase sysface rexction region

during combustion of the bulk matenal. The
chemiary that v indicated by the gas voducts
abicrved i SMATCH/FTIR gpectrowcopy i
Likely o be exseatially the ame as that excutnag
0 the coadensed phaie during combustiog.

Before dewenbiag e dwinical information

learead from SMATCH/FTIR, u noods o de
cenplaxized that we do oot prape to we the

kinctie conxtants froo SMATCH o prokicr e

buin cates of naterials outside of e peesice 3nd
enpestuie anges whoee the SMATCH/FTIR
313 wirte dacasiad Oae feamon is tht & = Qs
Ed. 3 (o the bormag of a pevpctlast. This s
bocaune sui o cwasly bomg apleaishied i
me fextioa soac by thc ptwdbi! Y :&M&ou

Thclcﬁudrdt,a ‘omm;&can&nﬂoﬂm
coauans. As 2 fcwll, puogicilant buraiag holidves
as 3 dctooddet procens taead. the pumace of
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TABLE 4

Kinetic Parameters of Azide Polymers for Thermal
Decomposition &t dT/dt = 150°C/s by

SMATCH/FTIR Spectroscopy
E, log A T
Polymer  (keal mol~')*® ™" (*C)
GA?P 4231224 190109 242-260
AMMO 432 +28 18913 25-273

¢ Appareat reaction order n = 2.
® The average of two experiments.

insight into the species that form the earliest part
of the flame zone. SMATCH/FTIR is not de-
signed to predict burn rates over a wide range of
pressures and temperatures.

REACTION EVENTS

In both the kinetics data and the near-surface gas -
products, there is mechanistic information about
the decomposition process of these polymers. Ac-
cording to the data in Table 1, the rate of decom-
position is GAP > BAMO > AMMO. This trend
fo.iows the trend in the temperature of maximum
tieat release by DSC (Table 5). The correlation
stems from the fact that the faster the decomposi-
tion rate, the faster heat is released, and, thus, the
lower the temperature the heat release reaches its
maximum point. Were these polymers not closely

J.X.CHEN AND T. B. BRILL

related, this correlation might not exist. AH of
decomposition (the integral of the cxotherm)
would not be expected to, and docs not, correlate
with the reaction rate. Rather, Table 5 shows
A H follows the trend in the weight fraction of
the azide group in the polymer, which indicates
that the azide group controls the ovcrall decom-
position energy release.

The similarity of the activation energies in
Table 2 to those of other alkylazides [21] suggests
that the azide group largely controls the kinetics
through reaction 7.

RN, = RN + N, (7

The nitrene intermediate, RN, is unstable and
reacts further in ways that are analyzable by the
gas products. Figures 3 and 4 show the quantifi-
able gas products from AMMO and GAP meas-
ured by SMATCH/FTIR. N, is not shown be-
cause it is not IR .ctive. It was gratifying to
observe that the gas products sensed with the
SMATCH/FTIR technigne are very similar to
those observed with our other fast thermolysis/
FTIR methods {22]. Thus, the many previous
studies of the relative concentrations of near-
surface gas products of energetic materials (3]
can be used to understand the thermolysis under
combustion-like conditions. Since BAMO could
not be studied by SMATCH/FTIR, the relative
concentrations of the gas products were measured

~ 427 s AMMO
| ° GAP
"~ 3.8
o -
i
- 3.47
3 o
>4 et ‘ S\
T| O
Z 2.6 ,
E i {
2 2 Ly A — v A T ()‘ T v Y Ad L LS
1.88 1.87 1.91 1.95
10%/7 (K™)
Fig. 3. Arrhenius plots for the kinetics of weight toss measured at about 150°C/s by SMATCH/FTIR
spoctroscop. of AMMO snd GAP.
26
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Fig. 6. The reduced value of da/dr
measured by TGA and SMATCH/FTIR

T, for AMMO. da /dt controls the tempera-

ture sensitivity of &k at slow heating rates

20:{ . I '”"]
1 lsMATCH .
: 15: TGA . .
=3 ] .
o|® "
< 104 g
e 5]
1.82 1.90 1.98 2.06 2.14
10%/T (K™Y

by the temperature profiling/FTIR method [8].
With this technique the dependence of the initial
concentration of each gas on the static pressure of
Ar in the cell can also be determined. These data
are shown for AMMO, BAMO, and GAP in
Figs. 8-10. Note that the data at 1 atm are very
similar to those measured by SMATCH/FTIR
(Figs. 3 and 4). Plots of this type shown in Figs.
8-1C were constructed previously [6], but differ
mostly in the fact that a more accurate quantita-
tion factor for HCN is now being used. There is
very little pressure dependence in the product
concentrations, indicating minimal heterogeneous
gas-phase /condensed-phase redox chemistry for
these polymers [23].

The higher energy polymers, BAMO and GAP,

but has little effect at high heating rates.
The data points shown arc the actual
experimental data points obtained by TGA
and SMATCH/FTIR.

produce small hydrocarbon fragments, along with
CO and CH,O from the backbone. These prod-
ucts form from reactions associated with the con-
densed phase as opposed to the gas phase {24].
Since the nitrene functional group in reaction 7 is
formed in the methylenc azide side chain, the
formation of both HCN and NH, indicates that
the nitrene has two decomposition branches.
Based on the higher relative concentration of
HCN, the dominant branch involves C-C fission,
while the lesser branch involves C-N fission and
hydrogen migration to liberate NH 5.

AMMO has the lowest A H of decomposition
of the three azidopolymers. The lower energy of
decomposition leads to a somewhat different frag-
mentation process. CH,O dominates the quan-

1 -
. ‘:
«
0.8 s
. o
c R : g
Py
= 0.6 T
| e t ©a
-— ¢ 0%
Z 0.49 i SMATCH TG
R ' O%AA n=1 + o
ie 1.5 o
0 . 24 ¢ é’A n=2 a v
Fig. 7. The temperature sensitivity of
) k at high heating rates is mostly
0 e e e e e e e ey coutrolied by the total mass present at
1.82 1.90 1.98 2.06 2.14 2 particular time whereas the total
) ) ) ’ ) mass changes slowly at a slow hcating
3 -1 rate. Several values of n are shown to
10°/7 (K ) illustrate the effect of .
27
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TABLE S
Thermochemical Data for Azide Polymers Measured by DSC
Polymer T O AH(/p) %N
AMMO 233 - 1550 3
GAP 221 —~2060 42
BAMO 24 -~2670 50

tifiable products. The low-molecular-weight hy-
drocarbons found with BAMO and GAP are ab-
sent. In their place are one or more higher molec-
ular weight products which can be identified, but
not quantified. As shown in Figure 11, ab-
sorbances arc present at 901, 1168, 1370, 1448,

J.K.CHEN AND T. B. BRILL

1610, 1649. and 1708 cm ™!, along with addi-
tional intensity at 1103 cm™' (some of which is
from CH,0), and absorbances in the 2700-3000
cm ™! range not asscciated with CH,0. With the
exception of the mode at 1610 cm™! all of
these modes closely match those of bis(2-methyl-
allyl)amine, {H,C = C(CH,)CH,],NH [25].
The mode at 1610 cm™' could be the N = N
stretch of the azo derivative of the 2-methylailyl
group, [H,C = C(CH,)CH,N],. These products
are readily rationalized in the decomposition
scheme. Following the decomposition of the azide
group of AMMAO, it can be seen that clipping the
backbone at the dashed lines shown below pro-

100
c | ° %H2CO
S 80- ° %HCN
(73 LY %Nq'3
g ool g
£ 601
QO N
R 40P . —
. 404
g T~ .
o 20+ _
o ra—— -
0 T T —— — —~ Fig. 8. The dependence of the initial
0 : 20 40 60 concentrations of the quantifiable gas
products of AMMO on the Ar pressure
Pressure (atm) in the cell.
100
1 « %C0
c
v SHCN
S 80 e
[72] J ° SHXCO
g o %O
E 601 x %C2HA
') ;
2 ] . . -
s 407
2 4
el
a) -
i ll
0 M j‘:;‘;.h_f—-‘ T T T — Fi HT
g. 9. The denendence of the initial
0 20 40 60 concentrations of the quantifiable gas
peoducts of BAMO on the Ar pressure
Pressure (atm) in the cell,
28
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100
4 + %CO
5 0 * SHON
.. -4 L3
g 8 : oo
p o %CH4
é 7=
E 601 x LC2H4
O 4 . ._._’MM_‘_,M._,--——"’*
"—‘___‘__,._-»—“—"“
> 40-
R 4 . U )
prwr)
o "
© 201,
o ] \ -~ o —g — e
0'1 Y o T Y it "—"'"r'_“:‘—‘ﬂ
20 40 60 Fig. 10. The dependence of the initial
concentrations of the quantifiable gas prod-
Pressure (atm) ucts of GAP on the Ar pressure in the cell.
duces CH,O and the required 2-methylallyl the secondary amine would form by recombina-
2
derivative: : tion after an N atom is eliminated and H is
H CH, ¢ scavenged. The fact that HCN, NH,, and CO are
: | : significant products from AMMO shows that a
-—OCﬂz-i-C——CHz _e, i portion of the backbone also degrades into smaller
_ o | ! fragments and would provide a sink for N and a
ECH,N i source of H atoms. The 2-methylallyl nitrene

Recombination of the coordinately unsaturated N
.atoms would produce the azo compound, while

Q
A

.15

.10

ABSORBANCE

.05

iy

3 mhade iy,

might not completely recombine to the amine or
the azo derivative during the actual combustion of
AMMO. The fcrmation of these specific stable

co

4000 3440 2880 2320 {760 1200 640
WAVENUMBER
Fig. 11. The IR spectrum of the gas phase above AMMO heated st 140°C/s under | am Ar. ’

The spectrum was taken 2.2 s after the onset of heating. The starred absorbances are from the
2-methylally! derivatives descrit od in the text.
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molecules may result from the fact that no flame
is present. The important point is that the 2-meth-
ylallyl nitrene is implicated as a reactant in the
combustion of AMMO.

The identification and partial quantitation of the
gas products, along with N, and, possibly, H,,
evolving from the condensed phase of these poly-
mers under conditions that simulate combustion
helps connect the chemistry of the condensed
phase to the combustion behavior. These gas
products are present in the earliest stage of the
flame zone and are the reactants for the combus-
tion process.

We are grateful to the Air Force Office of
Scientific Research, Aerospace Sciences, for
support of this work on AFOSR-89-0521.
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Thermal Decomposition of Energetic Materials 50. Kinetics
and Mechanism of Nitrate Ester Pelymers at High Heating
Rates by SMATCH /FTIR Spectroscopy

J. K. CREN and T. B. BRILL"
Depariment of Chemistry, Universily of Delaware, Newark, DE 19716

Kinetics and mechanism studies of the fast thermal decompasition of ¢ 45%, 11.7%, and 13.4% N nitrocellulose,
poly(vinyl nitratej, poly(glycedyl nitrate} and  polytnitratomethylmethylosetane) are described by the
SIAATCH/FTIR technique. Kinelic constants were caleutated from the weight loss and temperuture traces of thin
films heated i the 100°- 150°C/s range. The power rate lin- da/dt Al - ay” eapl - £, /RT) was solved
nonisothermally and tinearized with n = 2. E, valucs of 31-33 heat/nust and log A values of 14.7-169 5
were oblained. - The similarity of the values among the compounrds sugpests that the samie processes control the
weight v 1n all these compounds. The kinesic constams from SMATCH /FTIR predict the burn rate of the sample
when the pressure and temperature conditions are the same. The relatively stable gas products that are detected
duriag the reaction interval indicate that an estensive amount of the decomposition chenustry oceurs in the
condemed phase The decampostiion reactions at the beginning of the waeight b are sinular to those near the end

hased on the constancy of the relative coacentrations.

INTRODUCTION

When a solid material burns, a steep temperature
gradient is produced at the surface. In the con-
densed phase this region car be thought of as 2
continuously regencrated thin film of material in
which heat and mass transfer are driven by phase
changes and chemical reactions. The reaction zone
in the condensed phase is thin, trausient, ard

nonisothermal (15, Accordiagly, the physico--

chemical processes are extremely complicated.
The nct result of these condensed phase processes
is the release of gas products that form the flame
zone. The idenuty, concentration, and rate of
relcase of these products are imporant compo-
nents in the compustion characieristics of the
solid.

The complexiy and transient nawre of the -

surfaoe reaction zone makes expesimental mea-
surements nearly impossible to conduct under
combustion conditions, Thercfore, it has been
helpfal to gain insight about the chemistry by
using techniques that attempl 1 simulads some of
the conditians 12, V). For example, rapid heating
of « thin film of sample while derecting the
- dynamie mas change. temperaturs cange, and
neae-sarfave gas products i real o neae realstine
v 2 pramiang strategy (4, 51 SMATCH/ETIR
spctroscopy {aedtancons AAsy and Tempera-
- e Clange/ETIRY was developed with these

.

SCuepyuiading s in
Coprneht G5 I by The Comsbuason tnamte
Publided by Elwwser Sooncy Pubbshing G, .

types of mcasurements as the goal [S). Films of
20-70¢ um thickness have been heated at rates up
to 320°C/s while the mass and temperature
changes are measured simultancously. Rapid-scan
FTIR spectroscopy is used to identify the gas
products near the surface and to determine their
relative concentration in neat real-time. The ki-
netics of mass change can be determined from the
mass and temsperature change profiles by using a
nonisothermal model. The gas products give an
indication of the decomposition mechanism undsr
fast heating conditions.

This articie describes SMATCH/FTIR swdics
of polymers comtaining energelic nitrate ester
groups: nitroceliulose (NC), poly(glycidyl ni-
trate) (PGN). polyfvinyl nitrate) (PVN), and
poly{=tratomethylmethyloxetane} NMMO).  The
gas products from
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the rapid decomposition (6] and combustion {7)
of NC have been reported, but kinetics data at
high heating rates do not appear to have been
measured. Kinetics studies of the decomposition
of NMMO, PVN, and PGN at low heating rates
are now available [8], and the gas products from
fast thermolysis of NMMO have been discussed
(6). Considerable research on the kinetics of de-
composition of NC under isothermal or slow
heating rate (< $°C/min) conditions has been
reported [9-16]. TGA, DSC, and vibrational
spectroscopy have been used for these studies and
indicate that a first-order autocatalyiic rate ex-
pression applies to the initial half of the decompo-
sition, followed by a second-order rate expression
for the remainder. The activation energies cluster
in the 39-45 kcal/mol range with log A of
16-17.5 s~'. The results have been interpreted
as showing that O-NO, bond homolysis occurs
in the first phase followed by chain cleavage in
the later stage (12, 14). Likewise, PVN follows
the first-order autocatalytic rate expression in the
initial S0% of weight loss [8]. On the other hand,
PGN and NMMO require only a first-order rate
expression without autocatalysis, perhaps because
of their lower oxygen balance, viscusity, and
different backbone structure {8). These slow-heat-
ing or isothermal decompasition studics apply to
the conditions of slow cook-off {17], but it is not
known if they also apply to the fast heating sates
that are more represcntative of the foam and fizz
zone during ignition and combustion of the solid
propellant.

Kinetic studies of thermal decompasition a
high heating rates are described in this anticle in
an stiempt to address the question of how the
condensed phase of nitrate esters degrade under
fast heating conditions. The heating rates achieved
arc within an order of magaitude of heating rates
of the foam fsurface region during combustion af
fypical rocker peopeliants (18], and are 3-4 or
ders of magnitude fasier than thase of TGA and
DSC measurements. The results revead that the
weight-loss kinctics al fast hesting rates are dif:
fereat from those seasured &t slow heating cates.

EXPERIMENTAL
Samples of the compounds studied i this wark

were goactously provided by oihers: mttocetin-
lose (De. ¥, P. Carignan, Picalinny Avscaal),
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poly(vinyl nitrate), (Tir. A. Becuwe, SNPE, Le
Bouchet, France), poly(glycidy! nitrate) (Dr. R.
L. Willer, Thiokol Corp.), and poly(nitra-
tomethylmethyloxetane) (G. Manser, Acrojet).
NC and PVN were dissolved in acetone and
acetonitrile, respectively, and carefully painted,
onto the metal end tip described below. The tube
was dried under vacuum at room temperature for
1 h. PGN and NMMO were painted on as neat
samples. The sample thickness was estimated by
weighing the wbe before and after application of
the film to determine the amount of sample ap-
plicd and using the area of the end-tip. Films
were typically 20-70 pm in thickness.

The SMATCH/FTIR technique has been de-
scribed clsewhere {5] so only a brixf description
is given here. The dynamic weight change was
measured by the change in the vibrational fre-
quency of a cantilevered quanz tube. The stain-
less-steel end tips attached to the quartz tube were
approximately 7 mm in length and were flattened
with a lab press. A minimum of high-temperature
ceramic was used to fix the flattened end tip to the
quarz tube. A type E thermocouple (0.1 mm
bead diameter) was spot-welded to the upper
center of the stainless-steel end tip and wrapped
around the outside, A typica) sample tube weighed
approximately 65 mg and resonated near 130 Hz
when cantilevered to a length of 75 mum.

Initially, the emply quartz sample tube was
mounted in the cantilever support between 3 pho-
tolransistor and an LED, and positiored to apti-
mize vibration fesdback and control. Heating was
effected with a specially designed radio frequency
induction coil situated close to the metal end tip.
The desired healing sate (o final temperature)
wis set by adiusting the outpux level of the RF
power supply. A reference thermal teace was
oblained by hesting the vibrating, cmpty quanz
b for 6 s the therenocouple data were stared 0
aa IBMPC.

The emply quarte tuhe was removed and
weighad on a Caha electoobatance. Typically, ca -
0.2-) ;g of Genple was applicd © the tube as 2
thun Gl The tube was woighed to deenming the
tunal ample mas, and mounted oa the can->
tlever support, The IR oell was placed over the
end up Wiile vibrating the twbe al 1esoadnce,
the froguency weltage converter (FVC) outpul
witwd by the phototiaisistor was adjudad to
peovade a 0.1 V & lovel. This adjustmeont kept
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the FVC output level in the proper range (C to
+5V) for AD conversion. The initial resonance
frequency was measured by using a Hewlett-
Packard 5300B period meter. This measurement
correlated the initisl sample mass, the initial seso-

. nance frequency, and the initial FVC outaut level.

The entire sampling device and the gas cell
were indepandently purged with argon gas and
maintained at 15 psi Ar. Following the purge, the
SMATCH/FTIR experiment was quickly initi-
ated by starting the rapid-scan FTIR data collec-
tion. Ramp heating of the end tip typically oc-
curred during the first 5-6 s, after which time a
stable final temperature was reached. Throughout
the 6-s experiment, IR spectra were collected at
10 scans/s and 4 cm ™! resolution, and FVC and
thermocouple data were collected at about 160
d~a points per sec into the IBM PC. At the end
of the experiment with nitrocellulose, the fre-
quency of the tube was again measured, and the
tube was reweighed to determine the final sample
mass. The total sample mass loss was oblained as
the difference between the initial and final mass.
Intermediate sample masses were calculated from
the FVC output data by using the linear relation-
ship between the mass change and the square of
the period of the vibration [5). For the other
nitrate ester palymers, the weight loss was con-
verted to a (1 - a) percent scale. IR spectra of
the gas products were converted to the percent
composition relative o CO, of cach gas by a
method described peeviously (19). H,0 and any
IR-inactive specics were not quantified in this
procedure.

TRANSPORT PHENOMENA

The SMATCH/FTIR technigue enables the dy-
namic weight change of twe sample 1o be reeided
as 2 fumtion of time and tempenatire as the
sample. is vapidly heatad. However, the auce-
scopic detail of the thin fum i capeciod W ke

pcolis. Al any time duting degiadation, the film
w3y be pantly in contact the beat source and
pattly scparatod by a veey thin gas laves. As 2
tewlt, the hist and emais traasfer are difhcull
analyze. fn the worst sconatio, the solid satapic
falls off v enditip withowt ccacting. Anothet
failed capotiment wobld oocur if the sample gasi
fics more vigorously on oo side of the Rlamwnt

33

than another and pushes the tube out of reso-
nance. These difficulties are readily recognized in
the weight-loss curves ss sharp spikes or slope
bereaks, Experiments in which this occurs are
discarded. These problems are minimized when

the thin fiim is uniformly deposited on the end-tip.

Therefore, considerable care was taken in the
preparation of the sample tubws,

_ileat Transfer

To relate the kinetic parameters to the true behav-
ior of the mutenal during decomposition, the
temperature and the mass change at that tempera-
ture must be genuinely related. That is, the relax-
ation rate of the temperature in the film mus: be
at least as fast as the heating rate so that the film
razintains a constant temperature. If this condi-
tion is met, then the measured teraperature is
characteristic of the chemistry taking place in the
bulk sample. The maximum heating rate for which
the temperature is uniform in a film of thickness /
in meters is given by

C,pl’
t, = —— {
- 2 ()

where 1, is the relaxation time for the tempera-
ture gradient in 3 Slm of the polymer, C, is the
beat capacity 1.2 ki /kg < K a1 120°C fer 13%N
NC [20]). o is the noeninal density (1.5 x 10°
kg/m’ for NC). and A is the thenmal conductivity
Q3% 187 Wfs-m- K for 12%N NC [21).
In 3 quatiative way, the heatlog rate and film
thickness c3n be related by Bq. 1. £, = 4 x 1077
3 for 9 film thickaess of T0pm. Thiz is the
approxtmate twume st which the fiim is able
equilibrate a change in wmperatwre, If 1K accw:
sy the temporatuce dala & sought, tea
dT ) di can be no Etee thin 1/1, o8 25 K3, I
&K accuracy iv wwghi, shien T/ di can be showt
100 K/s. Since the heating rite in the
SMATCH/FTIR eapenaeal during docompan-

tioa was typically 140°C /s, this analysis wdh

<aits that the film duckoesy should be ¢ 30 pm
foe 1K acvuracy. As 2 resull. aftefnply wise
amade W achicve a Glin thickiness i this sange
The aroccllulose RAlms wede usially omewha
tucker Ban 30 pim, wiude the other itfate éster
Blan studied wore 30 pms of foss @ thickacss,
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Mass Transfer

The cffect of mass transfer on these fast heating
experiments was tested by determining the sensi-
tivity of the weight-loss curves to the initial sam-
ple mass. No effect was found for masses less
than 1 mg, indicating that in the design of
SMATCH/FTIR, mass transfer is not an impor-
tant factor provided the sample mass is small and
the film is thin and uniformly deposited.

GAS §
NC

RODUCT ANALYSIS

Many of the previous studies of the chemistry of
thermal decompaosition of nitrocetlulose have been
ceviewed {22). Three samples differing in the
percent nitration were studied here. In 134% N
NC., 2.73/3 of the OH groups of the 8-1.4-gluco-
side unit are nitrated. NC samples with 11.7%N

" have 2.16/3 nitrated OH sites, and 9.45%N has

1.57/3 nirated sites. All three compouads vigor-

J.K.CHEN AND T. B. BRILL

ously decomposcd on heating and gavc similar
SMATCH/FTIR results. Phillips et al. [9] also
reported that the %N had little effect on the .
kinetics of decomposition of NC st low heating
rates. Although the temperature rise in the
exotherm of the sample containing 13.4% N is
somewhat greater than in the samples with the
less N, the shapes of the weight-loss curves are
similar. Therefore, only the SMATCH/FTIR data
for 13.4%N NC is shown (Fig. 1). The gas
products are detected simultancously with the on-
set of weight loss at 175°C. This temperature
closely rescibles the onset of weight loss by
TGA. The gas prodicts from all three samples
are quitc similar. NO dominates NO, as the
oxidizer reaching the gas phase. The extensive
amount of reduction of NO, results in a large
amount of carbon oxidation as evidenced by the
CO and CO, liberated. HCOOH and CH,O are
alsn significant products. CH,0 was found to
form in relatively highcr conceniration as the
percemt N in the sample decreases. Ik has been
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shown that nitration of the -CH,OH sites of the
cetlulose backbonz is favored over the secondary
<OH sites {23). CH,O has been proposed to form
from the -CH ,ONO, greups (24}, Hence, CH,0
is expected to be, and is, relatively more preva-
leat in the less nitrated samples.

HCOCH has been identified previously as a
product of decomposition of NC{[24-27].
SMATCH/FTIR studies of NC samples having
an cven lower percemt nitration indicate that
HCOOH forms after most of the other gas prod-
ucts appear. This suggests that HCOOH is pro-
duced by the residue afier most of the ensrgetic
nitrate ester sites have decomposed.

PYN, PGN, and NMMO

Figures 2-4 show SMATCH/FTIR data for PVN,
PGN and NMMO, respeciively. CH,0 is the
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dominant product from PGN and NMMO, which
contain only -CH,ONQ, sites. CH,0 is rela-
tively less prevalent from PVN which possesses
no primary alkyl nitrate sites. The fsct that CH,0
forms at all from PV indicates that CH,0 is not
solely formed by these primary alkyl nitrate sites.
As with the NC samples, CO and NO are major
products. However, for both PVN and PGN,
HONO, as well as NO, are detecied.

The gas products liberated from NC, PGN,
and NMMO contain large amounts of NO, CO,
and CO, and! lesser amounts of NO, and HONO.
This finding indicates thar an extensive amount of
rcaction wkes place in the condensed phase be-
fute the products are released 16, 28). It is widely
belizved that 0-NO, homolysis is the initial step
in the therma! decomposition of nitrate esters
(reaction 2) [9-16). Howcever, except when reac.
uon 2 occurs on the surface, the NO, must
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imlcrpict this o mcan thil the sme Sedsmpont-
oh reactions doreinake fram the biginaing & e
ond of the dedoaipacation of the minplc. bal that
b wicfcasing dmaunt of amplc i iavolved
© idiont with this ts the fact that a plof of the tota!
IR absotbancs of the products showa & Figs

36

1=4 v time shows that the absoebanee of the gas
products srsottdy smareasy through the weigh
togs step and fevels off Rumply at e ead of the
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TARLED
Polysomial Curve Fitting Cocfliciears of Nitrate
Esser Polymeis
Polymer L [N (Y L

NC(13.4%N) a68 -NM 2218 -3
RCILL.TRN) 345 983 61 -1M4
NC®.45%H) 677 ~iL& L3 ~-1LT4

PVN 353 -8 NN
PGN 6.75 - 245
NMMO B -4 WIS

lated and experinental weight-loss curve used in
this analysis for 13.4%N nitrocellulose.

J
(t~a)= zoﬂa"(.i =20t3) )
da §f‘, =L (10)
dr ‘;'m, ) {10)

The time-derivative of Eq. 9 is shown in Eq. 10.
Thegefore, oaly a single thermogram is required
(oc the determination of the kinctic paranviters in
the SMATCH/FTIR experiment. By using trial-
anderror modification of n, a straight line is
achieved when the left side of Eq. 7 is plotted
against 4/ T in the initia) 0% of weight-tiss,
When n = 2, the plots are shown in Fig. 6 for
e Buoe samples of aitroccliuloss. The intercept
gives the vadue for A and the slope yields 3 value
foe £, (Tablz 2). The temms “activation encrgy”
and “reation order™ are carmed over from the
comenclature of homogensous sysisms even
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though they do oot necossarily have the sune
awaning when applied to these hetcrogencous
decomposition peacesses (31).

The kinetics data analysis described above dif-
fers from the models used previously to interpie
thermogravimetsic data for NC whea dT/dr <
$°C/min. At slow- heating rales, 3 first-order
autocatalyle reaction in the induction step f-
lowed by simple second-order kinetics is able to
fit the global weight-loss curve. Whea a Hirst-order
kinetic expression is applied o the SMATCH/
FTIR da3 in Figs. 1-4, the activaticn encrgy is
acgative in thie lower temperature range. Negs-
tive £, values can occur but are unlikely undes
the conditions that 3re present in the
SMATCH/FTIR experiment. Thus, the glabal
devompasition processes of thewe nitrale esters
heated ar > 00°C/s are better described by
B 7and § with A= 2 thaa by the fs-ordes
wdel. The fact diat tinsar fuactions are obtained
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TABLE?

Kinctic Parsmiciers of Nicraie Ester Polymers for Therma)
Decomposition & dT/dr > 100°C/fs by SMATCH/FTIR
Spectroicopy

Polymer E (keal/mal)*-* tog A(n""
NC(13.45%N) 2608 164 204
NC{l1.7%N) N7213 1692 10
NC(9.ASEN) 3N8:2) 167208
PVN 32102 159 203
FGN Mz 21 14707
NMMO S ERE) 163 205

“Appareat reaction order A s 2.

P average of twa eapeiunents,

(Fig. 6) with n =2 does not mean that the
decompasition process is necessarily second-order
in the usual sense of chemical kinctics. The ther-
mal decompositicn of these nitrate esters s a
beierogencous process in which all of the reac-
taas and diffusion tenns 2re lumped. The value
of &= 2is enly an cmpirkss pararneter chosen
to lincarize the pawer e biw. The similarity of
tie vaiucs of £, and log A for the sis ritrate
ester polymets decomposcd at a high heating rate
sugyests that ihe global kitectics of decompasition
is domingted bv the same processes. The simitar
iy of the values is pol an artifasy of the gethad
becwme other clacses of compounds vielkd Jifter-
en values (321

Fhis aody shows that te expeesdons thyy s,
eanize (e rate dats for the By decempondion
of nitrate eatens dopend oa the heating rate. This
is bocause e Wit side of Bg. T has two varisbles.
A shve heasig rates (% 3°Clmin), the waigla
j833 of wmost winse eders s Aesordsr o Bk
order putocaulytie throaph e Sox SO%, fol
lowed by 2 wooadwndes provzs i the Datwe

$3% (8, 12, 13). Thy: w0 wegn are wparatod by

a Srcdnaticgity that Bas boen interpreted 3s sicsa-
e thst G-NO, hoolysts Jomiszics taliislly
1) W the decomponitivn ke gl o 3
© bighes hegitag rate (o 102°C /), the tate crpecs:

siert has the S od appareal soooadaeice peo:

cexs o the iaitial $O%. of weight tosn. Wy sieens
that e Joos aid udply that 3 sovoadosdor ok

. cachlify ceafra i Bking pladc Borguer shac

© bt i3 @ plokad hotésbponcaas fhaens savolving
L easny gl foactivas ax wicll as Sifusioa. The
© s caportzss potal i thit the Ja Jd7 33 fla)
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terms in Eq. 7 have different importance at slow
and fast heating rates.

It is well known that the kifetics determined
with slow thermal decomposition techniques do
not explain combustion data. We were interested
in establishing whether the fast decomposition
kinetics from SMATCH/FTIR spectroscopy ap-
ply to combustion. Indeed, they match the regres-
sion rale messurements of double base propel-
Lints (mostly NC) during combustion, but apply
oniy in the range of pressure and temperature
where the kinetics were mieasured.

Various surface temperatues in the 175-300°C
range have been reported for duuble base propel-
lants a8 1S psi [33]. Despite the high heating rates
employed in SMATCH/FTIR, the decomposition
temperature range achicved is 180°-200°C at the
lower cnd of this range. Sill, this permiis a
comparison to be made ef the kinetic coastants to
the bum rate expression. The da/dt fla)™'
term in £q. 7 expresses the rate of regression of
mass in the temperature range of the SMATCH
experiment. The regression (burn) rate, #, of
materials is expressible in 2 {orm similar to Eq.
7. but with uaits appropeiate for the burn sate
(. 18). where A is the sample thackness.
H{mmfs) = Ake™ &7 ()

By using the thikness of W) um, T = 180°C,

“and the parameters for 134N NC in Tadle 2, 2

valuz of # = 0.3 mm/s is obtained. This is close
to the fegression rate (0.4 mm/fs) for a douhle
ha: propellant under the same pressare and tem-
perdture cobdiioas (3.

Vo The gas praduits evolved from the faal ther.
elysis of these pittale estor polymees tnds.
cale that an eatenive stnad of (cactisa hys
Saken pf 20 o the comdchued phaw bofoes the
giies appeat. The global kinctics aie <on:
1aiid by thewe deatons,
TR Sreinpaiition tcactioas 3! the beginniag
& 52 weighd losa peaduce the ag peaducts
e thaee Eatéd o the Segtadation baved vé the
reelanty o the auis) piadkicts and the fuaal,
ealy shite prodcts.
B The D3 ONO, grovgs coatoibate geenly 9
G amouss of CH,O Tormod, However,
CHLO s toraxd to som cricnl oven wika

Kot




this primary alkyl nitrate pendant group is
ahsent as evidenced by its presence in the
thermolysis of PVN.

Weight-loss measurements at slow and fast
heating rates produce different kinetic rate
expressions. A second-order power rate law
linearizes the data in the first SO% of
weight-loss at high heating rates, whereas at
low heating rates, a first-order autocatalytic
rate-law applies.

The similarities of E, and log 4 for these
nitrate esters decomposed at high heating
rates suggest tnat similar overall reactions
and transport propertias dominate the decom-
position process under these fast heating con-
citions.

‘The kinetic constants from SMATCH inea-
surements on NC predict the measured burn
rate in the samie pressure and temperature
range.
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THERMAL DECOMPOSITION OF ENERGETIC MATERIALS.
PART 51. KINETICS OF WEIGHT LOSS FROM NITRATE ESTER
POLYMERS AT LOW HEATING RATES

J.K. CHEN and T.B. BRILL *
Department of Chemistry, University of Delaware, Newark, DE 19716 (U.S.A.)
(Received 4 September 1990)

ABSTRACT

The kinetics of weight loss of six polymeric nitrate esters is described by the non-linear
least-squares fit of non-isothermal TGA weight-loss curves. In the first 50% of weight loss,
nitrocellulose (9.45%, 11.7%, and 13.4% nitrogen) and poly(vinyl nitrate) undergo first-order
autocatalytic decomposition. Poly(glycidyl nitrate) and poly(nitratomethylmethyloxethane)
exhibit simple first-order kinetics. The tendency to become autocatalytic follows the trend
toward higher oxygen balance, higher viscosity, and the increased presence of secondary alkyl
nitrate sites in the molecules.

INTRODUCTION

Studies of the decomposition of nitrocellulose under slow heating condi-
tions (dT/d¢ < 5°C min~') have been extensive [1-7]. For instance, the
kinetics of weight loss measured by TGA reveals that the decomposition
process initially follows a first-order rate law that may be associated with
0-NO, homolysis as i.1 reaction (1) [4,5]

RONO, » RO + NO, « (1)

Autocatalysis, perhaps as a result of NO, reacting with RO+, then be-
comes increasingly ‘mportant. After about 50% of the weight is lost, a
discontinuity occurs in the weight-loss curve and a second-order rate expres-
sion best describes the process [4,5]. This latter stage has been interpreted as
indicating that backbone cleavage reactions are occurring (8}.

Recently, the decomposition kinetics of thin films of nitrocellulose (NC),
poly(vinyl nitrate) (PVN), poly(glycidyl nitrate) (PGN), and poly(nitro-
methylmethyloxethane) (NMMO) have been studied at heating rates exceed-
ing 100°C sec™! [9]. The rate laws that describe the weight loss from NC at

* Author lor correspondence.

0040-6031,/91/803.50  © 1991 - Elsevier Science Publishers B.V,
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slow and fast heating rates are different. Unlike the first-order autocatalytic
model that describes NC at low heating rates, the first 50% of weight lost at
high heating rates is best describ~d by a simple second-order power rate law.
Because no previous kinetic studies of PVN, PGN and NMMO were found,
comparisons of the high rate decomposition kinetics with low rate decom-
position data could not be made for these compounds. Low heating rate
TGA kinetics data would also enable more general comparisons to be made
of the kinetics of decomposition of nitrate ester polymers. Therefore, this
paper describes the kinetics of weight loss measured by TGA for three
samples of NC that differ in the percent N, and for PVN, PGN and
NMMO. The initial 50% of weight loss is considered. In this early part of
the decomposition, the induction process is emphasized. The later siage of
weight loss where the residue reactions dominate was not studied here.

EXPERIMENTAL

Samples of nitrocellulose were supplied by Y.P. Carignan of Picatinny
Arsenal, NJ. PVN, PGN and NMMO were provided by A. Becuwe (SNPE,
Le Bouchet, France), R.L. Willer (Thiokol, Elktcn, MD), and G. Manser
(Aecrojet, Sacramento, CA), respectively.

Thermogravimetric analysis was conducted using a Dupont Instruments
Model 951 TGA at 0.5 or 1°C min~' under Ar at a flow rate of 20 ml
min~'. Samples of 1.75-2.55 mg were used in all cases. The first-order
weight-loss curves were fit by the non-linear regression subroutine RNSSQ
contained in the [nternational Mathematical and Statistical Library.

KINETIC MODELS

The first-order autocatalytic model that describes the TGA weight-loss
curves during the thermal decomposition of NC at d7/dt < 1°C min~' is
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well known [2,4,5). As a check on how our TGA methods compared with
previous work, we reinvestigated samples of 13.4 BN NC for comparison
with published data. The data, especially those of Eisenreich and Pfeil {4] on
13.3 &N NC, are fully reproducible in our laboratory. We employed the
non-linear least-squares model for non-isothermal decomposition that they
. used. In their approach they searched directly for the least-squares fit of the
temperature integral of the Arrhenius equation. Since multiple solutions of
this integral are possible, we wished to determine whether their converged
values were the appropriate ones. Therefore, the Coats and Redfern ap-
proximation [10] was used to obtain an initial guess of the solution. The
final, converged values of the least-squares calculation were found to be the
same as those of Eisenreich and Pfeil indicating that their direct search
procedure had converged at the most reasonable solutions. Thus, no further
elaboration of this published kinetic model is needed here. The weight-loss
data for all samples of NC and the sample of PVN were analyzed by the
model.

The weight-loss curves for PGN and NMMO were found not to require
the first-order autocatalytic model. Only a simple first-order model was
found to be necessary. In this model, the rate of weight loss, da/d¢ is given
by

da/di=k(T )1 -a) (2)
where a and %(T') are defined by eqns. (3) and (4)

a= (W, - W)/ (W~ W, (3)
k(T)=A e E/RD) (4)
If a linear heating rate is employed, then dT/d¢ = B. Therefore

t_da AT _emm '
fo(1-a) Bfroe dT (5)
Redefining T, = 0, the temperature integral S(T') is given by

T ..
S(T) =[ e E/RTY 4T (6)
0

Since eqn. (6) has no closed solution, it can be solved as an asymptotic
expansion, eqn. {7), (10,11]

_RTY eamy RT RTY? RTY’
S(T) = “g-c 1—2(—E—)+6(—E~) -~ )+ (1)
If only the first two terms of the expansion of eqn. (7) are considered (12]
then

ln(—_ﬁl—(flz—_g—))=ln[%§(l—2{%))}-% (8)
43
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Fig. 1. The experimental and kinetically modelled TGA weight-loss curves for three nitrate
ester polymers. The first 50% of conversion was modclled.

Using eqn. (8) to obtain an initial estimate of £ and A, the non-linear
least-squares method can then be used to solve eqn. (9) and obtain more
accurate values of E and A

1—-a):: exp[— ig%,z.e-(l;‘/kn(] - 2( .RE_T) + 6(‘@‘)2 — . )] (9)

RESULTS

Figure 1 shows the weight-loss curves for NMMO, PVN and PGN. By
using these data and those for 9.45%, 11.7% and 13.4 %N NC, Arrhenius
plots were consiructed from eqr. (8). Figure 2 shows these plots for PVN,
PGN and NMMO. Figure 3 shows the plots for the three samples of NC.

-11 {.. Srmm o mmmmeccoo s oo memoe ooy
-12 « Poly(Vinyl Netrate)

13 " ° Poly(Glycidyt Nitrate)
-14
-15
-16
-17
-18 ~

In{-inf{ 1-a }/T%})

-]9 R S DI S L ahant BN Snai)

2.1 2.2 2.3 24 2.5

1071 ()"
Fig. 2. Arrhenius plots for three nitrate ester polymers showing lirst-order behavior, except
for PGN at higher temperature, where autocatalysis becomes important.
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Fig. 3. Arrhenius plots for three nitrocellulose samples showing first-order behavior at lower
temperature with autocatalysis becoming importaat at higher temperatures.

Note that NC and PVN folluw first-order kinetics only in the low tempera-
ture range (138-160°C for PVN, 169-190°C for NC). The autocatalytic
process then becomes important. This behavior requires the use of a first-
order autocatalytic model to calculate the kinetic constants given in Table 1.
On the other hand, PGN and NMMO follow simple first-order kinetics
throughout the initial 50% of weight loss (144-180°C) without undergoing
autocatalysis. The final E and A values in Table 1 were calculated from
eqn. (9). The weight-loss curves calculated from these models are shown on
Fig. 1 for comparison with the experimental data.

Three factors in these compouds may be responsible for their different
kinetic tchavior: the differences in phase, energy content (oxygen balance),
and number of primary and secondary alkyl nitrate groups. With regard to
the phase. NC and PVN are amorphous solids up to the decomposition
temperature, whereas PGN and NMMO are viscous fluids at room tempera-
ture. The case with which the gascous products, especially NO,, can escape

TABLE |
TGA kinetic parameters nf nitzate ester polymers
Polymer Heatingrate  First-order step Autocatalytie siep
P . .
(*Coun”") ga log A
tkeatmol™')  (se2™")  (kealmal™')  (sx™Y)

NCOJASEN) 0.3 40.6 154 a0 160
NCILTEN) 03 - 48 5.2 4. 160
NC(945 &Ny 03 407 154 412 159
PVN 19 4.7 20.2 %9 19.9
PON 10 462 19.3 '
NMMO 1.0 4.2 80
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the condensed phase would be expected to be greater for PGN and FAMO.
Hence, the concentration of NO, may not build up to the level ne-ded to0
create significant autocatalysis. The more rigid NC and PVN matrices may
retain the NO, to a greater extent and enable autocatalysis (o become
important. Consistent with this, Phillips et al. {1] found that the ¢..omposi-
tion of NC followed first-order kinetics below 200 mm Hg, but more
complicated kinetics were followed at high pressures. The decomposiion
gases would be expected to escape from the sample more readily at lower
pressure. Were this physical mechanism entirely responsible fo: the kinetics
differences, the concentration of NO, in the gas phase would ¢ expecied to
be higher for PGN and NMMO than for the other samples. This is not
found experimentally [9), and illustrates the value of performing IR analysis
of the near-surface products when conducting these types of experiments.

A sccond cxplanation for the apparently different kinetic behavior of
these compounds upon thermolysis lies in the oxygen t:alance. Figure 3
shows that the deviation from first-order behavior of NC decreases as the
oxygen balance (or percent N) decreases. The acceleratory effect of NO, on
the degradation of the sample at higher tcmperature depends on a threshold
amount of NO, in the sample being reached relativz to the other products.
Otherwise, the reaction might continue to follow gistal fisst-order behavior
as suggested by reaction (1). PGN and NMMO have an even lower oxygen
balance than 9.45 BN NC. On this basis they would be expected to tend
toward the dominance of first-order kinetics, in accordance with what is
found experimentally. Thus, it appears that the oxygen halance (amount of
NO, available relative to the other products) may play a role in the reaction
rate. A higher oxygen balance favors firs? -order autocaialysis vhile a lower
oxygen balance favors simple first-order kinetics.

A third factor may be the position. of the nitrate ester group on the
backbone. The preferential site for nitvation of NC is the primary alcohol
(13} Thus, the ratio of pnmary/ secondary alkyl nisrate groups is higher in
945 BN NC than 134 N NC. As the percent N in NC decreases,
autocatalysis oceurs to a lesser exteni (Fig. ) suggesting that autocatalysis is
favored by the presence of the secondary nitrate proups. In keeping with this
pattern, PVN. which possesses op.y secondary alkyl nitrate groups decom-
poses autocatalytically while PGN and NMMO, which possess only primary
alky! nitrate groups fo'low simple first-order kinetics.

All three of the above observations may be contributing facters n the
different kinetics of decompesition of these niteate cster polymers, However,
the first-order or hirst-order autocatalytic models do not satisfactonily fit the
weight-loss kinetics at heating rates excoeding 100°C sec”™! [9) where a
simple second-order expression was found 1o be necessary.
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Thermal Decomposition of Energetic Materials 53. Kinetics
and Mechanism of Thermolysis of
Hexaritiohexazaisowurtzitane

0 G. PATIL and T. B. BRILL®
Depariment of Chemisiry, University of Delaware, Newark, DE 19715

The kinctees of thermal decompasition of hexanitrobecrazaisowurzitane (HNIW) ere measured by the isothennal
weight Foys (TGA) and absivbance charges in the FTIR spectrum a8 | atm. Below 204°C, the wnsl 0% of
decompasition (ollows the pawer rale eapreision k(THE - a)® with & = 1,2, The activation cacrgy 18 36.3 2 0.6
keal/mol and bog A 6i 1365 °" for m = 1. The data Jo not il ad sutocatalytis decompusition anage] Theemeiysis
1a the 250° -300°C range wus dudied by the fau-heat-and hold /FTIR tchaigue. N--NIO, hoawsgus doeinaies
the devompasilion sate 10 the lower wmpetatue raage and NO, is the mapw gas product  Severat liter stage
Secatiponition rcactions of HNIW are propied in light of the pature of the gas praducts, thets coacenifalun (3
as 3 fumine of emperuure, dnd nfaematoa en e raidue. The NO/NO, muw swws thal oaudatis of te
residue by NO, becomies wicreasing uapastant 31 higher temperatuses.

INTRODUCTION

The three-dimensional cage structure of the poly-
cyclic nitramin.  hexanitrohiexaz isowurzitane,
HNIW, provides a varighle aut commonly pre-
sent in 2 nitaining malecule.

7

(HNIW}
Unlike e iwo-dimensiona) eyslic  niteyming
awiccules, RDX and HMX, where decompoy-
tion by N—NO, homolysis lowers the barer w
C—N Gsvion 1), '

N . N ’
: ' ! C.NN
RDX) (HMY)

Copyrig © 1951 by The Cinndracrionm boitiols
 Pichsliciiad by Elagnict Sivonen Pobdictiny Ot b
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radical recombination in the backbone of HNIW
following N—NO, homolysis could stabilize the
C—N boad by muiuple boad formation and poly-
merization. As 3 result, HMX and RDX produce
only gas products upon combustion at | aum,
whereas HNIW praduces an ash aloag with gas
products.

Previous HMX and RDX studies counsel tha
the experimental conditions are tikely (o influence
the decompasition behavior of hulk sample of
HMIW. In zddition, the number of paralie] and
sequentia! reactions is likely to be large ensygh to
nake the full picture very ditficoll 1o develop.
Our focus in this study was te detenming the
globatl thermal decomposition kmetics and gas
paducts of 2 bulk sample of HNIW  usder
wathemial conditions at law and high tempera
wre. The paal wes 10 gain a mode spexific uader-
standing of how thexe kideis are coanecta! o
Be docmpasition reacsions of HNIW,

EXPERIMENTAL

HNIW (€ H N, Q) was wppld by De. W
Koappes of NSWO. It was shown by IR and NMR
sgecitmsony (0 ¢oalait a aopligible sswoun of
o1 dnpuituey 2ad 1,0 -
The ouential paaciples of the Exa-heat.and:
hold espeniicin dave boen descadbod clwwbsee

§21. Homevee, a tow watiation of fins tactiud has

bocn devaloped 3] ased oa e CDS 1090 pyvo-

LD 20MIA91 /81 S
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peobe controller incorporzting a Pt ribbon fila-
ment. Typically 200 ag of sample is thinly spread
on the fllament and the thermolysis is conducted
in the usual manner in an Ar atmosphere {4). A
heating rate of 2000°C/s (o a specified filament
termperaiure was ssed. The IR beam of a Nicolet
20SX FTIR spectrometer passed several millime-
ters above the filament 5o that the gas products
are detected in 6ear reai time by the rapid scan
mode €10 scans/s, 4 cm™ ! resolution). Products

" for which IR intensitics are available were quanti-

fied ad shown here as relative percent concentra-
tons (4], HNCO was detected but could aot be
quantified becasse no intensity data are gvailable.

- Enduthiermic and exothermic events af the sumple

are detected by moaitoring the control voliage of
the filament. The control voltage is applied 1o

Comaistaie a conmtat het rate and final ftament

tempecture. Hemes, no thermoceuple is needed.
The difference wvace of the control voltage (con-
trol voliage with sample present minus the control
voltage with no sample piesent) gives the clearest
repvesentstion of the thermal events,

The kinctics of solid-phase decemposition of
HNIW were studied in air in the 190°-200°C
range by using the Nicolet WISX FTiR specirom-
eter. The HNIW 2ample was dissolved in CH,CN
and spsead oato an NaCl plate. The solvent was
tien evaporated o form a thin film. This plate
was then placed uncovered in the solid-phase IR
cell dascribad before (5] so that the decompasi-

D.G.PATIL AND T. B. BRILL

tion gases could escape. The temperatuic was
nwintained isothermally by a time-propontioning
controfler.  Thirty-two  interferograms  were
summed per spoctruny. The changes in the
N—NO, modes (1608, 1325, 1206, 941, and 876
cm ') and CH stretch (2915 em ™ ") with time
afforded the rate data. .

TGA studics in air were conducted on a DaPont
Instruments 951 Aqalyzer in the feaperature
range 190°-204°C. Scaween | and 2 mg of
sample was used with 3 temperature contsal of
£1°C. ‘

ISOTHERMAL KINETIOS

The decompusitivn kireties of HNEW at tempera-
tures whese the reaction is relatively slow wete
siudied isothermally by thermogravinmetrically
measuring the rate of weight loss (TGA), and by
yuansitating the ahsothance changes ia the trans-
mission IR spectum. The relatively aarrow tem-
perature range employed for such studies is typi-
cal of coergetic materials. For example, with
HNIW, the reaction is very slow below J9°C
while the reaction bocownes quite rapid zhove
20°C. '
Figure | shows the sate of the initial 3%

“decomposition of HNIW in air at several temper-

atures as Tieasgred by the rate of weight loss.
These data represent the cemponite rate of all of
the gas evelution reactwas and of mass dihusion.
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0.35

0.31

The power rale equation (Ey. 1) fits the rate of
decomposition equally well when a = 1 (Eq. 2)
i = 2 (Eq. 3) [6).

da k T. L]

= = K70 - o), M
Co~infl -a) = k4 e, -

(t-a)'-1okete (3}

The fraction af weight lost, e, is defined as”
Ve ome ds 4 ks the

a = (W, ~ W)/ W,
e coastant, snd & i (he gpparent ol of the
rexction Wy is the initial sample weight and W,
13 the weight at tiowe ¢, Figuse 2 shows the results
foe m = | and Tuble | gives the rate constants for
A= | and o= 2 Nitramings soectises display

aurocatalyses upon decoinposiniag (7). HINIW daes

O &5

TIME (min)
Fig. 2. The raiz dais for the sl 0% of docomporition on HNIW pwmae(‘mﬁ.&mw
whete 8 = 1,

ot undetgo aulacatalysis, se evidenced by the
fact that the data do not fit the Prowt- Tomking
awacatalytic model [8). A plot of tog & vs IS T
gives the apparend activation encsgy, E, and -
exponcntial factew, A, shown in Table 2.

Movre deail abous the relationship of the global
kinctics of gow thermal decompasition to the
individug) veactions of HNIW is available through
analysis of the changes in the IR spestrum of
HNIW 35 2 function of time at several wnpers-
tures. Since the <povteal chanpes of iaterest i
volve the dececase in intetisify of madss due %o
the gas-praducing tegctions, the varahle-toayser-
alure tranumican IR col] wed i cor waek (51
wis mashiied to pormit contestiod heatng of 3
ihin Glo of ample while allowing e goses 0
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escape. Upon heating, 3-HNIW converts o y-
HNIW s0 that decomposition occurs from the
y-polymorph. The IR specttum of y-HNIW
shown in Fig. 3 reveals that modes associated
with the external bondds {the C—H steeich, and
bending (&) and stretching (») of NNO, | domi-
nale. The cage mades {C~C and C—N) ane
- gelatively weak owing to the high pseudosymme-
ity of the cage. The mades assigned W the NO,
group afe nof ealirely pure —NO, modes '
cause of coupling with the N—N muions [9).
15.¢ rate of decrease of the area, A, of each
madde assigned in Fig. 3 as a function of time was
followed for the first SOR of decomposition a1
four temperatures. &k was caleulated from Eq. 2
by using a = (Ay — A/ Ay The Archenius
coastants were caleulated for esch mode and are
shown in Table 2. The valucs 6 the bending and
stretching motioas of the —NO, group are the
- same within experiracntal creoe. The fact that the
Arthenius coastants for the firnt S0% of decom:
position measured by TGA are very similac to
those for the motioes of the N—NO, group is
gowd evidence that N—NQ, homalysis dominyes
the global sate coastant for decompasition in (s
mperatuse range. Oa the othar hand, the kinctic
comstants for the C—H boad (Table 2) are i
feient which unglics that the dagradation of the C

LE
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ws

g

D.G. PATIL AND T.B. BRILL

—~H bonds of HNIW dues nm controd the glabal
decomposition kinetics under these conditions.

A small amount of black amurphoes residue is
formed upon thermal decompozition at | atm.
Kraveile [10) has investigated this residuc and
found it to have the approniniate stoichiometry
H,C\N,0,. Tne IR spectruin of the residue
formed at 215°C shows absorbances characteris-
tics of C=0 (1821, 1703 em '), C=N (1594
em ™!, broad), and NH (3277 an ™', briad). The
presence of the C=0, the hraad abswrhance cen-
ered 3t 1S9 em ' and absosbances at 1348 and
129 em ™ caJld be used as evidence af amides
in the residuc. The intensities of 1l shsorbances
vary depending oa the conditions of the decompe-
sition. No funther work oa this eeaudue was per-

The kincties datx on HNIW desceibed above
were gathered in the temperatuse sange where
decomposition occurs ovar a peried of ma.ores.
OF course, combustion applicatioss involve much
higher tempeeaiares and shorer time seales.
Hence, it has been pecessary (o develop awthods
s investigate the theanalysis of HNIW at higher
empeatures where the decoempasition rale is
ech facter. A yseful methad for such gtodies is
the fast-heat-and-2ald /FTIR spectroscopy tech.
aique {2}, Reeal impeovenicans (3] coable the
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beating rate and fingl temperaturs of & thin P
sibbon filarment (o be contralled independentty. A
beating rare of 2000°C/x (o a prescribed tempera-
wre T, ean be achieved without overshooting 7.

In this way, :hewnp&ecanbehwedrapﬁdlyma
knswn, coastant temperature thar is substantially
higher than tha available i the TGA o IR
z4pariments (escribed above. HNIN ' decomposws
under Bear nothermal condinoas with 3 aitatng)
cooking tiree. Endotherraw and exothereaic events
are eawnd by the chasge ia the redstancs of tw
larear rather than by a thermacouple. A very
rapudly reguoadisgy 2ooivel suinge b appliad ©
e filamend ts cagintain the hesting rate asd T, e

the geescace of endathermy and exatbecus of the

sunple. An endothorin reQuisesy 3 paiitee coattol
voliage whils au exotherm eguires 2 nogative
caatral voltage (o duintiia 3 lacar orcaw o

Frgute 3 shawms the cokicol valtage taos of the
#2 of HKIW hoitod ot 20000°C /s to 330°C yaser
tain of A7 The toaply exakborai Soocngioni:
© Ghoa eedrion 1y dewa 38 2 acgative ol o the
coatiol voitage. No g piadad: ae datoctad in
Ayt i Al o 3 eniinad provioss. T obwes-
valhoa s comsisiced woith e eosulie of kianctagcs of
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dominant praducs, which is alzo consisent with
the aforementioned N--NO, homalysis reaction
being the major inttial decompasition step.

fn fast-heat-and hald /FTIK experunents 32 sev
erdl tempenyres covening  the 230°-306°C
vange, the raios «F the final coacenteations of
okt of the gax peaduces rerain telatively con-
stang. Hance, the mechamun of dosompanttion of
HAIW o quabrately the satre over Ous tempet-
Huse range snd the rate quetlicwnts of the patatiel
teaciiony Bave 3 sitiat tempenityte dependence.
The aotable exepioa o thie NO/NO, abw
which iaereases wuh araniag temperanurs. (Feg.

3). Since NO, © 2 prusary piodist amd NO
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forms from the NO,, the NO/NO, ratio is an
indication of the relative importance of secondary
reactions involving NO,. Even thcugh NO, is a
primary product, most of it forms in a inatrix of
condensed phase materia! As a result it can react
further with other radicals in the decomposition
sequence, e.g., by Eqs. 4-7. The reactions are
accentuated by higher temperatures.

N—NO, = N- + NO,, (4)
N- + NO, = N—0 + NO, (5)
HC- + NO, = HC—0- + NO, (6)

HC: + NO, -~ HONO - iNO

+3NO, + 1H,0.
(7)

Hence, the NG/NO, ratio is larger at higher
temperatures. As noted above, the residue from
the decomposition of HNIW has modes character-
istic of =>C*=C which caa form via reaction 6.
The high O and N content and low C and H
content of the gas products are consistent with the
formation of a residue containing more C and H
and less N ard O, as found in the analysis

performed by Krauetle [10}.

THERMOLYSIS REACTIONS OF HNIW

As with the cyclic nitramines, HMX and RDX,
many parallel reactions occur during the thermal
decomposition of the polycyclic nitramine HNIW.
The study described here suggests several plausi-
ble steps that take place. N—NO, homolysis is
the major step in the initial S0% of decomposition
of HNIW on the basis of the large amount of NO,
liberated and the global kinetic constants. Much
of the NO. is relea: xd 10 the gas phese, but the T
dependence of the NO/NO, ratio indicates that
the NO, increasingly reacts with radical sites that
form in the backbone at higher temperature ac-
cording to Eqs. S-7. These reactions arc respon-
sible in pant for the formation of the =C=0 and
=C=N-— bonds found in the residue.

Following the N—NO, homolysis, many reac-
tions Of the backbone cage can occur. Several that
are consistent with the daia obtained in this work
are shown in reactions 8- 10.
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8 6
OANN N"Oz
121

ONN —_—

A A
O,NN NNOz

ONN NNO,
O,NN E \N' ®)
\ ( N
NF Ol
No

By analogy to the behavior of HMX and RDX
[1}. N—NO, homolysis at (for example) N(2)
would result in the weakening of the C(3)—N(4)
bond. This would facilitate insertion of the NO,
unit into the bond as shown in reaction 8. This
intermediate product could react further in sev-
eral ways, including reaction 9, which could be a
source of N,O, as well as some of the carbonyl
containing residve. In addition, a C—C bond
such as C(1)—C(7).

ONN NNO,
OzNN
N
/ |
O,NN O—n
~o
O NN

could cleave lcading to ~djaceny radical sites
which might recombine to form “=C=N—, as in

e

@

*
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reaction 10. The IR spectrum of the residue
shows modes in the C=N region.

.

ONN" NNO,

AN

N

O,NN
A___L
O,NN NNO,

oz% NNO,
O,NN N N

(10)
OzNN/ NNO,

The formation of a small amount of HONO
was sometimes observed and is understandable as
a result of radical scavenging in these systems by
NO, (11], as in reaction 7. HNCO appears to be
formed from nitramines by the decomposition of
amide residues in the condensed phase (12], such
as could form in reaction 9. HCN and CO are
products commonly formed during nitramine de-

composition and can arise in many ways from
HNIW.

SUMMARY

1. A power rate law equation with # = | or 2
fits the rate of the initial 50% of weight loss
equally well. Autocatalysis does not appear to
occur during the decomposition of HNIW.

2. The global kinetics of slow decomposition of
HNIW is dominated by N—NO, homolysis.
The residue that forms from this reaction con-
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tains C=0, C=N, and NH bonds, whose
formation is understandabie in terms of reac-
tions egpected of radical sites in the polycyclic
cage.

3. The NO/NO, gas products ratio depends on
the temperature and favors NO at higher tem-
perature. This pattern is consistent with in-
creased oxidation of the residue by NO, as the
temperature at which decomposition occurs is
iaised.

We are grateful to Dr. W. Koppes for sup-
plying a sample of HNIW, and to the Air
Force Office of Scientific Research, Aerospace
Sciences, for support of this work on AFOSR-
89-0521.
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Chemistry and Kinetics of Hydroxyl-terminated Polybutadiene
(HTPB) and Diisocyanate- HTPB Polymers during Slow
Decomposition and Combustion-like Conditions

&

J. K. CHEN and T. B. BRILL*
Department of Chemistry, University of Delaware, Newark, DE 19716

The decomposition chemistry and kinetics of hydroxyl-ierminated polybutadiene (HTPB), hydroxyl-terminated
polyethylencglycol adipate (HTPA), and diisocyanate cross-linked HTPB (diisocyanates = TD1, IPDI. and DDI)
were determined by TGA, DSC, and IR spectroscopy at 10°C/min and by SMATCH/FTIR at 250°-350°C/s. At
10°C/min, the first step (300°-400°C) for diisocyanate-HTPB is fission of thc urethanc cross-link bonds. The
diisocyanate cross-linking agent is vaporized to an extent that is controlled by its vapor pressure. The HTPB
polymer then exothermically cross-links and cyclizes, but also depolymerizes to yield volatile products. The overall
exothermicity of these steps is proportional to the number of double bonds in the parent polymer. Above 400°C,
the final major stage is endothermic decomposition of the mostly saturated residue of HTPB formed in the
300°-400°C range. The kinetics of this final step are independent of whether the original polymer contained
urethane cross-links or not. SMATCH/FTIR spectroscopy simulates the conditions in the condensed phase during
combustion at 1S psi, as evidenced by the fact that the regression rates calculated for HTPB from the
SMATCH/FTIR kinetics at 250°-350°C/sec fall within the range of combustion-like regression rates of
IPDI-HTPB and similar polymers (0.05-0.2 \.m/s at 15 psi). SMATCH/FTIR spectroscopy establishes that under
combustion-like conditions, the urethane cross-links cleave in the first step, but that less cyclization of the residual
HTPB occurs because of the shorter time available. Hence, no initial exotherm appears. Instead, HTPB skips
directly to depolymerization, giving up butadiene, butadiene oligomers, and CH ,0 to the first stage of the flame
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zonc.

INTRODUCTION

Diisocyanate cross-linked hydroxyl-terminated
polybutadiene (HTPB) is the most commonly used
binder in solid composite rocket propellants.
Aside from providing favorable mechanical prop-
erties after highly loading the polymer matrix
with particulate aluminum and NH,CIO, (AP),
curing of the HTPB with a diisocyanate cross-
linking agent can be effected at a low enough
temperature to prevent decomposition of the AP.
Moreover, the decomposition products of the
binder contribute additional fuel to the flame zone
during combustion. The kinetics and mechanism
of degradation of these polymers is the major
topic of this article. Insight into the binder pyrol-
ysis reactions is especially important in combus-
tion modeling because models, such as BDP (1}
and the leading edge flame model [2], consider
the binder and oxidizer products to be spatially

;o-nuponding author.

Copyright © 1991 by The Combustion [nstitute
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separated for a short distance above the surface
before they mix to become the diffusion flame.

Considerable effort has been devoted to heating
polymers rapidly enough to enable calculation of
kinetics relevant to combustion [3-15]. In turn,
inferences about the chemical mechanisms have
been made from these data. Beck recently evalu-
ated much of this work [16]. A common aspect of
all of these past kinetic studies is that chemical
mechanisms tend to be inferred without any
chemical measurements actually having been
made. In fact, the designs of all of these fast
heating methods are poorly suit d for simultane-
ous racasurement of the reaction rate and prod-
ucts in any connected way. This disadvantage
makes the mechanistic inferences about chemistry
almost entirely speculative.

To enable the fast kinetics to be measured
simultaneously with chemical analysis, the Si-
multaneous MAss and Temperature CHange
(SMATCH)/FTIR technique was developed [17).
With SMATCH/FTIR spectroscopy, a thin film
of material can be heated at a rate of 100° -

0010-2180/91 /$3.50
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350°C/s with the simultaneous measurements of
dynamic mass change, temperature changz, and
near-surface gas products. The thin film of rapidly
heated polymer is a *‘snapshot’’ simulation of the
condensed phase at a burning surface. The mass
and temperature data ensble Arrhenius constants
for the regression of the surface reaction zone
to be determined [I8, 19]. Confidence that this
simulation of the surface reaction zone during
combustion is reasonably accurate is bolstered
by the fact that the Arrhenius constants from
SMATCH/FTIR predict the experimental burn-
ing rates of energetic nitrate ester [18] and
organoazide [19] polymers at the same pressure
and temperature conditions. The gas products
detected near the surface should, therefore, be
very similar to those that leave the surface and
initiate the flame zone, were a tlame to be pres-
ent. It is also gratifying that the products detected
by SMATCH/FTIR are very similar to those
observed by our other fast thermolysis/FTIR
techniques [20], which implies that fast thermoly-
sis/FTIR spectroscopy also gives a reasonably
good indication of the gases that leave the surface
and enter the carliest stages of the flame zone
during combustion.

In addition to high-rate kinetics studies, the
kinetics and products of thermolysis of HTPB and
diisocyanate cross-linked HTPB were determined
at a low heating rate by DEC, TGA, and gas- and
condensed-phase IR spectroscopy. It is widely
cautioned that such studies should not be rou-
tinely used to describe the combustion regime [S,
8, 11, 13, 19), but they may be applicatle in
some instances [21]. At the very least establish-
ment of the different processes that occur with
these polymers as a function of the heating rate
gives insight into the -elative roles of the many
possible decomposition branches.

EXPERIMENTAL
Materials

A sample of HTPB (ARCO R45M, Lot 003097)
was obtained from S.F. Palopoli, Thiokol Corp.,
Eikton, MD. Its equivalent weight based on GH
is 1300. Samples of TDI, IPDI, and DDI were
also supplied by S.F. Palopoli and were protected
from moisture. The cquivaient weights of TDI,
IPDI, and DDI arc 87, 111, and 300, respec-
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tively. HTPA was provided by B. Goshgarian,
AFAL, Edwards AFB, CA. HTPB was heated to
60°C under vacuum in a rotary evaporator for 2
h to remove any water. it was then stored in a
desiccator. The diisocyanate~HTPB cross-linked
polymers were prepared by mixing HTPB and the
diisocyanate in an OH:NCO ratio of !:1 and
curing at 60°C for 10 days. For the SMATCH/
FTIK and solid-phase studies, the samples were
partially cured at 60°C and the gumstock was
smeared directly onto ar NaCl plate or the metal
end-tip of the SMATCH device. The curing proc-
ess was then continued for a total of 10 days.
Pure HTPB and HTPA were smeared directly
onto the end-tip or NaCl plate for decomposition
studies of these samples.

TGA-DSC Measurements

Thermogravimetric analysis (TGA), differential
thermogravimetric analysis (DTG), and differen-
tial scanning calorimetry (DSC) measurements
were made on a DuPont Instruments 2000 Ana-
lyzer with a model 951 TGA module and 910
DSC module. A linear heating rate of 10°C/min
and 4-6 mg of sample were used in all cases. An
Ar flow rate of 5 mi/min was used for DSC
while 20 ml/min was used for TGA.

IR Spectra of the Solid Phase

The residues of the cross-linked and pure HTPB
samples were studied by placing the sample di-
rectly onto an NaCl plate. The plate was then
heated in the TGA furnace at a 10°C/min linear
heating rate with a 20 ml/min Ar flow rate. At
the desired temperature, the plate was removed
and the IR spectrum was recorded on a Nicolet
60SX FTIR spectrometer at 2 cm "' resolution
and 32 accumulated scans. A fresh sample was
used for each temperature.

SMATCH/FTIR Spectroscopy

The SMATCH/FTIR technique has been de-
scribed before {17, {8). A cantilevered quartz
tube wi:ose natural frequency depends on the
sample mass coating the metal end-tip was set
into motion by a vibration exciter. Typically.
0.2-0.8 mg of sample was used giving a film
thickness of 22-88 um. The metal end-tip was
heated by RF induction at a chosen rate it the
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250°-350°C/s range by using a 1-KW RF power
supply. The film thickness and heating rate are
matched so that the heat transfer across the film is
fast enough to give a reasonably uniform temper-
ature (18]. The dynamic weight change during
the decomposition step was measured by the rate
of change of the vibrational frequency of the
tube. The temperature was simultaneously moni-
tored by a type E thermocouple spot-wclded to
the metal end-tip and in contact with the sample
film. The IR beam of the Nicolet 60SX FTIR
spectrometer operating in the rapid-scan mode
(10 scans/s, 2 spectra per file, and 4 cm™'
resolution) was focused within 3 mm of the top
surface of the end-tip. In this way the gas prod-
ucts evolve into the cool atmosphere of Ar in the
cell. The pressure on the sample was 15 psi.
Considerable care was taken to obtain a uniform
thickness of the sample film because a nonuni-
form film resulted in a poorly shaped weight-loss
curve.

Fast Thermolysis/FTIR Spectroscopy

Gas products from these samples were also moni-
tored by the fast thermolysis/FTIR technique

HTPB HO—-CH,—CH=CH—CH, )sCH,—

The amount of each of these three units can be
controlled in the synthesis, but all three structural
components are present in propellant-grade
HTPB. OH groups terminate the chains. Consid-
erable work has been conducted on the thermal
decomposition of polybutadiene at a heating rate
of several *C/min [23-30) and at high tempens-
ture [14). These results are quite useful for chas-
acterizing the behavior of HTPB In fact, Du [31)
recently extended these polybutadiene studies to
HTPB by using DSC, TGA, gas chromatogra-
phy. and mass spectrometry. The sample used
had somewhat different composition from the one
employed in this project. Several parameters for
our sample compared with those of Du
(parenthetical values) are equivalent weight =
1300 g/Eq (2300), % trans = 34.8 (62), % cis
= 20.2 (14), % vinyl = 25 (21), and % weight
remaining at S00°C = 2 (14). The general fea-
tures of decomposition of the two samples are

[22]. About 2 mg of the sample was placed on the
nichrome ribbon filament. The cell was purged
with Ar and adjusted to 15 psi. The IR beam of
the Nicolet 60SX was focused several millimeters
above the surface of the sample. With the spec-
trc:meter scanning at 10 scans/s and accumulating
two spectra per file at 4 cm ™' resolution, voltage
was applied to the filament. Ramp heating oc-
curred for the first 3-4 s until the final filament
temperature was reached. This temperature was
then maintained for about 10 s. The temperature
of the filament was monitored in real time by a
type E thermocouple that was spot welded to the
underside. The output was amplified, passed into
an AD converter and to an IBM PC. The spectral
files and thermocouple trace were correlated by
time.

RESULTS AND DISCUSSION
Thermolysis of HTPB at 10°C/min

HTPB, whose connectivity is shown below, -on-
sists of a mixture of cis and trans units in the m
portion of the molecule and 1,2-vinyl units:

CH-)-OH
|
CH

I

similar, but differ in some of the details. Also,
our kinetic analysis procedure is different. A
reinvestigation of pure HTPB was undertaken so
that the effect of urethane cross-linking of HTPB
could Le determined.

Figure | shows the TG, DTG, and DSC traces
of HTPB heated at 10°C/min io $50°C. As noted
by Du [31], the DTG trace shows that weight is
lost in two main steps, although further substeps
are evidsnt in the overall process. By DSC, the
initial weight loss step is net exothermic, while
the second step is endothermic averall. The initial
exotherm results from the positive energy bulance
of the endothermic depolymerization process and
the exothermic cyclization and cross-linking pro-
cess of the HTPB that has not undergone depoly-
merization. The samplc loses weight during this
first step becaus: lower-molecular-weight hydeo.
carbe -, such as {,3-bytadiene (C H,) and 4.
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Fig. 1. TGA, DTG, and DSC traces for HTPB at a heating rate of 10°C/min uader a2 $-20-mi/min flow
of Ar.

vinylcyclohexene (C4H,;), volatilize. These pro-  indicating that some unsaturation remains in the
cesses are essentially the same as those that occur  residue after the initial exothermic step ends. The
with pol; butadiene (14, 23-30). second step is endothermic because of the pre-

The second main weight-loss step of HTPB is  dominance of bond-breaking (depolymerization)
mostly the result of depoiymerization of the in the residue and desorption of the fragments.
cross-linked residue formed in the cyclization and A study of hydroxyl+erminated polyethyleneg-
cross-linking reactions of the first decomposition  lycol adipate (HTPA) was undertaken to help
step. Du noted that butadiene continues (0 be  confirm the essential festures of the decomposi-
released in the first part of this second step [31],  tion scheme proposed

0 0

| i
HTPA HO 4CH,—CH,~0— C—C H,— C—0--CH,—~CH,—OH

for HTPB. HTPA lacks unsaturation in the hy-  of temperature. Figure ) shows the main changes
drocarbon backbone. Accordingly, no exothermic  in the mid-IR specirum of films of HTPB heated
first stage process should occur because crows- (0 four temperstures covering most of the decom-
linking and cyclization involving the backbone  position temperature range. At 240°C, which is
are not possible. Only the endothermic socond  below the wempersture range where detectable
stage of decomposition resulting from depolymer-  weight loss nccurs, an absorbance appears st
ization and desorption should be present. Figure 1694 cm ™' that is characteristic of an a, B-un-
2 verifies these expectations and supports the  satursted carboayl group. Reactions | and 2 are
scheme described sbove for HTPB. the main reasons. The absorption imensity of »

Purther details sbout the chemical events in  (C=0) is very large, which explains why »
HTPB were gained from the IR spectrum of the  (C=0) can be detected even though there
condensed phase and gas products as a function

o
-H, ' -
~CH,~CH=C{—~CH,~OH = ~CH,~CH=CH~ CH (1)
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-H’
—CHy;~CH—OH ~ —CH,— C=0  (2)
| I
CH CH
i i
CH, CH,

is only one ~OH group per 24 butadiene units in
the sample used for this work. The weight of H,
lost from the polymer in reacuons 1 :md 2 is too

L K.CHEN AND T. B. BRILL

small to be detected clearly by TGA. At 320°C
during the cxotherm, the cross-linking and
cyclization reactions leading to saturation of the
C=C double bonds in the products of reactions |
and 2 arc indicated by the appearance of a new
C=0 mode at 1704 cm~'. A carbonyl stretching
frequency will increase when an adjacent double
bond becomes saturated. Cross-linking reactions
of the type shown in reactions 3 and 4 explain the
C=0 frequency shift from 1694 to 1704 cm ™.

o —CH 0
i | I
~CH,~CH=CH— C—H + ~CH=CH— —= —CH,~CH—-CH~— C— (3)
|
—CH—
|
o
i
~CHy=~ C=0 + —CH=CH—~—CH,—C
| - P
CH HC—CH {4)
I N
CH, HC—CH,

In keeping with the cross-linking and saturation
reactions 3 and 4, modes characteristic of C=C
arc absent at 420°C. The indicative modes that
disappear are cis-RCH=CHR (721 cm™'),

'] v(cﬂ

|

et e e - e e e

CH~-CHz (909 :md 99 cm™'). irans- Rl£C~
CHR (963 cm™'), C=C (1637 ecm™'), and
=CH, (3001. 2072 cm " *). Volatilization of un-
saturated fragments, such as butadiene and 4.

WAVENUMBER

1990 1320 650

Fig. 8. The IR spocteucn of the g products 3 s showe Bhe sucair of o canpic i HITPY
Guiiag Meating of the xample ot 100°C/ The campic wits 8 430°C whem Mhia st wia
touotdisl Both buladicme and 4-visyicyttahosne sre poeien. The sarred peaks are G .
Butadaae :
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is only one — OH group per 24 butadiene units in
the sample used for this work. The weight of H,
lost from the polymer in reactions | and 2 is too
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small 10 be detected clearly by TGA. At 30°C
during the exotherm, the cross-linking and
cyclization reactions leading to saturation of the
C=C double boads in the products of reactions |
and 2 are indicated by the appearance of 2 new
C=0 mode ai 1704 cm '. A carbony) stretsching
frequency will increase when an adjacent doubie
bond becomes saturmted. Cross-linking reactions
of the type shown in reactions 3 and 4 explain the
C=0 frequency shift from 1694 10 1704 cm '

o —CH o
i | i
~-CH,~CH=CH— C—H + —CH=CH— ~ —CH,~CH—CH— C—H (3)
I
—~CH—
I
o

- CH,~ C=0 4 —CH=CH— ~-.CH,~C

J
CH

i
CH,

In koeping with the cross-linking and saturation
reactions 3 and 4, modes characteristic of C=C
are abserd of 420°C. The indicative modes that
dissppear are cis-RCH=CHR (721 em™ "),

L ad

*

- 1 Yoo
.

.074

Q37

8

i
HC—-CH 4}
Pl
i

CH=CH, (909 and 991 cm '), trans-RHC=
CHR (963 cm '), C=C (1637 ¢m "), and
=CH, (3001. 2072 ¢ ‘). Volatiluzation of un-
saturated fragments, such as butadiene and d-
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vinylcyclohexene, siso occurs by this lemperature
and coniributes t0 the dissppesrance of modes

trum corroborates these observations. The
—CH= (3 = 5.4 ppru), =CH, (8 = 5.0 ppm),
and —CH,C= (& = 2.0 ppm) signals of an -
thentic sample of HTPB dissppear when the sam-
ple is heated 10 420°C. The 'H NMR spectrum of
the residue contains only a broad signzl covering
the § = 0 4-3.0-ppm range that anises from vari-
ous nonequivalent, saturated CH , and CH groups.

The iR spectrum of the pas-phase products that
sppear several millimeters sbove the surface of 2
samplc of HTPB heated st sbout 100°C/s 1o
about 450°C 18 shown in Figure 4. The spectrum
wis taken as the sample reached 450°C. The
absorbances in Fig. 4 closely match those of

butadiene and the dimer of butadier:, 4-vinyl-
cyciohexene [27]. The 4-vinyicycloaeaene could
form from stablization of the dibvstadienc biradi-
cal or by a Dicls-Alder cyclization reaction of
two butadience molecules [72]. CH,O is also
devected, indicating how the alcohol chain wermi-
nus is liberated.

Thermolysis of Diizocyanste Cross-Linked
HTPSB 2t 10°C/mun

Compusie rovh.ct prapellar:s 3r¢ cast with HTPB
and cured w0 2 solid by the addtion of a diso:
cyanate coess-linking agemt. Several diisocyznatcs
of imerey are dimeryl dusocyanate (DDY). tolucne
diisacvanaic (TDI). and isophorone ditsocyanate

Dol OCN—{- C y e ecid radtes) ) NCO

o, CH,
¢r NCO M\(Er NCO
0o
0% : 203
t— )
T
™

(1PDN. 1n practxce, 1PN and DDI a0 ewet fre-
quently ywd . Afker ihe addabion <! ane cyuivalent
of the dusocysame, the HTPB was cured for 10
days at 60°C Thr urcthanc lmkage shown n
reaction 5 forma and o responcsble for hardeting
of the pruytnce

H O

I |
RMCO ¢ HOR' * R— N—-C~0-R" (5}

Figure 3 shows the TG, DTG, and DIC traxc
of the theee types of crom-laked polymen heatod
® 10°C/aun m 3 fouw of Ar HTPB sampins
cuned with TDE and IPDI have 1wo chearty re-
whod weght v ucps o the it stage of
decompaution (the dopolymcrizatson. oo bin
keng. and cycluzatom wage of porc HTFR) The
wmpeeature 3 which these cvemtt accwr doponds
on the crone-linking agemt More thae onc ucp
probably crists for the DAL-HTPB ample. bui
the tomperaturcs. sre st dificrens emough 1o div
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HE Chyy
PO

uaguish the ucps The firs siep n most hikely
asociad with cleavage of the urcthane crma.
Lisks and the socond sicp n the cron-hinking a4
depolyscnzation of the HTPB hackbone

The prescsse of thewe overall foactoas 1 ¢on
firm.d by the (R wpoxctrom of @ resadvn of cch
sastiplc hoated W0 3 wct temporature. Tacse wwxtna
sic shown 18 Fags 6.1 [a 3il coucr the sprxira
st conudent wih chavage of o wrcthanc
crone- bk {the soverwe of reatos 3) Boeg the
frd e reacton a P Jocompondon W
qucat Tha o becauwe o abworbaace character
u of NCOD a8 226 cm ' cnthcr focoaed o
grew by 220°C Acworn 2120° and VAO°C forthee
dnaacammn of 45 wrcthane balaer n cvadomt m
the docrease o the 1R alnorpteome 2 V138 ¢m
(NH). 1708 e “ (C =), 1310 ¢m * ("Nl
aad 1232 ¢ P (C—O) Oitecrs have comclaked
ta ter mrvthane bmkage of corcd HTPR o e
firu fand 0o Aeave dutmg thermal dogempoustne
f12. 3 M The prowemt data rosafarce thes
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diisocyanaic volatilizes, the HTPB residue be-
haves esemially as thoug.. it had atver been
urethanc ¢ uss-linked.

The gas products that nppear in near real-time
several millimeiers sbove the surface of these

cross-linked polymers add further support for the

feaction scheme describod sbove. These gas
products are shown in Figs. 9-11 and oocur
from a sample of cach polymer heated at abour
106°C/s 10 450°C. The must importamt post 15
illustrated with the data for TDI-HTPB. The ini-
tisily desected products contain the — NCO group
and CO,. The --NCU group comes from cleav-
age and volailization of the socyanae cross-
linking agem. C), car- form by decarboxylation
of ihe urethane hakage as shown ‘A reactios ©:

H Q H
ik |
R- N C.-OR --R~ N-R +CO,. (6)

Afict these products from the urethaae Linkage
sppowt, absorptions sssocialed with te HTPB

backbone fragments hegia W appear st higher .

wmperature. The wparstion of these eveats
besa clene wm the (POLHTPB ad DDI-HTPS dota
shown s Figs. 10 amd !} Rucase of the lower
volatifity of 1Pt and DD! a3 descussed behow.
The sempersture of e vaset of weaght Jom in
thewe crom-biakod polymers follows the order
TOLHTFR < IPDLHTPE < DOL-HTPB acxond-
g w Fg 5 Tha vend fullows the hoshing
wmperpteres of te  parest axxyasaie: TDI
(H21°C & ) 3) AP < IPOL (1SB7C a2 1) k)
< DOl imavolatzic) Thes, the ercthane nkages
dimocusic on hestmg m poet 1 give Gie perent
macywste molccule whone rate of escape from
e matnis o comrollad by sts vapor prosure

Accordwg o the DSC dats s Fegps | and § e
cxothernecy of the hrst mage of docompostnn
follows e orde: HTPE > TOLHTPB -~ PN
HTPS > DULHTIR The tremd tollows dhe
rerght fractaon of HTPB w e polymors, whech
u vemeurnd m Tobde | Ar the amosst of
HTPY = the wmple decreanes, the wamber of
C=C bomh docrcases. whack suppests e the
mober of C-C bomde o the polymei mouly
controls the anvent of cncrgy relcawed m i Brit
rebeaed m the crons kg aad Cycluzstson -
volving the C = C bands of e HTPB bac i home
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TABLE

Effer of e Usrissuratran in the Polymer Sechbone
(S HTPB) on the Excthermcaty of B¢ Fuut Sixp

of Dexnmpesiton
Weght Fractwon
of HTPB AN
Podymr (%) vip
NTPS 100 -1
TOl-HTPD ”? - 400
o HYPs ”1 - 588

LN -NTPS L1 ] - 528

Kinesics of Decompasition st 19°C/min

The kunctc paramcices for the thermal decompo
sieon of HTPB. HTPA, aad the diisocyanasc:
HTPB sampics were eatracied by using 3 aoale-
enr kast wpuares Bt of the weight loss curves
shova m Figs. 1, 2, and $. in caxh case U
cakeulated curve is shown on the TGA trace. The
Cmadk:dknmmk-[ls]

o[ [ F )

E (1
R?
wary weee! o obtua s metal ssheas of Ox
activatson crergy. £, amd procaponcatl valuc,

J.K.CHEN AND T.B. BRILL.

A, of the Arrheaivs equation. f§ is the lincar
heating ratc. Bocause of the complex multiple
sieps in the first stage of decowapasition of the
ditsocyanwe cross-linked HTPB samples, an Ar-
rhenius plot was made oaly lor pere HTPR ia this
scp. All four samples were snalyzoed i the sec-
ond step o decempmtion. Figere 12 shows the
Arthennrs plot from which the kinctic constants
in Table 2 were calvulated. Data for HTFA are
abso given in Tabie 2 for comparnson.

Since these Arrhenws paramciers arc e com-
posite of many reactwons and IFARIPOST processes,
o s sof wacful & attempt fo diosect the data n
TYablc 2 further. However, onc wnportant pount
can be made. As aotcd 18 the spectrascogy of the
previouws subsecton, the roudacs of iae HTPB
polymers are all csemtisily the same followneg
the first stape of decompossion. Contaient wiath
and i suppont of ths obeervation, the kiactx
comstants s Tablc 2 for the sexond siep of de-
campoution avalving these resaducs are all o -
soattefly the ame

Kinctics sad Mechsalsm o 258-398°C,s

The binetucs aned sscchannny doscnbed shove for
HTPR and v diucvaraw croma hakod derivy
tves <3 e wed s o ubashoa shore fow
heoting 200 20pdy . © n b 2 i sdow conk off The
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TABLE2

Arhenius Parameters for HTPA, HTPS, and Diisocyanate Cross-linked HTPB Mcasured by the Nonisothermal TGA Method
»t a Heating Rate of 10°C/min

First Stage Second Stage
E, tog A T E, log A T
Polymer (keal/mol) ™" Q) (kcal/mot) ") 0

HTPA 2.5 34 348-398

HTPB 18.8 | 328-420 46.6 10.1 436-470
TDI-HTPB 456 9.7 436-470
PDI-HTPB 45.6 97 436-470
PDI-HTPB 46.0 98 436-470

data cannot be routinely extended to describe the
polymers under the conditions that the condensed
phase experiences during combustion. To estab-
lish the behavior under high heating rate condi-
tions, SMATCH/FT'R studies in Ar were under-
taken.

Because of the high heating rates employed in
SMATCH/FTIR studies, care must be taken to
produce a film of material that is thin enough to
prevent a large temperature gradient from devel-
oping during heating [18). If this ccadition is
met, then the kinetics of mass loss will be con-
trolled predominately by molecular processes
rather than by heat transfer. Films of approxi-
mately 60 pum thickness and 0.8 mg mass were
used in this study, ensuring that the iemperature
difference across the film will be no larger than
10°-15°C.

Figure 13 shows a typical compositc plot of
the SMATCH/FTIR duta for TDI-HTPB. The
weight-loss (1-ar) was fit as a function of time by
the polynomial equation 8 using the coefficients
given in Table 3:

l1-a=Y at' (8)

68

The calculated curve for TDI-HTPB is shown on
Figure 13. Differcntiation of Eq. 8 yields da /d!.
The values of | — « and da /dt at each T from
the temperature trace as a function of time are
used in Eq. 9 to compute E and log A. The
value of n was chosen so as to linearize

da 1 E
ln[?(—lm =InA - -R—T (9)

n =2 has been found to linearize SMATCH/
FTIR data and has been rationalized elsewhere
[19]). Figure 14 shows the Arrhenius plots and
Table 4 summarizes the resulting constants.

The regression (burn) rates, 7, of energetic
nitrate ester and organoazide polymers can be
calculated from the kinetics data determined by
SMATCH/FTIR spectroscopy {18, 19]. The re-
gression rates at 15 psi agree well with the values
obtained by extrapolation of combustion data at
higher pressure {18, 19]. By using the kinetic
constants for the polymers in Table 4, the nomi-
nal SMATCH film thickness of A = 60 um, a
decomposition temperature of 350°C, and a mod-
ified version of the pyrolysis law (Eq. 10), the

Fig. 13. SMATCH/FTIR data for TDI-HTPB showing the
experimental and polynomial curve fit weight-loss data, the
temperature irace, and the time of appearance of the gas
products. The details of these gas products are shown in Fip
9 at a somewkat lower heating rate. The sfMosphere was |5
psi of Ar.
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TABLE)

Polynomial Curve Fitting Cocfliciests for HTPA,
HTP®, sud Diisocysaste Cross-linked HTPB

Polymer a a, ay ay T(°C)
HTPA 2989 3321 1.577 -0.321 303-430
HTPB 1957 1780 0.584 -0.065 325-440
DDI-HTPB 6.217 --8.854 4.111 -0.58) 325-425
IPDI-HTPB 4.883 -6.731 3438 -0634 117-43
TDI-HTPB 3.004 -1847 002) 0.105 3i5-430

regression rates given in Table 4 were determined
under 15 psi of Ar:

r(mm/s) = ahe E/RT (10)

The film thickness of 60 um is similar to the
thickness expected of the surface reaction zone
during combustion at this pressure. The burn rate
of IPDI-HTPB measured at higher pressures {36]
and extrapolated 1o 15 psi is 0.19 mm/s. This is
in excellent agreement with the value determined
here of 0.21 mm/s. As an additional check, the
linear pyrolysis rates of several other hydrocar-
bon-based polymers can be estimated by extrapo-
lation of higher temperature data to 356°C. For
example, polystyrene with a molecular weight of
21,000 has a regression rate of about 0.2 mm/s at
350°C [37]. The value for poly(methylmethacry-

J.K.CHEN AND T.B. BRILL

late) is abowr 0.05 mm/s [37). A butadiene-
styrene copolymer extrapolates from higher tem-
perature to about 0.06 mm/s at 350°C [37). The
fact that the regression rates for the polymers
shown in Table 4 fall into this general range of
0.05-0.2 mm/s combined with the good agree-
ment of the IPDI-HTPB data gives confidence in
the use of the SMATCH /FTIR data to character-
ize the mechanism of degradation HTPB under
conditions resembling those of combustion.

The low values of £ and A in Table 4 indicate
that chemical bond breaking is not the controlling
process in the decomposition of these polymers at
high heating rates. This is one of the major
differences between the kinetics and mechanisms
obtained at the low heating rates described in the
previous three subsections and those obtained by
SMATCH/FTIR at fast heating rates. Low acti-
vation energy values have been obtained by oth-
ers when materials are heated at a high rate. The
low values have been interpreted as indicating
that desorption of fragments is rate-controlling
{4, 6, 7, 37, 38], while others propose that
subsurface processes dominate {39-411. Through
the following facts, SMATCH/FTIR spec-
troscopy supports the surface desorption interpre-
tation. The IR spectrum of the gases liberated
from the polymer film (Figs. 9-11) reveals that
only butadiene, vinylcyciohexene (the dimer of

2.4
o~ 2
S 1.61
_ 1.2
. 0.8
et ]

0.4

da

In (

0
1.4 1.8

1.6 1.7

10%T (K™

Fig. 14. The Asrhenius plots for HTPB and diisocyanatc cross-linked HTPB mcasured by
SMATCH/FTIR st about 250°C/s under 15 psi of Ar.
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TASLE4

Archenius Pasameters for HTPA, HTPB,
and Diisocyanate Cross-linked HTPB Measured
by SMATCK /FTIR Spectroscapy
(regression. rauc cakculated by Eq. 10)

Polymer - E (keal/mol)™® log A(s™') #(mm/s)

HTPA 18 £ 0.7 31201 0.14
HTeB 83+ 12 3.1 04 0.09
DDI-HTPB 125203 48+ 0.2 0.20
IPDI-HTPB 1.3 +24 451209 0.2
TDI-HTPB 92+ 13 36104 0.14

? Apparent reaction order n = 2.
* Tae average of two experiments.

butadiene), CH,", an isocyanate and CO, are
formed on rapid thermolysis. Hence, the product
gases arc clipped fragmeits of the polymer and
the cross-linking agent. CO, probably forms by
reaction 6. There is very litle time for the
exothermic cross-linking and cyclization reactions
1o take place in the polymer mairix, as they do
when these polymers are siowly heated. In keep-
ing with this, there is no evidence of an initial
exotherm in the thermal trace at the high heating
rate of Fig. 13, as there is in the DSC traces of
Figs. 1 and 5 at a low heating rate. Furthermore,
TDI appears in thc gas phase in advance of the
HTPB fragments, whereas IPDI and DDI are
detected at about the same time as the polymer
fragments. This observation is consistent with the
data obtained at slow heating rates where the
volatility of the isocyanate cross-linking agent
plays an important role in the thermal stability of
the cross-linked polymers. Thus, the low appar-
ent activation energy, the absence of an exotherm,
and the appearance of clipped polymer fragments
support desorption as the process that dominates
the regression rate of HTPB and diisocyanate-
HTPB polymers.

The diisocyanate cross-linked HTPB samples
are predicted to have somewhat higher regres-
sion rates than pure HTPB according to the
SMATCH/FTIR kinetics data in Table 4, The
values of # at 15 psi calculated for the HTPB
samples by equation 10 are given in Table 4. The
cross-linked polymers are more rigid, and there is
a pattern of higher regression rates with higher
rigidity in linear pyrolysis studies of other poly-
mers [37]. The cross-linked HTPB samples would
not be expected to have vastly different regression
rates that pure HTPB because the urethane cross-

link is the weakest bond in the molecule. It is
useful to note that the bum rates for AP-HTPB
composite propeitants cured with IPDI and DDI
are avajlable in the 2-12 MPa (290-1740 psi)
range (34, 36]. The bum rate of the IPDI-cured
propellant is slightly higher than that of the DDI-
cured propeliant. Table 4 shows that the
SMATCH/FTIR kinetics predicts the same trend
although the burn rates are very similar for these
two polymers. Hence, despite the different heat-
ing rates, the conditions that the condensed phase
experiences during combustion appear tc be well
simulated by SMATCH/FTIR spectroscopy.

We wish to stress again that the major gas
products detected with SMATCH/FTIR spec-
troscopy are very similar to those obtained with
our other fast thermolysis/FTIR methods {20).
Therefore, this previous work covering a large
range of other materials identifies the major gas
products that feed the first stage of the flame zone
during combustion of those materials. As the
decomposition products leave the rapidly reacting
condensed phase and enter the cool atmosphere of
the cell, any highly reactive species will have
reacted further to form more stable molecules.
Thus, some additional thought may be needed
before the gas product data from fast thermoly-
sis/FTIR techniques are transferred to flame
models, where, rather than being quenched in a
cool atmosphere, the gas products enter an even
hotter zone. In the case of HTPB the gas products
are straightforward. Butadiene monomer and
dimer are the major products that leave the sur-
face and enter the hotter flame zone during com-
bustion. The actual dimer of butadiene that is
observed is 4-vinylcyclohexene. This molecule is
the stabilized form of the butadiene dimer and
may be present primarily because of the cool Ar
atmosphere. In the reality of combustion the
higher temperature of the flame zone would cause
the butadiene monomer and dimer that leave the
surface to pyrolyze in the gas phase into smaller
fragments before mixing with the oxidizer gases.
In accordance with this expectation, the IR emis-
sion spectrum of an AP-HTPB flame at 15 psi
contains evidence of low-molecular-weight hy-
drocarbon fragments [42].

We are grateful to the Air Force Office of
Scientific Research, Acrospace Sciences, for
support of this work on AFOSR-89-0527T.
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Thermal Decomposition of Energetic Materials 52. On the
Foam Zone and Surface Chemistry of Rapidly
Decomposing HMX

S. F. PALOPOLI and T. B. BRILL*
Depariment of Chemistry, University of Delaware, Newark, DE 19716

Studies designed 10 perturb sclected surface and foam zone reactions characteristic of burning HMX are described.
This was done by determining the gas product ratios from carefully controlled fast thermal decomposition (> 100
K/s) of a thin film of HMX in atmospheres of Ar, H;, 0,, CO, NO, NO,, and NH ;. The results are correlated
with experimental combustion data and thermochemical modeling studies of nitramines. A consistent picture about
some of the probable reactions in the heterogencous foam and fizz zones emerges. H,, CO, O,, and NO affect the
secondary thermolysis reactions in these zones. NH, appears to affect both the primary and secondary reactions,
while NO, is directly involved in primary decompnsition reactions. HNCO and CH ;0O appear to be products from
sccondary condensed phase reactions. The results suggest that NH , sites and NO, are catalyzable species for

bumn-rate modification of nitramine propetiants.

INTRODUCTION

A conspicuous aspect of the combustion of
nitramine propellants is the insensitivity of the
burn rate and pressure exponent to combustion
modifiers. A systematic approach to understand-
ing this problem requires an accurate description
of the fast thermolysis/combustion mechanism.
Changes in the physical aspects of the buming
surface as a function of pressure are an accepted
explanation for the pressure dependence of nitra-
mine combustion [1-4]. Chemically, H atoms
appear to be important in the rate-controlling step
both in the condensed phase [5] and the gas phase
[6]. Most of the heat is proposed to have been
released in the gas phase, which would suggest
that the bum rate is dominated by the secondary
flame {7]. If too much of the exothermic chem-
istry occurs jn the secondary flame away from the
buming surface, then the heat feedback to the
surface will be small. Other investigators [8] have
concluded that nitramines intrinsically decompose
to more stable products and produce relatively
smail amount of catalyzable species, such as NH ,
and NO,, thus explaining their insensitivity to
burn-rate modifiers.

[deatification of the catalyzable specics under

* Corresponding author.

Copyright © 1991 by The Combustion Institute
Published by Elsevier Scicnce Publishing Co., Inc.
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fast thermolysis conditions is needed in order to
apply chemical modifiers to propellant combus-
tion. Ten IR-active gas products are detected by
real-time FTIR spectroscopy during high-rate
thermolysis of HMX. These gas products are
NO,, NO, N,0, HONO, HNCO, HCN, CH,0,
CO, CO,, and H,O [9]. Infrared-inactive species
H,, N,, and O, may also be present. Although a
complex set of reactions produces these products,
recent progress [5-7, 9-12] coupled with past
work {13-24], permits a semiempirical scenario
of the decomposition process to be developed.
The chemical processes occurring at the hetero-
geneous condensed-phase-gas-phase interface of
HMX can be probed by perturbing them with
atmospheres of several of the known decomposi-
tion gases, i.e., H,, CO, 0,, NO, and NO,. In
addition, the NH, atmosphere was studied. Al-
though NH, is not a product of HMX decomposi-
tion, species containing NH bonds may play a
role as intermediates in the elementary reactions.

Previous studies {24-29)] of nitramine decom-
position in the presence of one of these gases
have produced contradictory results about the
global reaction rate. Reaction rates have been
measured by weight loss or gas evolution, but no
decomposition product analysis was reported.
NO, and CH,0 were found to be both accelerat-
ing and izhibiting {24-28). O, inhibits (24, 29)
while NC {24, 28] and NH, (29] enhance the

-—
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global decomposition rate. Water vapor, CO, and
N,O had no effect on the rate relative to decom-
position in an inert atmosphere (Ar or N;). These
previous experiments were performed isother-
mally below the melting point of the nitramine or
at low heating rates near the melting point. Rather
than true melting, HMX is known to undergo
condensed phase liquefaction with concomitant
decomposition (30, 31]. The heterogeneous lique-
faction phase is initially composed of some solid
nitramine, molten nitramine, decomposition frag-
ments, and evolving gases. Some of the contra-
dictions in the previous findings on the sensitivity
of the reaction rate to the atmosphere may stem
from the difficulty of defining and controlling the
reaction zone. Therefore, rather than to study
rates, we have focused on the products of the
reaction in this article.

Figure 1 defines the reaction zones of propel-
lant combustion in one dimension. The chemistry
of the foam and dispersed phase are nearly im-
possible to study dicectly during combustion, and
yet this surface region is vitally important be-
cause it connects the gas phase to the condensed
phase. Therefore, the experiments described in
this article attempt to perturb the reactions in a
simulation of the foam and disperse zone and
thereby gain insight into the important surface
chemistry. This objective was approached by per-
forming near real-time in situ, IR analysis of the

Luminous secondary
flame
Gas phasa
Oark zome -~ induction
Flzz zone - primery
Olsparsed
hase Foam tome
Sub-surface rxn Zome
Condensed
phase $Sold Propellant

Fig. 1. A schematic depiction in one dimension of the major
regions of reaction during nitramine propellamt combustion.
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gases cvolved during high-rate (> 100 K/s) ther-
molysis of a thin film of HMX in various reactive
atmospheres. In doing so, the catalyzable species
and the nature of the reactions are better defined.
We fully realize that the process we have studied
is very complicated. Therefore, classes of ele-
mentary reactions are given whose known rates
make them plausible contributors under the condi-
tions of this experiment. In this way, the work
helps bridge some of the experimental combus-
tion observatioas [32] and thermochemical mod-
eling studies [7].

EXPERIMENTAL

HMX was used in this study for experimental
convenience. Its higher liquefaction/decompo-
sition temperature results in no detectable sub-
limation at | atm pressure under the heating
conditions used. Nitramine aerosol, if present,
complicates the quantitation of NO, and HONO.
HMX recrystallized from ACS grade acetonitrile
was dissolved in hot, reagent grade, glacial acetic
acid and slowly cooled to yield a-HMX. This
procedure is effective for removing traces of RDX
from HMX (33]. A third recrystallization from
spectrophotometric grade acetone converted the
a-HMX back to 8-HMX, which is the highest-
density, most stable polymorph at STP {34]. The
triply recrystallized HMX was redissolved in ace-
tone and the solvent removed by rotary evapora-
tion, yielding a frec-flowing, fine powder.

The gases used in this study were obtained
from Matheson or Union Carbide Linde and were
used as reccived. The gases and their purities
were Ar (UHP, 99.999% min.), O, (rescarch,
99.997% min.), CO (C.P., 99.5% min.), NH,
(anhydrous, 99.99% min.), H; (pre-purified,
99.99% min.), NO (C.P., 9% min.), and NO,
(C.P., 99.5% min.).

The high heating rate thermolysis experiments
were conducted in a modified IR transmission cell
(Foxboro Analytical Model 40 Pyro-Chem). The
Ni-plated cell has a free internal volume of about
25 cm?® and can be filled with the gas of choice at
pressures of 10~>-1000 torr. The bottom plate of
the cell incorporated electrical feedthroughs for
mounting a nichrome 1V ribbon heater filament.
The overall dimensions of the filament are 2.5 X
0.6 x 0.012 cm. The bottom plate was sealed
against the cell body with a silicone-rubber gas-




RAPIDLY DECOMPOSING HMX

ket. All of the other seals and gaskets in the
system, including those in the manifold described
below, were made of Teflon, viton, or Kel-F.
The standard valve was replaced with a stainless-
steel (SS) Whitney severe service, union bonnet
valve, The cell was modified to accept a 3D
Instruments Precision vacuum gauge (0.5% accu-
racy). The internal surfaces of this corrosion
resistant gauge are SS and Inconel X-750. A
cocrosive service lecture bottle regulator (Mathe-
son Model 3332) was used with NO, NO,, and
NH,.

A gas manifold was constructed for filling the
cell with the desired atmosphere. The manifold
consisted of a 304 SS cross, the four arms of
which are connected, respectively, to the pyroly-
sis cell, a LN, trapped vacuum line, an Ar gas
cylinder, and the cylinder of the reagent gas. The
lines to the Ar and the reagent gas cylinders were
coiled lengths of §-in 0.d. 316 SS tubing incorpo-
rating protective SS check valves. The line to the
cell was a 12-in length of a }-in i.d. SS flexible
bellows tube.

In a typical experiment, | mg of powdered
HMX was thinly spread in the cusp of the 2.5 x
0.6 x 0.012 cm nichrome filament. The cell was
filled with the desired atmosphere and placed in
the sample compartment of a Nicolet 60SX FTIR
spectrometer equipped with an MCT-B detector.
The cell was positioned such that the IR beam
passed a few millimeters above and parallel to the
long axis of the filament. The pathlength of the
cell was 5 cm. The IR beam at the focal point is 3
mm diameter. Varying the height of the beam
relative to the sample causes some time delay
cffects but the product concentratiuns are not
greatly altered [9]. The heating rate and final
filament temperature were coatrolled by varying
the current setting. The sample of HMX melted
to a thin film immediately. Spectra cf the evolved
decomposition products were recorded in situ as a
function of time using the rapid-scan mode. De-
composition was monitored for 10 s. The spec-
trometer was set to collect 10 scans per second,
co-adding two spectra per file. These collection
parameters result in a wavenumber resolution of
4 cm™' and a temporal resolution of 200 ms.

The bascline thermolysis studies in an inent
atmosphere of Ar were run at heating rates of 40
to 180 K/s, with corresponding final filament
temperatutes of 600-1000 K. Calibration of the
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filament temperature was made with meiting
points of Aldrich standards. The heating response
is not linear throughout the 10-s run, The quoted
heating rates are the initial heating rates during
the first 1-2 s of the run, when the response is
nearly lincar. For the studies in reactive atmo-
spheres an initial heating rate of 140 K/s was
used. The corresponding final filament tcmpera-
turc was 900 K. The filament temperature as a
function of time was calibrated by spot-welding a
fine Type J thermocouple to the filament and
recording the output on a digital storage oscillo-
scope. The temperature -time profile for an initial
heating rate of 140 K/s is shown in Fig. 2.

For the experiments in an [R-active atmosphere
(CO, NO, NO,, NH,), it was necessary to cor-
rect the decomposition spectra by digital subtrac-
tion with reference spectra. The relatively intense
characteristic absorptions of the reagent gas must
be removed to obtain a baseline satisfaciory for
quantifying the adjacent absorptions of the HMX
decomposition products. Also, when the nichrome
filament was fired, the surrounding rcagent gas
heated during the 10-s run resulting in slightly
broadened absorption bands. Good spectral sub-
tractions with minimal artifact required reference
spectra measured under the same ccaditions.
Thus, a set of reference spectra were collected
for each IR-active gas by filling the cell with the
desired gas, firing the empty filament for 10 s,
and recording the spectra as described above. The
spectra of the thermolysis products from the de-
composition of HMX in an atmosphere of an
IR-active gas were corrected by digital subtrac-
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tives indirectly during low-temperature nitramine
decomposition using GC-MS [37] or via HPLC
of nitramine combustion residues {38). There is
no evidence for nitrosoamines in the present work.
This may be due to low volatility, obscuration of
the characteristic nitrosoamine IR bands by the
other products, or concentrations below the limit
of detection.

Under the conditions of this experiment, most
of the HCN, NO,, and N,O arise from skeletal
breakup of HMX or pyrolysis species, such as
O,NNCH, or the AMNA radical suggested
above. CH,0 results from intramolecular or in-
termolecular O-atom transfer or reaction of OH
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with skeletal derived -CH,-. Study of a large
series of nitramines has shown that the initial
amounts of HONO can be correlated with the
H/NO, ratio of the parent nitramine (39]. HONO
forms predominantly from adventitious contact
with H radicals or NO, abstraction of H from
weakly bound hydrogenated species such as
H,CN.

Previous investigators [13-24] have speculated
on the importance or extent of reactions based on
C-N bond homolysis versus N-N bond homoly-
sis. It is commonly believed that CH,0 and N,0
form from coupled processes, such as (1) in-
tramolecular O-atom transfer from the -NNO,
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tives indirectly during low-temperature nitramine
decomposition using GC-MS [37} or via HPLC
of nitramine combustion residues [38]). There is
no evidence for nitrosoamines in the present work.
This may be due to Jow volatility, obscuration of
the characteristic nitrosoamine IR bands by the
other products, or concentrations below the limit
of detection.

Under the conditions of this experiment, most
of the HCN, NO,, and N,O arise from skeletal
breakup of HMX or pyrolysis species, such as
0O,NNCH, or the AMNA ndical suggested
above. CH,O results from intramolecular or in-
termolecular O-stom transfer or reaction of OH
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series of nitramines has shown that the initiai
amounts of HONO can be correlated with the
H/NO, ratio of the parent nitramine [39]. HONO
forms predominantly from adveatitious contact
with H radicals or NO, abstraction of H from
weakly bound hydrogenated species such as
H,CN.

Previous investigators [13-24) have speculated
on the importance or extent of reactions based on
C-N bond homolysis versus N-N bond homoly-
sis. It is commonly believed that CH,0 and N,0
form from coupled processes, such as (1) in-
tramolecular O-atom transfer from the -NNO,
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group to -CH ;- in HMX and coacomitant C-N
bond scissions [22], (2) unimolecular decomposi-
tion of a H,CNNO, (ragment via s similar proc-
ess [11], or (3) 2 bimolecular OH-catalyzed de-
composition of H,CNNO, [7]. High-rate ther-
molysis coupled with real-time prodisct analysis
czn shed some light on these questions.

Examination of Figs. 3-5 shows that products
of both C-N and N-N bond homolysis reactions
are important. Because of their higher reactivity,
NO, and CH ,0 may be less reliable indicators of
the relative imporance of N-N versus C-N scis-
sions. HCN (product f N-N icission) and N,O
(product of C-N scission) arc very stable except
st the higher heatiag rates and decomposition
(flament) iemperatures. The ratio of these two
species early in the thermolysis should provide
some insight. As the heating rate and decornposi-
von tempersture are reised, the HCN/N.O ratio
increxses, suggesting an incresse in the impor-
tance of N-N bond homolysis &t higher tempera-
tures. This is consistesl with citimated kinetic
and thermochemical peramcters [7. 20] and with
stadies of isotherrnal docomposition at high tem-
paratures [40].

According W the nouisothennal gas evolution
data ¢ Figs. 3-5, morc CH,O s generated than
N,O. This casts dovtt on the eristence of 8
caupled (concerted) machanism of oxygea trans-
fer icading to N,O and CH,0. Furthermore, in
1sathermal decomposition studics, CH,0 cvolu-
tion foliows that of N,O [40). Th: data suggest
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that <“H,O forms largely in the condensed phase
*“‘mel,’” probably from onc or more of the car-
bonyl-nitramine decompesition specis that are
observed in the 200)-600-ms period early in the
run. This period also coincides with the highest
concentrations of CH,0. CH,( may form {from
decomposition of amide specics such as HMFA:

HOCH ; NHCHO —~ CH,0 + HCN + H,0.
(1)

Note that the highest initial CH,0 concentra-
tion occurs af the lowci: hesting rate. Under
these conditions there is mnre time for low tem-
perature aging of the ‘‘meit’’ and formation of
the amide species [36).

It is proposed that HINCO arises fiom 2 similar
condensed phase mechanism. As noted eariier,
the indial observation of HNCO coincides with
the disappesrance of the carbony! and/or car-
bonyl-aitramize fragment species. AMNA and
HMFA oc the relsed radicals showa in reactions
22 and 2b may be sources of HNCO. Fragmenta-

tion could also b aided by H-siom abstraction by
NG, or OH.

0,NNCH ,NCHC - HNCO + (;,NNCH .,
{2a)
-HOTHNHCHO — CH,0 + HNCO + H.
(20)

Other abiservations regarding HMX decompo-
Siion 10 Ar can be sumniarized ax follews. Under

Y
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I atm of Ar, no decomposition products are
detecaable in 10 s (or final filament temperatures
less than 550 K. This temperature corresponds
closely 10 the decomposition temperature of HMX
[13}). At heating rases below 90 K /3, correspond-
ing to final filament iemperatures below 780 K,
the products result primarily from comdensed-
phase decomposition. Little change occurs in the
compasition-time prefiles beyond the first 800
ms of dccomposition. At higher temperatures the
influence of condensed-phase - gas-phase interac-
tions increascs. Al higher temperatures progres-
sively more CH ,0 is oxidized by NO,:

CH,0 + NO, ~ NO + CO + H,0. )

AU heating rates of 140 K /s or greater, some of
the relatively stable HCN is oxidized in the fol-
lowing net reaction:

2HCN + 3NO, = 200 + INO + N, + H,0.
(4)

NO, is siso controlled by reaction 5 a3 increasing
temperature shifts the equilibrium to the right:

2NO, = 2NO + 0,. )

In addition to reactions 3-5, NO is produced by
the docomposition of HONO (reaction 6) and by
reaction 7:

ZHONO -~ NO, + NO + H,0. (6)

As shown in Fig. S, NO coucentration niscs
steeply st a heating rate of 180 K/s. As the final
filament iemperature is raises, the towl produc-
tion of CO and CO, also increases O yoing
from a filament wempersture of 600- 1000 K the
€O, /CO ratio changes from 0.6/1 w /1 to
> 1.5, 1 as reaction 7 becomes moce imponans:

CO + NG, =~ CO, + NO. (7

It should be nowd that oxidation reactions 3, 4, 6,
and 7 arc oot reactions. The clomeatary sweps
involve HNO and the rudical species H, OH, and
HCO (7. 41, 42]. The instial and final ssnousts of
N,O arc cuscatially the same regardiess of the
hesting rate or filament tempersiure  Thas &8 con-
ssient with it formaton pomarnly from skeletal
HMX bond scissions and s stability st the condi-
trons investigated.

There 15 2 miccocopee film of noavolatile
resdue remaining on the filament aficr Germoly-
sis. This material i« presumably 2 (CN), coke
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with little H or O content. It fumes off when the
filastnent is fired in air ot 1200 K.

Relevance (0 Combustion Esperiments sad
Medeling

The thermolysis experiments described here sim-
ulste the chemistry accurriag in the heteroge-
neous foam zonce (liquefaction layer) and the dis-
persed-phase interface region with the fizz zone
(rimary flame) during ntramine  combustion
{Fig. 1). Under rocket motos conditions, combus-
tion accurs at pressures of 500- 1000 psia with
hesting rates of 10*-10° K/s. Obviously, we
cannot draw conclusions about the significance of
our experiments compared with these coaditions.
Howerer, we can make qualitative comparisons
10 experimental and theoretical studies of
nitramine combustion s low pressures.

Kuboia and Sakamoto [32] recently studied the
flame (combustion wave) structure of HMX o
pressures of 1-10 atm. Pellets of HMX were
bumed in 3 window bomb pressurized with N,.
Temperaturs profiles of the combustion wave
were measured with embedded microthermacou-
ples. The buming surface. bum raie, and gas-
phase reaction zone thickness were ovbscrved
using high-speed vidoo.

The condensed-phase tempersture ~srly in the
fosm zone is approzimaicly 700 K ond is rela-
tively imsensitive to pressure  Tempersture cises
a: an cquivalent heating rate of ca_ 10° K /s ia the
foam zome [*2) 10 3 burning surfoce tempersturc
of < 900 K ncar emospheric pressurc. The tem-
persture gradicnt in the gas phasc just shove the
burmng urface is larpe and preswure dependemt
1°0%-10° K/5) “he messuremerts indicate that
e het fluz pruduced in the fowm 208e is 20~
proumicly egual 1o the hemt trar ferred back
from th gas phase (prodorminantly froe the pn-
mary flame) The luminous sorondiry fame
rapidly speroacher the burniag surface & pees.
suie & icreased. but the burning (¢ spRCArs o
be uadependent of the fuminous flame reaction.
These HMX combustron studecs 2t | stm demon.
sirate: that the Hlament tomperatutcs in aur pyrol-
yus cxperimends (600- 1000 K) atc in the same
range 88 the wmperatures obncrved 1o the " foam™
2one and the carly fizs zonc  Although our heat-
ing rascs are bower, they are within 3n order of
wagnitde of thase abwerved i the surface zone
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of the condensed phase during combustion sl low
pressure (32).

Melits has performed thermochemical modes-
ing of mitramine decomposition, ignition, and
combustion 7. 43}. The most detailed studies
involved RDX combustion st pressures of 0.3, 1,
and 17 stm. RDX was used for computstional
gas-phase fizz 20me chemistry are esseatially the
same for RDX and HMX, but their relstive im-
postance is different. Quamtitatively, the gas - solid
boundsry mass and emergy comditions will be
different due to the higher decomposition iemper-
ature of HMX and its sigaificantly lower volstl-
ity. Because of the latter bekavior the coadensed-
phase fourn zone chemistry aad astocatalysis by
products (¢.g.. H,0 and CH ,0) are more impor-
tart for HMX than RDX. These difference: 6o
not ncgate s qualitative comparison of computa-
tionai RDX combustion behavior at | atm and our

The cakuisted combustion prodect profiles (7]
as 3 function of tcmperstere (positon m fame)
share many of the features observed in owur ther-
of the model that sre domineat duning condensed-
phase docompostion and the early regions of the
fiz oar. HCN, NO, N,0, CO, aad CO, om-
centrations increase and /or level off with increas-
g wmperature. Insially the concestrations o
CH,0, HONO, and NO, nse rapufly snd then
progressively decrease. At the highost heating
roica wuth fnal Alagcod semperstores of 900 K or
reacton 4. A siolar decresse i MCN coacentrs-
von s prodicte) by the model ai Rame aapers-
tures  eacss of HIV0 K. The model atvo sng-
goa . iha the follornng specaes, wiuch are cther
ot detoiable 02 quantifshie, are inpornant va.
dor Ve conditins of themolyrs H,0, N, H,.
ast HNO

Onac of the magar ailfereiaxs betwoen modelmng

and ssperwnent 13 the high HON/N,O st pre-
dcwd by e (RDX) muadel. Thas bugh rateo 13 ot
wazagecied for RDX. However for HMX, oo
wnportant  axhaiag thoe favoring C-N boad
homolyss For caamyie, Melan [4)] has stows
tha ooaveruan of H,CNNO, '« CH,0 aad N,O
(C-N boid scuwon) cas be emhuaced wm fhe
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condeased phase by 3 water<catalyzed concered
reaction. In oue HMX thermolysis experimenes
HCN and N,O are equally importast products.
For volatile RDX, wnimoleculas gas-phase reac-
tions iavolving N-N bond homolysis become
thoee important.

In the RDX fame model [7] HNCO results
from the onidmion of HCN in the sccondary
(lemimous) fame zone M ‘CAPEYStUrEs I eacess
of 1) K. Although this sy be 3 source of
HNCO, HNCO s detected carly in the fast ther
molysss of HMX aad RDX umdcs all of the
conditions studied {9, 44]. The high-rate thermol -
ysit studics poim 10 3 condeased-phase mecha-
st of HNCO generation. Reacticas such as ?»
sad 2b ncod w0 be recognized in modeling as
condenscd phase sowrces of HNCO.

The RDX fame model includes reaction set-
works involving the formition of c)yanogesn.
C,N,;. from HCN ia the combustion region of
the primary Aame (hzz zoat) and the sobsequent
regencration of HCN from Syanogen in 2 pos-
zoae regn of the primary flame {7). If cyanogen
were formod W 8 sigaificant extent, then its char-
acaeristic IR absorptions wowld be readily appar-
eat. Cyanopen has not bees Jesecsed duniag the
thermolysis of HMX or RDX wnder any of the
coadations invesngetod. B may B¢ that the forma.
tioa of cysnogen oocwrs latc eacugh w the Az
e (portacularty of low pressores) that o o
ovtiade of dx crbbeagtion igme simulsted o
Begh-suic @ rmoly.  twdacs.

HMX i bercolysis in Resctive Atmespheres

The dwrmolyus of HMX vas erammed w atmo-
spherey of H,, CO, 0,. NO, NO,, and NH, w
g gl 1o v effcct of aa cxcens of oxch
ey - B hesmstry oxcwnag e hotero-
goimam. ‘o4 gome amd s wcrface wth the
gas-phay i22 rome

As docnibesd o e capornental section, thee
thermolys:s swdee were cosfuciol o a8 wstal
hoatuwg 13- of 140 ¥ /s, comtesponding 10 3 fnal
Blamc i serporz sic of KO K These condstsom:
were <oncn 1o g W caat o HMX comiwstion
# srogphetw prescoe [32] snd w0 provade 3
reactem e e e sactwlates the drsperaed re
g of o Ram (Fgp 1) —

The dicwrisom facunes on commpacmox- of HAX
docompont;n v 8 spoaifc icactive Btmanpiere
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to HMX decomposition under the same condi-
tions in an Ar atmosphere (the control). The
composition-time profiles for decomposition of
HMX in Ar are shown in Fig. 6 under the samc
conditions as the reactive atmospheres discussed
below. .

The reactions cited in explaining the effects of
the reactive atmospheres are generally those rele-
vant combustion reactions that are kinetically
(high preexponential factors, zero or low activa-
tion energies) and/or thermodynamically more
favorable [7, 41-43, 45, 46].

Thermolysis Under H,. The product profiles
for HMX decomposition under H, are shown in

K/s and 1 atm Ar.

Fig. 7. Relative to thermolysis in Ar (Fig. 6),
higher concentrations of CH,O and HCN are
observed. The terminal CO, /CO ratio has gone
from 1.3 to 0.6 with the concentration of CO
remaining essentially the same. The overall NO,
concentration is lower, although the decay
behavior is similar. These observations may be
attributed to the processes described below.

The excess H, present scavenges OH radical
arising from pyrolysis (reaction 8).
OH + H, —» H,0 + H.

(8)

This reaction is exothermic ( —63.2 kJ /mol) [41).
The H atoms generated can mediate several
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reactions, including regeneration of OH (reaction
9a):

H,CNNO, + H ~ H,CNNO + OH, (9a)
H,CNNO, + H — H,CN + HONO, (9b)
H,CNNO + M — H,CN + NO, (10)
CHO + H - CO + H,. (t1)

The higher amounts of CH,0 and HCN arc due
to less OH available for oxidation reactions, and
in the case of HCN, reactions 9a, 9b, and 10.
Additional water produced via reaction 8 may
increase the condensed-phase formation of CH,0
by water catalyzed conversion of H,CNNO, {43].
The competitive reduction in available OH results
in less CO buming in CO,, which requires a
strong oxidant. However, H atom abstractions by
H provide a mechanism for generation of CHO
from CH,0 and subsequently CO formation
(reaction 11). These reactions also regenerate
H,.

Thermolysis Under CO. Figure 8 shows the
product profiles for decomposition under an
atmosphere of CO. Higher amounts of CH,0 are
observed and the oxidative decay of CH,0O and
HCN is reduced. The disappearance rate of NO,
is similar to that under Ar. Lower amounts of
CO, are observed and the concentration of CO,

S. F. PALOPOLI AND T. B. BRILL

(increasing filament temperature). Most of the
CO, produced results from oxidation of the added
CO rather than from HMX-bound carbon. The

_added CO competitively reacts with OH produced

from pyrolysis:

CO + OH ~CO, + H. (12)
This results in an environment richer in H atoms
similar to that produced in an atmosphere of H,.

Thermolysis Under O,. O, is a minor
product of HMX combustion and its generation
and reactions are normally more impontant in the
luminous sccondary flame. The product profiles
for HMX thermolysis under O, arc shown in Fig.
9. At first glance the profiles are surprising for
decomposition in an “‘oxidizing’ atmosphere.
The concentration of CH,O is higher than that
observed for thermolysis under Ar, and the
oxidative decays for CH,O and HCN are lower.
Although the total CO, generation and the
concentration of CO, are lower, somewhat more
CO is observed (CO,/CO = 0.4). The buffer
atmosphere of O, masks the generation of NO,
from oxidation reactions involving NO,, due to
equilibrium reaction 5.

The apparent inhibiting effect of O, on the
course of the oxidation reactions can be explained
in the following way. O, reacts with H (reaction
13) or with species containing weakly bound
hydrogen (reaction 14) to produce HO, radicals.

does not progressively increase with time Reaction 13 will play a larger role at elevated
m -
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pressures or in the condensed phase (e.g., M =
H,0):

H+0,+M—-HO, +M,
HCO + 0, — HO, + CO. (14)

O, and HO, are relatively poor oxidants
compared with OH. Comparison of the rate
constant for CO oxidation by OH, HO,, and O,
indicates that the rate constant for oxidation by
OH is 3 orders of magnitude greater than that for
HO, and 7 orders of magnitude greater than that
for O, {7, 41]. O, competes with NO, in reactions
involving pyrolysis fragments containing weakly
bound hydrogen. HO, is produced at the expense

(13)

for HMX under an initial heating rate of 140
K/sand { atm O,.

of the more powerful oxidant OH. This results in
the lower oxidative decay rates and decreased
production of CO, from CO which requires a
strong oxidant.

Thermolysis Under NO. Under an atmos-
phere of NO (Fig. 10), HMX thermolysis results
in a higher level of HCN throughout the
experiment and no net HCN decay. CH,O
concentrations are higher due to little decay from
oxidation. The CO, /CO ratio is similar to that
observed under Ar, but the total CO, yield is the
lowest observed in all of the experiments. This
behavior can best be explained by reactions
involving HNO. Relatively short-lived (ca. 0.1 s)
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‘0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0 9.0 0.0 profiles for HMX under an initial heating
TIME (sec) ratc of 140 K/s and | atm of NO.
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HNO is believed to bz an important species
in nitramine decomposition. Modeling studies
suggest it is present at instantancous concentrs-
tions similar to those of tic more stable specics
NO, and CH,C (ut T < 1000 K) {7}.

H,CN + NO - HNO + HCN, (15)
CHO + NO — HNO + £0, (16)
HNO + OH ~ NO + H,0, (17)
HNO + H ~ NO + H,, (18)
HNO + NG, — HONO + NO. (19)

NO readily abstracts H atoms from large radical
fragments ¢ HMX decomposition {43,, and other
specics  containing weakly bound hydrogen.
generating HNO. Abstraction of a methylence
proton from large radical fragmemts or H,CN
increases the generation of HCN (reaction |5).
HNO thus generated can creact with OH, H,
and NO, (reactions 17-19, respectively). In
particular, HNO (via NO) interfees with the
oxidation of H,CO and HCN by competitively
reacting with OH and NO, (e.g., reaction 6). NO
is a poor oxidant at the temperatures of our
experiment. It is an ‘mportant oxidant in the
high-temperature regions of the luminous flame
durng nitramine combustion [7].

Therinolysis Under NO,. In the thermolysis
studies abovc the cffect of the added gas is
pricaarily on the secondary reactions among the

50.0

S.F. PALOPOLI AND T. 8. BRILL

pyrolysis products, i.c., teactions that occur
primarily in the dispersed-phase region of the
flame (Fig. 1). Examination of the composition-~
time profiles (Figs. 6-10) indicaics that the initial
conceatictions of the products are cssentially the
same for HI 7X thermolysis under Ar, H,, CG,
0,, ana NO (added NO does appear to infiuence
the yield of HCN slightly). This suggests that at a
pressure of 1 atm these added gascs have little
effect on the initial pyrolysis reactions in the
condensed phase. The results with added NO,
stand in stark conirast 0 this observation.

As shows in Fig. [{, the initial concentrations
of CI!,0, HCN, N,O, and HONO are signifi-
cantly higi.cr than the concentrations observed for
thermolysis under Ar (Fig. 5). The CH,0
produced is consumed raj°dly, although littie
HCN decay is obse~ ». The terminal CO, /TO
ratio is 0.4 (versus 1., for Ar) and the total CO,
concentration is slightly lower. These dramatic
effects occur in an initial atmosphere that contains
only 25 torr of NO, diluted with Ar to a total
presure of 760 torr.

The results suggest that the added NO, is
involved with the incipient pvrolysis reactions

s..ring in the condensed phase. This interaction
— vithanced by the fiigher solubility and reactivity
of NO, in the hetercgonesus liquefaction phase.
The ad’=d NO, may :r.i+.te HMX decompositi :n
via skeletal methyl=ne proton abstraction, mediate
the pyrolysis of HMX via further H-atom abstracts
from the initial large radical fragments, and

7
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possibly aid in breaking up ‘‘cage”” effects in the
condensed phase [35). H-atom abstractions from
large radicals or secondary tragmeats likc H,CN
account for the high initial conceatration of
HONO and the overall increase in HCN
generation (reaction 20).

H,CN + NO, —+ HCN + HONO. (20)

The high initial concentration of HONO and its
subsequent decomposition [11] yield an cffective
source of OH that rapidly consumes the CH,0
generated.

Thermolysis Under NH,. HMX decomposi-
tion under NH, (Fig. 12 ) produces dramatic
differences relative to decomposition under Ar.
The initial corcentration of HCN is the same as
that produced under Ar, but significantly less
CH,0 is present. Both CH,O and HCN decay
rapidly to undetectable levels. NO, is also
consumed <ompletely. Total CO, production is
somewhat lower which is consistent with the lower
initial amount of CH,0. HONO snd HNCO are

57

reactive and should have higher solubility in the
liquefaction phase than the other gases studied.
NH, cannot directly initiaste HMX decomposition
but should react rapidly with radical mediators
like OH.

NH, preseat during incipient HMX pyrolysis
and liquefaction may scavenge OH and provide a
source of H atoms for abstraction by other
fragment radicals. The abseace of HNCO and the
reduced concentration of CH,O may result from
a shunting of the condensed phase chemistry.
NH, could provide a source ¢. H atoms to
fragment radicals in the ‘‘melt,”” such as those
proposed in reactions 2a and 2b, and hinder their
future fragmentation of CH,O and HNCO. This
scenario is consistent with secondary condensed-
phase chemistry being responsible for HNCO and
much of the CH,0.

The most important reactions involving NH |
species under the conditions of this experiment
are given below. All of the NH, reactions have
rate constants greater than 10'! cm® mol ' s' and
are exothermic {41, 45, 46}:

not detected. There. is an unusuzl plateau in N4, + OH ~ NH, + H,0, (21)
the NO product profile. The very high N,0

concentration probably results more from the N,0 ~ NHz + OH = NH + H,0, (22)
produced by reaction of HN, and NO,, than  NH 4 NO — N, + OH*, (23)
effects that generate more skeletal desived N,O.

The extensive involvement of NH, (NH ,) with NH + NO ~N,O + H, ' (24)
secondary pyrolysis products makes it difficult o NH + NO, ~ NO + HNO,’ (25)
assess clearly its influence on the condensed phase
chemistry. However, like NO, it is highly NH; + NO, =~ N,0 + H,0, (26)
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N4, + NO = N, + H,0, (27)
NH, + NO—~N, + H + OH, (28)
H + NO, -+ OK + NO. (29)

These reactions account for the coasumption of
NO, and the larger amounts of N,O generated.
Reaction 23 is important . explaining the
complete oxidation of HCN. As noted carlier in
the section on HMX decomposition in Ar, HCN
is relatively stable. Its decay is normally enly
observed at the highest heating rates and filament
temperatures. The observation is consistent with
modeling studies [7) that show HCN to be
oxidized primarily in the hotter secondary flame
during HMX combustion. Why then (under the
fuel-ich NH, atmosphere) is HCN rapidly
oxidized and completely consumed? Laser
diagnostic studies of ammonia flames indicate that
reaction of HN with NO (reaction 23) can result
in vibrationally excited “*hot” OH {46]. It is
proposed that “‘hot”* OH is responsible for the
oxidation of the HCN. Reference to Fig. 12
shows that HCN is initially produced at a
concentration similar to that observed during
thermolysis under Ar. Its concentration increases
slightly during the next 400 ms. Then abruptly,
the concentration of HCN decays rapidly. This
rapid decay region correspords directly to the
plateau feature in the NO concentration profile,

which supports the suggested ‘‘hot”” OH
mechanism.

Time of Decomposition Product Appearaace

Review of the thermolysis product profiles (Figs.
6-12) reveals that there are reproducible differ-
ences in the time of appearance of the first quan-
tifiable spectrum of products. Under an inert Ar
atmosphere pyrolysis products appear 1.8 s after
the onset of heating. Calibration shows that the
temperature of the filament is near 550 K at this
point, which corresponds closely to the decompo-
sition temperzture of HMX (13]. Under the reac-
tive atmospheres products appear as early as 1.6 s
{NO,,NH,) and as late as 2.4 5 (0,).

The data available do not provide a strong
busis to suggest that the time of product appear-
ance is related to the sccelerating or inhibiting
effect of the added gas. Although heat and mass
transfer play a role, the variations in product
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appearance for these experiments cannot be ex-
plained on the basis of differences in the transporst
properties of the gases. The transport properties
{mean free path, viscoeity, thormal coaductivity)
for all of the gases studied, except H,, are simi-
lar [47, 48]. The thermal conductivity of H, is an
order of magnitude greater than the other gascs
and it has a significantly lower viscosity. Despite
these differences, the time of product appearance
is the same for thermolysis under CO and H,.
The largest variation (relative to Ar) is observed
for thermolysis under O,. A temperature calibra-
tion check in an O, atmosphere indicates no
difference in the heating rate of the filament
temperature relative to that under Ar. Products
reproducibly appear 200 ms earlier under an at-
mosphere containing 25 torr of NO, in Ar (3.3

vol.% NO,) compared with thermolysis under

neat Ar.

Collisional energy transfer efficiencies are also
not a factor. The relative efficiencies for all of the
gases studied are low and of the same magnitude
{49]. The most important species for collisional
energy transfer are H,O and other large pyrolysis
producis arising from the sample. We do not have
a consistent explanation for the variations in time
of appearance of products at this time.

SUMMARY

This work has furthered the understanding of
many aspects of high-rate thermal decomposition
of HMX and its relationship to combustion. These
are the first studies to probe the effects of reactive
gases on HMX thermolysis by analyzing the
evolved decomposition products. The work sup-
ports the belief that high-rate thermolysis under
these conditions simulates the heterogeneous con-
densed-phase foam zone chemistry and the chem-
istry of the early fizz zone of energetic materials.
The results are qualitatively consistent with ex-
perimental combustion and modeling studies of
HMX performed under | atm pressure.

H,, 0, O, and NO do not appear to perturb
the initial decomposition path:vays, but play a
role in the secondary pyrolysis reactions in the
foam zone 2nd the early fizz zone. The most
dramatic pcrturbations are induced by atmo-
spheres of NO, and NH,. This is attributed to
their higher reactivity and higher solubility in the
liquefaction phase. NH, reacts with the first and
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subsequent pyrolysis products, while NO, per-
turbs the initial decomposition pathways.

The products of HNCO and CH,0 arise pri-
marily from condcised-phase reactions. Condi-
tions that promote condensed phase reactions (low
heating rates, low temperatures) and *‘aging’’ of
the melt yield higher amounts of CH,0. Path-
ways for CH,0 and HNCO fo: mation -vere pro-
posed. A ready source of absiractable hydrogen
atoms (NH,) may quench these reactions.

Decomposition of HMX results predominantly
in the gesration of more stable products, such as
N,0Q, HCN, and NO. Thes: specics largely pass
through the primary flame zone without further
reaction and are converted to final combustion
products iz the hotter luminous flame (farther
from the burning surface). Our studies indicate
that the so-called catalyzable species NO, and
HN, (8] are important. These species are reactive
in the condensed phase and the primary flame.
Ballistic modifiers that could increase the amount
of NO, generated in the condensed phase may
increase the bumn rate. NH, species are not pro-
duced in significant amounts during HMX ther-
molysis. The highest amounts are probably pro-
duced in the luminous secondary flame. These
thermolysis experiments demonstrate that NH
species can cffectively react with NO at the lower
temperatures of the dispersed phase, generating
heat closer to the burning surface and liberating a
potznt oxidizer OH. This may increasc heat feed-
back to the burning surface and ultimately in-
crease bum rate.

The most efficient formulation-based apgproach
to introduce NH, would be to replace the hydro-
carbon or polyether binder with a binder system
containing NH_ functionality. Developing an
NH ,containing binder that is chemically compat-
ible and possesses suitable aging and mechanical
propertics preseats a challenge. Ballistic modi-
fiers based on hetcrogeneous catalysts known to
be effective for NO, reduction {44, 50, 51) should
be evaluated in conjunction with a source of
NH,.
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COMPREHENSION DE LA DETONATION AU NIVEAU MOLECULAIRE k1)

SIMULATION EXPERIMENTALE
D'UNE SURFACE EN TRAIN
DE BRULER
LORS D'UNE COMBUSTION
OU D'UNE EXPLOSION

Pr. T. B BRILL !
Traduction : J. BOILEAU

RESUME. — [l est essentiei d'avoir une description physique et chimique précise de la zone de la surface
en réaction pendant la combustion d'un propergol, pour éiablir tout modéle détaillé de cette combustion. Comme les
compositions chimiques détaillées n'ont pu étre déterminées dans une combustion réelle, deux expériences de
simulations ont été mises au paoint pour déterminer les cinétiques et les mécanismes. La vitesse de combustion peut
étre prédite par les mesures de cinétiques. De ce fait, les produits gazeux observés sont trés probabiement a l'origine

de la premiére étape de la zone de flamme.

ABSTRACT. — A chemical and physical description of the surface reaction zone during propellant burning
is essential to any advanced model of combustion. Because chemical details have not been obtainable during actual
combustion, two simulation experiments hae been developed to determine the kinetics and mechanisms. The burn
rate is predicted by the measured kinetics. The observed gas products, therefore, very probably initiate the first

stage of the flame zone.

DISCUSSION TECHNIQUE

La mise au point de nouveaux propergols a4 haute
énergie, sans combustibles métalliques, représente un
défi considérable pour la communauté des fabricants
de propergols. Les problémes des instabilités de com-
bustion, de la sécurité des allumages, et des réglages
sur mesure doivent tous étre surmontés. La modélisa-
tion va jouer un rdle majeur comme guide au dévelop-
pement étant donné les coiits élevés des cssais en vraie
grandeur.

L'objectif final de la modélisation de la combustion
des propergols et de sa stabilité exige, parmi d'autres

données d'entrée, une description physique et chimi-
que de la surface de combustion a I'échelle microsco-
pique. Celle-ci ne peut actuellement étre obtenue par
des mesures directes pendant la combustion : c'est dii
au fait que la surfzce de combustion est transitoire,
héterogene, hors d'équilibre, elle est en outre obscur-
cie par la flamme. Il est donc nécessaire de monter
des expériences qui simulent la phase condensée et la
surface en cours de combustion, tout en dégageant
les gaz dans une atmosphére inerte et froide, ou ils
sont figés et détectés aussitdt.

On peut imaginer la surface en combustion comme
un film de produit d'épaisseur 20 & 100 um dans
lequel se produit un changement de phasc entrainé

(') Département de Chimie, Université de Delaware Newark, DE 19716, ETATS-UNIS.
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par les réactions chimiques et le transfert de chaleur.
En effet, il s’agit d'une zone de réaction en « film
mince » qui régresse i travers la phase condensée
d’un coté et qui produit des gaz en arriére, de I'autre
cote. C'est pourquoi une simulation instantanée de
cette zone de réaction pourrait étre un film mince de
propergol subissant une montée en température de
100 & 2000°C/s 2 la pression atmosphérique ou sous
une pression plus élevée. Le choix de cette vitesse de
montée en température de 100 2 2000°C/s est fondé
sur un récent travail de Sakamoto et Kubota avec
des thermocouples incorporés dans des propergols a
base d’octogéne; leurs mesures indiquent que dans 12
zone de réaction en phase condensée (« mousse ») la
valeur de dT/dt est de I'ordre de 1000 £ 500°C/;.

Deux approches pour cette simulation ont été
développées :

— I'une appelée T-jump/FTIR (saut en T/spectros-
copie infrarouge a transformée de Fourier).

~ lautre appelée SMATCH/FTIR (mesure simul-
1anée du changement de masse et de température/
spectroscopie infra-rouge a transformée de Fourier).

La mesure a la fois des cinétiques ultra-rapides et
des produits gazeux dégagés est importante car il faut
démontrer que la cinétique peut prévoir la vitesse de
combustion afin de verifier que les produits gazeux
observés sont effectivement ceux qui alimentent la
zone sombre dans la région de la combustion.

La méthode Fast-Head-and-Hold T-Jump/FTIR
est agencée pour permettre un chauffage d'un échan-
tillon & une vitesse de 2000°C/, jusqu’a une tempéra-
ture finale choisie a l'avance. De cettc fagon, on
minimise la plupart des processus chimiques parasites
qui interviennent dans les études de décomposition a
chauffage lent et ceux qui résultent de Ila
« carbonisation ». La figure 1 illustre le principe de
la méthode. Le tracé de la réponse thermique de
I'échantillon est obtenu a partir de la régulation de
la tension qui est prévue pour maintenir constante la
résistance du ruban chauffant de platine. Les produits
gazeux s¢ dégagent dans une atmosphére froide d’ar-
gon, qui les fige, et ils sont identifiés ct dosés par
absorption d'un rayonnement infrarouge enregistré
sur spectrométre a transformée de Fourier 4 balayage
rapide. La figure 2 représente la superposition de ces
enregistrements pour de l'octogéne porté a4 300°C
par chauffage @ 2000°C par seconde. L'exotherme
d'allumage est le pic trés fin négatif représentant la
régulation de la tension.

Le fait que les produits gazeux soicnt détectés avait
I'apparition de 'exotherme d'allumage est unc forte
évidence pour l'existence d'un phénoméne d'autocata-
lyse dans I'octogéne.

Le fait que NO, et N,O apparaissent avant les
combustibless (HCHO ¢t HCN) montre que les
réactions produisant des oxydants et celles produisant
des combustibles ne sont pas couplées : NO, et HCN
ne sont pas produits au cours dc la méme réaction
élémentaire, il en est de méme pour N,O et HCHO;

/" /|O ’I‘
{ \
SOURCE 1 CELLULE 1 _JANALYSEUR
mmgaou(;gl D ECHANTILLON
‘ )
SONDE -~
14nd ALIMENTATION ‘
DU COURANT
ET SA REGULATION
FiG. I. ~ Schéma de I'appareil T-jump/FTIR (a gauche) et dessus
de la cellule. Un mince film de 200 pg d'échantllon est placé
sur un ruban de platine et inséré au point 22 i la paror de la
celiule.
(L]
" 18O PRESENT
*» A
3 4
- )
-E wd TEHP, =300 C
A
P [T 1C02 « g va2
g 'T . :::0 LI 4
. ¢ X ICH
“-1
e T Al v
[ ] 2 L) 11}
TEMPS 150
<
FiG. 2. - Réponse en tension de la régulation du filament de

platine superposée aux courbes de composition relative des gaz
produits & partir de 200 pg d'oclogene. La vitesse de chauffage
était de 2000°C/s jusqu'a une temopérature de 300°C. Le pic
négatil est I'exotherme de 'octogéne. Pour plus de détails, voir
le texte.

au contraire N,O ex NO, sont dégagés et c’est seule-
ment ensuite que HCHO et HCN sont produits, a un
stade ultérieur de la dégradation du résidu. Le fait
que les concentrations respectives des produits gazeux
ne changent pas lorsque exotherme (de I'allumage)
a lieu implique que les mécanismes de décomposition
avant I'exotherme et pendant I'exotherme sont essen-
tiellement les mémes d'un bout it autre. Simplement
unc plus grande quantit¢ d'octogéne est décomposée.

L'une des donnces les plus interessantes i partir de
ce type d'expériences est la proportion des gaz pro-
duits en fonction dc la tempeérature. Le rappon
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N,O/NO, (voir fig. 3) refléte la proportion des vites-
ses de réaction pour les deux voies globales de décom-
position de I'octogéne : la branche N,O+HCHO et
la branche NO,+HCN. A plus basse température,
la premiére est prépondérante, la secondc le devient
a plus haute température. On pense qu’a la surface
de propergols a base d'octogéne, les températures en
surface sont de l'ordre de 350°C. Ainsi la figure 3
donne un rapport des constantes de vitesse des deux
réactions pilotes, qui peuvent étre utilisées comme
données d'entrée dans des modéles concernant ia
phase gazeuse pendant I'allumage de 'octogéne.

3¢ —

'
B
. 2.6+
2.4+
l.l-w
[N
n
IR

12 O
! \
s
(3] L
(A Y l Y Y v v
o ] 10 ”0

1eue 0
FiG. 3. - Proportion des deux branches N,0-HCHO/NO,-HCN
provenant de la décomposition de 1'octogene, en fonction de la
température. Les vitesses de ces deux réactions sont approximati-

vement égales d la températuic de la surface de combustion de
"octogéne (340-360°C).

{N20/NC;) pour I'octogeéne

La technique SMATCH/FTIR rend possible I'enre-
gistrement de la variation de la masse de I'échantillon
en fonction du temps et de la température quand
celui-ci est chauffé rapidement; on en tire une simula-
ticn cinétique de la surface de combustion; on obtient
simultanément I'enregistrement par spectroscopie
infrarouge & grande vitesse et balayage rapide, des
gaz produits pres de la surface de combustion.

Il a été trouvé récemment que les constantes
d’Arrhénius  obtenues & partir  d'expériences
SMATCH/FTIR sur fiims minces permettent de pré-
dire correctemert la vitesse de combustion ¢/ mesurée
dans les mémes domaines de pression et de tempéra-
ture. La figure 4 montre pour unc nitrocellulose
13 % de taux d'azote, I'acquisition simultanée de la
perte de masse, de I'tlévation de température ¢t des
données de composition des produits gazeux a la
surface de combustion.

Partant des constantes d'Arrhénius obtenues a par-
tir d’'un modéle cinétique non isotherme et de
I'épaisseur connue de l'échantillon, on prévoit une
vitesse de combustion de 0,3 mm/s; clle est en trés

Notes du traducteur :

a1\ |

r0.8
400 0.7
® - 0.6
3 300 a'
K] § 0.5 2
o 1 H
S | % LO 4 3
§ :(;: 0.3 8
- 0.1
. PO d s Y
0 ¥ v v ~r r 0 - 0
0 2 4 6
Temps (s)

F1G. 4. — Données obtenues par SMATCH:FTIR sur un film de
30 p d'épaisscur de nitrocellulose a 13 % d’azote, montrant les
variations dynamiques de la masse, de la température et fes
produits gazeux de combustion. La variation de masse et le
profil de la courbe de température permettent d’appliquer un
modéle de cinétique non isotherme. Les produits sont les espéces
chimiques s'échappant de la surface dans cette situation de
simulation de la combustion.

bon accord avec la valeur expérimentale 7 de 0,4 mm/s
pour un propergol & double base (80 % de nitrocellu-
lose) mesurée dans les mémes conditions de pression.

La méthode SMATCH/FTIR pour le PAG
(polyazide de glycidyle) prédit pour 7 une vitesse de
1,35 mm/s, a comparer avec la valeur expérimentale
de 1,7 mm/s dans les mémes conditions de pression.
Cctte bonne concordance entre vitesses calculées
et mesurées donne confiance pour dire que les
produits gazeux aux concentrations mesurées par
SMATCHY/FTIR sont les réactifs intervenant dans la
flamme au cas ou une flamme serait présente.

Les produits gazeux obtenus par les 2 méthodes
décrites (SMATCH/FTIR et Fast Heat and Hold/
FTIR), ainsi que par toutes nos méthodes de thermo-
lyse rapide associée a la FTIR que nous utilisions
précedemment sont essenticllement les mémes. [ en
résulte que I'on commence a pouvoir trouver la
connexion entre la composition chimique d'un maté-
riau et les caracteristiques terminales de la lamme de
sa combustion.

1) On pourra aussi consulter lartecle de T Brill et ¥ 1) Brush publec dans les Actes du 2 Symposium International de FICT Kathouhe

(2-5 puillet 1991) pages 1212 8

2) Cet cxpost du Pr. T. Bnill a été presentc dans unc reunion plus restremte sur ls combustion des propergols be € juin 1991, man won
intérét Jans le domsine des expiomfs et la presence du Pr Bl aux journées du 67 juin nous ont incités i publyr ce texte
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Abstract—The chemistry in the surface region dunng combustior. of a solid is cxtraordinarily difficult to
determine. Understanding is important because molecules of the parent material break up in this zooe to
form the initial reactants for the flame. Hence, the surface reaction zone ties tiie composition of the material
to the flame chemistry. The validity of using fast thermolysis of a thin film of the material to simulate the
surface reaction zone is assessed. Sub-global chemicai details are extracted by the use of rapid-scan Fourier
transform infrared spectroscopy. Such microscale laboratory simulations help establish molecular structure
details of nitramines that influence the formation of near-surface flame reactants like NO,, HONO, CH,0
and N, 0. The effects of pressure and temperature on the surface reaction zone can be probed experimen-
tally. Other infrared spectral methods designed to probe the condensed phase and gas phase are discussed.
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1. INTRODUCTION

New opportunities to advance the field of rocket
propulsion are possible il important combustion
characteristics can be predicted simply from the com-
position of the propellant. The achicvement of this
objective requires a detailed knowlcdge of many
factors, among which is a thorough understanding of
the relationship between the formulation of the ¢ -
densed phase and the gases available (o react in the
flame zone.

In recent decades spectroscopy has played an
increasing role in the identification of reactants and
products, the measurement of (emperature and
reaction rates, and the description of physical
phenomena during the therma! decomposition, com-

9!

bustion and explosion of materials. When a solid
propellant burns, the luminous flame is (he most
prominent featurc. The tuminous flame (diffusion or
monopropeilant) can be successfully interrogated by
laser diagnostics which provides reaction rates, con-
stituent specics and temperatures. To achieve the
desired understanding, the lame is frequently opti-
mized by ihe choice of the reactants, the use of a single
phase, and the use of a pressure beiow that of a rocket
combustion chamber. Impressive advances have been
made and have been overviewed elsewhere.!

A critically important zone for propetlants and
explosives is the heterogeneous regstion region that
connects the condensed phase (o the gas phase (Fig.
1). Despite its well-recogmzed importance, this zone
has resisted detailed chemical study. The main focus
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FiIG. 1. A one-dimension microscale picture the main
reaction zones at the surface of a solid propellant component
during combustion.

of this article is to describe infrared absorption spec-
troscopy as a viable method to study this hetero-
geneous transition zone. When a bulk matenal is
burned. a thin heterogencous reaction zone develops
at the surface vhere the reactants form and enter the
flame zone. This process is extremely complex because
thern-ochemistry, kinetics, condensed phase species,
surface phenomena, and heat and mass transport are
all important. The reaction zone is also very thin
(5-200 um) which makes studies very difficult o
conduct under combustion conditions. Therefore,
studies that simulate the conditions of this zone are
the most promising alternate approach to gaining key
information about how the composition of a matenal
relates to its combustion charactenstics. However,
because of the complexity of the chemical and
physical processes nvolving bulk samples, less
temporal resolution, less quantitative data and more
global information (requently have to be traded for
interpretable data. Consequently, uncertainty exists
as to how closcly the microscale expeniments simulate
the conditions of a full scale combustion of explosion
Process.

Recently, it has been found that the burn rate of
vanous encrgetic motenals cakulated from the
¥inctics constants mcar:ired with Simultancous MAss
and Temperature Cifange (SMATCH)/ Fourier
transform infrared speciroscopy (FTIR) at 13pu
ciosely matches the expenmental lincar bum raic
measured at or extrapolated to the same conditions.* '
Some compansons are given in Table | and the eaper-
imenta: details are descnbed leter in Section 3. The
important potnt s that this connection provides confi-
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Tasie 1. Regression (burn) rate data for various energetic

and non-energetic materials ai {Sps cakulated from

SMATCH/FTIR kinetics and mezsured by combustion or
lincar pyrolysis experiments

7. mm/sec
Engineering
Compound SMATCH/FTIR Test
Nitrocellulose 03 04*
Glyadyl azde polymer 1.35 1.7t
RDX 038 0.33
HTPB 021 0.05-0.2§

* Extrapolated to 180°C from double base propellant data
given by M.W. Beckstead, Proc. J5th JANNAF Combust.
Mg, JPL, Pasadena, CA (October, 1989).

t Extrapolated to {5psi from higher pressure data given
by N. Kubota and S. Sonobe, Prop. Explos. Pyrotech. 13,
172 (1988).

{1 V. V. Aleksandrov, R. K. Tukhtaev. V. U. Boldyrev, and
A. V. Boldyreva, Combust. Flame 35, 1 (1979).

§ Values for polymethylmethacryliie and polystyrene at
350°C given by W. H. Anderson, K. W. Bills, E. Miskuck, G.
Moe and R. W. Schultz, Combust. Flame 3, 301 (1959

dence in the use of SMATCH/FTIR and other fast
thermolysis/FTIR methods* " to identify many of the
species that exist in the disperse zone shown in Fig |
and enter the primary flanie zore. Thus, fast ther-
molysis/FTIR techniques provide a method (or con-
necting the formulation or composition of a solid
or liquid energetic material to its combustion or
explosion charactenstics. This is because the nature
and concentration of the decomposition gases are
important in controlling the flame and other later
stage encrgy release reactions. Hence, this infor-
mation should be useful for modelling the combustion
and explosion of energetic matenals.

To illustrate how these data might be used, a
descnipuon is given ol the use of fast thermolysis/
FTIR mcthods to establish the relationship of the
molecular structure aid composition of a series of
nitramine molccules to the nawure of gas products that
are liberated. As burn rates and near-surface flame
structure data become availabls for nitramines, the
relationship of the gas products to some of the com-
bustion propertics could be developed. In turn, the
general combustion behaviour might be predictable
for hypothetical formulations. The articke is concluded
by an overview of how infrared absorption and
emission measur=ments can be used to charactenze
the flame rone.

1. SIMULATION OF THE DISPERSE REGION

Direct chem:cal measurements of the disperse zone
of Fig | duning combusuion have not been performed
and, should they be posnble, would be unrcahistic to
perform on hundreds of sumples 1n the near {uture
Therefore, expenimental methods that attempt o
smulate important conditions 1 this region are a
good aliernative for ohtaining this information
Of course, there 15 no weal cxpenmental method

",
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that simulates and tefls the detailed condensed phase
chemintry and physics and the near surface processes
during comhustion or an explosion. Trade-offs must
be made in cxperiments with respect 10 iemporal
resolution, the size and position of the spectral
witidow, the number of species probed at cne tim,
the configuration of the sample, the methot ¢
heating, the temperature, the pressure, etc.

Varicus sample configurationr can be imagined
that enable the important conditions of the buring
surface 10 be simulated. For raistance, an instan-
tancous picture of the buining surface would show a
film of matenial with a stecyr and accelerating tem-
perature gradient from within L. condensed phase t.
the gas phase. Hence, a thin film of material subjected
to a high hcating rate is representative. The use of &
<mall amount of sample facilitaics the heat transfer.
Even if a polycrystalline sample is used, the sample
freq :ntly melts to a thin film upon heating. Because
chermucal information in the simulnion was our goal,
we chose tu optimize the amount of spectral infor-
mation first and then to heat as rapidly as possible.
Thus, our heating rates (100-350°C/sec for most
experiments) are one to three orders of magnitude
slower than actual propellant combustion heating
rates. However, they are one to three orders of mag-
nitude faster than those employed by conventional
thermal analysis techniques, such as TGA and DSC.
Pressure is another important vanable. Pressures in
the 15-3000ps: range are relevant to ignition and
combustion of rocket propellants. To probe the effect
of pressure on the decomposition process, the static
gas pressure in the cell was varied in *he 1-1000 psi
range to examine its effect.

While not perfectly representative of the conditions
of the disperse zone during combustion of rocket
propeliants, the conditions appear to be close ¢nough
1o connect the lincar bum rate kinetics to the mass
loss kinetics from fast thermolysis measured at the
samc temperature and pressure. By inference, then,
the spectroscopic data from (ast thermolysis exper-
iments tell a lot about the chemistry under these
conditions.

X SIMULTANEOQUS MASS AND TEMPERATURE CHANGE/
FTIR SPECTROSCOPY (SMATCH/ATIR)

As discussed above, the regresnion rates of the thin
itm of sample calculated from the SMATCH/FTIR
techmique are similar 1o those measured or extrapo-
lated from combustion or hncar pyrolysis measure-
ments at the same (emperature and pressure Thus,
SMATCH/FTIR gives au wistantancous microscale
umulation of some of the important conditions that
the surface reaction zone experenocs dunng sicady-
statc macroicale combustion The SMATCH/FTIR
techaque’ 1 prescnted first even though st is the most
comphcated fast thermolyus techniques that we have
developed 5o far. It forms the basis for using other
umpler fast thermolys.f FTIR methods to sdentify

the gas products that feed the first stage of a flame
zone.

SMATCH/FTIR spectroscopy enables the mass
and temperature changes of a thin film (20-60 um
thickaess) of a material to be measured simul-
tanecously at a high heating rate (100-350°C/sex).
Noan- " sihermal kinetics analysis uf the niass and tem-
perature data provides Arrhenius constants that can
be used in a modified version of the pyrolysis law to
predict & burn rate for the matenal. In addition the
gas producis leaving the surface are measured in near
real-time, simuitancously with the mass and tem-
perature measurements. These products are formed
under conditions that the condensed phase expen-
~nces during combustion, at the samz pressure and
icmperature.

A block diagram of i mass and temperature
measurement portions of the SMATCH/FTIR exper-
iment is shown in Fig. 2. In the experiment, a film of
sample with a uniform thickness in the 20-60um
range is applied to a stainless steel end-t:p which is
fixed to the free end of a cantilevered quartz tube. The
tube serves as the resonant clement in a feedback loop
that consists of a light emitt.ng diode/phototransisics
pair, 2 voltage amplifier, an audio amplifier, and 2
vibration exciter. This electromechanical feedback
circuil senses the motion of the vibrating tube and
drives it into transverse oscillation at its natural res-
onance (requency {ca. 130 Hz).

The resonance frequency of the quartz tube is sen-
sitive to the mass of sample on the end-tip, mass
measurements rely upon this sensitivity. The fre-
quency of the {undamental vibrational mode can be
described by Eq. (1)

_L JEI m
2 L’(m + 0.23m,)

F is the natural frequency of the tube, £ 1s Young's
modulus for the tube, /s the area moment of inertia
of the tube, L is the length of the tube, i 13 the mass
of the load (end-up plus sainple). and m, 15 the mass
of the tube. This equation rearranges to Eq. (2). which
shows the hincar relationship between the sample mass
and the square of the peniod of the vibration (m, 15 the
mass cf the end-tp and m, is the sample mass). A plot
of 1/F’ vs the sample mass was found to be hincar
! il .
P OE (m, + m, + 023m,) ()
Radio-frequency induction iy used to heat th= stain-
less stocl end-tip As the sample 15 heated and lowes
mass due to thermal decompoution, the tube owilla-
tion shifia to increaungly higher natural revonancy
frequencica, as downbed by Eq (2) By continuoushy
monitonng the frequency changes for the heating
penod. rapyd mass Changes due to sample thermolyses
<an be followed
The sample temperature 13 monstoned by attaching
a3 mucrothcrmacouple directly to the end-ip Thi
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Fic. 2. A block diagram foc e SMATCH/FTIR cxpenment.

d:rert attachment allows the thermocouple to sense
temperature changes due to exothermic or endo-
thermic steps dunng thermolysis of the sample.

The SMATCH/FTIR (echnique cnables the
dynamic weight change of the sampie to be recorded
as a lunction of time aad temperature as the sampic
is rapudly heated. However, the inroscopc detait of
the thin Alm is capected o be complicated because
gasification is not instantancoys. At any ume duning
degradauion, the film may be partly in coatact with
the heat source and partly separated by a very thin gas
layer. As a result, the heat and mass transfer arc
difficult to analyze. In the worst scenano, the sobd
sample falls off the end-tip without reacting. Another
failer! eapeniment would oocur if the sampie gasifies
more wvigorously on one side of the end-Up than
another and pushes the tube out of resonance. These
difficulties are resdily rocognized in the weight-loss
curve as 8 sharp spike or 8 slope bresk. Expenments
in whach this occurs are discarded. These problems are
muinimized wihen the thin film s umfonml, depoited
on the end-tip. Thereiors, considerabic care was taken
n the preparstion of the sample tubes.

To relate the kinctxc parameters 10 the lrwe
behavior of the matenal dunng decompossion. the
temperature end the mass change at that empersture
must be genuincls relate:t That is, the relssaion rate
of the temperature 10 the Alm reust be at least as fau
as ihe heating rate © that the fim mantaim 3
constant temperature Il ths condition 1 met, then
the mcasured tempersture s charsctenstx of the
chemustry taking place m the bulk sample The
manmum heating rate for whnch the temgerature n
umform in a hilm of thack ness 7 o meters u pver by
Eq. (V) Nitrooeitulone (NC) 13 wsed here 1o diustraie
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this analys:s.

Il (3)

T
i

5, 1s the relaxaton time {or the temperature gradient
w2 n'm ot the polymei, ¢, is the heat capaaty
(1.25kJ/kg - K at 120°C for 13%N NC'). p 15 the
nominal density (1.5 x 10" kg/m’ for NC)and disthe
thermal conductivity (2.3 x .0 ‘kljsec - m - K for
12%N NCY). In a quahlauve way, the heating rate
and Aim thickness can be refated by Eq. (31 By using
the data given here for NC, 1, = 4 x 10 ‘secfor s
fim thickness of 70 4m. Thas i3 the approximate time
at which the NC film 13 able to equilibrate a change in
temperature. Il oac degree accuracy 1a the tempers-
ture data 13 sought, then 4714 can be no faster than
11, 0¢ 23°Cisex I €°C acxurscy » sought thea dTHde
can b about 100°C/sec. Because the heating rate
dunng decompoution in the SMATCH/FTIR cxpen-
ment was typscally n the range of 150°Cluex, thes
analyss indscates that the film thckness should e
% 30 pn for onc degroe accurscy 1n the temperstore
As s rewlt, sttempts were made to achicve 3 Bim
thackncts in this reage

The effect of maws transfer on theee fast hesting
capenuments wa levied by determmnng the sentstivily
of the werght loas curve to the il sampic mass. No
efcct w3 found for masucs ke than | mg indiccting
that  the deugn of SMATCHIFTIR, mau transfer
1t Aot an impoartant factor provaded the sample of the
flm 1 thin and umlormly deponted

As indicated 1n Fig 2. the thermocouple and maus
measurement outputs st sbout 180Mz are multe:
plcscd to separaic channchs of 8 PC-baed dats soqwe-
ution system. whch provdes enough deta for

%,
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Fr, 3 SMATCH/FTIR data for 1) 4% N astroceilulose

axurale umultancous determination of mass and
temperature changes wnh time.

SMATCH/FTIR spectroscopy so far has been usad
to determine the raped thermal decomposiuon
kinctics and mechanism of energetic nitrate ester’ and
ande’ polymers, several crysaliine oxudizers'’ and
several non-energetsc polymer binders® used in rocket
propeilants. n all cascs. the kinetics of rapid weight.
loss can be cakculated (rom the power rate law Eg (4),

-5 e W th

where v = (M — mp)itm, o) oom Lol mapo
waght, m, s the final ampic woaght and m u the
weight at any tume 1. » o the apparent reaction order.
Figute ) shows the SMATCH/FTIR data for
13 4% N mtrocciiulose. Heating of the sample ocxurs
at an imetial rate of about 150°C/sx. At its deocom-
posttion tempessture, NC  caestially completedy
decompoes 18 about 0 3mx. A tomperatur nac
cecurs due to the csothermanty of the proces dr/dr
was aumcrcailhy obtaned by polynoemial regramon
snalysn of the wogM-doss curve theough the imt:al
0% of the worght ey

The temperature dopembence of the rate constant k
n given by the Arthemus £g (5). where £, s the
aination cherpy

L oe oA )

Therefore, for e power rate law form the weight
ms, Bq (6) s followed By sppiying the differentsal
method to Bg (8).

é
Yo are W (&

the reactson raic can be exprewand 32 Ty (7)
[ - &
d &
-] = = snd
L v RY ™

By hneannng Fg (7) theough the sppeoprate chows

Tanet 2. Kuaetxc paremnciers and iemperatwee ranges for the
thermal decumpontion of vanows matensls measured at
100-250°C/sec by SMATCH/FTIR spactroscopy

Polymer Efcalmol ')°0 log A(sec ') TTC)

NC(1).4%N) 26 s 08 164 204 177218
NC(11 T%N) 17¢ 1D 169 ¢ 10 186-218
NC(9.45%N) K2V 167 2 08 192217
PYN N 02 159 2 03 200-220
PGN g 21 147207 220260
NMMO DRI D] 64 2 03 70-225
GA?P 23224 190 $ 09 4:-200
AMMO 4324 28 19 ¢ 1) 25270
HTPA 1t 207 31 200 30400
HIPS 83+ 12 31 s 04 12942

¢ Apparent reaction ordes & - 2
t The average of two capetiment:

o n &, and In 4 can be cakulated from the rapsd
waght-loss curve

Sumilar studics have bren comducted on other
samples of mitrocellubose having different percent
aitration, and on poly(vanyl -strate) (PYN), poly(gly-
cdyt mtrate) (PGN} and poly(mitratomethyimethyl-
oxctanc) (NMMO)' The ande polymers ando-
methylms:tyloxetane (AMMOQ), bevia idomncthyl)-
osctane{ BAMO) and glyedvha. o2 coiymer (GAP)
have been studied * The SMATCHFTIR technsgue
has also been apphed to the decompomtion of pure
noa<ncrgetc propciiant nders, such as hydroay.
terrmnated polybutadwenc (HTPB), hydrory termun-
ated polycthyleneglycoladipatc (HTPA), and duso-
cyanate crossknket HTPE polymers ' The results for
the noa-encrpeix polymery are very dffcrent from
thowe of the encrpetx polymens Compared to NC
shown 1n Fig J. the worght-lons curves of noa-eneer-
geix pohymers have a more gradual slope. wnd the
temperature ey mose dowly dunng dexompoution
teflocting (e fact that thewe polymecrs do ot hawe
encrpetie functioasl groupn A value of & o 2 was
found ta kacans bq (7) for the cakculatron of £, and
tog 4 1t shoukd he emphaund that thes value of »
dars med wnpdy a sxoad order ceaction, bt rather i
merely 2 curve-hiting paramcter  Furthcr dimwion
of the role of & o grven chowhare *

The hnctscs constants ior the potymcs compognds
v wmmaniacd wn Table 2 Note that the sctivaton
cagrpes fox the antrate culer sad arde polymen are 1a
the range expected when bond bregkng and chenmcal
reacvom domunaie the oversll proarss On the othee
hand, thow for HTPA 3ad HTPR arc sk smalice
Ther vzlwet are morr hpcal of dewseptaon thae
chemxcal bond Meealing The appoatasus s the gau
phaw of fragmeiaty chpped from the HFTA and
HIFTE pohmer: i conwatent with thew Arrheann
salues and with deworptaon

The Arthemw comtaats cakulated from the lngh
r3tc mawt lows dats 3nd e correspandmmg cm-
perstore data meavared by SMATCH/FTIR can e
wwd 1o akulate 3 knest regrevenn (burn) rate. 2 e
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mea/sec for the material by using a modified version of
the pyrolysis law, Eq. (8), where A is the film thickness
0 mm.

L nr

¢ = Ak ()]
For the use of Ey (8) to be valid, the flm thickness
must be essentially the same as the thickness of the
surface rezction zone of the condensed phase during
comtustion at 1Spsi. A reaction zonc depth of 20
60pxm 13 typscal and this was the fin thickness
employed in our work. The tempenature for Eq. (8)
was tziken from the thermal trace

As shown in Table I, there 1s a good correlation
between the measured (or eatrapolated) values of
from combustwa and those cakulsied from
SMATCH/FTIR hinctics It should be emphasized
that thus match applwes only to the temperature and
pressure conditions where the SMATCH data were
measured The value of 7 repeasents ene data point on
the burn rate curve. The SMATCHIFTIR Arrhensas
constants showld aot be used 1o calcwlatr 1 m other
pressure and lemperatine ranges. Howevet, the close
match of the data {rom the two types of expenments
i Tablc | implcs that the condensed phasc capen-
enaes sanlar condiions and that the chemical pro-
cesses are hikely to be ciowly related 1n the two
capenments

The chemntry o the reaction zonc 1 iaferred from
the final portion of *he SMATCH/FTIR expenment,
which 13 the umultancous analysis of evolved gascy by
rapsd-wan FYIR spectroscopy Thi 11 accomphshed
by pombomag the cantileversd tube so thet the actal
end-up was located 2-4mm bedow the focal posat of
the infrarcd deam of the spectrometer. Aa IR gas ecll
w3y pontivacd 3bove the end-up 1. ordet 1o confine
the gascs that arc perduccd ypon thermal decompo-
utwa ¥y tnggenag the SMATCH portion of the
capersment with the interforometcr, corrclation of g
produxts, thermal events, and mas bows can be made
It n gratifying 1o Sad that the g3 peoducts detected
By SMATCHFTIR are, for all intents snd put.
pout. the wame 3 thow obisuwd with o other
fau irmcowm wxhasguer” ¥ that 3re doscnbed
bolow  Hemx, the gas prodixcts obtainad ower the
yoars by thowe other texhaques aan be wsed with
conhdence 10 charpctense the IR actrve o that
icawe i worfacx durwng the Bewl wage of dexown-
ponsison dursg combution Thest early prodects are
38 histoncii woord of the reactions m the condenud
phaw

The fan thermobiuFTIR techaagan dewnband
hriow 3re of umplcr drugn 3ad are ey 1o war than
the SMATCH I TIR sechasque At 3 resolt. the mapor
part of thn artxcie 1 dcvored 1o dewtrbeng relateon
dwgn developed with thewr techonguin (F partacular
wierrst & the cwnectaon Metwearn the parent moly-
L structere sad the decompoution geues tht leswe
the worface The snethands for messunag thew spextes
and quasnttstmg the productt gre dewcrbnd arst

4 RAPID-SCAN FTIR SPECTROSCOPY

Chemacal aformation sbout the condensed; phase
and the umulsted burming surface 15 obtained from
raped-wcan FTIR spectroscopy of the gas products
evolved from the surface. FTIR spettocopy has the
advantage over disperuve IR methcds when gh
encrgy throughput, raped data acquisition and broad-
bend IR spectrs are required.” The layost of the
optical benches of vanous FTIR spectromcters'
should be consulted for details of how these advan-
tages are achicved. For real or near real-ume data
acquision, a rescarch grade rapsd-scanming FTIR
spectrometer (RSFTIR) 15 wnvaluable In general,
thermal decomposition studis of bulk encrget
matcvials are not well suited o conveational me-
resolved IR spectroscopy because the physwal and
chemucal events are nather reveruble in the same
apenment nor ciacthy recreatabie 10 suaccsane
capenments  Step-wanning instruments’’ may have
usc 1n thes fickd but have not been apphed as yet to
study shyiwochemual process 1 encrget matenals
Time-resotved anlrarcd  spectral photography
(TRISP) desenbed 10 Sevtion 9 18 hepnmung to be
apphed 10 rapedly heated encrgetx mawiab '

The raped-scan FTIR spectromecter tako advan:
tage of the fact that both the forward and reverse
motrone of the maving meeer of the interferometer
can geaerate alt of the spevtral iformation The fact,
coupicd with a raped murror vehxaty and 2 vety stabie
micrferometer, allows mad - IR wpaxira to be colkcted
3t 60 B0 scans por wx wih 16 32em | resolutwoa
Ths rasoivtion 1 nsdequate for tudiy of the
devompontion of moat oot Maictiah As noted
below, hegher reaoiution i requared foe most snaiywes
A mercury <admiom tctlurade (MCT) semxonduct ¢
detectoe ad Jigrtal ugnal peovezung provede a ow
noie ugnal in whsch abiorhamces are cheariy evadent
n naghe-wan iguxtes The interferograms acguerad i
thay way ane tored mdependenthy by fast analogto
diprtal (A D) teansfer mith 3 peocna and sxueatc tume
rexcoed stiachod to cach hix At 8 later tomse (R inker-
ferograms arc tramdoemad  The wperator can ma-
mpulate many of the paramcton of tie 2ty collection
and Fowrt traniformation to optumsx the wan
e, rewdution and s 3 detath We wittied on 3
wan wond of 10 waavex 3t dam  owoluton 2y
optamal Foe than rowsch Howeser, 3 fauer xae
e comhd e ve bwem chowrn esth 3 ux rsfac e rewcd
wison. hrxwust the rembxr of data poamts that can be
collexiod per wxonnd n fCwcr 2t bepghar wan fater In
dhort, the choxr o the gwxtroem ier parametcr
witmgs Soporsdy on thy niiowimemt and the probdcm.
wmder vedy There s ne perfecs patamecter fie Wods
fxatsons to the wamplr compartawnt mat alee by
rogpered § o tar cownpatibic wmath 1% coadetaas of i
crprrwmemt | or evampic 3 dugh Servpareaiwec Ramm
can heat the aptas and < puw an micricerrr paticte
(chaoncihng) w2 the ypucirem sndete pees awtsons as¢
Lhen 1o v wedpr vhyperd mandowt




Chemical composition and combustion characteristics 97

$. NEAR SURFACE GAS PRODUCT ANALYSIS

FTIR spectroscopy has been used extensively to
identify 2nd quantify gases produced by reactions of
solids and liquids. A separation technique is
sometimes invoived, as in gas chromatography/FTIR.
When studying ignition, combustion and explosion
phenomiena, the important variation on cvolved gas
analysis methods incorporating FTIR spectroscopy is
to perform the analy:is with minimal delay in the time
between the event and analysis. Hence, the IR beam
1s focused as close to the reacting sample as possible
(1-Smm away) and the data are collected by
RSFTIR. Since the delay time between the reaction
and the analysis is kept to a minimum, many relatively
reactive specics are observed with concentrations
more close to the original than when longer time
delays exist. Of course, the time delay is still large
compared to many of the clemientary reaction rates.
Nevertheless, the instantancous relative concen-
trations of the gases observed are more typical of
those that feed the flame zone (were a flame to be
present and fed continuously by the condensed phase)
than is the case if tlic time delay 1s introdiced.
Analysis of the gas products can oe made if the fiame
is present (Section 10), but the flame zone products
tend to dominate the reactive, near-surface products
in this case.

The first in-beam FTIR analysis of rapid decompo-
sition of a propellant or explosive appears to be the
work of Flanigan and Stokes'” who packed octa-
hydro-1,3,5,7-tetranitro-1,3,5,7-tetrazacene  (HMX)
inte a platinum screen, through which a current could

NG,

§
N

ON-N  N—NO, (HMX)

\

NO;
be passed. and positioned the screen in an IR beam.
Filament pyrolysis employing FTIR spectroscopy
as the diagnostic was first described by Licbman
et al" We have subsequently investigated more
than two hundred energetic materials by filament
pyrolysis in which the IR beam is passed over the
surface of a rapidly heated sample. The basic cell
desiga 1s described below. For these experiments
the desire is to decompose the sample rapidly, but
to avoid ignition or initiation of thec sample. If the
latter processes occur, the final, thermodynamically
stable products tend 10 dominate in the infrared
spectrum.

5.1. Cell Design and Methods

More complete descriptions of the basic fast ther-
molysis/FTIR cell are given elsewhere.**" Figure 4
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gives the essential design features. The anti-reflection
coated 0.5" x 1” diameter ZnSe windows are held in
a 7.5cm diameter aluminum cylinder by brass end
caps. ZnSc was used because it is transparent in the
mid-IR portion of the spectrum where modes occur
that indicate the chemical behavior of energetic
materials. It also has a high tensile strength so that it
can be operated at high pressure. The cell was
designed to withstand a static internal pressure up to
5000 psi, but is used only in the 1-1000 psi range. The
heater filament is a slightly creased nichrome IV
ribbon (2.5 x 0.6 x 0.012cm) supported on press-
ure-tight feed-through insulators. Although studies
were not conducted on a wide range of compounds, a
detailed study of a liquid gun propellant LGP1845,
which is expected to be especially sensitive to catalysis
by metals, revealed little dependence of the ther-
molysis products on the filament material.’ Typically,
1-2 mg of sample (solid, liquid or mixture) was heated
on the filament using a Foxboro 40 Pyrochem con-
troller. The constant voltage-variable current feature
of the controller has special value in the temperature
profiling experiments described in Section 6. In prin-
cigle, any reasonable heating rate of the sample could
be achieved, but < 40 °C/sec was chose.i becarse the
spectral collcction rate does rot distinguish processes
at hugher heating rates. The argon gas pressure in the
cell was adjusted as desired in the 1-1000 psi range.
Because of the impertance of collecting IR spectra at
high temporal resolution, the rapid-scan mode of
a Nicolet 205X and 60SX [TIR spectrometer was
used in all of these studies. With the beam focus=d
several mm above the filament surface, the IR active
gas products from the fast heated sample can be
detected in near real-time. No significant change of
pressure in the cell occurred from the evolved gases
because of the small sample size. If smoke or an
aerosol with particle diameters less than 50 um forms
during thermolysis, wavelength-dependent dispersion
can cause the bascline to slope upward, usually
‘oward the shorter wavelength side. However, the gas
product concentrations can still be calculated in most
cases.

5.2. Quantitation Processes

The relative percent concentrations of the gas
products were obtained by a procedure employing the
effective width factors ard absolute intensities of
non-interfering absorbances for each product®
In some cases only the P, Q, or R branch was used
in order to minimize interference by other peaks.
The cffective width factors ware determined from
a greatly expanded, 2cm”' resolution spectrum
of the decomposition gases. For most of the products,
the area of the absorption band of interest was
measured and divided by the peak height. This gave
an cffective width factor for the absorption which
was then divided by the absolute intensity to obiain
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Pressure inlet

Gauge Preasure Outlet

3" 0.D. x 5" Al Cylinder

/ |10700. x0s* Srass
0. X 05" Gland

—— Viton
O-Rings

Brass
End Cap

Clrcular Base Plate
(fastened by 10 studs)

Pressure-tight Feedthrough insulators

FiG. 4. The essential features of the fast thermolysis/FTIR cell. The pressure gauge and ports rre drawn
in abstraction.

a scaling factor. The scaling factor for each of the
gases was then divided by the scaling {factor for CC,
to obtain the relative percent oncentrations based
ot CO; as the standard. Several known mixtures of
gases were compared to the scaling iactors derived
in this way and gave similar results. For ali subse-
quent studies, this scaling factor needed only to be
multiplied by the peak height for the gas in question
to obtain the relative peroent concentration of that
gas.

The theoretical basis for the above prooedure is
based on Beer's Law. The concentration, C, is related
to the absorption area, A, the pathlength, ¢, and the
inteunsity, /, by Eq. (9).

A
C = ]?Ilanv ©)

Since CO, is the standard for determiiing the relative
percent concentration of all other gases, x, in our
work, Eq. (10) gives the ratioing process.

¢ 2'— fin (L;) dv,

Ceo, ',i%;; J' In (l-;)m, dvco,

A W
co,( H W,

PR ¥ L T (10)
A. Hm,'w

The integrated area, A, under the absarption curve
was divided by the height, H, to give an effective width
W. When W is divided by A for each absorption and
then divided by Wm,IAm,. the factor F is obtained
for each absorbance (Eq. (11)).

) - ) o
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The factors, F. ca'culzted in this way are snown in
Table 3 and permit the relative percent concenitrations
to be computed froi.1 the peak heights.

There are scveral potential sour-; of error.
Pressure broadening can change the peak height.
Experimentally, it was found that HCN was most
affected by pressure abov= 200 psi and sc a correction
was needsd at higher pressures. Occasionally, the
desired absorption overlapped another absorption.
This problem was overcome by estimating the curve
profiles of each coriiponent and vsing the desired vae.
Given the uncertainty in some of the literuture valves

TasLe 3. The multiplicative factor F used in relative percent
concentretion calculations (eq. 11)

—

Gas Absorption* cm™! F
co, 2349(R) 1t
N,0 224(R) 2
(0.0) 2143(P) 25
NO 1876(R) 2
CH,0 1744(R) 15
HNO, 1709 8
NO, 1621 2
HCOOH 1103 37
NH, 968(Q) 5
HONQO (cis) 856(Q) 328
HONO (trans) 94Q) '
HCN 713Q) 3
CH, 3020(Q) 11
CH, 949 7.5
GH, 129 14
HQO 2974(R) 4

* The meaniag of R, Q and P branches for these modes can
be found in G. Herzberg Infrared and Raman Spect:a,
D. Van Nostrand, Co., New York (19435).

t Reference compound.

$ Sum of cis and trans intensity.
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of the absolute intensities and the other approxi-
mations in this quantitation procedure, there is ar
absolute error of about + 10% in the concentrations,
but the relative changes in concentration within a
given concentration vs time plot have lower error.

Another procedure that could be used (or quanti-
tation of a gas product is to measure the individual
absorbance values at various partial pressures of each
gas and to compare them to the product gas absorb-
ance in a thermolysis experiment. This procedure has
the value of giving the absolute rather than the
relative concentration. The absorbance values
measured in this way depend on the pathlength and
most likely depend on the cell window matenal and
thickness, and the type of spectrometer. Also, some of
the gases of interest in energetic material research are
difficult or dangerous to work with, especially at
higher pressure (e.g. HN;, CH,0, HCN, HONO,
HNCO, MH,CN, HNO,).

S 1. Soms Characteristics of the Evolved Products

[n the above experiment the time deiay between
tacrmolysis and the detection of the evolved gases is
insignificant compared to the scan speed of the spec-
trometer because the gases travel only 1-4 mm from
the sample to reach the IR beam. The gas products
rise by convection into the cooler Ar atmosphere of
the cell where they are momentanly quenched during
the detection stage. Based on the relative intensities of
the P and R branches, the gases are in their ground
state by the time they reach the IR beam. The choice
of the atmosphere in the cell depends on the problem
being studied. A relatively inert gas such as He, Ar or
N, is the atmosphere of choice if the intrinsic ther-
molysis characteristics of the parent compound are
desired. If the thermolysis is performed in air, then the
intrinsic thermolysis process of the compound is inter-
- mixed with the reactions with O, and H, 0. Of course,
an air atmosphere would be desirable if the decompo-
sition of the material is likely to occur in air in
practice. Other applications can be imagined that
would call for a [uel-rich or oxidizer-rich atmosphere
in the cell. If necessary, spectral subtraction can be
used to remove unwanted absorbances caused by the
background atmosphere.

Figure § illustrates for a 2mg sample of RDX that

NO;

[}
fNﬁ (RDX)
o ~MNoo,

good quality spectra can be obtained by RSFTIR
under rapid thermolysis conditions. When heated at
dT/dt > 170°C/sec from room temperature, the
initial gases from RDX are first detected in about
t.15scc because the thermal decomposition of RDX
lkeading 1o gas products occurs at about 200°C. The
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FiG. 5. Selected rapid-scan IR spectia of the gas phase 3mm

above = 2mg sample of RDX heated at 170°C/sec under

15 psi Ar. The times shown follow the onset of heating at
1 = Osex.

absorbance values for most compounds rise very
steeply during the initial secend of decomposition. An
estimate of the rate of decomposition is illustrated by
the SMATCH experiment data as shown in Fig. 3. By
using the absolute IR intensity method, the absorp-
tions can be converted to relative percents of the IR
active gases. Figure 6 shows relative composition vs
time profiles for the gas products from RDX obtained
by this method. These concentrations are calculated
by the method in Section 5.3, and are most closely
related to the percent concentration based on volume.
H,0 is relatively difficult to quantify because H,0(g)
has extensive rotation-vibration fine-structure. Many
materials that volatilize and then readily condense

50 — v v v
«
5:0
=
g
:n
S
r
0
v .
0 ] L * N ---,’_‘_:.3 -
0 ? [} 1 [ | 0

TIME, SEC

F1G 6. The relative percent composition of the quantified gas
products form the spectrum of k.. X shown in Fig. $. HNCO
and RDX aerosol are not included




100 T. B. BriLt

(e.g. some parent molecular compounds and atkylam-
monium nitrate salts) or polymerize (c.g. HNCO —
cyanuric acid; NH,CN — dicyandiamide — metamine)
can readily be detected, but are difficult to quantify.
Of course, IR inactive molecules, such as homo-
nuclear diatomics, will not be detected. The import-
ance of near real-time analysis of the gas products in
fast thermolysis research is evident from Fig. 6. NO,
is the dominant carly decomposition product of
RDX, but, because of secondary redox reactions,
decreases rapidly in concentration, while NO increases.
Note that NO has a low concentration at the onset of
decomposition. As a result, if the time delay between
the analysis and the onset of thermolysis were to
exceed five seconds, then different and potentially
incorrect conclusions about the thermal decompo-
sition process of RDX could be drawn. The changes
in the gas concentrations with time often indicate
secondary reactions among the gases. while the initial
gas concentrations are most closely related to the
thermolysis of the parent molecule. Based on exten-
sive studies of the thermolysis of nitramines in various
reactive atmospheres, the evidence is very strong that
the processes leading to the initial gas products occur
in the condensed phase.”® Thus, condensed phase pro-
cesses are largely separated from purely gas phase
processes in this experiment.

5-ATZ illuctrates what can be leamned about the
thermolysis process when very few of the gas products
can be quantified.” With literature searching for
reasonable products and thermolysis studies on auth-
entic samples of potential products, the vaporized
materials from 5-ATZ can be identified and the main
decomposition processes understood.

Figure 7 shows selected IR spectia of the gas phase
taken 3 mm above a 1 mg sample of 5-ATZ heated at
about 100°C/fsec under |5 psiAr. HN, and NH,CN
are the initially detected products. Their spectra
closely match the spectra of authentic samples of
these compounds.’’*** NH, also forms, but its con-
centration is very low compared to HN, and NH,CN.
The atom connectivities of 5-ATZ indicate how HN,
and NH,CN can form.

N—N;
| 5w
NAN

(5-ATZ)

HN, dominates NH,CN in the gas phase indicat-
ing that some of the NH,CN is detained in the
condensed phase on the hot filament. There reac-
tions (12) and (13) can occur leading to varnious cyche
azincs.

14,
INHCN —2—o Mi@im (12)

(melamine)

99

NH,
N”L:i
ENHCN 22 o N/*N N
|
PN N
(melom)
NH,
by
- NJ\N N (13
LXX,.
(meon)

In keeping with this, melamine-like products (absorp-
tions at 1400-1650cm ™" ™™ and NH, begin to vola-
tilize after HN, appears. The filament temperature is
about 350°C when the absorptions of the cyclic azines
are first detected. Melamine-like products readily
form at this temperature™® According to Fig. 7,
these products grow in concentration as the filament
temperature increases further. However, simul-
tancously with these cyclic azines, the absorbances of
[NH,]N, aeroso! appear. The Fermi resonance triplet
of vy, ™ at 3133, 2997 and 2827cm"', and Opns
at 1435cm™' appear. The modes assignable to
Vann- are found at 2040 and 1812cm ™", All of these
frequencies agree well with those of an authentic
sample of [NH(N,’ NH,N, is formed by the
reaction (14).

NH; + HN) = NHqN’ (l‘)

Note that the baseline slopes upward toward higher
wavenumber v:hen the NH,N, and cyclic aznc
absorptions become pronounced. This indicates that
these products are serosols. Solid melon was scraped
from the filament foilowing thermal decomposition of
>-ATZ and identified by the comparison of its IR
spectrum to an authentic samptz.

Several of the decomposition events become more
dramatic when 5-ATZ is rapidly thermolized under
850psia of Ar. The higher gas density at higher
pressure carrics heat away from the filament so that
the sample does not reach as high a temperature as at
lower pressure Figure 8 shows that the relative con-
centration of NH,N, continues to increase shghtly
but remains constant after $.0scc. Mence, Fig &
shows spevtra only up to $.06sec. The high concen.
tration of NH,N, compared lo lower pressure 13
accounted for by 8 shilt of reaction (14) to the nght at
higher pressure. 8. . azide modes, and the Ferm
resonance tniplet from Voo 87 Clearly evident given
the higher concentration of NH,N, now present.

.I

*
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FiG. 7. Selected gas phase spectra 3 mm above S-ATZ heated at an initial rate of about 100°C/sec under
15 pei Ar.

The amount of melamine in the gas phase is less
because the sample tempersture is not as high.
Melamine would be expected to form under combus-
tion conditions, but NH, N, forms because of the high
pressure cond:tions in the cell.

Caution and chemical sense are always advisable
when applying the gas product information from
these experiments to the flame zone. This is because
the gas products from rapid thermal decomposition
are evolved into a c0ol inert atmospirere rather than
a hotter flame zone. In many cases the gas products
detectod are the onet that will bura in the flame zone.
However, in some cases products are soen thet have
most likely fnrmed (rom reactive fragments that have
recombined to more stable molecules in the cooler
atmosphere. An example of this is the appearance of
bis(2-methylallyllamine, shown Oelow, a3 s gas
product from the fast thermolysis of AMMO. This
amine undoubiedly is

CH, . CH,
CH, -é-cu,-u—cu,-é-cu,

formed (rom further reactions of the uasiadle mitrene
{ragment shown betwoen the dashud lines in the

160

repeating unit of the AMMO
\CH, |

-cu,'g':-cu,éo-
‘CH,N |

polymer. The nitrene is the product of decomposition
of the azide by release of N,. The amine probably is
observed bocause the nitrene sell-reacts to stabilize
itsell perhaps in the cooler Ar atmosphere. Were com-
bustion of AMMO actually occurring, the nitrene
(ragment is the more probable lame reactant because
it would have been evolved into the hotter reactive
atmosphere and not necessary have self-reacted.

5.4 Structure/ Decomposition Relationships

Many uses can be made of the relative concen-
trations of the near-surface gas products. An exsmple
is 10 relate the parent molecular structure or clemental
composition of the reactant to the near-surface gas
products. This connection provides a way (o relate the
formation of the condensed phase 1o the combustion
characteristics. A more detailed description of the
relationship of gas products to structure is compileu
elsewhere ¥

(;yi

Y
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FiG. 8. Selected spectra of the gas phase at 3 mm above S-ATZ heated at an initial rate of about 120°C/sec
under 850 psi Ar.

‘ine near-surface gas products and their relative
concentrations contain & rich historical record of the
condensed phase decomposition resctions and
physical processes. These gases dominate the pre-
ignition and ignition chemistry of the sample. In turn,
the products of ignition coatrol the flame chemistry.
{f connections can be uncovered between the molecu-
lar structure of the perent material and the gas
products relexsed, then the work of the synthesis
chemist could be guided by the combustion and
explogives scientist snd vice verss. Aside {rom the
connection made with the SMATCH/FTIR results,
confidence that the thermolysis prodects scquired by
RSFTIR at least approach the combustion situstion
comes from the fact thet the fimdings for niramines
qualitatively resembie the stable products obser-ed by
quanz microprobe-mast spectrometry™ and claner
taser induoed fuorescence (PLIF)™ studies of nitra-
mine ames. The PLIF caperiments show that NO,
dominates close (0 the surface and that NO forme in
the hotter part of the flame. The products siso
resembie many aspects of the theoreticel gas product
profiles compwied by Meliu®

Compounds contsining the nitramine functionsl
group (15) are among the most importast enerpetic
materials. Some of the major gas products that are

101

produced by decomposition of

\N-N/O (:5)

7 Neo
nitramine molecules are NO,, HONO, N,0. CH,0
and HCN. These oxidizer and fuel gases feed the
flame zone. The detection of some of these products in
the concentrations that reslistically represent the
breakup of the parent compound requires the near
real-time detection afforded by fast thermolysis/FTIR
spectroscopy. The nitramine (unctional group (13)
can be the source of NO,(HONO) and HCON or N,O
or N, 0 srd CH,O depending on the temperature and

strw Lt~ - the molecule (resctioa 16).
Ch,\ ,NO- + “:CN(“(\\.') + NCN)
N-NO,

/ “N,O + CH,0

(18}

541 Tende-«c) 10 form NO,(g)

The lormulation of NO, by reaction (16) is of major
IMPponance in mtramine combustion because it 18 an
oxidizer in the primary (near surface) Asme zone.
Although not previously discussed as such. it seems

(&'

(ﬁ‘;. Y

.
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143

G &

FiG. 9. The average asymmetric NO, stretching frequency
compared to the average N-N bond distance for a series of
secondary nitramines. Compounds on the right side of the
plot are strong NO, gencrators upon thermolysis, while
those on the left side cither do not produce NO, or do 30 in
strong competition with other nitrogen containing products.
Compound identitics are given in Refs 36 and 37.

plausible that the length of the N-N bond in second-
ary nitramines might be an important factor in the
tendency of the N-N bond to homolyze and liberate
NO, upon fast thermolysis. Because of the reactivity
of NO,, it is necessary tn draw these conclusions from
rapidly heated samples and to employ near real-time
detection (IR spectra recorded at 50-100 msec
intervals) of the initial gas products. Otherwise,
secondary reactions of NO, disguise any relationship
of its concentration to the structure of the parent
molecule. Of course, it must be emphasized that even
simple homolysis of the N-N bond in the condensed
phase is, overall, a complicated process. Intermol-
ecular activity is possibly present. At the very least,
some of the NO, must diffuse through and desorb
from the heterogencous environment before it is
detected. The most severe complication would be for
N-N bond homolysis to faliow or to compete with
anotber decomposition route, such that the initial
N-N bond distance would no longer be the control-
ting factor. If this were the case, then any genera!
siructure-decomposition relationship involving NO,
could be disguised.

The crystal structures of many nitramines are
needed (or this comparison. Fortunately many are
available. Figure 9™ shows & plot of the average
N-N bond distance versus the average asymmetric
NO, stretching (requeacy from the infrared spectrem
of a series of secondary nitramines, R,NNO,. The
compound identities arc given elsewhere ™ A
reasonably good relationship exists between these two
parameters, sugpestiag that the force constant of
~ NO, streiching depends markedly on the amount of
electroa density that the — NO, group shares witk the
sdjscest N-N boad. From fast thermolysis it was
found thet NO, is the dominant, initially detected
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product for compo....ds on the right side of this plot.
NO, was cither not detected or was detected as a lesser
abundsnt product from compounas on the left side.
Thus, long N-N bonds favor N-N scission during fast
thermolysis. Hence, with reasonable confidence one
can predict the amount of NO, that is likely to be
generated by fast thermolysis of a given secondary
nitramine compound (rom its IR spectrum or its
crystal structure.

Although some exceptions exist to the NO, struc-
ture/reactivity relationship mentioned above,® it is
encouraging that most secondary nitramines ther-
molize in the condensed phesc in a systematically
predictable way. Thermal reactions in the neat con-
densed phase are complex, but the correlation above
gives hope for uncovering and refining patterns that
can be applied in practice to propellant ignition and
explosives initiation,

5.4.2. Tendency to form HONO(g)

Closely related to NO, is the formation of HONO.
At least one additional process, that of H' transfer, is
required before HONO(g) is detected from nitramine
decomposition. Kinctic modeling indicates that
HONO formation plays a key role in the N-N bond
fission process.” The formation of HONO has been
used in many previous studies of nitramines to ration-
alize the appearance of other products, but HONO
itself was very rarely detected prior to fast thermoly-
sit/FTIR spectroscopy studies.® HONO is a reactive
and, thus, transient molecule which is not observed
without rapid heating and near real-time product
detection. However, both the cis and trans-HONO
isomers can now be routinely observed from the ther-
molysis of nitramines.*

After examining a large number of nitramines
heated at 145-180°C/sec under 15psi Ar, it was dis-
covered that the initial relative percent composition of
HONO depends strongly on the perent secondary
nitramine.® In one instance, HONO represented
nearty 60% of the first detected gas products. A broad
relationship was discovered between the ratio of the
aumber of H atoms o NO, groups in the parent
molocule and the initis! peroentage of HONO in the
gas products. The relationship is shown in Fig. 10.
The leveling off at the higher percen? values is attridy-
table to didwtion of the HONO by other gases Quaki-
tative insight into the procesaes by which HONO is
formed from the condensed phase is contained in the
patiern of Fig. 10. The concentration of HONO must
depend on the adventitious encouater of H (or un H
sowrce) and NO, (or an NO, source) in the condensed
phase. Statistically increasing this chance for contact
enhanom the HONO concentration. The molecu-
larity, the nature of the transition state and ony other
aepects of the reaction mechanism are beyond the
extertion of these condemsed phase results. Many
species cowld kiberute H', bwt it is interesting to note

th J

o)




F1G. 10. A plot of the initial relative percent concentrations

of HONO vs the H/NO, ratio for a series of nitramine

compounds. The identities of the compounds are given in
Ref. 40.

that C-H bond fission has been proposed to be rate-
determining in nitramine decomposition** and com-
bustion.® H,0 assists in HONO formation in the
condensed phase,* but the pattem in Fig. 10 would
still need to be accommodated if this were the case.
Compounds producing the largest amounts of
HONO are not the ones expected to produce the
largest amounts of H,0 because of their low oxygen
content. Also, the four- and five-center concerted
reactions whose connectivities are shown below and
that could be important in the gas phase,” do not
apperr to Aominate in the condeniod phase. If they
did, only a -CH, - (ragment adjacent to the nitramine
would be required to produce HONO. All nitramines
having this linkage should produce the same amount
of HONQ, which they do not.

o,
OTNIO’ .,/"'{"
"},6,“\ ,.-\c N
rd -~
H | |
S-certre 1 osrire

The most plauuble cxplanatron for HONO forma-
tion in the condensed phase remsins the chance
contact between H and NO,, possibly with H,0 asa
catalyst. In koepeng with this notion, stenc crowding
of H and NO, groups in 8 molecule enhanoes (he
initial HONO concentration. [t is interesting 0 note
that when the H/NO, ratio it calculatod using ooly the
H stoms from secondary carbon atoms (~CH, ~), the
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H(CH2)/ NG9

F1G. 11. A plot resembling Fig. 10in which only the H atoms
in the CH, groups are counted in determining the H/NO,
ratio.

fit is slightly more lincar as shown in Fig. 11. This
suggests that -CH,- groups may be somewhat more
cfficient H' sources than primary carbon atoms
(<CH,). Nitramines having only tertiary carbon
atoms (= CH) are found not to produce HONO. ™'

5.4.3. Tendency to form N,O(g)

It is not immediately obvious what governs the
N, O/NO, branching ratio (reaction (16)) during the
thermal decomposition of nitramines in the hetero-
geneous reaction state at high healing rates. A few
sccondary nitramines liberate a high amount of N,O
compared to NO,(HONO).*™ Conversely, other
nitramines generate N,O as only a few peroent of the
total gases liberated, """ while still others produce
no N,;O at all "™

From RSFTIR worck on the thermal decomposition
of 3 wide vaniety of mtramines in the condensed phase
where the docomposition temperatures range from
100°C to Y00°C, there is rarely a correlation of the
temperatuse with the N, O/NO, ratio fro™ compound
to compound. A notablc cxception to (his patiem
easts when the (ast thermolysis of HMX (sex Section
$ for the structure) 11 compered to that of RDX
(Section 3.3). HMX and RDX have the same empan-
cal formula and arc simply tclomers of methylene
nitramine, CH, = NNO,. Upon fast hestirg RDX
produces relatively more NO, than N,O initially,
whereas HMX produces more N,O thaa NO,
srtislly.® This difference might be attnibuted to the
higher melting temperature of HMX which cawses
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more of the decomposition chemistry to take place in
the condensed phase for HMX than is the case for
RDX.* Although the N, O/NO, branching ratio could
be partly phase dependent, the physical state of the
compound is not likely to be the sole determining
factor. Temperature may plsy a role for a given
compound. For example, the N,O/NO, branching
ratio for the gas phase decompotition of RDX is
temperature dependent and has been said to reach
unity at about 375°C.** The N,0/NO, natio is found
to be temperature dependent when condensed phase
HMX is rapidly heated (Section 8). In general and
considering all of the data at hand, our studies suggest
that several reactions of nitramines may kad to N,0
and NO, in the condensed phase and that the gas
phase mechanisms do not necessarily generalize to the
condensed phase betavior.

All of the compounds liberating N;O have in
common a -CH,- group straddied by two nitrogen
atoms as shown by unit (17). This feature appears to
be the only structural requirement for N, O formation
by a secondary nitramine.

N CH N
> )/ N

N

Three secondary nitramines that liberate virtually
all of thair nitramine nitrogen atoms as N,O are
AZTC.* DPT" and DATH.® The N-N bond dis-
tances in these compounds (1.355-1.375A) suggest
that NO, and N, 0O should be competitive thermolysis
products™’’ based on the observations in Section

o, o,

N N
A" .,/

" "

U

NO,
(AZTC) ,\'fo' A(U’ﬂ

"“1\/’.‘| "v'.‘ N
NO,
(DATH)

341 DATH produces this result st temperatures
shghtly above its decomposntioa pomnt, but N,0O
dormunaics sround the decompomition pont Why
these molecules producy bittle or a0 NO, (although
DATH prodaces NO. st hgh temperature) empha-
urer the importsnce of reabinng that the balance
among the multiple decompontion pathwayt 1t cauly
shified 1n mtramunes by the temperature condstrons
and structure Both DATH and AZTC produce HN,
{and no doudt N,) mstially Thus, the ande growp
begins the thermolyss resction By ather rndacal o
dectron pair megratson_ the back bone ends 1o depoly-
merue 1 preference 10 N-N boad homolysws Duning

24C8 18 20
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the depolymenzation process, oxygen is obviously
transferred, but the data do not indicate how. Possi-
bly the same type of reaction in DPT is initiated by the
homolysis of a C-N bord in the -CH,- bridging the
non-nitrated amine atoms.

5.4.4. Tendency to form CH,0(g)

Formaldehyde is an important fuel in the primary
filame of nitramines. Having just introduced the fact
that a -CH, - group straddled by two nitrogen atoms
(unit (17)) appears to be important, if not required, to
produce N,O from a purc secondary nitramine
compound, a logical implication is that the transfer of
an oxygen atom from the NNO, group, perhaps to the
adjacent -CH, - group, liberates CH,0 along with
N,O. H, H'. OH’, or H,0 could assist in lowering
the barnier to this transfer reaction. While DPT,
AZTC and DATH do indeed have this unit and
liberate 2 large amount of CiH,0 along with N, O,
several compounds do not follow this simple pattern
with respect to CH,0 formation. DNNC. DNCP
and most bicyclonitramines® have unit (17) but
liberate no CH,0. DNNC also has 2 gem-dinitro-
methyl group (a carbon atom with two NO, groups
altached) whose thermolysis appears to initiate the
decomposition.*' The ring may open before the nitra-
mine group has had a chance to react. The bicyrlo-
nitramines are siong HONO generators. Loss of NO,
and the removal of an excessive number of H atoms
in the carly reaction sequences could interfere with the
tendency io form CH,0.

N0
oN_ N0, u)
% L,
op "0, N,
{DNNC) [ONCP)

In facr, the iong held notion that CH, 0 and N, O
form froem 3 coupled proccss 1n the condetised phase
decomponation of mitrarmncs should be taken with
some caution  Recent work on HM X using fast-heat-
and-hoid thermolyms techmques coupled with FTIR
dugnostscs in Section §." snd umultancous thermo-
gravimetry coupled with modulaicd beam mass ypex-
trometry™ revesl that R, O (and NO.™ ) reach ihe gas
phase dntincily ahead of CH.O and HON (CH.O s
reisencd 0 the condensed phase by ity reachion with
water ' Fagute 12 thowt the gat soquenang from
HMX undcr wwothermal conditiom following raped
heating At the temperatures cwed N.O 3ad CH.O
thould appear a the 1R bheam wmektancoutls if they
are beng reicased in the condensed phase from the
ame reaction at the tame rate The asfierence i thaw
tme of detection wggests 3 somewhat more comple:
reaction scheme than s smple ozypen s asfer process
n aking place under thewe cxpenmental condstiont
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Fis. 12. The a3 products from HMX supermguond on the
differenc:  volage comtrofiag the emperaturs of the
flament. This voliage reflects the endothermic sad cnother-
mic chemestry of tae sample The sample was hested ot
2000°C/sac 15 296°C and bl there while oluerving the g

prodects (Section 8). Mduq(mwunu)-
observee in the mitial s The sharp
exciherm (dowwward deflaction) occwrs afher 6ser.

5.4.5. Other studies of energetic compoundy

Senslar less cawensvwe  studes of  structure-
wwmﬁwthMu
prmary nitramines.” meal-aitramine sl ™ ok-
MC-NO,W"”‘WM an-

mitrozides.” werazoles, " * and triaaoies, ' snd aetal
compltars of furamas® and diaswmoglyorimes. ™ Aa
micresting rsull alected from thee sudis 3 the
obuervstion that the wendency for alkylnmwrosism
adrate alts to redease HNO,(g) (often the primsary
oidant 1n the fame of an alkylamenontum netrass
k) upon fast thermolym appenrs to be comtrolied by
the bematy of the pacest slhrissune ™ HNO,(g)
forms by proton trassfer (ollowed by desarptson. As
shown 1 Fig 1) the gss phasc bamoty (protos
afimty) of the purent alk ylamine cocveinics with Use
first detecsed gas products from fast thermoalyms of the
sl ylammonture sutraiz i As the bs 32y crenses,
the protog trasfe: reschon lading o HNO, & o
fovored sad HNO,(g) & act relased. lnstond, the
NO, n retamid m the condesmad phase wheve ot
ot sad forms reirogen otxdes snd other redoa
producty It 1 alo weicresting 10 note that the gus
prodext from bydrosylmmomsem mirste (MAN)
«ppest o osnliatr - comtmntrabien vhen HAN
hested a1 130°C/eac ot > (00pw of Ar ™

23 T Use of Decompantins Product Date =
Combontion Modriling

An mportant spplcation of the gos produxt dms
‘o fast thermolysrs s %0 conmert the compestos
wd structore of the condevsed phase to it flsme
sone characumitty For expmpie. m the onet of sl vi-

that the carliest flame aone should de dominated by
the reaction of HNO, and NH,. Their reaction
strongly influences the burm rate.”

The gas product ratios ascertained from fast thes-
molysis capenments are 3 guide (o the chowe of
reactasts ia a flame model of a propeiiant that incor-
poraies detadled chemustry.™ While it would be uare-
alistic 10 expect that there s a perfect maich betwoen
the gas products from (st thermolysss and those in
the preparation 20ae of Fig. | during combustion, the
data prowide sn caperimentally based starting poist
for modeiling the fame chemistry of a propeflant. The
thermotyss data also suggest some of the spucies that
might be catalyzed 10 affect the burs rate®

Another darect application of the gas product data
from (ast thermolysis studses is t0 understand the
effect of sdditives oa the burn rate of a propeltant.
For mstance, dnmaoiucazan (DAF), dicminogly-
ozime (DAG) and dicyandiamide (DCD) are alt
known (0 retasd the bum rate of ammonium per-
chiorate-based compomte propeilant '™ Fast ther-
molysis/ FTIR studies of these maseriabs™ reveal that
the cycix annes melon and mclammne arc high em-
perature-stabl: cnd oroducts that form among the
decompositica grues. Rasctions (12) and (12) show
the products. The presence of NH, )0, was aot
found to affext the wendency of DAG. DAF, and
DCD to form cycix anscs. For casmpie, mcianune 1
obecrved aloag with decompontion products of
NKR OO, when intunse phyucal mrtures of
NH, OO0, and DCD arc rapedly heasad at pressuses
sbove 300 pa Ar. Thes beha vior woulc be cxpexied to
contnduis o combustion modification of compous
propefiants. On the burmag srface of te propeilant,
some of the DCD. DAG, and DAF tixrmohacs w0
thermally stablie Ol anaes haveng & comparstively
high molecular wesght Medoa 1 reported to be toee-
wally stable wp to 47°C. whxch approscho or
exoweds the surface mperatwee bokoved 1o be prescmt
m APTH I i » Lmponte propefiants * Mcdamene sad
mrlon woukf br capocted 1o retard the heat and mans
trasafer st 31 the swrface when comperad to the
wnsmodeled propeflant Memar. the Duwen-rate smd
peesmere crponcnt 3t hagh prosusre wousd b €1 pexted
w0 2 reduaed The dmtbcatson of these anec
nrodets i aa ot ample of how the expermnental stady
of fant therma! dexoapoutron of maral provdn
maght wio compics procemses that wouwld ack be
omcovered by tiworttaal ansiyws sloae
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ia “he shor: fas? ihermal v FTIR methods 3.
o SMATCHFTIR the fna! sempestorc and heateng
At of the Glsmrat wcre clabbieed tny (v - weideng
s thermoogple 30 he flseest (8 thes w3y tiwe
endotherm snd Cvoiarrwx events of the coadenard
phase a0 stso be tracked wmakassowth wuh devec:
toom of it g prodects  Figere 14 shown 3 b
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dugrem of the cosstant voltage-veriabie wrrest
control arcut umd for recnediag the tmperature.
The 60 Hz nowse on the Mlament was removed by 8 low
pass fier. and the ngaal was amphfied by sbow!
100 x with 3 Jaficrentint asmplifier. The analog owtpet
was proccssad theough a Metrabys DAS-16 AD coa-
vertor to an [BM-PC. The takc data’ cycie of the
mierferometey inggered the heating of the flnement 30
that there 1 2 dwaxt corvclation Detwuen the tiane,
tongeniun sad nttricrogram. Fowr handred wom-
piratwe powets were ooliceod i the wn-eacoad
menswrenont wikn 2 swmple Shmeat wes waed. As
maay a3 100 data pomtiex were want w the
SMATOHFTIR macthod

Figere 13 for eibylenshommonium dammirate
(FDD) shiows » referonce thermal trace (W ament wath
a0 samplt prveest) sad 2 mmple thermmal trae
(Slamria with 2 mg of EDO cvenly and Unaly spresd
on the centey poctaon ) superenposnd os the amglsfied
dufference trace (samgle trace sunes reference trece).
Mant of the emdotherms and exotherma are cvedent
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the sample thermal trace, but the difference trace
chenrly shows an endotherm precoding aa czotherm in
the J00-150°C range ”

The temperature sgnature 1 Fig. |3 neoods to be
apluacd for EDD, but, before doing 30, it 1s worth-
whilt 40 mealon scveral sources of eadotherms and
aothems w the {ast heating coaditons wed.
Comemon onges of cadothtrms arc mciting, subh-
mation or evapoalon, deomponton ofl-ganag.
and endothermc chemcs) resctions 1 the condeased
phaae. Sowrces of c2otherms are crothermic chemistry
= the condensed phaic snd Slament “caich wp'. Exo-
thermmat gas phasc chemuniry malkes 3 acghgble con-
tnbwhioa to the Blament tempeeratwre w (s caper-
waest. Filasment "aasch up” anmcs from the fact that the
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Fic_ 16 The deffcrence thzmmal trace seperimpossd on the
Qquantfisd gs prodwucts from EDOD. H,0, NM,NO, (AN)
serosol and IR inactive gases are escluded.

portion of the filament in contact with the smmple and
thermocoupie can have 3 lower lemperature thas
regrons awey from the sample This is becawse the
amplke may law the Slamest by endothermic
docomposition off-gasing, cvaporation or subh-
matioa. Toward the end of this process heat can fow
rapedly from the hotter regions of the filasment toward
the cooler thermocouple srea resulting i a raped
temnperature rise. Therefore, an apparemt cxotherm i3
seraod wiach may n.ol be connaciod o an cxotherenc
chesaxcal event in the sample. A tree serar-ie cxotherm
u 3 lemperature rist that drives the samplc thermal
trace abowe that of the reforence trace. An apparent
cxotherma that leaves the Rlament ewperature below
the refereace trace may of sy aot B¢ dut 10 caother-
mac chemistry, becauss & clcmarnl evemt canmot be
readily dustinguished from “cach wp' by a2 sagle
thermocoupit measurcancnt m this case. At this stage,
detaiked quantitation of the thermal trace, 33 i done
w DSC and DTA moasurcenents, is doflioalt bacnwe
of the completsty of the host tramafer phtnomvens st
these hagh brating rates. Mowewsr, the gqualtatrve
wformation produond i great, cspecselly whea it u
cominned wsth the RSFTIR data.

Retormng 10 ihe dacripton of the thermal
dexomapontson of FDD. Fig. 14 shows the quantriied
s prodects from EDD spenmpossd on the daffier-
cxe thormal trace (saemple G 30r weews  referemce
raor) * This permts cluemmacat aad phymcsl cvents Lo
be sttached to the emperature deflectsons The wmets:
sl negative dope of the dfleremce thormsl trace
revwlts from the sddetsomsl hemt onpecty of the
Glamrat when the wmple 1 presest The melting
ondotherm acers 2t sbowt (T8-100°C At abost
007 . mrieong 1t com et (mot wothermal hecsunr of
the rapao brsting rate) 3ad the hqued phaw contraets
te heat to showt 175°C wwhowt evidenx of decom-
pouton off-gamag At ?75°C. the firmt gas prodextt
sre 3¢ ed Thesr are HMNO.(g) formed by proton
trsenier snd dvorpion. pad 3 small quasmsty of
NC (g). wolubly from 1hermsl decompowtson of
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Fic 17 The Slameat temperalare traces suptrimpossd on
the amphiied duficreace thermal trace wien 1 mg of POP 1
heoted ragudly ia Ar.

HNO, NH,(g) then appear: perbaps from C-N bos.-
hewerolyns. The tag s the thermal trace shows “hsi
thes stage of decompontion i, ns might be capested,
overall endothermic. Howewer, above 130°C, CO),
f:om backbome oridation amd the more reduced
aitrogen onide products. NO and N,O appear. The
appesrance of these products is sccompanitd by c10-
thermic everts i the condensed phase as evidenced by
the increased hesting rase of the Slament. Thus, the
comiuastson of 3 real-tme \omperature recoed and
ncer real-me cbesrvebion of the gas products by
RSFTIR provsdes & guide 1o the overall reaction
sequence dunag the fast decosiposition of a complez
matenal.

An raducation of the stastivity of this wchague o
the thermal chanars in U condensod phas can be
obiained from the thermal trace of solid | 3-propenc-
dummoncn porchionike (POP).™ As shown e g
17 the amphficd defference thermal tracx revesls the
cadothcrmac defloction of 3 solsd-sohd phase tran-
uthon begamag 85 abowt 175°C praoe 1o the decose-
posetson of the sak An mdependent mcssuroment by
DSC shows AN = 47hjjmol for ths phrwe tran
mtwon Ther. stowt 47hkiimol 1 the spprosmmate
lower bt of endhialpy change thet can Ix detecwed
unng the mpersture profling techaeque

la pracixx. men)y snergetc maktnls o wand
heteroginaows wxileres comtacng ossduscrs. fuths.
modifres. sabekmns cic The opportensy afocded
b) FTiRjwmgersture prefibng to detet the gn
products sad the thermockeemcs! deflectons wwed-
tancoutty malcs t pownbis 10 laarm sbowt the
dexompoution raceiars of hewrogracow eusteres
Thes applacatson 1 slhwtieatad by the resalts for Vi
WM By enght muten of EDDmemossem
mtrae (AN)potssuem mraie (KNJ™ Seh 2
cvtectx muziure hat 2 mefong posr ¢ low enough for
safe meh cxvisng It Not beew waed 8t o 1ac xpramne
cipdowve e befov World War | i mabtany and
anbaa sppicsiom [guze 18 shows the thermst
trace and gat products wader Ipu Ar Mckag n
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Fic. 18 The temperature tracc and gas products from a

46/46/% mixtute of EDD/AN/KN demonstrating that the

decoinposition  of individual componenis can be dis-
tinguished in a mixture.

obscrved at about 110°C, but the first gas products do
not appear until about 200°C. These gases arc pre-
dominantly from the decomposition of AN by com-
parison with an authentic sample. Note that an endo-
therm occurs during this step. The second endotherm
occurs at about 280°C which correspatids to that of
pure ED3D. Finally, a third endotherm at 325°C cor-
responds to that found with pure AN. The decompo-
sition of the mixture bears a strong resemblance to the
sum of the endothermic and products of the pure
components.

7. THE EFFECT OF PRESSUREL ON THE
FIRST DETECTED PRODUCTS

Pressure is such a profoundly important variable in
propeliant and explosive applications that attemipts
have been made not only ‘o understs nd its effects, but
als> to use pressure differences to uncover relation-
ships beiv.cen the parent molecular structure and
decomposition, and to probe physico-chemical pro-
cesses. Because the temporal resolution of the Tk
bezm preciudes observation of products other than
the most thermally stable ones when the pressure is
above 1000 psi, most stucics of the effect of staiic
pressure on thermolys's have been conducted in the
1-i000 psi range.

‘Two general *yves of behavior emerge when the
relative pe.c  tage of the first detected gas products
from many energetic compounds are plotted against
the applied A- pressure.” The first category, which
contains various nitramines, aliphatic  nitro
compour s and nitrate esters, displays a strong
pressutc dependerce in several or al! of the gas
products. Cumpaunds in this catezory tend io release
highl; reactive gases, such as NO,, HONO, and
CH,0, in +h: lower pressure range. Figure 19 illus-
trates this behavior for RDX. In the middie pressure
range of 4J- 200 psi, a dific.ent set of products dom:-
nates. These products are those of intermediate stab-
ility, such «. NO and HCN, and result, in part, from
further reactions of the gases that dominate at lower
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FiG. 19. The eflect of the Ar pressure of the initially detected

gas products from RDX lzated at approzimately the same

rate &t each pressurs. Note the three-z:.ac behavior of the
dominant gas products.

pressure. At pressures sbove 200 psi combusticn-like
products, CG, CO,, H,0 and (probably) N, dominate
because of still more extensive reaction chemistry.
The wacond general category contains compounds
that produce gases exhibiting only a minor depen-
dence on pressurc.” As with the first category, more
than one type of energetic functional group is rep-
resented: nitramines, aliphatic nitro compounds, and
arides. Thus, the behavior of compounds in this
category results from a general process rather than the
particular reaciion mechznism of a functional group.
Present are compounds that produce a reactive gas,
sucis as NO,, but that do not also liberate another
product with whi:hi NO, can react. Also present are
compounds that liberate relatively unreactive
products initially, such as N, or N, O, and compounds
in which extensive condensed phase chemistry
appears to have occurred before the gases reach the
IR beam. Condensed ph.ise chemistry is not especially
depende: « on pressure in the range used. Figure 20 for
nitroguanidine,” shown below, illustrates the gas
composition dependence on pressure for this categery
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Fic. 20. The cffect of the At pressure on the initially detected

gas products from nitroguanidine. Note the relative in-

dependence of the gas products on pressure in this range in
contrast to the data for RDX in Fig. 19.
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of compounds. have labeied fast-heat-and-ioldfFTIR or T-jump/
H,N FTIR stctroscopy.®™ It permits  isothermal
\ de-omposition studies to be performed on a thin slab
C=NNO, of sample about 200 4.4 thick at temperatures up to
H, N’ 200°C above the onset of the conventionally accepted

The source of the strong effect of pressure on the
first category of compounds has been demonstrated
to result from the difference in the diffusion rates of
the gases (and, thus, their residence time with the
condensed phase) as a function of the applied
pressure ™ The gases must percolate through the con.
densed phase. As the pressure is raised. the extent of
the heterogencous gas  phasejcondensed  phase
reactions increases because the time of percolation
and residenoe increases. Thus, the yield of increas-
ingly stable gas products :ncreases with pressure. The
three-zone behavicr shown in Fig. 19 simply reflects
the natural progression in the nitrogen chemistry
{NO,(HONQ) - NO - N,) and catbon chemistry
{CH,0 -~ CO, CO,) toward the more thermodyn-
2mically stable products at higher pressure and longer
residence time in the reaction zone. There is no imphi-
cation of a change in the decomposition mechanism
as a function of pressure for these compounds in the
1-1000 psi range, although a change in the relative
importance of the various reaction branches may
result. It is interesting io note that this broad pattern
of product dependence on pressure resembles the
theoretica'-  derived”®  and  experimentally
measures - ' - lunt distribution of the nitramine
flam= 2» . .urction of distance from the surface.

The above explanation for the source of the
pressure dependence of the first-detected gases implies
that initial pressure differences can be used to advan-
tage. Recall that fast thermolysis/FTIR data mostly
reflect condensed phase processes.™ In the tem-
perature profiiing/FTIR method, the temperature
deflections caused by the condensed phase processes
are measured simultancously with the gas products.’
Thus. the pressure dependence of the gas product
distnibution and the temperature defiection can be
used to distinguish decomposition processes involving
the heterogeneous gas)condensed phase from those
that are solely associated with the condensed phase.
For example, the gas products of alkylammonium
nitrate salt themmolysis depend on pressure.
Therefore, heterogeneous gas/condensed phase pro-
cesses are imperiant during the fast thermal
decomposition. On the other hand, the temiperature
deflections of trinitromethyl compounds are mostly
caused by reactions of the condensed phase alone
without participation of the gas products,* because
the deflection is independent of pressure.

8. ISOTHERMAL DECOMPOSITION AT HIGH
TEMPERATURE

A variation on ihe temperature profiling/FTIR
technique described in Section 6 is a technique we

109

tacrmal decomposition temperature. This gives a
simulation of the corditions that are present in the
cond snsed piase itz the vicinity of the burning surface.
Such studies require Lieating at a very high rate (¢.g.
2000°C/sec) ' a high final filament temperature, T,
and then carefully holding at T; for some period of
time while following the clemistry. The chemistry is
follorved by monitoring the ncar-surface gas products
by RSFTIR spectroscopy throughout the heat-and-
hold process. In this way insight is gained into the
induction chemistry and the thermockemical pro-
cesses that might take place at a burning surface.

In experiments involving (ast heating 10 a high
temperature, the efficiency of heat transfer from the
heat source to the sample is important, as is the ability
of the heater circuit to respond to the endothermic
and exothermic events taking place in the sample. The
times of the thermal changes and the specira are then
matched to reveal the sequence of events that take
place during decomposition at T;. Because much of
the slower ‘cocking’ chemistry is bypassed by rapid
heating, the products and their relative concen-
trations indicate how the various decomposition
reaction branches of a compound depend on the
sample temperature.

A small thin filament on which 200-300ug of
sample is thinly spread heips to optimize the beat
transfer and the responsiveness of the filament tc
temperature changes. A thermocouple can be used to
sense the temperature change. Such a cell has been
described.”® Alternatively, a commercial pyroprobe
controller (such as manufactured by CDS Instru-
ments) and a platinum [oil ribbon filament can te
used to give excellent heating control.'” d7/dr and 7;
of the Pt filament can be controlled independently.
Furthermore, the endothermic and exothermic events
can be semsed by observing the control voltage of the
Pt heater circuit. These facts were used to develop the
fast-heat-and-hold/FTIR spectroscopy tcchnique
shown in Fig. 21.

The fast-heat-and-hold/FTIR technique can be
used to simulate time-to-explosion tests of expios-
ives.' Hence, fast thermolysis/FTIR is directly
extendable to the study of the explosion hazard
of materials. Engineering tests, such as Henkin®
and one-dimensional time-to-explosion (ODTX).”
measure the time-to-explosion as a function of the
sample temper:.ture. As shown in Fig. 22 for HMX, a
similar measurement, the time-to-exotherm, 1,,,, can
be made wiith the fast-heat-and-hold experiment.'® An
apparent activation cnergy can be valculated from
In(z,,,) vs 1/ T. In addition, however, the IR spectra of
the gas products arc obtained simultancously making
the cell a spectroscopically instrumental thermal
explosion test. Figure 12 showed the relative percent
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FiG. 21. A schainaric design for a fast-heat-and-hold/FTIR technigu: based on the CDS 1000 ‘or 2000)
pyrog-cbe.

concentrations of the gases from HMX measured in
this way. First, it is important to note that t::2rmal
decomgosit‘on gases appear in advance of the
exotherm indicating that autocatalysis occurs to
achieve the exotherm. Second, N, 0 and NO, are the
first detected zases and their appearance precedes the
appearance of CH,0. The formation of N,O and
CH, O from HMX has {requently been consider~d to
be a coupled process™ (Section 5.4). Figure i2
suggests that ther formation is not necessarily
coupled or at least that the evolution of CH,Q and
HCN are retarded relative to N,O and NC,. Thidd,
the N, O/NO, branching r2tio as a function of tem-
perature can be calculated (rom the relative conoen-
trations of the final gas products. Figure 23 shows
that the N, O channel /s [avored at lower temperature

while the NO, channel is favored at higher tempera-
ture (reaction (16)). The highest temperatures shown
in Fig. 23 are above those believed to cxist on a
burning surface of an HMX propellant and thus Fig.
2} gives an indication of the ratio of the gas product
concentrations that should be used i modeling the
carly flame zone of the propellant as a function of
temperature. Given the complexity of the condensed
phase reactions under these conditions, the branching
ratios may be the most that a combustion modeller
can expect 10 receive from the experimentalist at the
present time regarding the naturs of reaciions in the
condensed phase during combustion. These data
might be uscd to model how the gas preduct raiios
are affected by temperature fluctuations during
combustion.
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FiG. 22. The cxotherms for 200 ug samples of HMX heated at 2000°Cjsec and held isothermally at a
predetermined temperature.
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FiG. 23. The N,O/NO, ratio (reaction (16)) for isothermal decomposition of HMX as a function of
temperature.

9. STUDIES OF THE SUBMICROSECOND TIMESCALE

An interesting fronticr lies in the possibility of
directly studyiug the decomposition of energetic
materials in the condensed phase. Such studies require
the application of very rapid infrared spectroscopy
t~chnin'-es. T. . development of time-resolved infra-
red spectral photography (TRISP) affords the
opportunity to record 5 nsec snapshots of thin films of
energetic materials he ‘ed to 1000°C at rates up to
10%C/sec.™® TRISP is as sensitive as conventional IR
&.sorption speciroscopy and the probe beam is weak
enough to prevent undesirable neating of th= saniple.

Figurc 7 ' shows the experimental <rrangement for

TRISP measurements on pulsed-laser heated thin-
film samples. The 308 nm output of an XeCl laser is
used to pump two dye lasers. The outpui of the broad-
band dye laser is mildly focused into a heatpipe con-
taining alkali metal vapor (HP1) to generate broad-
band IR radiation having a S nsec pulse duration. The
IR beam is reflected off the substrate in contact «.th
the thin film. The IR beam containing the sample
absorbance is ther focused on a second heatpipe
(HP2) where it spacially and temporally overlaps the
output of the narrow band dye laser. Four-wave
mixing in this heatpipe converts the IR radiation to
visible wavelengths for photodetection.

Figure 25 illustrates a result from the study of an
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TG FRLTENS
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FiG. 24. The experimental dusign of the TRISP expei.ment (used with permission).
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FiG. 25. The NH, stretching region of TATB at three temperatures as measured by TRISP (used with
permission).

insensitive energetic material triaminotrinitrobenzene
(TATB) by TRISP." Shown are the v, and v, (NH,)
modes of 3 2mm thick sample of TATB. The sample
was slowly heated to achieve the threz temperatures
shown. However, in principle, the samplc could have
been heated very rapidly. The broadening and shift to
lower frequency at higher temperature is indicative of
a weakening of the hydrogen bonding and an increase
in the lattice disorder at higher temperature.

Picosecond and femtosecond IR studies of
reactions in the condensed phase of encrgetic
materials may be successful with the use of a liquid
N, -cooled single model CO laser.” This sourme can
provide tunable radiation in the 1600-3000cm ™'
range.

The results of these fast diagnostics studies could be
quite exciting and useful for developing the picture at
the reacting surface during combustion. They are
much more demanding experiments than the fast ther-
molysis methods described in this article and, as a
result, will not provide data at the same ratc as the
FTIR technique.

10, FTIR MEASUREMENTS OF FLAMES

All of the experiments described above involve
simulations of the condensed phase and surface pro-
cesses during combustion. As a concluding section to
this article, it is vaiuable to know that IR spec-
troscopy studies can be extended to study the stand-
off fiame zone during combustion of the propellant o7
a material that resembles a propeilant.

Reactive two-phase flows, especially in flames, are
usually produced when propellent formulations burn.
This is because many solid rock: t propellants contain
fuels, such as Al or B, that bum 10 the solid oxide.

Joscs 10:2-C
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Inert particles, such as ZrC, are sometimes added to
help dampen combustion oscillations. The solid par-
ticles sppear as smoke. A similar particle laden flow
can exist in hydrocarbon and coal combustion where
the combuction gases might be mixed with sooi, fly
ash and char.

In recent years several techniques have been devel-
oped based on FTIR emission/transmission spec-
troscopy (FTIR E/T) that enable measurements to be
made of particle and gas concentrations and tempera-
tures in hot flows."™ '™ Specifically, (1) the tempera-
ture and concentration of the particle and soot phases
have been measured separately in an ethylene-air dif-
fusion fame;' (2) measurements have been made in
densely loaded particle streams,'™ and (3) particle
sizes have been measured.'™ Although most measure-
ments have besn linc-of-sight, it has been recently
shown that Fourier image reconstruction can be used
to obtain absorbanc: and emittanc: spectra spacially
resolved in about | x 1 x 4mm volumes.'

The FTIR E/T method offers promise for studying
propellant flames in whick the number of scattering
particles is not unusually large. However, an
additional experimental complication to propellant
combustion studies is that the surface bums us a
regressing front. Therefore, 8 moving stage is needed
to maintain the position of the propellant Mame
relative to the IR beam. This requirement contrasts
with the simpler flow reactor designs that can be used
to study premixed gas flames and coal particke gas
flames. Recenily, FTIR emission spectra have been
recorded on flam:s of ammonium perchlorate and
HTPB." A moving siage with servo foedback cornire!
was used (0 maintain the position of the propellart in
the IR beam. Figure 26 shows the IR emission
spectrum of the gas products. °0,, €O, H,0, HCI
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FiG. 26. Sixteen co-added emission IR spectra of the AP-HTPB flame zone assuming a temperature of
{S00K (used with permission).

and frugmeats of HTPB are detected. In addition,
NH, ard HCIO, were also detected indicating that
AP sublimes to some extent under combustion
conditions.

FTIR spectroscopy has been used to obtain high
resolution absorptioa spectra of the major steady-
state species in premixed C;N,-NO,'* and HCN-
NO,' burner flames. Reactions involving these gases
are believed to be among the more important ones in
certain rocket and gun propeilant fiames produced by
nitramines (sce Section 5). The high temperature of
these flames required modifications to be made to the
IR spectrometer. For example, temperature gradients
in vanous perts of the optical bench were caused by
the flame and led to an interference pattern superim-
posed on the spectrum (channel spectra). Plane
windows were, therefore, replaced by wedge windows
to reduce this problem. The high infrared emissivity of
the flame required the use of a loag-pass IR filter and
a high intensity glober to obtain quality spuctrs. With
these modifications detailed studies have been made
<. the species concentration profiles and temperature
a3 & function of distance abowe the bumer surface.
The temperature was extracied from the rotationsl
band intensities of CO in various parts of the flame.
When coupled with simulations of the kinetics, it
could be concluded that the flame chemist:y is domi-
natod by oxygen atoms.™’ The production of oxygen
atoms increases the burn rate while their consumption
decreases the burn ratc.

In place of the FTIR spectrometer, a tunable
infrared laser source might be waod Lo study apecies in
homogeneous flames on a2 much shorter time
scale."™ '™ The resolution and spectral detail are lost
st high pressure and temperature 50 the tunable
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infrared laser may be most suited to low pressure and
low temperature flames.

1. SUMMARY

The objective of much of the research into the
combustion of rocket propellants and the explosion of
encrgetic materials is to gain control of the process. At
the same time there is a strong need to develop predic-
tive models that enabic at least some of the expensive
full-scale tests in this field to be avoided. Achievement
of both of these goals requires a detailed knowledge of
the chemistry and physics as input to the models. In
addition to providing input to flame models, and
understanding of catalysis and burn rate modification
as described in this article, fast thermolysis/FTIR can
be applied to other important problems. For instance,
we know that the combustion characteristics of s
propeilant are influenced by its initial temperature
(temperature sensitivity). We wow can examine the
chemical effects of temperature sensitivity. We can
move inlo the area of combustion instability. Pressure
oscillations bought on by instability cause tempera-
ture oscillations near the burning surface. Hence the
(uel-oxidizer ratios can ouillate which affects the
stability of the flame. We can examine the chemical
oscillations dunng combustion t, the use of (ast
thermolysis techniques. Details of these kinds of
problems are extremely difficult (o obtain and | hope
that | have conveyed that experitnents! simulations
arc moving towarg some of the required information.
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Condensed phase chemistry of explosives and
propellants at high temperature: HMX, RDX
and BAMO

By T. B. BrRiLL axDp P.J. BrusH
Department of Chemistry, University of Delaware, Newark, Deloware 19716, US.A.

By studying the behaviour of a thin film of an explosive or propellant it is possible
to produce a snapshot of the surface reaction zone that cxists during combustion of
such explosives as cyclotrimethylene trinitramine (RDX) and cyclotetramethylene
tetranitramine (HMX). Rapid heating (2000 K s™') and fast monitoring of the mass
and heat-balance are performed simultancously with fast Fourier transform infrared
spectroscopic analysis of gaseous products.

Initially, HMX and RDX yield mainly N,O at low temperatures or NO, at higher
temperatures; the former is quickly followed by CH,0 and the latter by HCN: these
species are formed from the primary residue. These concurrent pathways compcusate
for one another thermochemically to make this a roughly thermoneutral ‘initial’
stage. Subsequently, a highly exothermic reaction between CH,0 and NO, leads to
CO, NO and 1,0 and constitutes the main source of heat for the condensed phase.

The azide polymer bis(azedomethyl)oxetane has also been studied as a prototype
of rather different behaviour. For it, ratios of gascous products are not very
dependent on temperature in the range 275 to 390 °C.

1. Introduction

As physical details are developed about the initiation and ignition of propeliants and
explosives, determination of the chemical processes under conditions of high heating -
rates, temperatures, and pressures is increasingly needed. Unfortunately, ignition
and initiation of bulk solids involve heterogeneous phases at high pressure and
temperature under dynamic, non-equilibrium conditions. The chemical details are
very difficult to extract. Hence, the experimentalist is challenged to develop
microscale methods that incorporate relevant conditions, but enable direct chemical
studies to be made. The most convincing indication of a successful simulation is the
reproduction of some key observable of a macroscale engincering test by the
microscale experiment. In this way microscale chemical details can be learned about
macroscale phenomena.

The quest for relevant experimental simulations has been a motivation of our
laboratory. A breakthrough was rccently made (Chen & Brill 19914, b, ¢) with the
SMATCH/FTIR (simultancous mass and temperature change/Fourier transform
infrared spectroscopy) method. The kinetics of fast weight loss of a thin film of
material measured by this method predicted the linear burn rate of the bulk material
measured at the same temperature and pressure. Hence, SMATCH/FTIR is & microscale
laboratory simulation of the surface reaction zone of a burning material. The near-
surface gas products are quenched and analysed in near real-time by rapid-scan 1r
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Table 1. Comparison of caleulated and measured burn rates (mm s-')

combustion
compound SMATCH/FTIR  mersurement
NC 0.3 04
GADP 1.35 .7
RDX 0.27 03
HTPB 0.21 0.19

spectroscopy. These gas products are the main reactants in the first stage of the flame
zone were a flame to be present. These carlicst reactants have resisted identification
during actual combustion. Equally important is the discovery that the products
identified by sMaTCH/FTIR closely resemble those measured with our filament
thermolysis methods (Oyumi & Brill 1985; Crenin & Brill 1987; Erush & Brill 1989)
which are much easier to use. The connection butween SMATCH/FTIR and the filament
pyrolysis methods is the basis for using fast-thermolysis/FTIR spectroscopy to
cstablish the high-temperature and high-pressure decomposition processes of bulk
explosive and propellants at burning surface temperatures.

This paper describes the high temperature decomposition processes of cyclo-
tetramethylene tetranitramine (HMX), cyclotrimethylene trinitramine (RDX)
and bis(azidomethyl)oxetane polymer (BAMO) determined by the T-jump/rrir
method (Brill et al. 1992). However, as a backdrop, selected studies using
SMATCH/FTIR are presented to support the premisc that a carefully designed
laboratory experiment can elucidate the chemistry that leads to ignition and the
onset of explosion of an energetic material.

2. Connecting fast thermolysis to combustion

SMATCH/FTIR spectroscopy provides the dynamic weight loss, temperature change,
and near-surface gas products when a 20-60 pm-thick film (0.5-1 mg) of sample is
heated at a chosen rate between 100 and 350 °C 5! under 1 atmt of Ar (Timken
ef al. 1990; Chen & Brill 1991a, b). Polymers, such as 13% N nitrocellulose (Chen &
Brill 1991a), glycidylazide polymer (GAP) (Chen & Brill 1991b), urethane cross-
linked hydroxyl-terminated polybutadiene (HTPB} (Chen & Brill 199{c¢), and
crystalline monopropellants, such as HMX and RDX, have been studied. The
Arrhenius parameters for the weight loss enable the regression {burn) rate of the film
to be calculated from a version of the pyrolysis law. The burn rates of these materials
have been measured at or extrapolated to the same temperature and pressure as the
SMATCH data. The resuits are compared in table 1. The remarkable similarity of the
data implies that SMATCH/FTIR gives a ‘snapshot’ of the surface reaction zone as it
exists during combustion. The successful simulation of the burn rate by a microscale
fast thermolysis method is central to confidence in the use of these methods to
determine the heterogeneous chemistry of combusting solids.

The gas products that evolve from the film into the Ar atmosphere are detected
and quantified 3 mm above the surface by rapid-scan Frir spectroscopy. Because
they arc formed thermail:- at the same rate and temperature as combustion, the
products closely relate to the rcactants for the first stage of the flame zone.

It is found that simply heating a thin film of sample on a filament at a high rate

+ t st = 10* Pa.
Phil. Trans. K. Soc. Lond. A (1992)
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a8 in SMATCH/FTIR gives the same product distribution. Morcover, these simpler
filament pyrolysis methods can be optimized to give information about the sequence
and temperature and pressure dependence of the products. This information helps
unravel the dominant chemistry of heterogencous decomposition of the bulk
material. The remainder of this article describes results of high temperature,
isothermal decomposition obtained from the filament pyrolysis technique of T-
jump/FTIR spectroscopy (Brill ef al. 1992).

3. The T-jump/FTIR method

During ignition, combustion and thermal explosion of a material, the temperature
at the reacting interface rises rapidly to a high temperature. Hence, thermal
decomposition takes place in a temperature range considerably above that of ‘slow’
decomposition. The gas product distribution can be strongly affected by temperature
leading to an erroneous description if' the temperature factor is unknown. To
cstablish the high-temperature chemistry, rapid heating conditions and appropriate
high temperatures must be created in a microscale experiment that also enables the
species to be detccted.

T-jump/FrIR is a variation of the fast thermolysis/Frix method (Oyumi & Brill
1985). A 20 um thick Pt ribbon filament supports a thin film of material. Heating
occurs at a chosen high rate up to 20000 °C s™! to a chosen temperature (7;). 7; can
be maintained while the decomposition gases are analysed by rapid-scan FTIR
spectroscopy. The high heating rate reduces the ‘cooking ' chemistry that takes place
at a low heating rate. The fact that T is adjustable enables the products to be
dotermined at selected temperatures including the expected burning surface
temperature.

The Pt filament is an element of a very rapidly responding and sensitive bridge
circuit. The control voltage of the circuit linearly responds to the Pt resistance during
the programmed heating step and maintains a constant resistance once Ty is reuched.
The temperature of the filamert is calibrated and is determined by the resistance as
in a Pt thermometer. The control voltage increases or decreases very rapidly to
maintain 7, in response to cndothermic or cxothermic events of the sample.
Therefore, monitoring the control voltage as a function of time uncovers thesz
sequential events.

A useful form of the control voliage is the differcnce trace (voltage without sample
minus voltage with sample present) as shown in figure 1 for 200 ug of HMX. After
heating at 2000 °Cs™! to 7; =298 °C, an initial endotherm (positive deflection)
occurs in the first second corresponding to melting and the higher heat capacity when
sample is present. Later a sharp negative spike appears due to runaway exothermic
decomposition. A heating rate of 2000 °Cs™ is the highest value that does not
overshoot 7;. The thermal trace in figure | resembles a psc thermogram, but the slope
and area cannot be quantitated to obtain the reaction rate and total heat as in psc
because the rate of heat transfer between the filament and sample is not sufficiently
fast. Hence the slope and arca do not solely reflect the chemistry taking place.
Despite this unavoidable heat transfer problem, the technique provides quasi-
isothermal conditions at chosen temperatures and enables sequential thermal events
and gas products *o be detected at a high rate.

T-jump/FTin has two important uses. First, the time-to-exotherm (runaway
reaction, ignition, or explosion) can be determined as a function of temperature. Such

Phil. Trans. R. Soc. Lond. A (1992)
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rclative % composition

time (seconds)
Figure 1. The thermal response trace and gas products from 200 g of HMX heated at 2000 °C s™!
to 298 °C and then held at 298 °C under 2.7 atm Ar. 4. % C0,: +. % N,0: ¢.%XN0: ©. %CO;
x, % NO,; v. % HOXG; 7, % HCN: a. % H,CO: 0. %% HXCO.

data are important for thermal explosion studies and have been acquired in other
ways such as the Ienkin (1952), Wenograd (1961). and ODTX (McGuire & Tarver
1981) tests. This application is bricfly described in §4. Second. the r spectra recorded
simultaneously give the gas evolution sequence and relative product concentrations.
These data provide insight into the decomposition mechanisms and show how the
main reaction branches shift with temperature.

4. High-temperature ckemistry of HMX, RDX and BAMO
(a) FMX and RDX

Time-to-exotherm data at several temperatures for 200 ug of HMX under
2.7 atm Ar are shown in figure 2. The siope yields the apparent activation energy. E.
E is the barricr to total energy transfer rather than a particular molecular process.
At lower temperatures E resembles the global decomposition £ measured by psc and
TGA suggesting that the chemical processes dominate. At higher temperatures, E has
a small value probably because a gas laver develops Letween the sample and the
filament. Hence, diffusion terms as well as chiemistry contribute to E. An attempt is
underway to develop a heat-transfer—chernistry model for this region.

High-temperature chemistry that can be learned about explosives and propellants
is the most powerfui application of T-jump/FTIR spectroscopy. Insight is obtained
from plots such as figure 1 determined at various temperatures. Before describing the
chemistry, we note that no Ir inactive products ((,. N,. H,) arc shown. H,0 was not
quantified because of it8 complicated rotation-vibration fine structure. The absolute
absorbance of HNCO was estimated to be half-way between that of CO, and N,O.
Absorbances from evaporated HMX are evident at less than 2.7 atm and for RDX
at less than 4 atm. The product roncentrations in figure 1 are choppy because of
turbulence, incomplete mixing, and bubble bursting as the products are released.
Smoothing the raw data (figure 3) is helpful. The product concentrations differ
somewhat from non-isothermal high-rate decomposition (Oyumi & Brill 1985;
Palopoli & Brill 1991), but the interpretations given before remain valid. The
isothermal studies deseribed here define the details more specifically over the
temperature range of 290-390 °C for HMX and 260-375 °C for RDX.
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Figure 2. Time-tc-exotherm for 200 pg of HMX heated at 2000 °C s*! under 2.7 atw Ar.
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Figure 3. Smoothed gas product profiles for HMX at 298 °C (figure 1) and 392 °C.

Two global decomposition branches (4.1) and (4.2} occur for bulk RDX and HMX
(Melius 1990). AH for the products 4(HONOC + HCX) rather than 4(NO,+ HCN + H)
is given for (4.1) because a reridue rather than H+HCN forms when NO, is released. »
In accordance with the sum of the AH for (4.1) and (4.2), the control voltage trace
in figure 1 shows only slight exothermicity

2 4(HONO+HCN) or 4(NO,+ HCN+H), AH = (59 kJ mol™!, (4.1)
\ 4(N,0+CH,0), AH =—209 kJ mol™", (4.2)

between 4 and 5.5 s where (4.1) and (4.2) dominate. Thus, thesc reactions release little
energy in the condensed phase. The total IR absorbance of the products accelerates
from 4 to 6 s despite the constant heat flow from the filament, which implies that
autocatalysis occurs.

Reactions (4.1) and (4.2) imply that N,O and NO, should form simultaneously
with CH,O and HCN. This is not found at any temperature studied (e.g. figure 3).
Rather, N,0 and NO, appear befors CH,0 and HCN, which form from the residue ’
left by elimination of N,O and NO,. Behrens (1990) found that N,0 forms faster than
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120 »

s N AR RO A



382 T B Brilland I'. J. Brush

3o

S

z

~ IR

o, -

z
06_. e v e i T
260 320 R 4

temperature (°C)

Figure 4. The temperature dependence of (4.1) and (4.2) reaction branches as mwasured by the
N'()/NO, ratio for HMX (0. nitisl. @. Ainal) and RDX {+).

CH,O in slow heating cxperiments on HMX. The residue of HMX decomposition
mcludes products like hydroxymethylformamide (HMFA) and acetamide (Cosgrove
& Owen 1974; Kimura & Kubots 1880; Karpowicz & Brill 1984 Hehrens 1990).
These products decompone leading to delayed release of CH (). HUN and HNCO by
(4.3) and (4.4) (Behrens 1990 Palopoli & Brill 1991).

2 CH,O0+HCN+ H,0, (+.3)
S CH O+ HNOO 4 2H. 4.4)

298 °C in figure 3, the coricentrations of CH,O and HCN in the 4.5 5.5s range
match thuse of N,0 and NO, as dictated by (4.1) and (4.2).

In the vicinit> of the runaway exotherm, the scoundary reaction (4.5) occurs as
evidenced by the fact that CH,O and NO, are consumed as NO, () and H,O form.

5CH,0 +TNO, = TNO+3C0 + 200, + $H,0 (4.5)

Figurre 3 shows that more NO than CO forms in accordance with (4.5). Reaction (4 5)
ts highly exothermic with AH = — 1350 kJ mol™' and. by the large cxotherm in figuce
1.1t 13 the main sourcee of heat in the heterogencous condensed phase. The time delay
i the occurrence of (4.5) may stem frym the fact that the remdue and CH,O are
autocatalylic (Behrens 1990, Hatten (971). Hence, as the concentration of the
residue grows, the mate of decomposiion accoelerates. HONG forms as CH,O s
consumed and H O appears suggesting that H atoms arc especially free ot this Ume
in the roaction and combine with NO, by adventitions contact (Bnll & Oyunn 19686)
Thewr concdusions also apply at 392 °C (figure 3) except that the Umescale i
compressed  Hence, the above decomposition proorss of HMX and RDX describes
the 300 °C range ac well as the surface reaction 2one (350 400 °C) dunng combustion.
In accordance. Shackelford o el (1989) found the samc kinetic molope effect with
HMX for slow decompomtion snd combustion

The masn change in the chemistry of HMX end RDX at different temperatures
the branching ratso of (4.1) and (4 2). Figure & shows the final N,0/NO, conorntration
rabo for HMX and RDX and the initial N,O/NO, rtio for HMX against
temprrature The tutial N, (1/NO, ratio v kess accurate beosuse of the low $/N o
i the 1a specim (leardy (4 1) » favoured al higher lomprrature, while (4 25 s
favournd at lower temperature At the surface tempreature of burning HMX and
RDX (150 400 Y™ (4 1) and (4 2) are competitive This finding s 1in hine with
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Figure 5. The gas products from BAMO at 275 °C and 390 °C showing the temperature
independence of the decomposition products.

microprobe mass spectrum (Ms) data of the gas ratios from burning HMX (Fetherolf
el o). 1992). For combustion modelling the fina: steady state products shown in figure
3 are representative of the surface reactants for the first stage of the flame zone
during combusticn.
(b) BAMO

The large time and temperature dependence of the decomposition gases of HMX
and RDX is not found for al! energetic materials. The gas product concentrations for
BAMO shown in figure 5 have little time or temperature dependence between 275
and 3% °C. N, is released first by the azide group, but is not detected by IR
spectroscopy. The products observed come from the residual nitrene, RCH,N.
RCH,N has two decomposition branches based on the appearance of HCN (retention
of C-N bond} and NH, (cleavage of C-N bond). The high concentration of HCN
indicates that (4.6) 12 favoured.

7 HCN + hydiocarbor (4.6)

RCH,N
N NH, + hydrocarbons. (4.7)

However, according to figure 5 the branching ratio and overall reactions are
independent of temperature in the range studied.

5. The effect of pressure

The pressure dependence of the final gas product concentrations from isothermal
decomposition of HMX at 300 °C and 360 °C was determined. igure 6 gives the
36 °C daia under 1-27 atm Ar. Similar studies under non-izothermal conditions are
cenfirmed by figure 6 (Oyumi & Brill {987). At 1 atm the most reactive gases (NO,,
CH,0 and HONO) have their highest residual concentration. At 2.7 atm, NO, and
HONO react to a grea‘er extent with CH,0 yielding CO and NO. Under 6.7 atm these
converaions are sufficiently complete that no NO is detected in the timescale of the
experiment. N, is the main nitrogen containing product. This pattern results from
incressad heterogeneous gas phasc-condensed phase chemistry at higher pressure,
becarse the diffvsion of gas products sway from the filament-sample zcne is
suppressed. The longer residence time in this high temperature zone advances the
seaction scheme. Hence, the global nitrogen and carbon schemes of NOy -+ NO >N,
and CH,0 -+ CO(CO,) shift to the right at higher pressure. There is no evidence of a
change in the decomnasition mechanism in this pressure range.
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Figure 6. The dependenrce on the static Ar pressure of the final gas product concentrations from
HMYX heated at 2000 °C 37" to 360 °C. See figure i for keyv to symbols.
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Discussion

P. Gray {Cambridge University, U.K.). These novel tachniques permit much greater
assurance about probable pathways. I would like to suggest that although the NO,
and perhaps the N,O vce primary products, these atomic groupings being present in
the resctants, the CH,0 and iICN follow them in time. The exothermic reaction
between CH,O and NO, goes back many years. and I believe that it offers, via
HONO, the main route to NO.

{n the BAMO case the mono- and di-nitrenes are the plausible precursors and these
species arc not only notoriously reactive but may offer routes to reaction-chain
branching {autocatalysis). Interestingly, that first step:

azide — nitrene + nitrogen

is not a source of great energy. The subsequent reactions of the nitrenes, however,
will release much. heat.

S. A. Kinvocu (RMCS, Shrivenham, U.K.). You stated that the first stage of the
decomposition process in these experiments, in which production of NO, and N,O is
witnessed, is thermally neutral because the two reaction pathways are thermo-
dynamically opposite in character and approximately cancel each other. You
later showed that the dominance ratio of the two reaction pathways could vary
between approximateiv 0.6 and 3.5. I= the net endothermic or exothermic behaviour
produced by this variation of sufficient magnitude to be reflected in the control
voltage signal?

T. B. BriLr. The control voltage traces in the first stage aie, indeed, somewhat
move exothermic at lower temperature thon at higher temperature. However, the
differences are close to the limit of the seusitivity of the control voltage circuit.
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T-Jump/FT-IR Spectroscopy: A New Entry into the
Rapid, Isothermal Pyrolysis Chemistry of

Solids and Liquids

T. B. BRILL,* P. J. BRUSH, K. J. JAMES, J. E. SHEPHERD, and K. J. PFEIFFERY}

Department of Chemistry, University of Delaware, Newark, Delaware 19716 (T.B.B., P.J.B., K.J.J.); Department of Mechanical
Engineering, Rensselaer Polytechnic Institute, Troy, New York 12180-3590 (J.E.S.); and CDS Analytical, 7000 Limestone Road,

Oxford, Pennsylvania 19363 (K.J.P)

The interface of a Pt filament pyrolysis contrel wnit and a rapid-scan
FT-IR spectrometer is described that ensbles the thermal decomposition
of a thin film of material to be studied isothermally after heating at
2000°C/s. A model of the heat transfer of the Pt filament as a function
of gas atmosphere and pressure is developed to help understand the
instrument response. The control voltage of the Pt filameat is highly
sensitive to the (hermochemistry of the thin film of sample. By simul-
taneously recording the controtl voltage and the rapid-scan IR spectra of
the near-surface gas products, one learns coasiderable detail about
chemical mecharisms relevant to combustion of a bulk material. The
application of T-jump/FT-IR spectroscopy is illustrated with rapid
thetmolysis dats for the energetic organcazide polymers azidomethyl-
methyloxetane (AMMO)), bis(azidomethyl)oxetsne (BAMO), and gly-
cidylszide polymer (GAP); the cyclic mitramine, octahydro-1,3.8,7-
tetranitro-1,3,5,7-tetraazacine (HMX); and the nitroaromatic
1,3,5-trismino-2,4,6-trinitrobenzene (TATB).

Index Headings: FT-IR; Infrared; Thermal analysis; Aaalytical meth-
ods; Explosives; Combustion.

INTRODUCTION

Tn recent years the development of fast thermolysis/
FT-IR spectroscopy has enabled a material to be pyro-
lyzed at a heating rate exceeding 100°C/s, while the gas
products are determined several millimeters above the
surface in real-time by rapid-scan FT-IR spectroscopy.'
Thermochemical events in the condensed phase are re-
corded simultaneously with the IR spectra. Much new
information about rapid thermal decomposition mech-
anisms has been gained.

By the use of appropriately designed cells and cir-
cuitry,’™ fast thermolysis/FT-IR is the rapid-heating
complement to conventional thermal analysis tech-
niques, such as TGA and DSC. Of course, the quanti-
tative aspects of DSC and TGA decpend on maintaining
quasi-equilibrium heat transfer that is difficult to achieve
at a high heating rate. tience, {ast thermolysis/FT-IR is

Received 10 February 1992

* Authar to whom correspondence should be sent.

t Prev:nt ad::::ss: T'ekmar Company, P.O. Box 424578, Cincinnati, OH
42524-95% ¢,

900 Volume 46, Number 6, 1992

$003- 7O T1/4008 JI008L.00A)

not intended to be a quantitative analytical tool. It is,
instead, intended to provide insight into chemical! and
physical processes where a high heating rate exists, as
during ignition, combustion, or explosion of a bulk ma-
terial. This chemistry cannot be extracted by slowly heat-
ing the material, because “cooking” frequently leads to
side reactions and products that have little or no im-
portance in the combustion scheme. The chemistry of
combustion can only be learned from rapid heating di-
agnostics.

The recently developed fast thermolysis/FT-IR tech-
nique of Simultaneous Mass and Temperature Change
(SMATCH)/FT-IR spectroscopy* has clearly established
the connection between the microscale fast thermolysis
approach and steady-siate combustion of the bulk ma-
terial.>? However, a drawback of SMATCH/FT-IR and
the other fast thermolysis techniques®* is that the sample
decornposes under noniscther:nal conditions. Despite this
complication, much information about chemical mech-
anisms has been gained, such as the relationship of the
parent molecular structure to the decomposition gases,®
the effect of pressure® and atmosphere'® on the gas prod-
ucts, and a mechanism of burn-rate modification." It
would be especially advantageous to be able to heat the
sample at a chosen high rate to a choasn constant tem-
perature so that the decomposition process could be
studied under essentially isothermal conditions. The
technique of T-jump/FT-IR spectroscopy has been de-
veloped for this purpose and is described in this paper.

T-jump/FT-IR spectroscopy is the interface of a mod-
ified, commer-ial, filament pyrolysis control unit and an
FT-IR spectrometer. The required control and triggering
circuits are discussed. Although the chemical data ob-
tained are not especially difficult to interpret, confidence
about the origin of subtle differences caused by changes
in the experimental conditions is heightened by the fact
that the main characteristics of the techrique are repro-
duced by a physical model of the Pt filament and the
surrounding gas. It is found that T-jump/FT-IR provides
sub-global thermochemical and reaction myechanism in-
formation during rapid thermal decomposition of bulk
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Fic. 1. A block diagram of the T-jump/FT-IR spectroscopy system.
The Pt filaraent is inserted through the cell wall as shown.

materials at high temperature in a way that is relevant
to combustion.

OVERVIEW OF TJUMP/FT-IR
SPECTROSCOPY

A block diagram of the T-jump/FT-IR system is shown
in Fig. 1. An overview of its design and operation is given
in this section. Details of the keyv features are described
in the following section.

Independent, highly responsive control of the heating
rate (dT/dt < 20,000°C/s) and final filament temperature
(T, < 1200°C) of a Pt ribbon filament is provided by a
CDS Analytical 1000 or 2000 Pyroprobe control unit. The
circuit responds to the integrated resistance of the Pt
filament. However, for a given value of the resistance,
the temperature is nonuniform along the filament length

[

due to various heat loss mechanisms which depend on
the surrounding pressure and atmosphere. As a result, a
separate calibration of the temperature for a given re-
sistance was found to be required for each set of con-
ditions.

The control voltage that is applied to the filament to
achieve the desired heating rate and to maintain T, was
dizitized and recorded with an IBM PC. The filtering
and amplification circuit is described along with consid-
erations about the choice of d7/d¢ for ' jump/f} D
studies. If the sample exhibits an endotherm or exotherm
while bLeing held at T, the control voltage rapidly in-
creases or decreases, accordingly, to maintain 7). By re-
cording the control voltage under the same conditions
with and without sample present, and then subtracting
the two traces, one obtains a difference voltage trace in
which an endotherm and exotherm correspond to a pos-
itive and negative voltage deflecticn, respectively. These
traces are illustrated in the next section.

The circuit is described for simultaneously triggering
the FT-IR spectrometer and the filament control unit.
When triggered together, the gas products detected by
the IR spectrometer can be correlated with the endo-
thermic and exothermic events of the sample. These gas-
es are a historical record to the rapid decomposition
reactions that occur in the condensed phase. A rapid-
scan FT-IR spectrometer (=5 scans/s) is advantageous
for characterizing vigorously reacting materials, such as
explosives and propellants. Slower scan rates are ac-
ceptable for less vigorously decomposing materials.
T-jump/FT-IR spectroscopy is found to provide suffi-
cient control over the conditions to allow mechanistic
detail to be obtained about the chemistry of the con-
densed phase during simulated combustion and explo-
sion events.
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Fic. 2. A partial disgram of the Pt filament control circuit of the CDS 1000 or 2000 Pyroprobe control unit. The contral voltage is tapped at

the sutput of amplifier A3. Resistances are in kilo chma.
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Fic. 3. The effect of Ar gas pressure in the cell on the probe set
temperature as determined by visual observation of the melting points
of standard samples. The dashed lines are calculated from the ther-
mophysics model in this paper.

INSTRUMENT DETAILS

High-rate decomposition processes of bulk materials
are chemically and physically complex. An understand-
ing of the instrument design and physical details of
T-jump/FT-IR spectroscopy is important in the inter-
pretation of the information obtained.

Temperature Control of the Platinum Filament. A ma-
jor requirement of the T-jump/FT-IR method is fast,
sensitive registration of the heat flow to and from the
sample. This was achieved by adapting the CDS Ana-
lytical 1000 or 2000 Pyroprobe control unit for this ex-
periment. The control circuit for the Pt filament is shown
in Fig. 2.

The desired termperature, T,, is determined by the
overall resistance of the Pt filament. The application of
an electric current through the filament causes i*R heat-
ing and subsequent resistivity changes. Control of this
current provides fast and reasonably precise control of
the filament resistance. The overall resistance of the fil-
ament is measured by passing the heating current through
a fixed, temperature-stable resistance of 0.1 Q, providing
a voltage, V,, that is proportional to the heating current,
while simultaneously obtaining the voltage drop across
the Pt filament, V,,. The two voltages are scaled in am-
plifiars Al and A2, respectively, and then divided as V,,'/
V,' in an analog divider. An offset into the V,' input of
the divider ensures that its ouiput remains at 0.0 V when
no current is being applied to the filament.

The divider output voltage is closely related to the
overall resistance of the filament. This it compared to a
voltage produced by a microprocessor through s digital-
to-analog {DA) converter. The difference between these
voltages, produced by amplifier A3, {eeds a set of Dar-
lington connected wransistors providing Lhe heating cur-
rent through the filament. Nue to the high gain of the
amplifier A3, this output voltage is able to respond much
faster (<0.1 ms) than ihe characteristic time scale (50-
100 ms) of the sample phase change or decomposition.
Hence, the desired temperature ramp and T, are casily
maintained. The output voitage of A3 is thet which is
messured and termed the control voltage in this paper.
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Fic. 4. The effect of the type of atmosphere at | atra in the cell on
the probe set temperature as determined by visual obeervation of the
melting points of standard samples. The dashed lines are calculated
for each gas from the thermophysics model described in this paper.

The chosen temperature ramp, dT/d¢, is produced by
setting the DA converter voltage to the appropriate volt-
ages over the duration of the ramp.

To relate temperature of the Pt filament to its resis-
tance, one derives the voltage produced by the micro-
processor through the DA converter from a calibration
curve stored in the processor memory. This curve is de-
signed to produce a current through the Pt filament that
yields the overall resistance that has been experimentally
found to correspond to a particular filament tempera-
ture. This step includes accounting for the V,' offset, the
need for some voltage difference across A3 in order W
produce a heating current, and the fact that a temper-
ature profile exists along the length of the Pt filament
(see the later section, “Thermal Characieristics of the
Platinum Filament”) that stabilizes in several millisec-
onds, depending on the temperature ramp selected. The
internal calibration curve is designed for a filament ex-
periencing a 40 mL/min He gas flow at 350°C and 1 atm.

In practice, the T-jump/FT-IR method is likely to be
wsed with atmospheres and pressures that are different
from those described above to establish the internal cal-
ibration curve of the instrument. Therefore, the set tem-
perature of the instrument and the actual temperature
at the center of the Pt filament where the sample rests
are not the same. A straightforward method for deter-
mining the actual temperature of the filament where the
sample rests under various pressures and atmospicres
is to compare the contrul unit set temperature to the
melting temperature of Aldrich Chemical Co. standards,
A mock IR pyrolysis cell, whose internal dimensions
matched the real IR cell, was constructed for this cali-
bration. The pressure and atmosphere in this cell are
adjustable as desired. Melting of the sample was ob-
served through o Kevlar window bolted onto a port cut
through the top of the cell. Figure 3 shows the effect of
the Ar pressure on the set temperature of the control
unit that is required Lo melt a given standard compound.
This type of calibration curve was used o relate the set
temperature to the true temperature of the filament where
the sample rests. Figure 4 thowe the effect of different




CONTROL VOLTAGE OFFBET

Fic. 5. The filter and amplifier circuit for processing the Pt filament control voltage. Resistances are in kilo chms and capacitances are in

microfarads.

noble gases at 1 atm on the control unit set temperature.
The patterns in Figs. 3 and 4 can be understood by con-
sidering the mechanisms of heat transfer {from the Pt
filament to its surroundings. Such an analysis is de-
scribed in the section on thermal characteristics of the
platinum filament that appears later in this paper.

The Coatrol Voltage. Extracting the control voltage
that heats the filament and maintains the filament at
constant resistance at T, is a valuable part of gaining
the;mochemical insight into the rapid decomposition
process. The control voltage {that is, the output of am-
plifier A3 in Fig. 2) is a 20-3.0 V signal. It was tapped
and processed by the circuit shown in Fig. 5. With this
circuit the signal was first reduced to 0.2-0.4 V by the
signal offset stage and then low-pass filtered at 34 Hz.
The cutput was then amplified 31.25x by a variable-gain
amplifier and sent through one channel of a Metrabyte
DAS-16 AD converter board for storage in the IBM PC.

Figure € shows the control voltage traces in the initial
0.4 s of heating at three rates to T, = 375°C. The circuit
clearly controls the heat and hold steps responsibly at
2000°C/s, but for 5000°C/s and 10,000°C/s thare are com-
plicating factors in the Pt ribbon behavior until T, is
achieved. For this reason, a maximum heating rate of
2000°C/s was chosen so that the approach o T, was
smooth.

The control voltage responds rapidly to endothermic
and exothermic eents of the sample in order to maintain
T,. Figure 7 shc / the control voltage trace with and
without 200 xg of a reacting sample thinly spreed on the
center of the filament. The decrease in the control voltage
with time after T, 1s reached in the initial 0.2 s results
from the decreasing loss of hest to the gas surrounding
the filament as the gas warms. The control voltage of the
filament with sample present is higher {an endotherm)
at 1--3 s because the sample melts, while at 105 s an
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exotherm occurs. These events are more prominent when
the sample trace is subtracted from the bare filup=nt
trace to produce a difference trace. The difference trace
resembles a DSC tharmogram, but neither the areas nor
the slopes of the endotherm and exotherm quantitatively
reflect the global reaction rate or enthalpy change, as in
DSC.," because heat transfer between reacting sample
and the filament is slow in comparison to the reaction
rate.

T-Jump/FT-IR Interface. The IR cell employed in
T-jump/FT-1IR spectroscopy differs from previous
designs™ mainly in that the Pt filament is perpendicular

4.
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TME (SEC)

Fic. 6. The control voltage of the Pt flament hested to T, = 375C
ot Use three retes shown. The circuit is able (o Leat o Uhis tempereture
without complicsted behevior for heating retes s 2000°C/s.
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DFFERENCE VOLTAGE

Fic. 7. The control voliage trace of the bare Pt filament and the
filament with 200 ug of a reacting sample thinly spread on the center.
The difference trace (sample trace minus bare filament tracs) clearly
reveals an endotherm in the initial 3 s followed by bubbling disruptions
in the 7-9 s range and final a strongly esothermic reaction at 10.5s.

to the IR beam axis rather than paraliel to it, as in the
nichrome ribbon filament design.>® The Pt filament forms
the end of a removable Pyroprobe holder that is inserted
and anchored to the cell wall by a Swagelok coupling.
The cell can be purged and pressurized as desired in the
0.1-25 atm range. The sample compartment of a Nicolet
20SXB FT-IR spectrometer was expanded to accept the
cell and probe handle.

Simultaneous measurement of the gas products of de-

composition and the thermal trace required synchroni-
zation of the start time of the Pyroprobe, control voltage
acquisition, and IR spectra collection. Figure 8 is a sche-
matic disgram of the circuit that senses the onset of data
collection by the 20SXB and triggers the Pyroprobe. Be-
cause the 205XB digitizer pulse rate changes frequency
when data collection by the spectrometer begins, this
circuit acts as a frequency discriminator. The circuit re-
sets itself for low-frequency signals. If a high-frequency
signal corresponding to data collection is detected, the
circuit creates a 4-5 V pulse of about 1 s in duration.
This pulse triggers a mechanical relay in the Pyroprobe.
The 1-s dwell time eliminates electrical noise from the
relay. At the end of this dwell time, the filament fires. A
voltage marker from the trigger circuit and the contru
voltage from the filter-amplifier circuit (Fig. 5) are mul-
tiplexed to the DAS-16 AD board. The voltage marker
identifies the interferogram that coincides with the onset
of heating. The control voltage is collected at the rate of
50 AD conversions/s by a Lotus Measure macro in the
PC. Shielding of all circuits ana connection cables re-
duced extraneous electrical interference.

The circuit in Fig. 8 is suitable for interferometers
where a frequency change of the digitizer indicates data
acquisition. For other interferometers (e.g., the Nicolet
60SX and 800), the height of the digitizer pulse changes
during data acquisition. A different trigger circuit is re-
quired for these spectrometers.

THERMAL CHARACTERISTICS OF THE
PLATINUM FILAMENT

The Pt ribbon filament serves as both the heat source
and the sensor of the temperature and thermochemical

*Tow
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Fic. & The circuit that senses the oraet of data cullection by the Nicelst 305X B interferometer and Lriggers the Pyroprobe. Ressstances are i

kilo cham and capecitances are iz microleresds.
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changes of the sample. A heat transfer model described
below helps clarify many of the observations about the
instrument response during the development of T-jump/
FT-IR spectroscopy.

Thermal Analysis. The steady-state calibration and
the transient response of the Pt filament depend on the
transfer of energy from the hot filament to the cold sur-
roundings. Since the ends of the filament are cool, energy
will be transferred by conduction from the center of the
filament towards the end. This will produce a nonuni-
form temperature distribution, and the filament will be
hotter in the center than at the ends. The temperature
distribution depends on the competing effects of energy
loss due to conduction, convection, and thermal radiation
and energy addition due to Joule heating from the cur-
rent passing through the filament.

Estimates of the order of magnitude of the energy loss
mechanisms indicate that conduction, convection, and
radiation must all be treated simultaneously. A reason-
able model for the temperature distribution within the
filament can be arrived at by assuming that only axial
variations are present; that is, the filament is so thin
(<20 um) that the temperature at any cross section is
uniform. Under this one-dimensional assumption, the
transient energy balance for an axial element of the fil-
ament can be written as

aT T

Apc,s—t- = Ak;b'; - wh(T-T,)

- 2wea(T* ~ T$) + i'%’ +4d,. (1)

The symbols are: T, temperature of the filament at axial
location x and time ¢; A, cross-sectional area of the fil-
ament; p, mass density of the filament; c,, specific heat
of the filament; &, thermal conductivity of the filament;
w, width of filament, h, natural convection coefficient;
T,. temperature of the gas and the cell; ¢, filament emis-
sivity; o, Stefan-Boltzmann constant (567 x 10 *Wm ?
K ). i, current through the wire at time ¢; p,, electrical
resistivity of the filament; ¢,, thermal energy transferred
from the sample into the filament. Nominal values of
these parameters and others required subsequently are
given in Table | for a representative platinum filament
3B ram loug, 2 tum wide, and 6.3 um thick.

This energy equation applies along the length of the
filament 0 < x « L. Attheendsx =O0Oand x = L. &
supplementary boundary condition must be applied. For
simplicity, we have chasen to fiz the (emperature of the
ends as being equal to the ambient temperature of the
cell.

Tx~LO-Tx-00~-T, ¥4

This is eguivalent Lo assuming that the filament supports
are massive and that their thermal resistance is very low.
This simplifing assumpu.on is probably one of the sources
of error in the present anslysis. However, in order to
treat the end condition properiy, s mu.ii more detailed
model s required. The present model permits the ther-
mal behavior of the Pt filament o be explored without
excensive complexity.

The electrical resistivity is a function of tempersture
and for the purposes of the present study can be ap-
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TABLE 1. Parameter valoes weed in flament (hermal model.

T,  Gas and cell temperature 208.15 K
w Width of heater 20 mm
a Platinum temperature coefficient  0.003927 K:!
of resistivity
k, Platinum thermal conductivity  73.0 WM'K"
A Filament cross-sectional area 63x10¢ m?
L Length of filament 38.0 mm
P Reference resistivity of platinum 1 x 10’ Qm
R, External resistance of probe 0.038 Q
circuit
« Emissivity of filament 0.15
'3 Thermal diffusivity of platinum  2.58 x 10** mts!
p Mass density of platinum 2.145 x 10* kgm?*
<, Specific heat of platinum 1320 Jkg'K?

proximated with a linear dependence, where a is the
temperature coefficient and T° is the reference temper-
ature (0*C) of Pt resistivity.

pl = pon(l + a(T - 7‘,))- (3)

The natural convection coeflicient h is a function of the
temperature of the filament, the temperature and com-
position of the gas, and the width of the filament. In
practice, the convection coefficient is computed from the
Nusselt number Nu as

h = R/Nu LN“ 4)

where k, is the gas thermal conductivity. The Nusselt
number is usually expressed in terms of the Ravleigh
number as a correlation Nu(Ra). For long, flat ribbons,
a correlation' is

Nu = 0.16Ra*® + 0.58Ra°?. (5)
The Rayleigh number is defined as
_&B(T ~- Ty’

(L8

Ra {6
where g s acceleration of gravity (3.81 ms *); 3 is the
coefficient of thermal expansion, 1/T, for an ideal gas; r
is the gas kinematic viscosity, » = u/p, where 4 is the
absolute viscasity; and « is the gas thermal diffusivity. «
= k/pc,. where k is the thermal conductivity. The prop-
erties 3, », and « of the gas are evaluated at sample tem-
perature T, = (T + T, /2. The Rayleigh number is a
weak function of the filament temperature, but depends
strongly on the gas pressure P> and molar mass W For
a given temperature and fRlament width, the Kayvleigh
number will vary sccording o
Ra ~ "W (N
For an argon stmosphere, the Ravleigh numbes is be
tween 10 and 20 for typical filament opersting conditions
Numerical Solution. The energy balance equation (Eq
11 1s solved numerically by the standard exphait finite
difference method. The filament was divided into axial
eiements of length Ax, and time was divided into incre

ments At The tempersture was defined at locations x,
snd times {_ to be

Ty = Tix,. t) (])

and the forward - Ume, centered space appronimation tae
the derivatives was used
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Fic.9. The calculated temperature distribution along the Pt Glament
in sn Ar atmosphere at | atm prossurs. The results at three different
cutrents are shown and reveal the large end efocts st higher temper-
ature.

i’!: ~ T.QOI - T‘n (9)
at At
and
J'T T‘,; + T. 1 OTA.
éx' (Ax)? (10)
The usual stability restriction on the time step
Al < —1— <M (11)

20x) 7 p,

results in a8 maximum time stap size of 11 ms if the 38-
mm-long filament is divided into 50 node peints.

Steady-State Selutiens. The energy belance equation
can be integrated until s steady-state solution is reached
for the case of no sample; i.e, ¢, = 0. This is relevant Lo
the problem of calibrating the probe mentioned sbove.
For a given current, the steady-state solution yields the
temperature distribution slong the flenent Stesdy stete
was determined by monitoring the tempersture at sev-
eral locations and determining when the time rate of
change was less than 10 K/o

Exramples of three solutions for currents of 0.55, 0.90,
and 1.46 snipercs are shown in Fig. 9. These solutions
sre for an argon stmosphere at & pressure of | stm. For
esch case, the spetial sverage temperature T of the fil
ament ia computed from the tempersture distribution

¢
1‘-1} Tx) dx. (1)
LJ.

Since our sssumed resistivity-teroperature relation is lin-
ear, the total resistance R of the filament s the bulk
resistance evalusted at the sverage tempersture

R=R(H =5 n+a(1‘ ™). (13
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Fic. 10. Comperison of the computed and measuied Wial Alament
resistance a8 & {unction of the midpoint tempersture of the filament.
An Ar stracsphere st | stm pressure was used.

0.30

As described in previous sections, the control circuit
will maintain a constant value of R or equivalently T
sfter the initial heat up transient. The problem of cali-
bration can now be seen to be the determination of the
relationship of the average temperature T of the filament
(reflected by R) to the temperature T_ where the sample
rests at the axial midpoint of the filament x = L/2. T_
is, in effect, T, by our melting point calibration method.

The numencai results of our model were compaered
against calibration experiments carried out for this pur-
pose. Current, voltage, center temperature, and probe
resistance were measured at i1 probe setlings corre-
sponding to temperature T, between 95 and 845°C. The
steady-state temperature distribution was then numer-
ically computed for each of these cases. The comparison
of R va. T, betweer the deata (points) and calculation
(line) is shown in Fig. 10. There are three parameters
(Re. R,, and ¢} that have been varied in order o obtain
this it between data and analysis. The para=ieter R, is
the cold filament resistance, and R, is the external re-
sislance of the wiring and coanections between the fil-
amant and the control circuit. If the cold probe resistance
is R, then

R,~R,* R, (14)

The value of R, can be determined by estrapolsting
thedata of Fig. 10 Lo T ~ T, For the example of Fig.
10.R, -0 2and R, ~ 0031 The value of R, fizes
the sverage croms -secUonasi arca of “he filament. The val.
uve of externsl resistance s determined post facto by
ezamining the comparisnn between date and compute
tion and choosing s value that minimizes the residuals.
The valve of ¢ ia found by tral and error snd by ex-
smining the trends in R a3 8 function of T_. Since ther
mal radiation is & significant source of losaes st the higher
tempersiure, numenical solutions will show apprecisble
departure from agreement with the data st higher tem
persture with mcorrect values of . A value of ¢« = 0.15




was found in this fashion. This value is reasonable given
the surface condition of a typical filament.

Without any further adjustment of the model param-
eters, the effect of gas composition and pressure was
examined. Steady-state .,lutions for atmospheres of he-
lium and xenon were caiculated, and the results are shown
in Fig. 4. The calculated trends are the same as observed
in the experiments. Note that the average temperature
is proportional to the actual probe resistance, which is
linearly proportional to the set point temperature. These
results clearly show that it is the nonuniform tempera-
ture distribution and the effect of the convection heat
transfer on this distribution that cause the calibration
to change with the gas composition.

A simple explanation is possible for the results of Fig.
4. The convection losses are greatest with helium and
lowest with xenon for a given average temperature. When
the convection losses are larger, the temperature profile
is flatter; i.e., the center temperature will be lower for a
given average temperature. This is exactly what is shown
by the data and the computations. The principal reason
for this behavior is that the convection coefficient is di-
rectly proportioral to the gas thermal conductivity and
the gas thermal onductivity is inversely proportional to
the square root of the molar mass, k, ~ 1/\VW. Convec-
tion losses are therefore greatest in helium and lowest
in xenon. A secondary effect which slightly mitigates the
thermal conduciivity effect is the dependence of Ray-
leigh number on molar mass that was discussed above.
The Rayleigh numbsr is actually largest for xenon and
smallest for helium However, the dependence on the
Rayleigh number is weak, and the thermal conductivity
effect dominates.

The eflect of incres:i~g the initial pressure is to also
increase the convection coefficient. The thermal cva-
ductivity of an ideal gas 's independent of ltemperature
so the effect is exclusiveiv due to the dependence of
Rayleigh number on pressure Liat was mentioned earlier.
Steady-state solutions wete ¢ mputed for argon atmo-
spheres of 1, 2.72, and 13.6 atm fur comparison with the
experimental data. The results arc shown in Fig. 3. Note
that the trends are qualitatively pred: “ted Dy the model.

Careful comparison of the numerica: inode! w.th ex.
periment indicates that there are some problems with
our choice of canstants. With the choices used 1n the
present paper, the dependence of the midpoint .emper-
sture on gas compasition 15 not as strong 8s obee: ved in
the cxperiments. Apparently the emimivity of the hic:
ment is not as large as supposed and the convection losses
are higher than the handbook values With some od
justment of the parameters, the model may be tmore use-
ful as a quantitative toul A mare careflu! treatment of
the end cHecls may also be required

Tramient Response. The tranuert response of probe
1« important in understanding the control vollage change
generated by sample phaic (tange nr decomnmition. ar
shown 1n Fig. 7. The difference valiage in Fig. 7 1 pro-
portional to the perturbation & to the filamert ovrrent
produced by the sample

How 1s the perturbation & reélated o the hest flur ¢,
into the hisment from the sample? [n gerersl, thy prob.
lem requires investigaling the solutions to Lhe spergy
equstion (Eq 1) together with & maGel for the control
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circuit for small perturbations about the steady-state
solution. This leads to a linear partial differential equa-
tion for the temperature perturbation §T. However, the
solution to this problem is simplified by the following
circumstances:

(1.) The control system has a very high gain, so that the
probe resistance can be taken as fixed during the
sample decomposition.

(2.) Even though the temperature distribution of the
filament is slightly altered by the sample, the power
dissipation is essentially constant since the average
temperature temains the same. This means that
power changes in the filament are exclusively made
to compensate for the energy added or removed by
the sample, so that the net energy transfer rate,
electrical and thermal, into the filament remains
constant.

As a consequence, the power input change to the fil-
ament due to the sample energy flux @, can be computed
as

(i, + %R + Q, = IR Q =f¢dx (15)

where i, is the steady-state current and R is the (fixed)
filamen: resistance. Expanding Eq. 15 for small pertur.
bations in current & <« i, we oblain the approximate
relation, Eq. 16:

Q.
2R’
Note that, as observed in Fig. 7, the current increases
for endothermic processes Q, < 0 and decreases for exo-
thermic processes. This very simple {orm.i'a has also
been obLituined by carrying out the full tramyicat tharmal-
electrical analysis and spplving the simplifying approx-
imations listed previously.

Although this rexult allows us to intespret the origin
of the signal in Fig. 7, the relation of the Q, to the events
within the sample is less straightfosward. There is 2 the:-
mal resistance between the sample and the filament so
that the sample lemperature is not necemsarily equal o
the hlament temperature and is, in general, unknown.
The sample is transferring energy Lo the surrounding gas
as el! as the filament. The sample can also evaporate
and produce gaseous products, causing the mass o vary
with time. This means that it is very difficult to use the
ohserved control voitage variations in Fis. 7 o inler re-
action 7ales or vnthalpy changes. On the other hand.
there 13 8 werlth of new mechanistic informstion about
combustion/erplasion phenomena that can be extracted
In combiiung tise control voltegs traces st vanous fem.
pera.cres wil' the IR specira of the near-surface gas
producta

&= -

(16)

TIUMPFT-AIR DETERMINATION OF COMBUS-
TION-LIKF PYROLYSIS CHFMISTRY

T-JumpFT-IR specirascopy was designed o eduai
date sorme of the micrascopic details of Lhe raped thermsl
decomposiion mechaniam of solids and hgusds. For ex-
ample. 200 ug of sample thin! spread on the center of
the i nbbon Alament and rap:diy hesied te o« i roncale
“snapshot™ amulation of & burning surfece.” The tem-
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TABLE II. Eathalpy of decompesition of the azidemethy? pulymers
measured by DSC.

Polymer T(O) AH (/) %N
AMMO 233 - 1580 3
GAP 21 - 2060 42
BAMO o - 2670 80

poral variation of the relative concentrations of the gas
products combined with the coatrol voltage data yiclds
mechanistic detail about the chemistry of a burning sur-
face. To provide additional variables, one can set the
stmosphere and pressure in the cell as desired. An Ar
atmosphere was employed in maost of our studies. A pos-
itive pressure up to 30 atm minimized evaporation that
was occasionally observed at 1 atm pressure. The gas
products were quantified by a procedure that incorpo-
rates the absolute IR intensity values '

The three organocazide polymers AMMO, BAMO, and
GAP, the cyclic nitramine HMX, and the nitroaromatic
compound, TATB, illustrate a variety of behaviors of the
T-jump/FT-IR technique as applied to determine the
chemistry of fast pyrolysis. Table Il gives the enthalpy
of decomposition determined by DSC for AMMO, BAMO,
and GAP* The different AH values for these compounds
provide the opportunity to isolate the effeci of the amount
of heat released on the control voltage {or an otherwise
closely relatad set of compounds. HMX, an important
explosive and propellant material, was chosen because it
illustrates the large amount of chemical detail that can
be extracied for certain compounds. TATB illustrates
the behavior when a compound ignites and burns, start-
ing at several sites in the sample.

Oy,
u{»oo«,—c:— m,}cu
o,

{»ocx, ¢- oclou

O‘-\, ) *
BAMO AMMO
?‘r\'a
u{ oK, -C ——}»m
M .
CAF
o:\'_\./—-“-' oM NC,
}\ " ."l\;: K}- M
ON )
HMX TATB

In all coses except TATB, the times (o exotherm an o
functon of T, and the ges products are quite reproduc.
ible However, as mentioned sbove in the section on tren-
208
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Fic. 11, T-jump/FT-IR deta for 200 ag of AMMO polymer hested at
2000~ s o T, = 306°C under 2.7 atm pressure of Ar.

sient response, the detailed rate of slope change and the
total ares of the exotherm are not sufficiently reproduc-
ible to be used Lo determine reaction rate or heat of
reaction as a function of T,

AMMO, GAP, and IAMO AMMO has the smallest
AH, ., of the three azide polymers in Table II. The
diﬂcnnce control voltage trace in Fig. 11 reveals an ini-
tia! endotherm corresponding to energy consumed by
liquefaction and the higher heat capacity when sample
is present on the filament Liquefaction of AMMO is
sluggish, as indicated by the gradual decrease in the con-
trol voltage until about 4 5. At about 4 3, rapid exothermic
decompasition is triggered by reaction 17, which releases
N, (IR inactive) and leaves the reactive nitrene. Products
of the exothermic decompasition of the nitrene are de-
tected at the exotherm.

RCH,N, - RCH,N ¢ N, (17)

Imitially, more CH,O is formed than other products Not
shown in the quantified products are sbsorbences re-
sulting {rom the 2.methylallyl group [probably
(CH,C(CH)H),NHP which sppear simultancously
with CH,0. Bis{2 methylallyl)aminc is a recombination
product of the heckbone fragment between the dashed
Lines in the polymer unit

§11.]

A certain percentage of the nitrene fragments (Fg. 18)
also decompane o low molecular weight products. ft i
intaresting (o note that products of (C-N bond retention
{HCN) and €.} bond fissson (NH,) foem from the o
trene in this process. The HON/NH, rato (Fig 12) in.
creases (rom T, = 288C to T, = 3i7C, indicsing that
. NWMM.(M.(MMW
Thas obeervation i3 consistent with the fact that fewer
alom rearrsngements sre preferred ot higher tempers-
ture {a [aster reaction rate end grester importance of
entropr. ). After the ezotheria » complete, 8 milky sobhd
resadue retains on the Glament and decompones to CH,.
CH, €D, CO,. and HCN when hested above 300°C.
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from AMMO s 8 functicn of T, showing thet the decomposition
branching ratio of the nitrene product is tempersture dopendent.

GAF releases more heat upon decompasition than
AMMO (Tabie I1).¢ Figure 13 shows that the gas products
that form at the exotherm are stable, low-moiecular-
weight molecules derived from the polymer backbone.
Unalike the case for AMMO, no large molecules form upon
fast thermolysis, probably because of the higher heat of
decompasition. As with AMMO, the HCN/NH, ratio in-
creases with temperature for T, in the 270-370°C range.

BEAMO is the most energetic of the three azidomethyl
polymers and illustrates a complication with the Pt fil-
ament method when applied Lo the most rapid exother-
mic reactions. Figure 14 shows that st about 2 s the
polymer exothermically decomposes sharply, yislding
products that are fragroents of the beckbone. However,
the reaction is 30 violent that propulsion causes the Pt
flament to distort. This motion produces un ascillation
in the control voltage for about 1 5. In this case the control
voltage excursions are partly {rom chemical changes snd
perty from physical changes and should not be mistaken
w8 indicating 8 purely chemical event The gas products
are not affected by the flsment dstortion. The concen-
tratioas of the gas products are independent of T, in the
280-390"C range, probably becsuse of the very high re-

.
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Pz 13 T jung/VT IR dots for B0 o of CAF padymer heoted u
MEFCA W T, = 30Ch undor 17 stm prossmre of Ar
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Frc. 14 T-jump/FT-IR data for 200 xg of BAMO polymes heated st
X0C/s o T, = WOC under 2.7 stm pressure of Ar.

action rate. No residue or large molecule fragments are
detected

The azidomethy! polymers demonstrate that major
chemical differences are detected as the amount of heat
released by a closely related series of compounds is
changed. The only complication arises when the beat and
gas release is so violent thst the Pt filament is physically
altered.

TATB. TATB is kzuwn to be an insensitive explosive
with high thermat stability. Unlike the sharp exotherm
found for esch of the azide polymers, the control voltage
trace for TATB in Fig. 15 reveals a broad exothers: hav-
ing detailed structure that was differenit in cach run. The
lisne-to-exotherm value at a given T, also changed by as
much as several seconds from run to ryn. The origin of
this unusual behavior was understood after visual ob-
servation of the sample on the filament. Under 10 stin
pressure of Ar, TATB was cbserved (o ignite at several
spots, often st different times. Burning ezpanded out
from these spots. The fact that the position of the ig-
nition siles in the sample was random from run to rua
jed to the erratic control vuitage behavior cbserved.
Hence, the control voltage traces for TATBH, unlike the

0o
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0

Fac 1S The dulevenny cumteol valtage “7acv and gos praducta frem
00 og of TATRT pempudd ta T, ~ 4570 wanles 10 st proamure of Ar
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Fu:. 16 T-jump/FT-!R data ‘or 200 pg of HMX heated at 2000°C/s
o T, ~ 238°C under 2.7 atm pressure of Ar.

other compour:ds mentioned in this paper, are highly
nonreproducible.

A possible explanation for the multiple exotherms in
the behavior of TATE is that furaran and furozan com-
pounds are found to forra in thermally stressed samples.*
These {urazans and furoxans result frem ring closure
with elimination of H,0 and H.. They are moce sensitive
and reactive than TATB itself, and their formation and
ignition at various sites may be responsible for the mul-
tiple exotherms in the control voltage traces.

HMX. The power of T-jump/FT-IR spectroscopy for
elucidating details of the decompaosition mechanism s
illustrated by the data for HMX (Fl; 16).* The sample
melts in the initial 1.5 5. The control voliage is constant
until abou! 4 s, when a small exothermic departure be-
gins. Coincading with this time, NO, and N,O are de-
tecte:! At about 4.5 s the first traces of HCN and CH,0
are obs-rve ! A small amount of CO. is also detectad.
The relative concentrations of these gases fluctuate
samewhat becsusce of bubble bursting in the molten HH4X
and raining of the pases with the co ! Ar atmosphere in
the IR beam waist. Despite these fluctu. 'ions, the quan-
tity of CH,0 and N,O and the quantity of NO, and HCN
are approximately equal between $.5and 6 5. During this
time. the control voitage reveals only slight exothermir;.
ty in the net reaction. The gas product data strongly
indicate thet two paralle! decompauition resctions (19
and 20) occur during the pyrolysis of bulk HMX.

#NO, s HCN + H)  or
HMX {  4(HONO + HCN) (19)
AN,0 ¢« CH,M (20)

By messuning the N, (}/NQO, concentration rstio for sam-
ples st T, 1n the 290.290°C range, one finda that reactson
19 1s (svored st high tempersture, while resction 20 s
favored st low terrnersture ** However, the sequence of
gm products in Fig. 15 reveals that CH,O and HCN

appesr sfter N,O and NU, end. therefare, do not come
frowlhcummdmu umphed by resctions |9 and
20 Instead. N,O and NO, evoive and leave a residue
Mnhnmldmpmtmuﬂnmodcw
and HCN. This residue is probebly s mizture of smides. "
CH,0. HCN. and a third product from th: resdue,
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HNCO, can be formed by thermolysis of amides." Hence,
reactions 19 and 20 involve multiple steps, but, from a
practical point of view, the main events in the breakdown
of hulk HMX are established. These are that (1) the gas
product concentrations in FPig. 16 at 4.5-6.0 » match the
stoichiorzetry dictated by nonelementary reactions 19
and 20, and (2) there is spproximate thermoneutrality
in the control voliagc trace wheu reactions 19 and 20
dominate. Hess's la# confirms that, for reaction 19, AH
= 159 kJ/mol for the HONO + HCN products, while AH
for reaction 20 1s - 208 kJ/mol. Taken together, the en-
thalpies of these two steps approzimately cand i, pro-
viding little or no energy for the combustion or explosion
of HMX.

The high-energy release from HMX comes in a later
step beginning at about 6 s when 7, = 298°C. At this
time the control voitage trace shows that the reaction
turns rapidly exothermic, and much NO, and CH,0 are
consumed, while NO, CO and H,0 (not quantified) ap-
pesar for the first time. The occurrence of reaction 21 is
indicated by this result:

5CH,0 + TNO, - TNO + 3CO + 2CO, + SH,0. (21)

Note that the relative concentrations of NO end CO in
Fig. 16 are correct for the stoichiometry of reaction 21
and, moreover, AH = 1350 kJ/mol. Hence, reaction 21
is the first large source of energy in the decomposition

2in W drive the combustion and eaplosion process of
bulk HMX. It comes after induction reactions 19 and 20
have built up sufficient CH,O and NO, for reaction 2!
to take over as the dominant source of energy. Ignition
or explosion takes place when reaction 21 occurs.

When HMX is T-jumped to T, = 390°C, which is ap-
proximately the temperature at the surface of bulk HiAX
burning at | atm, the mechanism described above re.
mains valid ' However, the relative contribution of re¢-
actions 19 and 20 changes with temperature. As 7, in.
creases, reaction 19 becomes increasingly important
relative to reaction 20

SUMMARY

The T ump/¥F T IR technique described herein was
developed by interfacing a commercially available Pt fi}
stnent control unit and 8 raped -scen FT- IR spectrometer.
The Pt filamen! was employed as both The hest source
snd the thermochemical sensor for the sample. However,
it was found that the thermophysics of the Pt hlament
are strongly influenced by the surrounding atmasphere.
Modeling of the heat transfer mechanisms revealed that
convection heat lows differences produced this atmo
sphere and gas pressure dependence in the conditions
employed The true sainple tempersture was known onlv
sfter cahibration of the Alament with melting point stan
dards under ecach set of expenmental condiions

With the system and thermophyxscal model deacribed
in ths paper, T pump/FT IR spectroscopy confidently
provides new inught :nto the sub-globhal decomposiion
reaction mechaniams of bulk matensis. Because the
hesting rate and temperature can be chamen to be hagh
and sre controlled. the surface resction zone of s bulk
matenial dunng combustion s expenmentally simulsted
Thiz edvsi. ¢ can be used profitably to understand the

@'@




behavior of bulk materials in practical combus ‘ion prob-
lems, such as in incineration, energy production, pro-
pulsion, and explosion.
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Thermal Decomposition of Energetic Materials 56. On the Fast
Thermolysis Mechanism of Ammornium Nitrate and its Mixtures

with Magnesium and Carbon

Ditip G. Patil, Sampat R. Jain‘"), and Thomas 8. Brill**

University of Delaware, Department of Chemistry, Newark, DE 19716 (USA)

Thermische Zersetzung von energiereichen Verbindungen 56. Der
Mechanismus Jder schnellen Thermolyse bei Ammoniumnitrst und
seinen Mischungen mit Magnesium und Kohlenstofl

Untersuchungen iiber die schnelie Thermolyse von Ammoniur-
nitrat (AN) und seinen Mischungen mit Magnesium und Aktivkohi:
sind durchgefiihrt worden mittels Fourier-Transform-Infrarotspek-
troskopie/Temperaturprofil-Technik. Bei schnellem Erhitzen (ca.
80 °C/s) sublimiery/zersetzt sich AN bei etwa 300 °C. Die Sublimation
dominiert bei Raumtemperatur. Die IR-aktiven Zersetzungsprodukte
sin* NH,, NQ,. M,0 und H,0. Reaktionsmechanismen fiir die Zerset-
zungsprodukte werden vorgeschlagen einschlieBlich Protonenwande-
mng, die zu NH,- und HNO -Bildung fiinrt mit nachfolgender Oxida-
tion von NH, durch di¢ Zersetzungsprodukte der HNO,. Dic Zerset-
zung von AN wird betrichtlich verstirkt, wenn AN mit Magnesium-
pulver oder Holzkohle gemischt wird und tritt unterhalb 135 °C ein.
Wihrend NH, das Hauptprodukt der Zersetzung von AN/Mg-
Miscl:ungen ist, wird bei AN/C-Mischungen kein NH, beobachtet
Die Ergebnisse wei-den erklirt durch die Reaktion von HNO; und NH,
mit Mg oder C.

Décomposition thermique de composés énergéiiques 56. Le méca-
nisme de la thermolyse rapide pour le nitrate d'ammonium et ses
mélanges avec le magnésium et e carbone

Des &wudes sur la thenmolyse rapide du nirate d'ammonium et scs
mélanges avec le magnésium et le charbon actif ont éé réalisées au
moyen de la spectroscopie infrarouge a transformation de Fourier et
de la technique des profils de température. Lors d'un chauffage rapide
(env. 80 °C/s), AN est sublimé/décomposé 3 environ 300 °C. La subli-
mation domine 2 pressian ambiante. Les produits de décomposition
actifs dans l'intrarouge sont NH;, NO,, N,O et H,0. On propose des
mécanismes de réaction pour les produits de décomposition, impliquant
un transfert de protons qui conduit & la formation de NH, et HNO,
avec oxydation consécutive de NH, par les produits de décomposition
de HNO,. La décomposition de AN -est amplifiée considérablement
lorsque AN est mélangé A de ia poudre de magnésium ou du charbon
de bois et elle se produit A des températures inféricures 3 135 °C.
Alors que NH, est le nroduit principal de la décomposition de mélan-
ges AN/Mg, on n'observe aucune trace de NH, dans les mélanges
AN/C. Ces résultats s'expliquent par les réactions de HNO, et NH,
avec Mg ou C.

Summar ¥

Fast thermolysis studies of ammonium nitrate (AN) and its mixieres
with magnesium and activated charcoal have been carried out by the
Fourier transform infrared spectroscopy/temperature profiling tech-
nique. When subjected to rapid heating (ca. 80°C/s), AN
sublimes/decomposes around 300°C. Sublimation dominates at
ambient pressures. The IR-active products of decomposition are NH,,
NO,. N,O and H,0. Reaction schemes accounting for the products are
proposed which involve profon transfer leading o NH, and HNO, and
the subsequent oxidation of NH, by the decomposition products of
HNO,. The decomposition of AN is significantly enhanced when AN
is mixed with magnesium powder or charcoal, and occurs at as low a
temperature as 135°C. Whereas KH, is the major product of decompo-
snition of AN-Mg mixtures, no NH, is observed from AN-C mixtures
The results are explained by the reactions of HNO, and NH. with Mg
or C.

1. Introduction

Ammonium nitrate (AN) kas been the main oxidizer in
many compositions of propellants and explosives. Although
it gives vinually smokeless products of combustion, its use
in solid propellants has been limited because of its awkward
phase transition involving a volume change around the
roon temperalture, its fow energy content, and its poor igni-

tability. With the availability of modified-phase transition
AN in recent yeuis, the phase transition problem is less of
an issue. The addition of reactive metal fuels improves the
burn rate and ignitability.

Owing to its availability and application as an explosive,
the thermal decomposition of AN has been studied widely.
It is generally agreed that thermal decomposition is initiated
by proton transfer!!. Further aspects have been more diffi-
cult to explain. In fact, Fedorofft? lists ten modes of
decomposition of AN. Nitramide iitermediates have been
advocated more recently®#), The many possible mecha-
nisms arise because the thermolysis of AN greatly depends
on the expcrimentai conditions, including the pressure, tem-
perature, sample size, state of confinement, rate of hcating,
time lapse in monitoring the gaseous products, and small
amounts of impurities or additives. The dependence on
these factors is so severe that an endotherm can be conver-
ted to an exotherm simply by changing the state of confine-
ment, sample size or pressure. For combustion applications,
conditions of high heating raic and elevated pressure are
required for the most useful conclusions to be drawn.

Of late, highly metallized. fuel-ricu compositions have
found applicatiou in ramjet propulsion systems. While
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examining the thermal ignition characteristics*> and com-
bustion'® of fuel-rich AN-based systems, it was found that
the behavior of AN is drastically modified by the presence
of high loadings of magnesium powder®® and also activa-
ted charcoal'®. The process was sensitized to such an extent
that the decomposition occu:ved at 135°C, i.e., even below
the melting point uf pure AN. While these results suggest
enhancement of the ignitability of the AN compositions, the
actual mecharism of the process is not known.

Rapid-scan FT-IR spectroscopy combined with fast ther-
molysis methods’® enables the gaseous products to be
monitored in near real time as they are formed. In the study
described here the samples were decomposed at a control-
led heating rate of about 8C°C/s so as to resemble the rate
of heating of the condenscd phase at the onset of ignition.
The rapid thermolysis data have been supplemented with
the usual DSC and TG data in some cases. The additional
insight from this work helps specifiy some of the features
of the fast decomposition mechanism of AN and the effect
of Mg and C on the process.

2. Experimental

The details of the rapid-scan FT-IR/tem, >rature profi-
ling technique, spectral procedures and methods of quanti-
tation are reported elsewhere®. In the nresent case, the
thermolysis was carried out by heating a thinly spread sam-
ple (1-2 mg) on a nichrome filament in an atmospheric
pressure of Ar, employing an heating rate of 80°C/s and
then holding the temperature at 450°C. This tempcrature
was chosen since magnesium and its compositions react
with the filament at high (600°C) temperatures. The FT-IR
spectra were recorded at a scan rate of 10 scans/s and two
spectra per file. The relative amounts of =ach detected spe-
cies were obtained from the IR intensities. In doirg so,
however, the relative percentage of the AN aerosol, HZO.
and IR inactive species could not be taken into account. The
DSC and the TG runs were obtained on a Dupont Instru-
ments 910 system at 10°C/min in open Al cups in an Ar
atmosphere, unless otherwise stated.

Certified ACS grade ammonium nitrate having no orga-
nic coating was supplied by M/S Fisher Scientific Co.
Other materials, magnesium powder (50 mesh, 99+ % puri-
ty), activated carbon and Mg(NQ,), - 6 H,0O were obtained
from the Aldrich Chemical Co. Various compositions by
weight of AN were made keeping the amount of magnesi-
um or carbon constant and varying the amouat of AN. Fine
powders of each were mixed by shaking them in z vial.

3. Results and Discussion
3.1 Pure AN

A typical thermal trace of pure AN given in Fig. | shows
an endotherm at about 170°C due to the melting of AN, and
another endotherm around 280°C. These observations are
consistent with the DSC thermogram, wherein besides these
endotherms, solid-solid phase-transition endotherms are
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Figure 1. The relative percent composition of quantified gas products
measured 2 mm above the surface when AN is heated at 80°C/s under
15 psi Ar. AN(acrosol), H,0 and IR-inactive products are not quanti-
fied. Superposed is the temperatuce profile of the condensed phase
(sample) and the reference filanment temperature. The results are some-
what different from those reported in reference 9, largely because a
lower heating rate is employed in this paper.
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Figure 2. Rapid-scan FT-IR spectra of the products of decomposition
of AN in the gas phase after 10 s at (a) 15 psi, (b) 280 psi of Ar. An
increase in the N,O concentration is indicative of the extensive
decomposition of AN at higher pressure.

also observed below 170°C. The endotherm at 280°C could
be associated with the predominance of the evaporation
process in the decomposition/dissociation® of AN, reac-
tion (1).

NH,NO, (s) > (HNO, + NH,) g (1)
— NH 4N()} (aerosol;}

The detectable amounts of gas products, which appear in
the IR spectrum after about 5 seconds (300°C), mainly con-
sist of AN aerosol, NO,, N,O, NH,, and H,0 (Fig. 2). A
small amount of NO also appears soon after. Although the
amount of AN aerosol cannot be quantitated, the abscrb-
ance values indicate that a significant amount of evapora-
tion has taken place. The presence of N,O and H,0O which
are well cstablished decomposition producls“-“ of AN,
shows that both the dissociation (which leads to evapora-
tion) and decompasition of AN occur simultaneously.
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Most mechanisms proposed for the AN decompositian
assume the subsequent oxidation of NH, by the dissociation
products of HNO,. For exzmple, Rosser, et al.(!) assumed
the equilibrium reaction (2) for HNO, that leads to the
actual oxidizing species NO,* [reaction (3)].

2 HNO; = NOJ + NO; + H,0 )

NH, + NO,* — Products (N0, H,0) 3)

Essentially, the =+me species was assumed to be responsi-
ble, at lcast during low temperature decomposition, for the
oxidation of NH, by Kopei, et al.®) and Brower, et al.‘4.
The dissociation equilibrium of 100 % HNO, by reaction
(2) is well known and occurs in the liquid state. Reaction
(3) is based on the cbservation that N,O and H,0O are the
main products of decomposition. Brower, et al.“g found no
NO, when AN was decomposed in a sealed capillary tube
and the products examined subsequently. However, NO, is
kniown o form in cther modes of decomposition(®. In situ
decompositon and immediate analysis of the products by
FTIR spectroscopy® clearly reveals that NO, forms besides
N,O and H,0. It is, therefore, imperativz that any decom-
position scheme proposed should account for the formation
of NO,. Furthermre, in the decomposition of AN, HNO; is
produced or!7 at high temperatures where it is likely to
decompose quickly because the equilibrium constant for the
decomposition of 100 % HNO, by reaction (4) is 8.5 x 10?
at 223°CY10,

2HNO3; = 2NO; + H,0+ 20, 4)

Therefore, in accounting for the decomposition products
the oxidation of NH, by NO, and O, near the surface nee:ds
to be considered. The present study examines this aspect.
Such a reaction would obviate the need to include the for-
mation of nitramide (NH,NO,) b- radical recombination at
temperatures”) above 290°C or oy dehydration!!!). NH,NO,
is described as an extremely unstable svhstance and is
known to decompose rapidly!'¥ above 70°C. Alternately,
we propose that the decomposition products of HNO, (reac-
iion 4) react with NH, in the near supcr-surface giving the
observed products.

The reaciion of NO, with NH,; was described in terms of
clementary reactions by Bedford and Thomas* in the tem-
perature range 342°C-387°C (reactions 5-10),

NH, + NO, = NH, + HNO, (5;
NH, + NQ, - MH + HNQ, 6)
NH + NO, -+ HNO + NO 7
NH,+NO - N, +H,0 (8)
2HNO - N,0+H,0 9)

2 HNO, — H,0 + NO + NC, (10)

leading to the overall stoichiometry:
4NH, +5NO, 2 N,O+2N,+6H,0+3NO (1)
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Ja addition to these products, NH,NO, is also formed!'>'9),

In fact, below 170°C the producls“‘ 9 are N,, H,0 and
NH,NO,. Urlike NO,, oxygen reacts slowly with NH in
the tempcratum““) range 400°C-700°C, but it reacts ncarlv
instantaneously!” with NO. It is likely, therefore, that the
involvement of oxygen may be limited to the further oxida-
tion of NO formed in the above reaction. The reformation
of AN, on the other hand, may be related to the reactions
involving NH,, NO, and water!?, in addition to reaction
(1). These subsequent reactions are represented by reactions
(12-16).

3INO +3120,- 3NO, (12)
2 NO, + H,0 - HNO, + HNO, (13)
NH, + HNO, — NH,NO, (14)
NH, + HNO, - NH,NO, (15)

NH,NO, - N, + 2H,0 (16)

The overall reaction becomes

6 NH, + 6 NO, + 3/20,

SNO+THO+NHNO,+3N,+2N0, (17

or

6 NH,NO; — N,0 + 10 H,0 + NH,NO, +

+3N,+2NO, (18)

The above scheme of reactions represents the observed
decomposition products of AN quite well. Note that NO, is
present in higher quantity than N,O in Fig. 1. It also indi-
cates that besides the AN aerosol formed due to the evapo-
ration/sublimation process, some AN might form in the
reaction of NO, and NH, in the gas phase. HIVO, postulated
in reactions (5) and () is not observed in the decomposi-
tion gases. Its transient presence in the decomposiiion gases
of nitramines is well known'i®. The reason for its apparent
absence here is not clear although it could he that i reacts
as it forms in the highly ionic condensed phase of decom-
posing AN.

The feasibility of reaction (17) was evaluated by reacting
NH, with the products of thermally decomposed Mg(NO,),
- 6 H,0. The thermolysis of Mg(NO,}, - 6 H,0 gives NO,,
H,O and (presumably) O, by reaction (19) according to the
[k spectrum (Fig. 5). Solid MgO is also formed.

Mg(NO,), - 6 H,0 = MgO + 2NO, + 120, +
+6H,0

Next, Mg(NO,), - 6 H,0 was decomposed in an atmosphere
of NH,. The IR spec(rum of the products shows that NH, is
oxldlud to N, O as indicated by the relative decrease in lhc
absorbance of NH, compared to the increase in the intensity
of N,O (Fig. 3). The spectra also shiow the presence of
ammonium nitrate which forms!!4 by reaction (20).

2NO, + 2NH, — NH,NO, + N,+H,0 20)

(19)

More insight into reaction (20) was gained by the pyro-
lysis of PB(NO,}, which is known 0 give NO, as the only
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Figure 3. Rapid-scan FT-IR spectra of the decomposition products of
Mg(iNO, )2 6 H,0in Ar(a=10s).in NH; (b= 245 ¢ =1035), and

Pb(NO,)2 in NH (d = 10 s) following zhc onset of heating (t = 0 s).
The samples wcrﬂ heated at a rate of about 120°C/s and held at 650°C.

gaseous preduct of decompositiont!?). This was done in an
NH, atmosphere under essentially the same conditions as
those used in the Mg(NO,), - 6 H,0 study. No AN formed.
The products contain N,O, but only in a small amount, and
some NO (Fig. 3). The absolute intensity of NO is very
small, but the amount present is non-negligible.

The contrast between the decomposition products of
P(NO,), and Mg(NQ,), - 6 H,G in NH, could be attribu-
ted to the formation of H,0 and O, in-situ in the latter case.
AN and N,O are knowti to form in the reaction between
NH, and NO at room temperature only when traces of
water and arr are present'®™). The reaction leading to the
formation of AN is known to be enhanced in the pres-
encet! of H,0. It is iikely, therefore, that the formation of
AN occurs with the involvemert of H,0 produced during
the dehydration of Mg(NO,), - 6 H,0 as in reactions (13)
and (14). The fate of HNO, may follow reactions (15) and
(16) giving the nei reaction (20). The formation of N,O, on
the other hand, could be related to the presence of O,,
which may facil:tate reaction (7) by oxidizing NO to NO,.
Indeed. the absence and presence of NO in the decomposi-
tion products of Mg(NO,), - 6 H,0 and Pb(NQ),), in NH,,
respectively support this view. Furthermore, it is interesting
to note that while the formation of NO is invariably noticed
in the reaction between NH, and NO,, N,O is produced
either 2t high temperature!'” or in the presence of O/H,0.
The apparent difference in the reaction products may be
understood in (erms of the elementary reactions by assu-
ming that at low temperatures. the HNO formed by reaction
(7). instea. of decomposing thermally by reaction (9), re-
acts? with HNO, formed by reactions (5) and (6) giving
NO and H,0.
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HNO + HNO, — H,0 + 2NO @n

Thus, while the formation of NO would be feasible at relati-
vely low temperatures, the N,O formation, being dependent
on the thermal decomposition of HNO, should form at rela-
tively high temperatures. Similarly, in the presence of O,
the steep temperature rise resulting from the exothermic
oxidation of NO to NO, enhances the formation of N,O.

The thermolysis experiments on Mg(NO,), - 6 H,O indi-
cate that the same oxidizing species are produced as are for-
med by the thermal decomposition of HNO,. Furthermore,
upon reaction of these species with NH, the products are
the same as observed in the thermolysis of AN. It seems,
therefore, that the reaction scheme (5-18) explains the prod-
ucts of AN without the need 1w involve the thermally
unstable NH,NO, intermediate.

The decomposition products of AN under high pressure
are consistent with the above mechanism. When AN was
thermolysed under 280 psi of Ar (Fig. 2), as expected®,
very little sublimation was observed. The gases NH, and
products of decomposed HNO, react closer to the surface
and as a result, enhance the decomposition process. N,O
and H,0 are predominant products.

3.2 AN-Mg Mixtures

The DSC theimograms of AN-Mg mixtures agree with
previous DTA data®. It is evident that the decomposition
of AN is drastically modified in the presence of Mg pow-
der. While pure AN evaporates giving an endotherm around
280°C, AN-Mg mixtures decompose exothermically begin-
ning at 130°C. After rapid decomposition near this tempera-
ture, the AN-Mg (3:1) mixturc shows an endotherm around
417°C. Since these experiments were conducted in Ar, no
ignition of the metal was noticed, as reported carlier when
air was present*d). The residue of the mixture after heating
the sample in Ar to 300°C was found to contain Mg(NO,),
- xH,0, according to the IR spectrum (Fig. 4). On the other
hand, a sample heaied to 500°C was found 10 be mostly
MgO. Therzfore, it scems that the decomposition of AN-
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Figure 4. The FT-IR spectra of soldd Mg(NO,), - 6 H,0 a1 25°C (a).
and 3 decomposed AN-Mg (3:1) mizture a1t MIO*C (b), showing the
formation of Mg(NO,), - xH,0.
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Figure 5. The relative concentrations of the gas products at several
times after the onset of heating when an AN-Mg (3:11 mixture is hea-
ted at 80°C/s under 15 psi Ar. The reference and the sample thermal
traces are superposed.
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Figure 6. Rapid-scan FT-IR specua of the gaseous decomposition
products of an AN-Mg (3:1) mixture at 15 psi in Ar (a) 2.6 s afier the
onset of heaiing. (b) ix the spectrum afier 10 s showing the formation
of NO, and N, in the later stages of decomposition.

Mg mixtures proceeds via the formation of Mg(NO,),
which subsequently decomposes to MgO. Apparently, an
exothermic reaction between AN and Mg occurs in the
solid state at about 130°C. Most of the AN is consumed in
the formation of Mg(NO,),. The heat evolved during this
reaction decomposes and evaporates some of the AN.
Thermal trace of the rapidly heated AN-Mg (3:1) mixtu-
re shows that NH, is evolved at about 150°C (Fig. 5). A
rapid scan FT-IR spectrum of the gascous products taken
2.6 5 after the onset of heating shows AN acrosol (Fig. 6)
and other products in mincr amounts. Pure AN begins to
evaporale and to decompose only after 5 s under similar
experimental conditions. Monitoring of the gas atmosphere
for 10 s shows that the relative concentration of NH,
decreases steadily while that of NO, increases From the
gases produced and their temporal behavior, it is apperent
that a portion of the AN in the AN-Mg mixture is evapors-
ted/decomposed without interacting with Mg, but at a much
lower temperature than occurs with pure AN. Fast thermo-
lysis of the mixtures having a larger amount of AN (e g.
6.6:1 and 10:1), gave similar thermal traces and identical
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products as the 3:1 mixture. Here again, NH, was the main
product in the initial stage with NO, and N,O present in
lesser amounts.

There results can be explained by the same mechanism
envisaged for the decomposition of AN, with the proviso
that proton transfer is facilitated by the Mg. The mechanism
would be reaction (1) followed by reactions (22) and (23).

fotlowed in tum by reaction (17).
Mg + 2 HNO, — Mg(MNO,), + H, (22)
Mg(NO,), =& MgO +2 NO, + 1120, (23)

AN is reported®V 1o lose weight beginning at 150°C, al-
though not to a significant extent. Reaction (1) is the pri-
mary cause. In the presence of Mg powder, it is likely that
reaction (1) is facilitated because the HNO, is partly consu-
med by reaction (22). NH, from reaction (1) escapes to the
gas phase, and appears as the first product in the FT-IR
spectrum. The Mg-HNO, reaction is highly exothermic, and
the heat evolved in the condensed phase causes some AN to
evaporate/decompose at a much lower thermocouple tem-
perature than is found for pure AN.

The major difference between the thermal decomposi-
tion of the mixtures having a larger amount of AN and
those of pure AN and AN-Mg (3:1) is that while the con-
centration of N,O increased in the later stage with the AN-
Mg 6.6:1 and 10:1 mixtures, NO, prevails over N,O in the
latter cases. This is understandable by the reaction stoichio-
metry. All of the AN should be consumed in forming the
Mg(NQ,), in the 3:1 (AN-Mg) mixture. Magnesium nitrate
decomposes subsequently, but only above 400°C, with the
production of NO,, leading to the NO, concentration
increase in the later spectral scans. On the other hand. mix-
tures with higher amounts of AN, 6.6:1 and 10:1, have a
stoichiometric or excess amount of AN than is required for
reaction with Mg. These mixtures weuld, therefore, decom-
pose to give NH, and Mg(NO,), followed by the evapora-
tion/decomposition of the remaining unreacted AN. On
increasing the temperature, the Mg(NO,), decomposes
giving NO, and O, which, in tum, reacts by reaction (17)
with NH, converting it to N,O in the lanier stages of decom-
position of these mixtures.

3.3 AN-C Mixtures

The DSC thermogram of an AN-C (3:1) mixture is
essentially similar 10 that obtained'™ by the DTA showing
several minor exatherms starting at about 135°C and 2
major exotherm pesking near the melting point of pure AN
(170°C). In the TG analysis, the weight loss at 170°C corre-
sponds to the stoichiometric oxidation of carbon to CO, by
AN. Since the mixture conains excess carbon, some carbon
remains unaltered.

The FT-IR spectrum of the decompositinn products of
the rapidly hested sample shows. apant from AN serosol.
the presence of CO,. N,0, NO, and H,0 as main products
(Fig. 7). A wace amount of HCN and an absorption st 2268
om’', characteristic of HNCO. are also seen. Most of these
specics appear simultancously at about 120°C (Fig. B).
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Figure 7. Rapid-scan FT-IR spectra of the decomposition products of
AN-C (3:1) mixture showing the amount of HNCO at different times
[(c) =2.6453,(b) = 3.2 s and \a) = 7.6 s] after the onset of heating.
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Figure 8. The relative concentration of the gas products when an AN-
C (3:1) minture is decomposed at 80°C/s under |5 psi Ar ihe refera-
ce and the sample thermal traces are t Jerposed.

Once formed, the relative concentrations of NO,. N,U and
CO, remain unchanged. The intensity of the peak »* 2268
cm‘ grows and then decays, vanishing almost cue leiely
after 10 5. Unlike pure AN and AN-Mg inixtures, no NH, is
observed. This is despite the {act that 2 portion of the AN is
tublimed/decomposed due to the exothermicity of the reac-
tion between AN and C without undergoing any reaction
with C. AN-C mixtures of 13.3:1 :nd 20:| gave the same
products of decomposition but the concentration ratios
vaned. Here again, NH, was abscat, although sublimed AN
1s prominantly present in the preducts.

2sed on reaction (1), it may be envisaged that carbon
reacts with the HNO, formed by the dissociation of AN.
Although the oxidstion of C by HNO, 10 CO, is known™*,
when HNO, was reacted with Cin » moduﬁed IR cell &
room lcm?emurc. NO, mnitially formed followed by CO,.
This observation suggests the involvement of NO, in the
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Figure 9. Rapid-scan I [-IR spec.ra of the decomposition products
after 105 of an Mg(NO,), - 6 H,0-C (3:1) mixtue (a). PB(NO,), (b):
and 2 P(NO),-C (3-7) mixture \-) in Ar. The samples were heated ac
a rate of about 120°C,'s and held at 650°C.

oxidation of C. To verify this, the mixtures of carbon with
PNO,), and Mg(NO,), - 6 H,() were thermoiysed in the
IR cell. Th= FT-IR spectra indeed show the formation of
CO,. In turn, NO, is reduced to NO (Fig. 9) by reaction
(24).

2NO,+C 5 2NO+CO, (24)

Ttis observation is consistent with the fact that hot
activated C can be used for pretreating the waste gases con-
taining NO, to convert'? NO, to NO. The NO can be
removed by tr-ating with activated charcoal® in the pres-
ence of NH, at high temperature. In fact, NO from flue
£23LS 1S usuilly removed by treating with NH, in the pres-
ence of a catalyst'?’-*® according 1o reaction (25).

ANO+4NH,+ O, 44N, +6HO (25)

In the AN-C mixtures, charcoal may be involved in
removing NO. “eaction (25) could explain the absence of
Nil, i the decomposition products of AN-C mixtures. The
oxidative decomposition products of HNO, and Mg(NO,), -
6 H,0. (narrely NO, and O,) being common, 1t is highly
hikely that tl.cy would react in a similar manner with C and
NH, preseut in the sysiem. The NH, formed in the AN-C
system duc to the dissociation of AN mughl therefore, have
been consumed in the removal of NO,.

Aliernatively, it could be argued that the ammonia panly
reacts with CO, forming the carbamate and its decomposi-
tion product, urea, which could decompose further. Urea
forms by the reaction'? of CO, with NH, and might occur
in the present instance at low (< 160°C) mn;rmurcs Urea
under certain conditions is known to decompoase!™ to give
HNCO. which could explain the presence of the IR absorp-
tion at 2268 cm ' in the products. While this aliematve
appears attractive, aticmpis (o establish it were not success-
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ful. For instance, in a DSC experiment the AN-C (3:1) mix-
ture was decomposed at a controlied heating rate up to
175°C. The residuc was examined. Its IR spectrum revealed
no urea or decomposition products of urea, such as biuret
and triuret?”,

According to Glazkova, et al.%® the decomposition of
AN-C mixiures proceeds via the formation of NH,NO,,
which subsequently decomposes to N, and H,0 (reactions
26 and 27).

2 NH,NO, + C - CO, + 2 NH,NO, (26)

NH,NO, - N, + 2H,0 @n

Identical buming rates of the mixtures of C with NH,NO,
and C with NH,NO, and the assumption that decomposition
of the NH,NO, determines the rate provide support to this
mechanism. [t involves no formation of amimonia and hence
accounts for its abscnce, as found here for these mixtures.
The mechanism, however, does not explain the formation
of HCN or the absorption at 2268 cm! tentatively attributed
to HNCO. On the other hand, the HCN could be accounted
for if the formation of HNO, is assumed, as HNO%I:S
known to react with C giving HCN, in some instances'“®,
Similarly, NH; is known to react with C on heating!?%
giving NH,CN which could be further oxidized to the cya-
nate®V. 1ts subsequent dissociation could then lead to
HCNO. which is actually seen as HNCO in the vapor
phase!*"" thereby accounting for the IR absorption band
observed at 2268 cm™.
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CHEMICAL PATHWAYS AT A BURNING SURFACE
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Department of Chemistry
Unicersity of Delaware
Newark, DE 1976
Usa

The chemical origin of burning rate differences among alk materials is walyzed by an
experimental simulation of the surlice reaction zone. The simnlation involves highe-rate heats
ing af a thin flm of compounds displaving low, intermadiate and high buenerates. The sim-
ulation is validated by the close match of the bum eates caleulated from the Archenius cone
stants determined by SMATCH/FTIR spectroscopy and burn-rates nweasured by combustion
of the bulk material at 1 atm. A second micruscale pyrolysia technique, T-jump/FTIR spec-
troscopy, is used to specify chemical details of the simulated buening surfoce isothermally at
high temperature. High bum-rate materials, such as azide polymers, release a large amount
of envry 1 very early reaction steps at the surfice. Intermediate bum-rate materials. such
as RDX and HMX, initially decompuose by an approximately thermally nentral set of reac-
tions. The high heat release occurs as the products of these initial steps concentrate and
react. As a result, the heut release is delaved and divided between the heterogencous con-
densed phase and the gas phase. Low regression rate materials. such as isocvanate-cross-
linked hydroxyl-terminated polyvbutadiene. decompase into clipped fragiments of the backbone
and little heat is released. In this case, the regression rate is controlled mostly by the rate

of desorption of the fragments and not the magnitide and time of the heat release.

Introduction

The linear rate of buming is a vital practical
combustion parameter of a bulk material. There are
complex chemical and physical reasons for why some
materials are slow burning while others are fast
burning. Although the linear bum rate, 7. can be
used to estimate 2 surface temperature or globul
decomposition activation energy at a given pres-
sure, # is 2 one-dimensional parameter in which all
chemical reaction rates are lumped with the heat
and mass transfer rates. Consequently, few funda-
mental details about combustion are learned from
f alone. .

Advancement in understanding che different
combustion characteristics of bulk materials re-
quires knowledge about the chemistry and physics
of the surface reaction zone that connects the bulk
material to the gas phase. Unfortunately, this re-
gion is physically very thin. It also has a steep tem-
perature gradient that produces a dynamically
changing microstructure of heterogeneous phases and
non-equilibdum chemistry. This complexity miti-
gates against direct measurement of the surface re-
actions during combustion.

Recently, chemical details of the surface reaction
zone have been acquired by developing experi-
ments that simulate the conditions of the surface

reaction zone. Over a very short time interval the
buming surface is a thin Alm of reacting material.
Hence. a simulation of this zone is achieved by
rapid. programmed heating of a thih film. Chem-
istry is leamed by simultaneously determining the
heat flow and acquiring rapid-scan FTIR spectra of
the near-surface gas products. The gases detected
form the first stage of the flame zone were 2 flame
to be present. One deficiency in this approach is
that back-diffusion of H atoms from the flame to
the surface is not included. Back-diffusion is likely
to play an increasing role at higher pressure and is
not the major influence on the chemistry at 1-3
atm where these experiments were performed.
Convincing evidence that the rapidly heated thin
film is a surface simulation comes from the
SMATCH/FTIR method' in which a film of uni-
form. chasen thickness (20-60 pm) is heated at =
150° C/s while the dynamic mass change, temper-
ature change, and gas products are all measured si-
multaneously. The 7 calculated from SMATCH/FTIR
kinetics matches ¢ from bulk combustion measure-
ments at the same pressure.?™ Hence, the heat flow
conditions are similar to those of the surface reac-
tion zone during bulk combustion. By inference,
other techniques designed for fast, controlled heat-
ing of a thin film, such as T-jump/FTIR.? that are
specifically designed for chemical studies, give ex-
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tensive details of the surfiwe reaction 2one tor the

tirst Gse. The chemicd busis for the behavioe of

fast-burming wzide polvimers), medium-huming i
trumines! and slow-buming ipohybatadiene wate-
rials come into light.

Experimental

Detaits of SMATCH/ZFTIR' wund Tojump/FTIR?
spectroscopy are given clsewhere, but are briclly
sunmarized here, SMATCH/FTIR eomplovs a can-

tilevered quartz tube whose vibrational frequency

depends on the sample mass. Tvpically, 0,208 me
of sample was painted onto 4 metal tip attached to
the tube giving a uniform it of 16-64 g thick-
ness. I the film thickness i not uniform, then the
experiment fiils. The metal end-tip was heated by
RF induction at a chosen rate in the 100=200° C/s
range. The sample atmosphere was 1 atm of Ar,
The heating rate and Glm thickness are matehed so
that the heat transter is fast enough to give a rea
sonably uniform temperature throughout the lm.-
The dynamic weight change of the sample was
measured by the change in the vibrational fre-
quency of the tube. Data were recorded at 160 Hz
which provides enough points on the weight-loss
curve to he conbident of fitting the shape by (ED.
a is

¥
3

l-a=Eu,»l' EN

L

the degree of conversion and tis time. Typically,
{ED) was applied for the initial 30% of weight loss.
The temperature was measnred by a type E ther-
mocouple spot-welded to the metal end-tip and in
contact with the sample flin. [nfrared spectra of the
decomposition gases were measured about 3 mm
above the metal end-tip by using a Nicolet 60SX
rapid-scan FTIR spectrometer (10 scan/fs, 4 em™
resolution). The IR spectra were converted ta the
relative percent compusition scale by integrating the
absorption bands and converting them to a relative
concentration scale by using their absolute inten-
sities.® IR inactive species, such as Ns and Ha, are
not detected, and, therefore, are not included in
the quantitation procedure. H,0 was not quantified
because of its complicated rotational-vibrational fine-
structure. The absolute ahsorbance of HNCO was
estimated to be hall-way between that of CO, and
N;O. These gas products evolve into a coul Ar at-
mosphere where they are identified, rather than into
a high temperature flame zone, as in actual com-
bustion, where they would be instantly consumed.

The reduction of SMATCH/FTIR temperature
and weight change data is afforded by (E1) and its
derivative, which are reluted to Arrhenius param-
eters by (E2).
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data and has been rationalized chewlere.? A ver-
sion ol the pyrolysis Taw, B8 where Ieis the ox-
perimental film thickness. can be wsed e caleutate
the burn rate, £, in man/s Trom the

F=haeT! BT (B4

SMATCH/FTIR Arrhenius constants at the pres-
sure andd temperature of the experiment. T is the
averagre tempentture during the initial 0% ol the
weight loss. (ED applies provided I approximates
the surface reaction zone thidkness at 1 atm. A value
ol h = 20 ~ 60 pm is reasonable’at 1 atm.’

While £ can be caleulated from SMATCH/FTIR.
the chemical processes that are witnessed from the
gas products are somewhat confused by the fact that
decomposition occurs non-isothermally. To wain the
chemical details more dearly. the T-jump/FTIR
technique was developed.® In Tjump/FTIR. a thin
film of material is deposited on a 20 pm thick Pt
ribbon [lament. Heating vccurs at a chosen high
rate up to 20000° C/s to a chaosen temperature (T,
2000° C/s is normally used because this 'is the
highest heating rate that does not overshoot Ty Ty
can be maintained while the decompasition gases
are analyzed by rapid-scan FTIR spectroscopy. The
high heating rate reduces the “cooking” chemistry
that takes place at a low heating rate. The fact that
Ty is adjustable enables the products to be deter-
mined isothermally at selected temperatures in-
cluding the expected buming surface temperature,

The Pt filament is an element of a very rapidly
responding and sensitive bridge circuit. The control
voltage of the circuit linearly responds to the Pt re-
sistance during the programmed heating step and
maintains a constant resistance once Ty is reached.
The temperature of the filunent is determined by
the resistance as with a Pt thermumeter. The con-
trol voltage increases or decreases very rapidly to
maintain Ty in response to endothermic or exo-
thermic events of the sample. Therefore, monitor-
ing the control voltage as a function of time un-
covers these sequential events.

A useful form of the contrul voltage is the dif-
ference trace (voltage with sample minus voltage
without sample present) as illustrated in Fig. 1 for
200 ug of RDX. After heating at 2000° C/s to Ty
= 23* C, an initizl endotherm (positive deflection)
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Fia LT Jump/FTIER data for 200 gy of RDX in
3 atm of Ar heuted b 200° C/5 to 263° C and held
at 263° . The dilference control voltage trwee s
superimposed on the relative concentrations of the
gas products detected in real time 3 man above the
surface. Endothermic melting oceurs in the first
second followed by an exotherm at about 4.3 sec.
Cas products first appear at about 3.5 see. but the
sum of the reactions is close to thermal neutrality
until the exotherm.

)
RCH, N4 — RCILN = X, RD
RCHsN — RCN - H, R2)

by (R2), is highly exothermic M = 600 ~ 700 kj/
mol). In accordance, the control voltage trace turns
sharply exothermic. In reality. RCH.N decomposes
by two braches ws evidenced by the fact that HCN
and NHj form. When the C—N bond is retained,
HCN is the product. When the C—N bond cleaves
and H migration oecurs, N forms, The branching
ratio (Fig. 3! is tempenature dependent with C—N
retention being preferred at higher temperature, The
high heat release from rapid nitrene decompaosition
that accurs in the earliest stawes of the decompo-
sition process is dumped in the sudace reaction zone
and is responsible for the high burn rates displayed
by these azide polvmers.

Medium Burn-Rate Materials: RDX and HMX

Burn rates for the pure bulk nitramines. RDXN
and HMNX. measured in a strand burner at higher

NO,
NO; O.N N
occurs in the first second corresponding to melting l!l - ‘N/_
and the higher heut capacity when sample is pres- r \‘ k
ent. Later a sharp negative spike appears due to N
; » N_ N N—/ NO,
runaway exothermic decomposition. These data for ON° N~ “NO, .
RDX will be discussed in a later section. ON
Strand bumer tests on azide polvmers, such as
glyeidyl azide polymer (GAP).® reveal a high bum RDX HMX
rate (Table 1. Other azide polvmers. such as BAMO
and AMMO, behave similarly.
CHaN; CHa,N, CH,
| l !
HS OCH,—C—— ¢ OH H{ —OCHy—C—CH,~—} OH H{ —OCH,—C—CH,— OH
| | |
H " CHa\N; " CH,N; "
GAP BAMO AMMO

As shown in Table I, # calculated from the
SMATCH/FTIR kinetics for GAP resembles ¢
measured in a strand bumer at higher pressures and
extrapolated to 1 atm. Hence, the microscale
SMATCH/FTIR technique simulates the surface
reaction zone during bulk combustion and can be
used to establish details of the surfuce reaction zone.

T-Jump/FTIR was used to gain insight into the
decomposition process. Smoothed gas product data
for GAP are shown in Fig. 2 at two temperatures.
The gases are recognizable, stabilized fragments of
the CAP polymer backbone and appear simulta-
neously at the exotherm. The initial decomposition
reaction of GAP is (R1). Decomposition of the un-
stable nitrene, RCH.N, for example
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pressure and extrapolated to 1 atm are in the 0.3-
0.5 mm/s range. Values of 7 from SMATCH/FTIR
(Table 1) resemble these strund burner data show-
ing that the microscale SMATCH/FTIR technique
simulates macroscale combustion of these nitra-
mines. Therefore, fast thenmolysis mcthods can be
used to provide chemical details of the surface re-
action zone during combustion. These details reveal
why nitramines have a lower burn rate at 1 atm
than GAP. The behavior of RDX described here is
similar to that of HMX.®

Figure 1 showed T-jutnp/FTIR data for a thin
film of RDX heated at 2000° C/s to 263° C and then
held isothermally while IR spectra of the near-sur-
face gas products are recorded. The behavior of gas
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Fic. 2. The relative gas product concentrations (excluding Ni from GAP T-jumped at 2000°/s in 1 atm
of Ar to 277° C and 372° C and then held at those temperatures. Naote that the gas products appear at
the exotherm. Secundan: reaction of CH.O appears to occur.

products is more easily discussed with the smoothed
protiles shown at two temperatures in Fig. 4.

The global decompusition branches (R3) and (R4)
oceur for bulk RDX and HMX. (R3} and (R imply
that NaO and NO; should

RDX-»3(NO. + HCN + H)
RDX — 3 (N.O + CH0)

{R3)
(R4)

puow

BeMrBENNLGABUNLGD
PSRN

HCNND
Y

1
1.
'
1
o v v —— ~
oo 20 30 3 M 30
Tew (0

FiG. 3. The temperature dependence of the HCN/
NH, ratio of GAP showing that retention of the C-
N bond is favored at higher temperature,
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form simultaneously with CH,0 and HCN. This is
not found at any temperature studied. Rather, N2O
and NO; appear before CH;0 and HCN., which form
from the residue left by elimination of N2O and
NO,. This residue is a misture of products like hy-
drosvmethylformamide and acetamide,'™"* which
decompose leading to the delayed release of CH,0,
HCN and HNCO."™!

The total [R absorbance of the products accel-
erates between 3.3 and 4.5 s despite the constant
heat flow from the filunent. which implies that au-
tocatalvsis occurs in this stage of decompasition of
RDX. Moreover, the control voltage trace in Fig.
1 reveals only mild exothermicity between 3 and 4
sec when (R3) and (R4) dominate. Thus, these re-
actions release little energy in the condensed phase.

A runaway exotherm develops at 4.5 s. The sec-
ondan reaction resembling (R3) appears to be re-
sponsible as evidenced by the fact that CH,0 and
NO, are consumed as NO, CO, and HiO appear.

5CH,0 + TNO,
~ 7NO + 3CO + 2CO, + 511,0 (R3)

Figure 4 shows that more NO than CO forms in
accordance with (RS). (R5) is highly exothermic as
written (A = ~1350 k) and, by the lurge exo-
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TABLE |
Kinetic constiunts and cakeulated bum rates, 7. faen SMATCH/FTIR compared to strand bumer #
values for the bulk material

Strand
SMATCH/FTIR Burner
Compound E* log A* h T. C! O P
Car 42.3 19.0 30 ) 264) 1.33 .7
T1INMX 36.5 14.8 30 303 0.37 03¢
RDX 29.0 15.6 13 191 0.35 0.3
HTEB-1PDI 11.3 4.5 60 330 0.21 o0y
“keal/mol
h.\'-l

‘Experimental film thickness in pm.

“Average temperature during the initial 50% of the weight loss,

“mm/s at 1 atm.

TExtrapolated from reference 8.

‘Boggs. T. L.: Progress in Astronautics and Aeronautics (K. K. Koo and M. Summerficld. Eds.), Vol.
90, p. 121, 1984,

baleksandrov. V. V. Tukhtaer. R. K., Boldvrev, V. V. awd Boldvrev, A, V.: Comb. Flame 35, 1, 1973,

‘Extrapolated from Stacer, R. C.. Eisele. S. and Eisenrvich. N.: Twenty-first International Conference
of the ICT, paper 80, Karlsruhe, FRG, July, 1990.

263°C | 350°C

~H,0 appears
NO,—— 20 appe

—_— M
Voltage ’*x

Relative % Composition
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N20 HCN
H

HCN ,.fg :08
rd

=4 ~ HNCO

i 'y r—1r——r 1

2 3 4 5 6 7 4 5
Time (sec) Time (sec)

Fic. 4. Smoothed relative concentrations of the gas products from plots of RDX of the type shown in
Fig. 1. Unlike Fig. 2 for CAP, there is a strong time dependence in the appearance of the gas products.
The temperature dependence of the gas products is not large although the relative concentrations of NyO
and NO, are reversed (see ref. 9 for further discussion).
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therm in Fig. L. it is the main source of heat in
the heterogencous condensed phase. These coanclu-
sions also apply at 360° C (Fig. 4) except that the
time-scale is compressed. Hence, this description
of the decomposition of RDX at 263° C applies as
wel} at the surface reaction zone temperature (330-
400° C) during combustion. However, the branch-
ing ratio of {R3) and (R depends ou temperature
and Favors (R3) at higher temperature.®

The fact that an approximately thermallv bal-
anced preparation stage (RS and R4) oveurs for RDX
and HMX in order to produce the reactants for the
later stage exothermic reaction (RSY causes a divi-
sion of the heat release by R3 between the heter-
ogeneous surface reaction zone (a mixture of solid.
liquid and gas phasest and the gas phase. This later
stage heat release makes the nitramines deseribed
here bum more slowly than the orgineazides where
a large heat release oceurs in the very early reac-
tion steps at the surface.

The different rate of heat release identified for
GAP and the nitramines has practical ramifications.
\When a composite propellant containing GAP and
HMX is burned. GAP bums vigorously and spews
off many unburned HMX particles.'® This is be-
cause (RI) and (R2) enable GAP to release energy
very rapidly while the heat release reaction of HMX
(RS) is delaved until (R3) and (R4} have occurred
to a sufficient extent.

Low Regression-Rate Materials:
Urcthane Cross-linked HTPB

An example of a low regression-rate material is
hydroxyl-izrminated polybutadiene (HTPB) cross-
linked by isophorone diisocvanate {IPD) to form
urethane bonds {RG).

PROVELLANTS

Ve
Twou
| 7oce feon e sECY
’ bon
a \‘ esy o
"

2660 1990
WAVENUMEER

Fieo 3. Rapid-scan FTIR spectra recorded at the
tinie shown 3 mm above the surfice of {ITPB-I1PDI
heated at 130° C/s in 1 2m of Ar. The = NCO and
CO; absorbances appear bofore the butadiene and
4vinvleyelchexene absorbances. The thermocouple
trace of the condensed phase reecided simulta-
neously inot shown) reveids no exodhermicity dur-
ing the formation of oo oroducts.

Table 1 gives the regression-rate data. As before,
the SMATCH/FTIR kinetic measurements at 1 atn
faithfully match 7 determined from combustion
measurements on the bulk polymer at higher pros-
sure and extrapolated to | rin. Therefore, the deg-
radation of the condensed phase to form smaller
molecalzs for the flame zore i be determined fron -
the IR spectra npon thermolysis in 1 atm of ar o
130° C/s'.

Figure 5 shows that the finst detected gas prd-
ucts (3.7 sec after the onset of heating above the
surface of HTPB-IPDI are CO» and a compound
contaizzing the isocyanate {—=NCQ) group. The iso-
aunate is most likely TPDY formed by reversal of

CH
|
HTPB: HO—(—CH,—CH==CH—CH;~);7—| -—~CH,—CH — |~——OH
I
CH: A
co
7\
HC | ] CHLNCO
7 N/ N
H,C CH,4
{PDI:

0

i
&NCO + R'OH = R—N—C—0O—R’
H

(R6)
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(R6). IPD{ evaporates. CO, probably comes from
another decomposition reaction of the urethune
linkage, (R7). Following the appearunce of CO, und
[PD1 are absorbances matching those of butadiene
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O

R—N—C—0—R’ — R—N—R’ + CO.
H H

N ivy)

the stabilized dimer of butadiene, 4-vinylevelohex-
ane 4.2 see). All of these products would euter the
lame zone and. except for COa, be reactants. were
a lune to be present. However, the formation of
these products is. at most, mildly exothermic and,
therefore, ¢ for HTPB-IPD{ is mainly contrulled by
the rate of volatilization of the fragments of the
pohmer. Hence. a low regression rate results. This
Dehavior contrasts with the nitronines and orga-
noazides discussed above, where the rte, amount,
andt time of the enermy release control the hum rate.

Conclusions

SMATCH/FTIR spectroscopy is a remarkable
microscale laboratory simulation in which the ki
netics of weight loss from a thin film match the bum
rate of the bulk material during combustion at the
sane pressure. This technique validates the use of
fast thermolysis methods on a thin film to deter-
mine chemical details of the heterogencous surface
reaction zone during combustion. High-tempera-
ture isothermal Zecomposition studies by T-jump/
FTIR spectroscopy give the desired infornwtion. The
niain factor that controls the bum rate of bulk ma-
terials at 1 atm is the amount of heat availuble at
the surface. This amount of heat depends nat only
on the magnitude of AH but also the time location
of nuin heat release reaction in the overall reaction
scheme. The lowest regression rates result mainly
from diffusion control as opposed to heat release

control.
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COMMENTS

Tam Nguyen, DSTO, Australia. 1. In your ex-
periment on HTPB/IDPL, do you have any idea
about the thickness of the heterogeneous reaction
zone?

2, In your experiment on the same type of sam-
ple. you mentioned the heat release is divided be-
tween the gas phase and condensed phase. Have
you estimated how much heat release goes to the
gas and how much goes to the condensed phase,
i.e., in what proportion?

3. Finally, one question sbout vibrational spec.
troscopy. What band was attributed te C;H; in the
BAMO decompasition? The »,,., (C = C) is IR in-
active in the gas phase molecule.
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Author's Reply. 1. At the 1 atm pressure and 625K
temperature of the HTPB experiment, the hetero-
geneous reaction zone is about 60 um thick.

2. HMX and RDX behave this way. We have not
tried to proportion the heat release. Your question
is difficult to answer in general terms because the
thickness and lifetime of the active surface zone de.
pends on the pressure and temperature. The most
exothermic early reaction (CH,0 + NO) is nomi-
nally a gus phase reaction but can occur in voids in
the liquid surfoce which is part of the condensed
pauase. A combustion model that inclodes detailed
surface features is the best hope for specifving the
pactitioning of energy releuse.
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3. We used the HCC bending mode ({l,) at

T4 em”
[ ]

F. A. Williens, Unicersity of California at San
Diego. USA. 1 agee thut the chemical mechanism
is important in prope'lant deflagration, and [ like
vour observations on mechanisms in vour high-
heating-rate experiments. However, 1 think that the
mechanists are likely to be different for typical high-
pressure propellant combustion. For exunple. I think
it unlikely that an energetically neutral zone exists
in nitramine deflagration. What do vou think?

Author's Reply. Our experience has been that

pressure up to 63 atm mostly shifts the balance of
the existing processes ruther than introduces new
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processes. That is. mechanisi dilferences with
pressure arc a matter of degree rather than kind.
For cxansple. a decrease in diffusivn with increas-
ing pressure may simply push a complex reaction
scheme farther to completion in a given volune
element. Also. in & complex reaction scheme there
is o greater role of bimalecular steps involving the
heterogeneots onndensed phase compared to uni-
molecular steps as the pressure is raised.

The simulation cxperiments of nitramine decom-
position indicate that thermally neutral set-up
chemistry occurs hefore the eneray is released.
However, in practice this chemistry spacially and
temporally overlaps the highly esotheemic CUHLO +
ND, reaction: so 1 agree with vou that separate cones
would be difficu’t to distinguish during detlagra-
tion.

ofe G

(%,
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Thomas Biill

Burning surfaces

The details of the heterogeneous reaction zone at the
surface of a burning material are elusive. However,
insights into this complex zone are now emerging
from laboratoy techniques designed to simulate
some of the key conditions of combustion.

A wide range of precesses involve
combustion —eg incincration, ¢rcrgy pro-
duction, propulsion, and flammability.'
The fundamental details of these proces-
ses arc complex, involving rapid, heter-
ogencous, non-cguilibrium reactions at
high tempcrature and pressure. The direct
determination and measurement of the
chemistry at the interface of the bulk
condensed phase (parert material) and
the gas phase flame zone duning combus-
tion often exceeds the capability of mod-
em diagnostics. However, without this
knowledge, prediction and control is
purely speculative.

Progress is now bzing made towards
understanding burning surface chemistry
by developing laboratory techniques that
simulate some of tiie key conditions of
combustion. For example, a ‘snapshot’ of
a buming suiface shows a thin film reac-
tion zone with a sizable temperature
gradient where a rapid phase change is
occurring, driven by chemical reactions
and heat transfer. This zone couid there-
fore be simulated by a thin film of matenial
which is neated rapidly. The heating rate,
temperature, and pressure are control-
lable and the configuration of the film can
be constructed to allow real-time spectro-

- scopic measurements.? An example of this

technique is T-jump/FTIR spectroscopy?
in which a film of material is heatedona Pt
filament at 2000°Cs-! to a chosen temper-
ature, which is maintained while record-
ing the infrared spectrum of the surface
gas products at 50 scanss-2. These gases
are the reactants from the carliest stages
of the flame zone and are indicative of
rapid decomposition reactions in the film.
The gases are nomally quenched by

cvolving them into a cool atmosphere of
argon. By monitoning the control voltage
of the Pt filament, the infrared spectra can
be connected to the endothermic and
cxothermic events of the parent matcyial
film. These techniques and approaches
are applicable to any heterogeneous com-
bustion problem, althcugh this article
looks mainly at energetic materials.

An important question is ‘how well does
the laboratory simmlation of the burning
surface represent the combustion of the
bulk material'? For energetic materials
and organic polymers studied to date in
our laboratory at the University of Dela-
ware, the answer is ‘quite well’. This is
seen from the close match of the regres-
sion (bum) rate, 7, of the thin film
calculated from the Arrhenius kinetics of
rapid weight loss in another simulation
experiment, simultaneous mass and tem-
perature ckange SMATCH/FTIR,* to the
linear burn rate of the combusting bulk
material (Table 1).* The important point
is that the heat flow to the thin film and to
the burning suiface have been adequately
matched.

Knowing something about the chemical
reactions at the burning surface means
that combustion events are better under-
stood and can potentially be coatrolled.
For example, explanations are emerging
for why some materials burn rapidly while
others buru slowly # The mode of action of
certain combustion modifiers can aiso be
rationalised.

Fast burn rate

The linear rate of buming (7) of a particu-
lar material is (requently measured by
using a straud bumner, whereby the mate-

Table 1. Burn raies (/) at 1 atm calculated from the kinetic constants of the micrascale
Iaboratory technique SMATCH/FTIR :pectroscopy with the macroscale strand burner

value extrapolated to [ atm.

Compound

Bum.-mes (FYmms-!

SMATCHIFTIR Strand burner
GAP 1.35 1.70
HMX 0.37 0.5
HTPB-IPDI 0.19 0.21

CHaN,
H--0CH,~C OH
H n
(N GAP

nial is cast in the shape ot a soda straw and
ignited. The distance that the regressing
front travels in a fixed amount of time is
the lincar burning rate.

Strand burncr tests on the azide poly-
mer poly(glycidyt azide) (GAP, /),* show
a high burn rate (Table 1). Kinetic mea-
surements by using SMATCH/FTIR spec-
troscopy on a thin film of GAP at 1atm
match the burn ratc of bulk GAP quite
well.* Therefore, rapid thermolysis of a
thin film can be used to establish details of
the surface reaction zone. The initial
decomposition reaction (a) is mildly exo-
thermic. Conversely, the decemposition
of the resuftant nitrene, RCH,N, is highly
exothermic. For example, reaction () has
AH = 600-700 kJ mol-*.

RCHzN] b d RCH2N+N1 (a) B
RCH,N — RCN+H,  (b) |

This is shown by the control voltage trace .

from T-jump/FTIR spectroscopy’ which
reveals violent exothermicity during the
relcase of the decomposition gases. Many
reactions of RCH;N occur, giving recog-
nisable, stabiliscd fragments of the GAP
polymer backbone’—ie CO, CH,0,
HCN, NH,, CH,, GH,, CH,. (N, and
possibly H, arc present but are aot
infrarcd active.) The appearance of both
HCN and NH, suggests that the CH,N
portion of RCH;N deccomposcs by two
branches, rather than by reaction (b)
alone. When the C-N bond is retained,

L -Aa)

*SMATCHFTIR spectroscopy permils sin.ulta.
neous measurement of the dynamic mass
change, temperature and near-suriace

?o';qso'cr.

change '
'damoﬁlmolmuomlhouodu '

&

@




- e T T S T T T
/No;

| O ,—-N\

I L/N—/‘ NO,
9N
(2) HMX

~HCN is produced, however when the C-N
Poad cleaves and H migration occurs,
“vH, forms. (HCN (ormation is favourcd
at higher temperatures.’) The infrared
active gas products frcm GAP arc the
reactants for the first stage of the luminous
flame zonc when the bulk material is
burned.

Because strongly exothermic reactions
occur very carly in the dccompositior,
process, much heat is released at the
surface. This high surfacc heat relcase is
responsibic for the high GAP burn rate
and suggests that this will be difficult to
modify because the decomposition path-
way of RCH,N may not be casy to alter.

Medium burn rate

The cyclic nitramine, HMX (2), has a
lower bum rate than GAP. The bumn rate
of bulk HMX in a strand burner is about
0.Smms-! at latm.® Values of 7 from
SMATCH/FTIR (Table 1) correspond
with the strand bumer rate, showing that
the microscale SMATCH/FTIR tech-
nique accuraicly simulates the amount of
heat flow at the surface during macroscale
combustion of HMX. The chemistry

leamned from T-jump/FTIR spectroscopy
reveals why HMX has a iower burn rate at
1 atm than GAP.

Figure | showe T-jump/FTIR data for a
thin filtn of HMX heated at 2000°Cs-! to
298°C and then held at 298°C while
infrared spectra of the near-surface gas
products are recorded.* Two main stages
arc apparent Juring the decomposition.
The first stage a 4.0-5.5s is approxi-
mately thermally neutral according io the
control vaoltage trdce and yiclds mainly
N.O, NO,, CH;O and HCN. However,
N,O and NO, are tiberated first and lcave
a residuc comprising a complex mixture of
various amides and other compounds.*-!$
This residuc dccompe ~s primarily to
HCN and CH,O. Interestingly, the rela-
tive concentrations of NO, and HCN
match one another while N,O and CH,0
match onc another at about 5.5s. Two
stoichiometric reactions, (¢) and (d), a:c
consistent with this observation, although
they do not fully describe the decomposi-
tion process of bulk HMX.

_AYNO;+HCN+H) ()
CHNOy (HMX)

TP (N.0+CH.O)  (d)

The second stage begins at about 5.5s
where decomposition becomes sharply
exothermic according to the control vol-
tage trace. Reaction (e) is probably occur-
ring because CH,O and NO, are con-
sumed while NO, CO and H,0 appear.

SCH,0+7NO, — INO+3CO+
2C0O,+5H,0 (e)

Fig. 1. The relative concentrations of the near surface infrared active gas products
Juantified from FTIR spsactra of a 200 pug film of HMX heated at 2000°Cs-"' to 298°C

and held at 292°C.
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fig. 2. The transmission infrared spectra
of (a) the solid sesidue from DAG and (b)
from DAF; and (c) a sample of melon
obtained by heating melamine to 530°C.

Figure 1 agrces with reaction (e), showing
that more NO forms than CO; the large
exotherm (AH = ~1350kJ mol-*) makes
this reaction the main source of heatin the
heterogencous condensed phase. The
time delay in the occurrence of reaction
(¢) is consistent with autocatalysis; :a
sufficient concentration of CH,O and NOy
must develop before runaway heai release
occurs.

The decomposition of HMX for the
300°C range also applies at the surface
reaction zone temperature of HMX (350-
400°C) during combustion at 1-5atm.
However, the relative importance of reac-
tions (¢) and (d) shifts with temperature.
The infrared spectra of the product gas
ratio (N;O/NO,) as a function of the
filament temperature shows the relative
contribution of (c) and (d) at each temper-
ature. Thus the (c):(d) ratio is about 5:7 at
350-400°C, matching the stoichiometry
of CH,O/NO; in (e). It is at least provoca-
tive that the burning surface tzmperature
of HMX is the same temperature at which
the first large heat producing reactioa (¢)
is stoichiometrically optimised.

The need for a thermally neutral prepa-
ration stage for reactions (¢) and (d) to
produce the reactants for the later
exothermic reaction (e} means that the
heat released by reaction (e) is divided
between the heterogencous surface reac-
tion zone (a mixture of solid, liouid and
gas phases) and the gas paase flame zone.
This late stage heat relesse gives HMX a
lower burn rate than GAP where a very
large heat release occurs in the first
reaclion steps at the surface. Both reac-
tion (c) and reaction (d) need to be altered
to incrcasc the concentrations of the
reactants for the exothermic reaction (¢),
cxplaining why it is difficult to change the
burn rate of HMX.

Slow burn rate o
An example of 2 low burn-rate material is
the organic polymer, hydroxyl terminated




polybutadiene (HTPB) cross-linked by
isophorone diisocyanate (IPDI) to form
urethane bonds (see reaction f). As

i
RNCO+R'OH — R-S-CO-R‘ (1))

before the SMATCH/FTIR kinctic? mea-
surem s at Latm give a burn rate that
agrees well with 7, determined during
combustion of the bulk polymer'* (Table
1). Thereforc. the degradation of the
condcnsed phase to form smailer mole-
cules for the tlame zone can be determined
from microscale fast thermolysis.

The first detected gas products above
the surface of HTPB-IPDlare CO,and an
isocyanate. The isocyanate is most likely
to be IPDI formed by the reversal of
reaction (f)—I[PDI e¢vaporates. The CO,
probably comes from another decomposi-
tion reaction of the urcthane linkage,
reaction (g).

Later in the spectra, there are absor-
bances consistent with butadicne and the

o
I
R-N-C-O-R' — R-N-R'+CO; (g)
H H

stabilised dimer of butadicne, 4-vinyl-
cyclohexane.” With the exception of CO,
all of these products enter the fame zone
and become reactants in the presence of a
flame. However, the formation of these
products is, at most. mildly exothermic
and, therefore, 7 for HTPB-[PDI is con-
trolled mainly by the rate of volatilisation
of the fragments {rom the surface. This is
effectively diffusion control and for this
particular compound results in a low
regression rate. Diffusion control con-
trasts with HMX and GAP, where the rate
and amount of the energy release and the
position of the reaction in the time se-
quence control the burn rate. The bum
rate of HTPB could be accelerated with an

P - o
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FAg. 3. DAG, DAF and DCD supprees the
bumn rate of a comgosite propeliant by
forming patches of melem and melon on
the surface that retard the heat and mass
transfer rates.

additive that relcases heat in the con-
densed phase and increases the rate of
desorption.

Combustion controls

Chemical details about the surface reac-
tion zone during combustion indicate
ways of modifying the process. An exam-
ple of how fast thermolysis data have
helped in this arca is illustrated by studics
of dicvandiamide (DCD, 3), diamino-
glyoxime (DAG, 4) and diaminofurazan
(DAF, 5).V Thesc molcculcs suppress the
burn rate of rocket propellants composed
of NH,C10,, Al and HTPB (a composite
propeliant).'s¥ When DCD, DAF and
DAG arc subjected to high rate thermoly-
sis, they form solid cyclic azines, such as
melamine {6), melem (7) and melon (8)
(Scheme 1), in addition to low molecular
weight gas products. Figure 2 shows
infrared spectra of the residues. These
cyclic azines have a high thermal stability,
and the presence of NH,Q0, did not
affect their formation.!? In fact, melon is
thermally stable in the temperature range
at the surface of a buming composite
propeliant (700°C). Hence, these cyclic
azines can accumulate as patches on the
surface where they retard the heat and
mass transfer between the condensed
phase and the gas phase dunng combus-
tion (Fig. 3). This results in suppression of
the bum-rate compared to that of the
unmodified propellant.

The suppression of heat and mass trans-
fer by the formation of thermally stable
polymeric patches on the surface is pre-
dicted with other additives that decom-
pose to DCD, or its monomer, cyanamide
(NH,CN). A potential bum-rate modifier
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is S-aminotetrazole (5-ATZ. 9). which
produces melamine upon fast
thermolysis.®® (The NH.CN linkage s
evident in 5-ATZ).

Conclusions

Despute its importance, the chemustry ot
the heterogeneous reaction zone at the
surface of a combusting solid has proved
elusive. However, much information is
now emerging from microscale simulation
experiments that are designed to mimic
the key conditions of combustion. Fast
thermolysis studies on thin films reveal the
nature of the chemical controls on the
burning rate of solids, and sometimes
even the mechanism of this reaction.
From this information, there appears to
be an increasingly bright future for alter-
ing and controlling the combustion char-
acteristics of solids.

Thomas Brill is professor of chemistry in
the department of chemistry, University of
Delaware, Newark, Delaware 19716, US.
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Thermal Decomposition of Energetic Materials 60. Major
Reaction Stages of a Simulated Burning Surface of NH,CIO,

T. B. BRILL," P. J. BRUSH, and D. G. PATIL
Department of Chemisiry, Unuersity of Delaware, Newark. DE 19716

Muior stages of pyrolysis that occur in a heterogencous gas-condensed phase layer of NH,CIO, (AP)
representative of the burning surface are described. T-Jump, FTIR spectroscopy provides the sequence of
appearance of the gas products and the corresponding encryy balance of a thin laver of AP heated at
3000°C /s 1o H0°C under 13 atm Ar. Some HCIO,. but no NH .. escapes the reaction zone before sigmiticant
heat is released. NH; is oxdized to NO,. N.O. and H.0. At least some of the N.O may resuli from
JHNO — N.O + H.O. As the decomposition rapdly accelerates and hecomes strongly exothermic. NO und
H.O are formed in large amounts and no more HCIO, 15 cvolved. In agreement with previous Kinetic
schemes, these observations are consistent with the farge intiuence of HCIO, ~ HNO - NO - (10, + H.O
in the overall rate. The acceleration of the process mav result from growth in the HNO concentration. The
tinal product concentrations gualitatively resemble the product profiles determined by microprobe-mass
spectrometrv of the AP flame. Dwnamic weight loss ot an AP flm determined by SMATCH/FTIR

spectroscopy extrapolates reasonably weil to the burn rate of AP measured with a combustion bomb.

INTRODUCTION

In excess of 1000 reactions may be involved in
the decomposition and combustion of ammo-
nium perchlorate (AP), NH,C10O,, [1] because
of the presence of four elements and the full
range of oxidation states utilized by nitrogen
and chlorine. A limited chain reaction scheme
of 10 reactions employed by Guirao and Wil-
liams [2] to model AP combustion was ex-
panded to 80 reactions by Ermolin et al. {1}, w0
simulate the gas products in the flame zone
measured by microprobe-mass spectrometry [3].
Of the many reactions, Guirao and Williams
[2) and Ermolin et al. [1] both emphasize the
important role that reaction 1,

HCIO, + HNO = NO + C10, + H.0, (1)

plays in controlling the rate of the gas-phase
scheme.

Although insight is obtained by using laser
pyrolysis-mass spectrometry ‘4}, it would be
valuable to have additional experimental evi-
dence of the major steps given the complexity
of the rcaction scheme. T-Jump/FTIR spec-

" troscopy 5] has the potential to provide evi-

* Corresponding authoc.
0010-2180,/91 /36,00
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dence of reaction | as well as other aspects ot
the rapid decomposition mechanism of AP.
This is because T-jump/FTIR gives the se-
quence of gas products formed in the hetero-
geneous gas-condensed phase and correlates
this simultancously with the overall cnergy bal-
ance (6, 7). For example, during the rapid de-
composition of bulk AP, a drop in the HClO,(g)
production accompanied by a sharp rise in the
NO and H,O concentrations during the stage
of rapid heat release would be good evidence
for reaction | in the heterogeneous gas-con-
densed phase.

In this article a filmlike sample of AP repre-
sentative of the reacting surface was heated at
about 2000°C/s to a temperature resembling
that during burning, while the gas products
were followed in near real-time by rapid-scan
FTIR spectroscopy. The results support the
important role of reaction 1, as well as indicatce
oth.r details of the rapid decomposition mech-
anisi of AP.

EXPERIMENTAL

Finely powdered AP was dried in vacuum for
24 h prior to use. T-Jump/FTIR spectroscopy
has been described elsewhere [S]. Approxi-
mately 200 ug of sample was thinly spread on

Copynght © (991 by The Combustion Institute
Published by Ehcvier Sience Publishing Co., inc.
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THERMAL DECOMPOSITION OF ENERGETIC MATERIALS 7

a Pt ribbon filament that is housed in a gas-tight
IR cell having about 25 ¢m’ internal volume.
The cell was fushed with Ar and pressurized
to 13 atm. The filament was heated by a power
control unit at about 2000°C/s (the T-jump)
to a known constant temperature in the 440~
340°C range. Control over the filament was
achieved by rapidly sensing its resistance. En-
dothermicity and exothermicity of the sample
is detected by monitoring the control 1oltage
required to maintain constant resistance. The
difference control voltage s obtained by sub-
tracting the voltage of the filament without
sample from the voltage when the sample is
present. A negative slope represents an
exotherm of the sample.

Because of the small mass of the sample. its
temperature is relatively uniform. However. the
interfacial heat transfer is complex [8). The
sample and the filament form a reaction zone
that contains the gas and condensed phase in
close contact with the heat source. From the
point of view of the chemistry of the het-
erophase surface, this condition qualitatively
resembles a surface during combustion. In-
stcad of forming a flame. the decomposition
products are quenched by the cool Ar atmo-
sphere. They rise by convection into the IR
beam of a Nicolet 20SXB rapid-scan FTIR
spectrometer. The beam is about 3 mm above
the sample surface. Collection of compiete IR
spectra everv 10U ms gives the identity, se-
quence of formation, and relative concentra-
tions of the products.

The IR absorbances for each product were
converted to concentrations by multiplying the
absorbance of a characteristic vibrational mode
by a factor derived from the absolute ab-
sorbance {9]. In this way the rate of evolution
of the product is ascertained. Unfortunately,
the IR inactive products O. and Cl. are not
detected and exist in a substantial amount.
H,O is also detected in large concentration
but was not quantified. Two different concen-
tration scaling factors for 31Cl have been given
previously (9. 10] because of different interpre-
tations of the original report [11]. For the work
described in this anticle. the factor of 1.3
(relative to 1 for CO,) was used 1o scale the
absorbance [9] and is regarded as the most
rehable value because it 18 buased on direct
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measurement of the intensity ot the HCl vibra-
tion-rotation mode at 2820 ¢cm "' for known
partial pressures of HCl and CO..

The SMATCH/FTIR techniques and data
reduction methods have been described clse-
where [12-15]. In SMATCH/FTIR spec-
troscopy, Simultaneous M-Ass and Tempera-
ture CHange measurements are made along
with an FTIR spectroscopy determination of
the gas products. Briefly. a film of AP having
about 60 um thickness and about 900 pg mass
was coated onto the stainless steel end-tip of
the quartz vibration element by repeatedly dip-
ping the tube into an aqueous acetone solution
and drving by evaporation. The rate of weight
loss during heating at 250°C /s was determined
by the change of the vibrational frequency of
the tube. A thermocouple spot-welded to the
metal end-tip provided a real-time tempera-
ture measurement. The initial 30% of weight
loss was fit by the polynomial equation

- a= Za,l'. (2)

t=0
This polynomial and its first derivative yield
| - a, and da,/di, respectively for use in Eq.

3. where a is the fraction of the sample de-
composed [13-15}):

| [da 1 y E,
" (1 -a)" RT

(3)

Equation 3 was found to be linear with n = |
and, by use of the temperature of 617 K at
25% of weight loss, was solved for the prefac-
tor A (5.1 x 10’ s™') and the global activation
energy E, (9.0 kcal/mol). These kinetic con-
stants apply only at the pressure and tempera-
ture conditions of the experiment. They do not
reflect a chemical mechanism. The regression
rate of the film. 7, was calculated by a moditied
version of the pyrolysis law,

i-/’l,‘lh¢<f.‘,:ﬂ, (4)

whire A is the film thickness given above.
Equation 4 is valid if & is approximately the
thickness of the surface reaction zone during
combustion at 1 atm. A value of 7 = 0.011
cm /s way obuained.
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REGRESSION RATE OF AP

The burn rate of bulk nitramine monopropel-
lants, such as HMX, RDX. and DNNC [6. 7],
and energetic polymers. such as glycidvl azide
polymer and nitrocellulose {13, 14], extrapolate
reasonably well to the regression rate com-
puted from the Arrhenius data for rapid weight
loss determined by SMATCH/FTIR spec-
troscopy {7. 12-13]. Hence. the heat fow into
the film and to the burning surface scale rea-
sonably well to one another. All the forenamed
materials decomposed from the same phase at
the temperature and pressure conditions of
both the SMATCH and the burn-rate tests, In
cach case. Eq. 3 could be linearized by the
choice of n = 2.

AP is different. The surface temperature of
burning AP is believed to be approximately the
melting point of about 560°C, while the tem-
peratures reached in the SMATCH/FTIR
study are only 300°-400°C. Consequently. the
SMATCH data and the combustion bomb data
probably apply to AP decomposing from dif-
ferent phases. As a result. it is possible that the
regression rates obtained in a combustion
bomb at high pressure will not extrapolate to
the SMATCH regression rate at 1 atm. Figure
1 shows that the AP burn rate data of High-
tower and Price {16] on singlc crystals of AP
predict approximately twice the bum rate than
is measured by the SMATCH technique. The
AP data are unusual in that a value of # = |
was nced to linearize the SMATCH data in
Eq. 3. The form of Eq. 3. therefore, might
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Fig 1. A comparison of the extrapolaicd regressson rate of
sngle crystal AP messured i 3 combustion bomb (ref 18)
to that of 3 Bim calasiated from SMATCH/FTIR data.
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depend on the phase during decompaosttion.
This detail was not examined further because
the decomposition mechanism of AP is more
the central issue.

DECOMPOSITION PROCESSES

It is not universally agreed upon whether heat
is released [2} or consumed [17] in the con-
densed phase of burning AP because the heat
balance is sensitive to the pressure and tem-
perature conditions (4] It is widelv accepted
that significant chemastry can occur in the sur-
face layer. Determination of the reactions s
experimentally very ditficult because the sur-
face layer is spaciallv thin and transient during
combustion. However. an instantaneous simu-
lation of the burning surface can be obtained
by rapidly heating a thin film of matenal to the
buming surface temperature. Sume confidence
in this simulation is gained by the fact that the
burn rate of pure AP i 4 combustion bomb
extrapolates reasonably well to the rate of
weight loss of a rapidlv heated thin film, as
described in the preceding section.

The sequential chemistry of this heteroge-
neous gas-condensed phase layer can be
stretched over several seconds and studied by
T-jump/FTIR spectroscopy [5-7). The en-
dothermicity or exothermicity of the overall
process at c¢ach time s obtained from the
difference control voitage trace of the Pt fila.
ment. The gas products are liberated into a
cool nonseactive atmospherc where they arc
quenched and detected. Although ounly the
more stable products are observed. these prod-
ucts initiate much of the oxidizer flame chem-
istry and come from the pvrolysis process m
the heterophase surface.

Scveral comments about ihe [R spectra will
help clanify the discussion, Absorbances ind:-
cating the formation of a farge amount ef H O
vapor grow dunng the decompasition of Al
We have difficulty specifytng the exact amount
of H.O because the complex rotatwn-vibra-
tion fine structure is overlapped by other ab-
sorptions. However, the large concentration ot
H,O vapor complicates the descniption of
HQO,. HCL. and HNO, becausc both the
anhydrous and hydrated forms of these acids
are poientially present in the vapor phasc.
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Also. the concentrations of IR nactive prod-
ucts. such us Cl, and O,. are not determined
in this article but are ¢stablished elsewhere by
mass spectrometry (1. 3] Despite these dJitfi-
culties the IR active gas products that are
detected before. during, and after the major
heat release stage are evidence of the dom-
nant reactions that occur in the surface layer
of burning bulk AP.

Pre-exotherm Processes

If, as is frequently thought (18], the surface
temperature of burning AP at elevate? pres-
sure is 2 360°C. the decomposition reactions
are likely to occur too quickly to detect se-
quential events by rapid-scan FRIR  spec-
troscopy. However, justification custs for using
a somewhat lower temperature to study the
decomposition mechamism. The surface tem-
perature is about 330°C at ! atm {I7] The
surface temperature of about 360°C occurs at
the low-pressure deflagration limit ol 20 aim

for AP having an initial temperature of 25°C.
The surface lemperatures measured by Se-
leznev et al. [19] at vanous pressures and ex-
trapolated to 13 atm yield a surface tem-
peratures of about $UPC. Therefore. the rapid
thermal decomposition of AP was studied here
at 13 atm Ar on a sample heated at 2000°C /s
10 44°C. Even if this temperature is unrealisti-
callv low for practical combustion conditions.
the Bnal gas products from AP decomposition
at ditferent temperatures in the H0°-530°C
range are tound to be gquite similar. Conse-
guently. the overall decomposition mechanism
appears to be simalar in this temperature range.

Figure 2 shows the change of concentration
of the gas products from AP measured from
the absorbances by rapid-scan FTIR spec-
troscopy. along with the heat balance that i
sensed by the controt voltage of the Pt fila-
ment. IR active gas products are first detected
at about 3 s and consist of HNO,. NO., N.Q.
H.0. HCIO,. and HCIO, taq} The ase in gas
product concentrations over the next few sec-

0.4 -
0.35—; NOCI APPEARS  NO
0.3-

A3SOLUTE ABSORBANCE

| _OFFERENCE VOLTAGE

TME (SEC)
Fig 2 Tump/FTIR dats for 20 ug of AP heated st OUU, 1 to $0C wnder 1) atm A Gradual
decompasition occurs wutially wth siow growth s the IR acteve gas products sad shght caothermaty (ncgatre
sloping of the control voltage). At the caotherm, NO. H,O (a0t shown . and HCl spske. Fumal concentrationm are
reached at 10 3 after the gas duturbance » the cell setties down
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onds indicates that the amount of sample de-
composing gradually increases. The ovenall
process is exothermic because the control volit-
age acquires a slight negative slope during this
time.

The initial decomposition reaction of AP is
widely regarded to be dissuciative evaporation:

NH,CIO,(s) — NH (absd) + HCIO,(absd)
—~ NH (g) + HCIO,(g) ()

Evidence of this reaction exists below 3 aim
where the recombination of NH,(g) and
HCQIO,(g) to form NH,CIO, (acrusol) 15 ob-
served in the IR spectrum. Below 13 atm Ar.
Fig. 3 shows that no NH,ClO, (aerosol) and
NH, (uide infra) are detected. but that HCIO,
is present. mostly in the hydrated form. The
fact that some HCK), survives to reach the
cool atmosphere. whereas NH; does not, may
simply result from the fact that AP is over
axdized. Not all of the HCIO, is nceded to
oudize NH,. Hydrated HCIO, from AP was
confirmed by the match of the CI0,” asvm-
metnic stretching mode with that of the gas

cm» -
r ’CK)’
0300 > ;’\
?m{,"\\
carr - WCIO, }\\
LA A :
« .’..‘{' \-’ ; \\\\
T : A :
‘ PO WA
unE i f’\\ \f-“u”“l‘
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.“f o : ‘{ \,:1‘%\"
huf- :
: i

H ! ‘
(Y ] ‘- N \
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Fig ) IR wpocira of e (N0, awwmemetrc wrsschung
repon Gat phaae over (A) AP hefare cantherm shaowng
Iydcased and sabwdrom HQIO,. (B) A 70% HOX), e
ton hemed o the Sliament. (O Sold AP showwng that
e or a0 NH OO, snvemol forms = AL
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phase abeve a rapdly heated 707 HCIO, wilu-
tion.

The complex multiplet from the asymmetric
Cl-O stretching mode ot anhvdrous HCIO,
averlaps 2 mode of HNQO,, but resembles the
reported spectrum (0] The absence of
NH,C10, (aerosol) s indicated by the fact that
the C10, " absorptions in Fig. 3 do not mawck
NH,C10, (solid). Figure 4 shows that the O-H
stictching region ol the gas products above
decomposing AP betore the exotherm closely
resembles that of vaporized aqueous HCIO,.
HQ g} and hvdrated HCL discussed in the
next section. are absent or present in an unde-
tectable amount. The observation of HCIO,
and absence of HClin this stage of the expen-
ment alleviates concerns that the Pt flament o
cherucally involved 10 the gas products ob-
served. Platinum s known to catalyze as {21!

HCI0, —— HC! - 20. (o

but apparently Joes rot Jo so significantly un-
der the conditions <f these expenments. Even
the gas phase above 707 HCIO, that has been
heated on the Pt filament contains no HC!
thig. 5}

The NH, from reaction 3 s ondized veny
rapedty 1n the hot heterogencous  gas-con-
densed phase rone by HCIO, No NH, sur.
vives to reach the IR beam because the inver.
00 doublet at 965 and 932 cm s absent i
Fig. 3 The reduction product of HCIO, » (1.

v
’
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E 0 e e 20 e

A svenumber
Fg 1 M worxara of e OH ureschan: regem of the g
phane ower 11 AP Wefore “he cuwherm (8! V% MO,
hested an the Mamemt Onaby wdeascd HOXD), o prewent
before the captherm
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som } H.C are fully consistent with 1 major role of

' i reaction 1n the acceleratery exothermic phase

el SRRV ' of AP Jdecompusition. Reaction | increases in
ol \ l importance and ultimately controls the overall

”""’"4} A , rate because HNO accumulates with time [1].
I \ ' At the time whea reaction | Jominates the

Frg 3 The OH and HCI IR srcicheng regwon e ga
phase ver (A) AP after the cwiberm showing that anby-
drous HCL. Bedrated HCL amd hvdrsted HOW, sec sl
peesent. (B) Aqueovus " e HO), vaponzed from the
Slamcnt. () Aqueoss 073 HUT vapurized from the Rl
exn

because na HCY (g). hydrated HCL or NH,C
{aerosol) 1s observed in this stage of decompo-
sition. NO,. N.O, HNQ,, and H,O are piod-
ucts of ammoma anxfation. HNO, may umply
result from hydrolysis of NO. and. as such,
would no! be an important product were 2
flame present. N.O can form by {1}

HNO -~ N.O ¢+ H.Q i7)

Preventing the busidup of HNO (L idr infral by
reaction (7) would be one of the chemcal ways
that AP n able to decompoe skreh af Wmer
temperature without develoning 3 runaway re-
lcase of heat

The development and growth of exotherm of
the AP m Fig 1 » a sharp cvent. The gas
product concentratsons dunng the cxotherm
are vnusual | the accuneace of e large
pubs: of NO. HQL and H.O The H(YO, coe-
otatration remasns at or beiow the pre-exo-
thenn kvl The behavor of HCI0,, NO, and

1690

rate. reacuon 7 is largelv bypassed ay evi-
denced by the fact that the final concentration
of N.O is only approumatcls double the pre-
exotherm vaiue. Because of therr reactivity and
short-life time at the temperature ol the exper-
iment. HNO and C10. are not detected. In
fact. for the same reason. no chlonine vades or
HQIO are obsened here, but they are by mass
spectrometry (1. 3] HNO has also been de-
tected by mass spectrometry in the decomponi-
pon of AP [2: .

After the cxothesm. nonumiform turbulent
muung and deflection of the [R beam caused
by the change of refracine tndex of the goses
buth perturb the concentration profiles. The
steady -state concentrations are reached about
2 s after the exotherm. but are affected by
several secondary reactions. The partwular re-
actions mav nut be important in the Hame zone
where the temperatuie rises siceply in the gas
phasc. An lestration of how care 13 needed 1n
nterpretir. the IR spectra of the gas products
13 shuma n Fig. 3. Foilowing the cxotherm. the
O-H stretchung regon of the gas phase s the
composite of hydrated HUI0, vapor. hydrated
H(C vapor, and anhvdrous HCT Figure § con-
trasts with Fig 4 of ths repon before the
swtherm where ondy Avdrated HCIO, v de-
tected.

An indicatian of the roke of perturbag sec-
ondary reaxctins and the uarcerisiness of the
chemxal mechannms o olzaned by compar-
mg the fieal concentrations in Frz 1 to thase
menwred by macroprobe -mass specteametry of
the AP flam: at | atm {.] Tablc | grves the
relatve concontr-tom of the meswred prod-
S comman @ thewe two wudies. In the
broad wemae the pattem 1 the ume. whch n
gratfnng prven the ven different cxpenmental
conditsnns. The flame roae and fau ihcrmoly.
srs mothods agree that NO. and N.Q have
relatrvely low and about equal coniintrathwon
Aiso. bolh methods sndwcate that the HC and
NO ncentranons  are conuderanly  hagher
than N.O and N ot duagree on the map-

@.
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TABLE {

Gas Praducts from Rapid Pyrolysis of AP { > 10°C)
Quantified by Two Methods

Mass Fraction Relative Absorbance

(mass spectrometry)’ (IR spectroscopy)”
HCl 012 0.24¢
NO 010 033
NO, 004 003
N.O 0.03 0.04

‘1.3 em above surfitee in flame zone at 1 atm {ret, 1)
* L30°C under 13 atm Ar tthis work).
“ Anhvdrous HCL

nitude of the difference. In reality, the true
NO concentration is underestimated to some
extent in the fast thermolysic Jata because an
absorbance at 1800 cm™' indicates the pres-
ence of NOCIL NOC! fer;as by

INO + Cl, — 2NOCL, (8)

but cannot be quantified for the lack of abso-
lute absorbance data. The HCI concentration
is also somewhat underestimated in the fast
thermolysis data because the quantified amount
shown is only from HCl(g). Aqueous HCI va-
por is also present as shown in Fig. 5. Although
the mass spectral and IR analysis do not agree
quantitatively, the similar trends give confi-
dence that these two techniques describe the
same chemistry.

The importance of Cl~O homolysis of HCIO,
in initiating and perhaps controiling rapid de-
composition of AP has been repeatedly em-
phasized in many studies. In the present study
a case can also be made for a fundamental role
for HNO in the same sense that products of
both the early stage and erothermic stage are
consistent with reactions of involving HNO.

We are grateful to the Air Force Office of
Scientific Research, Aerospace Sciences, for sup-
port of this work on AFOSR-89-0521.
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FTIR SPECTROSCOPY FOR SURFACE PYROLYSIS
PHRENOMENA AND FLAME DIAGNOSTICS

Thomas B. Brill

Department of Chemistry
University of Delaware
Newark, DE 19716 USA

INTRODUCTION

Chemical description of the combustion and explosion of bulk
energetic uaterials continues to be one of the greatest challenges
to the energetics community. Laser diagnostic and microprobe mass
spectrometry are established techniques for cha_acterizing the
homogeneous flame zone in terws of the species, concentrations and
the temperature profile {1]. A particularly daunting problem has
been the chemical description of the heterophase reaction zone at
the surface of a burning propellant. The chemistry of this region
is important because it connects the tlame charzcteristics to the
formulation of the propellant. During ~ombustion, this condensed
phase-to-gas phase transition zone is sp:cially trin, has a steep
temperature gradient and has a microstructure of mixed phases that
are shown in Figure I. No
experimentally-based
D”:FUS'ON FLAME description ¢f the cheaical

details of this reaction :zone
has be=n possible while the

DARK ZONE - {lane is present. An

alternate approcach to gain he

PR'MARY CLAME required information is to

- sisulate the conditions of the
RIS S surface rone in a sanner that
&N FlZZZONE, P enables spectroscopic

W D A e D rs & P diagnostics to be conducted.

Hence, the larger part of this
article is devoted to the use
of FTIR spectroscopy tc
characterize dynamically the
simulated surface reaction
1one of a burning prepellant.
The applications of FTIR
spectroscopy to characterize
the flcwme zone couciude the
articile. Tre J4se of FTIP
spectroscopy to characteric:
recovered samples or with
time-delayed analysis s not
Figure 1. ®he generalised 1i-0 covered Dbecause of space
surface reactios some of a limita..ons.

buraing propellant

Ve //
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FTIR SPECTROBCOPY

FTIR spectroscopy has the advantage over dispersive IR methods when
high energy throughput, rapid data acquisition and broad band IR
spectra are required. For real or near real-time data acquisition,
a research grade rapid-scanning FTIR spectrometer (RSFTIR) is
invaluable. Fortunately, commercial instrumentation is available
so that little space nceds %o be “evoted to the theory and practice
of FTIR spectrometry (2].

The RSFTIR spectrometer takes advantage of the fact that both the
forward and reverse motions of the moving mirror of a Michelson
interferometer czrn generate all of the spectral informatior. This
fact, coupled with a high wmirror velocity and a very stable
interferometer, allows wmid~IR spectra to be collected at 60~80
scans per second with 16-32 cm’' resolution. A mercury-cadmium-
telluride (MCT) <Jetector and digital signal processing provide a
low noise signal in which absorbances from all IR active species
are clearly evident in a single-scan spectrum. The interferogranms
acquired in this way are stored independently by fast analog-
digital transfer with the time attached to each interferogram. A%
a later time, the interfercgrams are transformed to spectra. The
operator can manipulate manv of the parameters of the data
collection and Fourier transformation to optimize the scan speed,
resclution and spectra details. We settled on a scan speed of ten
scans/sec at 4 ca'' resolution as optimal for our research.
However, a faster scan speed could have been chosen while
sacrificing resolution. Modificaticns of the sample compartment
may also be required to be compatible with the conditions of the
experiment, For example, a h.gh temperature flame can heat the
optics and create interference patterns. This can be eliminated by
the use of vedged w:rndows.

Perhaps the most iamportant consideration 1in the soluticon of
combucstion and explosicn problems by FTIR spectroscopy 1s the
der.ign of sample cells that simulate the conditions appropriate for
the event being souyght. Most of cur effort has gone intc this area
and is Jdescribed next.

ANALYS81IS OF SURPACE PYROLYSIE PROCESSES BY FTIX S8PECTROSCOPY

FTIR spectrosc-opy is an effective method to identify and quantify
gases produced bv fast reactierns of solids and liquids, such az
burning encrgetic materiais {31}. When studying igniticn,
comustion and expicsion phenomena, the saaple must be heated

rapidly. To capture the izportart everts, the FTIR analysis Rost

be performed with ainizal tise dela bYetween the event and
analysis. Hence, the IR beam shou' 4 pe focused as close to the
reacting surface as jpossibla and the data collected by RSFTIR. [:
the gases arz evolved into a cco. non-reactive atmosphaie, they
wvill quench ani be d tected. Since the trime-delay between th=o
reacticn and the analysis is minimal, ®any ralatively teactive
species are observed vith concentrations more close to the orig:inal
than wvhen longer time-delays exist. Of course, the time (elay is
still large relative to the rates of the elementary reactions.
Nevertheless, the instantanecus relative concentrations of the
gases are observed that feed the flade zone, if a flame were
present. RAnalysis of the gas products can be 3ade if the flame is

present, but the flame zone products tend to dominate the reactive,
near-surtace products in this case.
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FTIR SPECTROSCOPY

FTIR spectrosco)y has the advantage over dispersive IR methods wher
high energy throughput, rapid data acquisition and broad band IR
spectra are required. For real or near real-time data acquisition,
a2 research grade rapid-scanning FTIR spectrovmeter (RSFTIR) is
invaluable. Fortunately, commercial instrumentation is availab'e
sc that little space needs to be devoted to the theory and practice
of FTIR spectrometry (2].

The RSFTIR spectroumeter takes advantage of the fact that both the
forward and reverse motions c¢f the meving mirror of a Michelson
interferometier can generate all of the spectral information. This
fact, coupled with a high mirror velocity and a very stable
interferometer, allows mnid-IR spectra to be collected at 60-80
scans per second with 16-32 cm’! resolution. A mercury-cadmium-
telluride (MCT) detector and digital signal processing provide a
low noise signal in which absorbances from all IR active species
are clearly evident in a single-scan spectrum. The interferograms
acquired in this way are stored independently by fast analog-
digital transfer with the time attached to each interferogram. At
a later time, the interferograms are transformed to spectra. The
operator can manipulate many of the parameters of the data
collection and Fouriey transformation to optimize the scan speeaq,
resolution and spectra details. We settled on a scan speed of ten
scans/sec at 4 cm’! resolution as optimal for our research.
However, a faster scan speed could have been chosen while
sacrificing resolution. Modifications of the sample compartment
may also be required to be compatible with the conditions of the
experiment. For example, a high temperature flame can heat the
optics and create interference patterns. This can be eliminated by
the use of wedged windows.

Perhaps the most important consideration in the =solution of
combustion and explosion problems by FTIR spectroscopy is the
design of sample cells that simulaie the conditions appropriate for

the event being sought. Most of our effort has gone into this area
and is described next.

ANALYSIS8 OF SURFACE PYROLYS8IS PROCESSES BY FTIR SPECTROSCOPY

FTIR spectroscopy is an effective methad to identify and quantify
gases produced by fast reactions of solids and liquids, such as
burning energetic materials (3). When stuvdying ignition,
combustion and explosion phenomena, the sample must be heated
rapidly. To capture the important events, the FTIR analysis must
be performed with minimal time delay between the event and
analysis. Hence, the IR beam should be focused as close¢ to the
veacting surface as possible and the data collected by RSFTIR. If
the gases are evolved into a cool non-reactive atwosphere, they
will quench and be detected. Since the time-delay between the
reaction and the analysis is minimal, many relatively reactive
species are observed with concentrations more close to the original
than when longer time-dalays exist. Of course, the time delay is
still large relative to the rates of the elementary treactions.
Nevertheless, the instantaneous relative concentrations of the
gases are observed that feed the flame zone, if & flame were
present. Analysis of the gas products can be made if the flame is

present, but the flame zune products tend tc dominate the reactive,
near-surface products in this case.
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processes in the btirning surface reaction zone is T-jump/FTIR
spsctroscopy ([4)}. The technique is based on recreating a "snap
shot" view of the reaction zone of a burning surface (Figure 1),
whicli is a thin laver of rapidly heated material. This scenario is
produced by T-jump/FTIR spectroscopy in which a thin film of
material is heated at 20000°C/sec to a constant chosen temperature
while simultaneously monitoring the heat flow to the film and
determining tbhe gasecus products released in near real-time.
Figure 2 shows lhe essential details of this experiment.

FTIR IR

Beam . © 1 Cetecter
E— % A

Fast Resgonse
Fowear Source

Control voltage

Y output

fhin flim of sample . }

simulating 2 surning pC f Pt ridbon
surface filament

Pigure 2. The T-jump/PTIR experiment

Typically, approximately 200 ug of polyciystalline sample is spread
on a Pt ribbkon filament thit is housad in a gas~tight IR cell
having abou* 25 cm® internal volume. The cell is flushed with Ar
and pressurized as desired. The filament is heated by a power
control unit at about 2006°C/sec to a constant temperature in the
240-500°C range depending on the sampile. Control is achieved by
rapidiy sensing the Pt resistance. Endothermicity and
exothermicity of the sample is detected by monitoring the centrol
veltage required to maintain constant resistance. The difference
control voltage i~ obtained by subtracting the voltage of the
filament without sample from the voltage when the sample is

present. A negative excursion represents anr exotherm of the
sample.,

Because of the small mass, the sample temperature is relatively
uniform. However, the interfacial heat transfer is complex. The
sample and the filament form a reaction zore that contains the gas
and condensed phase in close contact with the heat source. From
the point of view of the chemistry of the heterophase surface, this
condition qualitatively resembles a surface during combustion.
Instead of forming a flame, the decomposition products rise into
and are gquenched by the cool Ar atmosphere. The beam of the RSFTIR
spectroneter is positioned about 3 mm above the sample surface.
Collection of complete IR spectra every 100 msec gives the

identity, sequence of formation, and relative concentrations of the
procducts.

The IR absorbances of each product are converted to concentrations
by muitiplying the absorbance of a characteristic vibratjional mode
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by a factor ¥ derived from the

Table 1 absolute absorbance [5]. Table
The Muitiplicstive Factor F used in Relative 1 gives the values of F used.
Percent Concentraon Calculations In this way the rate of
evolution of the product is
-1 N .
| Gas Absorbance, cm F ascertained. IR  inactive
co., 2349 (R) 1 ?roducts are not detected. H,0
= is frequently detectad but was
HNCO 274 (K) 1.5 nct quantified.
l N,O 2224 (R) 2
surface Chemistry of Nit
co 2143 (P) s | ry ramines
NO 1876 (R) 32 Nitramines, such as HMX and RDX,
are especially important as
CHyO 1744 (R) 15 minimum smoke, high energy
HN 1709 8 gxploglve and prope{lant
% ingredients. The decomposition
NO, 1621 2 of HMX (6] and RDX [7] is
similar and so only RDX will be
NH, 968 (Q) 5
HONO (cis) 856 (Q) 3.2 1 N
_N
HONO (trans) 794 (Q) (T rox < > Hrx
HCN 13 (@ 3 o’ o ot~
CH, 3020 (Q) 1
CH, 949 1.5 Figure 3 shows T-jump/FTIR data
H 729 74 for a thin film of RDX heated at
GH, i 2000°C/sec to 263°C and then
HCl 2974 (R) 10.3 held isothermally while IR
_ spectra of the near-surface gas
‘retereace corpound products are recorded. The
Sestimated o global decomposition branches,
“sum of cis and trans inteasity Rl and R2 occur for bulk RDX and

HMX. Rl and R2 imply that N,0
and NO, should form simultaneously with CH;0 and HCN. This is not
found at any temperature studied. Rather, N,0 and NO, appear before

RDX — 3 (N,0 + CH,0) (R1)
RDX — 3 (NO; + HCN + H) (R2)

CH,0 and HCN, which form from the residue left by elimination of N,0
and NO,. This residue is a mixture of products 1like
hydroxymethylformamide and acetamide [8-11], which decompose and
delay the release of CH,0, HCN and HNCO [11,12].

The total TR akisorbance of the products accelerates between 3.5 and
5.0 sec despite the constant heat flow from the filament, which
implies that autocatalysis occurs in this stage of decomposition of
HMX and RDX. Moreover, the control voltage trace in Figure 3
reveals only mild exothermicity between 3.5 and 4.5 sec when R1 and
R2 dominate. Thus, these reactions release little energy in the
condensed phase.

A runaway exotherm develops at 4.5 sec. The secondary reaction R3
appears to be responsible because CH,0 and NO, are consumed as NO,
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CO, and H;,0 appear. Fiqgure 3 shows that more NO than CO forms in
5CH,0 + 7NO, — 7NO + 3CO + 2CO,; + S5SH,0 (R3)

accordance with R3. R3 is highly exothermic as written (AH = =320
kcal) and, by the large exctherm in Figure 3, it is the main source
of heat in the heterugeneous condensed phase. These conclusions
also apply at 360°C (Figure 3) except that the t.me-scale is
compressed. Hence, tiiis description of the decomposition of RDX at
263°C applies as well at the surface reaction zone temperature (350
- 400°C) during combustion. However, the branching ratio of Rl
and R2 depends on temperature and favors R2 at higher temperature
[6]. This finding is illustrated by Figure 4, where the final

L263°C 360°C
c c
~H,0 appears o

‘g N02 2 PP - No2
‘B @
LA — JERSRR—— 8. ,
g' Difference | ¥ £ 4,0 appears
o | Voltage [ o
O i Q
2 3 Difference Vaitage
Q ol "‘ & ;
> CH,0 2 by NO i
g —NO SN / |
@ N2O 0 20\ HCN
o HCN o } / NO,

HCN TNOLNO,  cH,0 70,0

% i ~ fco

2 HNCG
. =L HNCO 1 =
2 3 4 5 6 7 0 1 2 3 4 5

Time (sec)

Time (seE)

Figure 3. The gas products and heat change of RDX
at 263°C and 360°C under 4 atm Ar

2.3
2.1+

= — ky/ky(A)
+--- final gas product ratios (B)

0.5 —
260 280

T ¥ T T

300 320 os«io . 360 380
Temperature ( C)

Figure 4. The calculated and experimental temperature
dependence of the R1/R2
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N,0/NO, product concantration ratio is plotted vs. the temperature
to which the sample was T-jumped. Also shown is the ratio of the
rate constants k, and k, representative of Rl and R2, respectively,
given by Melius (13j. The agreement in the trends is reasonably
good indicating that the rates of the semi-global decomposition
branches Rl and R2 can be experimentally verified.

k, = 10" exp(-36000/RT) sec

k, = 2 x 10! exp(-45000/RT) sec

surface Chemistry of NH,ClO,

in excess of 1000 reactions may be involved in the decomposition
and combustion of ammonium perchlorate (AP), NH,Cl0,, (14] because
of the presence of four elements and the full range of oxidation
states utilized by nitrogen and chlorine. A limited chain reaction
scheme of 10 reactions employed by Guirac and Williams [15] to
model AP combustion was expandad to 80 reactions by Ermolin, et
al., [14] to simulate the gas products in the flame zone measured
by microprobe-mass spectrometry ([(16]. 0f the many reactions,
Guirao and Williams and Ermolin, et al., both emphasize the
important role that R4 plays in controlling the rate of the gas
phase scheme.

HClO0, + HNO — NO + Cl10, + H,0 (R4)

T-Jump/FTIR spectroscopy (4] has the potential to provide evidence
of R4 as well as other aspects of the rapid decomposition mechanism
of AP. For example, during the rapid decomposition of bulk AF, a
drop in the HClO,(g) production accompanied by a sharp rise in the
NO and H,0 concentrations during the stage of rapid heat release
would be good evidence for R4 in the heterogeneous gas-condensed
phase. Figure 5 shows the change of concentration of the gas
products from AP measured from the absorbances by RSFTIR, along

0.4 !
0.35 Noct APPEARS  NO
w
€ o0.3- .
< DIFFERENCE VOLTAGE
& (25 - |
Qv .
%; Ax0.25 ;
41| .
’-— ! |
5 0.15 1 HCIO4 AND H20 J
o 4
? 0.1
< e 7
0.05 - ' v N20
0 .J anaeiies0saa0a "‘""‘"" Va ' . Ra !
4 6 8 10

TIME (SEC)

¥igure S. Gas products and the heat change of NH,Cl0, at 440°C
under 13 atm Ar
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witn tne neat patance sensed by the Pt control voltage ([17].
Before the exotherm, IR active gas products are first detected at
about 5 sec and consist of HNO,, NO,, N,0, H,0, HCl0,, and HClo,(aq).
The rise in gas product concentrations over the next few seconds
indicates that the amount of sample decomposing gradually
increases. The overall process is exothermic because the control
voltage acquires a slight negative slope during this time.

The initial decomposition reaction of AP is widely regarded to be
dissociative evaporation RS5. Evidence of this reaction exists

NH,C10,(s)— NH;(absd) + HClO,(absd)— NH,(g) + HClO,(g) (RS)

below 3 atm where recombination of NH;(g) and HCl0,(g) to form
NH,C10,(aerosol) is observed in the IR spectrum. Below 13 atm Ar,
no NH,C1C,(aerosol) and NH, are detected, but HClO, is present,
nostly in the hydrated form. The fact that some HCl0, survives to
reach the cool atmosphere, whereas NH; does not, may simply result
from the fact that AP is over oxidized. Not all of the HClO, is
needed to oxidize NH,. Hydrated HC10, from AP was confirmed by the
match of the Cl0,” asymmetric stretching mode with that of the gas
phase above a rapidly heated 70% HClO, solution (17].

The NH; from R5 is oxidized very rapidly in the heterogeneous gas-
condensed phase zone by HClO,. No NH, survives to reach the IR beam
becaus: the inversion doublet at 968 and 932 cm! is absent. The
reduction product of HCl0, is Cl, because no HCl(g), hydrated HCl,
or NH,Cl (aerosol) are observed in this stage of decomposition. NO,,
N,0, HNO, and H,0 are products of ammonia oxidation. HNO, may simply
result from hydrolysis of NO, and, as such, would not be an
important product were a flame present. N,0 can form by R6.
Preventing the build-up of HNO (vide infra) by R6 would be one of the
chemical ways that AP is able to decompose slowly at lower
temperature without developing a runaway release of heat.

2HNO — N,0 + H,0 (RS)

The development and growth of the exotherm of AP in Figure 5 is a
sharp event. The gas product concentrations during the exotherm
are unusual in the occurrence of the large pulse of NO, HCl and
H,0. The HC10, concentration remains at or below the pre-exotherm
level. The behavior of HC10,, NO and H,0 is fully consistent with
a major role of R4 in the acceleratory exothermic phase of AP
decomposition. R4 increases in importance and ultimately controls
the overall rate because HNO accumulates with time [14]). At the
time when R4 dominates the rate, R6 1is largely bypassed as
evidenced by the fact that the final concentration of N,0 is only
approximately double the pre-exotherm value. Because of their
reactivity and short 1life-time at the temperature of the
experiment, HNO and Cl10, are not detected. In fact, for the same
reason, no chlorine oxides or HClO are observed, but they are by
mass spectrometry (14,16). HNO has also been detected by mass
spectrometry in the decomposition of AP in other work (18].

The importance of Cl1-O0 homolysis of HC1l0, in initiating and perhaps
controlling rapid decomposition of AP has been repeatedly
emphasized in many studies. It is highly likely that a fundamental
role exists for HNO in the sense that products of both the early
stage and exothermic stage are consistent with reactions of
involving HNO. R4 plays a major role in the regression rate of AP.
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surface Chemistry of Ammonium Nitrate and Ammonium Dinitramide

Interest is growing in oxidizers that might replace AP in solid
propellants. Upon combustion, AP liberates HCl and H,0 that form
an environmentally undesirable plume of HCl(aq). Nucleation of H,0
into drcplets by HCl contributes to a prominently visible
signature. These detracting features have rekindled interest in
ammonium nitrate (AN). Unfortunately, AN has a low surface
temperature and a low burn rate. The decomposition chemistry of AN
is largely responsible for the low energy release. For example,
two major decomposition reactions of AN, R7 and R8, are endothermic
and mildly exothermic, respectively.

NH,NO; — NH,(g) + HNO,(qg) (R7)
NHNO, — N,0 + 2H,0 (R8)

The decomposition of AN is compared to that of ammonium dinitramide
(ADN), NH,[N(NO;),] (19]. Unlike AN, ADN decomposes very rapidly.
Part of the additional energy release is attributable to the higher
heat of formation of ADN (-35 kcal/mol ([20]) compared to AN(-78
kcal/mol). Beyond this difference, the chemical reactions that
cause ADN to decompose very exothermically are not obvious because
the gas products from rapid thermolysis of ADN are similar to those
of AN. Both compounds liberate HNO,, NH,, N,0, NO,, NO, H,0 and N.,
although the mole fractions differ somewhat. By T-jump/FTIR
spectroscopy it seems likely that the reaction of NH; and NO, near
the surface plays a major role in driving the regression of the
surface (19].

0.45 0.05
DIFFERENCE VOLTAGE
(z) 0.4 4
& : TEMP.=383°C (~0.04
= 0.351 Mefting )
e " Rxn4(endo) | at
E 0.3 1 I | -0.03 g}
LéJ) } Rxn 3 {ex0) 4] rzn
0.25 - _ N20
Z 0.02 8
O 0.24 | Rxn 1 (endo/ <
}-z— l 1 Q
@ 9-157| Rxn2(exo) -0.01 4
T NH4NO3 63;
C.14
a m
a — 0
< 0.05
0 - -0.01

TIME (SEC)

rigure ¢. Gas products and the heat changes of MHNO, at 383°C
under 1 atm Ar. The reactions are shown in Scheme I.
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with the heat balance sensed by the Pt control voltage [17].
Before the exotherm, IR active gas products are first detected at
about 5 sec and consist of HNO,, NO,, N,6, H,0, HCl0,, and HClO,(aq).
The rise in gas product concentrations over the next few seconds
indicates that the amount of sample decomposing gradually
increases. The overall process is exothermic because the control
voltage acquires a slight negative slope during this time.

The initial decomposition reaction of AP is widely regarded to be
dissociative evaporation R5. Evidence of this reaction exists

NH,C10,(s)— NH,(absd) + HClO0,(absd)— NH,;(g) + HClO,(g) (RS)

below 3 atm where recombination of NH,(g) and HClO,(g) to form
ilH,C1l0,(aerosol) is observed in the IR spectrum. Below 13 atm Ar,
no NH,ClO,(aerosol) and NH, are detected, but HClO0, is present,
mostly in the hydrated form. The fact that some HCl0, survives to
reach the cool atmosphere, whereas NH, does not, may simply result
from the fact that AP is over oxidized. Not all of the HCl0, is
needed to oxidize NH,. Hydrated HCl1l0, from AP was confirmed by the
match of the Cl0,” asymmetric stretching mode with that of the gas
phase above a rapidly heated 70% HClO, solution [17].

The NH, from R5 is oxidized very rapidly in the heterogeneous gas-
condensed phase zone by HCl0,. No NH, survives to reach the IR bean
because the inversion doublet at 968 and 932 cm! is absent. The
reduction product of HClO, is Cl, because no HCl(g), hydrated HCl,
or NH,Cl(aerosol) are observed in this stage of decomposition. NO,,
N,0, HNO; and H,0 are products of ammonia oxidation. HNO, may simply
result from hydrolysis of NO, and, as such, would not be an
important product were a flame present. N,O can form by R6.
Preventing the build-up of HNO (vide infra) by R6 would be one of the
chemical ways that AP is able to decompose slowly at lower
temperature without developing a runaway release of heat.

2HNO — N,0 + H,0 (RS)

The development and growth of the exotherm of AP in Figure 5 is a
sharp event. The gas product concentrations during the exotherm
are unusual in the occurrence of the large pulse of NO, HCl and
H,0. The HCl0, concentration remains at or below the pre-exotherm
level. The behavior of HCl0,, NO and H,0 is fully consistent with
a major role of R4 in the acceleratory exothermic phase of AP
decomposition. R4 increases in importance and ultimately controls
the overall rate because HNO accumulates with time ([14]. At the
time when R4 dominates the rate, R6 1is largely bypassed as
evidenced by the fact that the final concentration of N;0 is only
approximately double the pre-exotherm value. Because of their
reactivity and short 1life-time at the temperature of the
experiment, HNO and ClO, are not detected. In fact, for the sane
reason, no chlorine oxides or HClO are observed, but they are by
mass spectrometry (14,16]}. HNO has also been detected by mass
spectrometry in tha decomposition of AP in other work [18].

The importance of Cl-O homolysis of HCl0, in initiating and perhaps
controlling rapid decomposition of AP has been repeatedly
emphasized in many studies. It is highly likely that a fundamental
role exists for HNO in the sense that products of both the early
stage and exothermic stage #re consistent with reactions of
involving HNO. R4 plays a major role in the regression rate of AP.
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gurface Chemistry of Ammonium Nitrate and Ammonjium Dinitramide

Interest is growing in oxidizers that might replace AP in solid
propellants. Upon combustion, AP liberates HCl and H,0 that form
an environmentally undesirable plume of HCl(aq). Nucleation of H,0
into droplets by HC1l contributes to a prominently visible
signature. These detracting features have rekindled interest in
ammonium nitrate (AN). Unfortunataly, AN has a 1low surface
temperature and a low burn rate. The decomposition chemistry of AN
is largely responsible for the low energy release. For example,
two major decomposition reactions of AN, R7 and R8, are endothermic
and mildly exothermic, respectively.

NH,NO, — NH,(g) + HNO;(g) (R7)
NH,NO, — N,0 + 2H,0 (R8)

The decomposition of AN is compared to that of ammoniuwm dinitranmide
(ADN), NH,[N(NO,;),] {19]. Unlike AN, ADN decomposes very rapidly.
Part of the additional energy release is attributable to the higher
heat of formation of ADN (-35 kcal/mol [20]) compared to AN(-78
kcal/mol). Beyond this difference, the chemical reactions that
cause ADN to decompose very exothermically are not cbvious because
the gas products from rapid thermolysis of ADN are similar to those
of AN. Both compounds liberate HNO,, NH,, N,O0, NO,, NO, H,0 and N,
although the mole fractions differ somewhat. By T-jump/FTIR
spectroscopy it seems likely that the reaction of NH; and NO, near

the surface plays a major role in driving the regression of the
surface [19].
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0.25 N20
5 -0.02 &
O 0.2- Rxn 1 (endo/_ <
- I = / l (rQ
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rigure 6. Gas producots and the heat changes of MENO, at 383°C
under L atm Ar. The reactions ars shown in 8cheme I.
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Although pure AN will not burn at 1 atm, a sample can be driven by
the T-jump method to a temperature that is at or above the measured
surface temperature of AN burning at 25 atm or above (300-350°C
(21]). Figure s shows the gas products and thermal response of a
200ug film of AN heated at 2000°C/sec to 383°C and held at 383°C.
The concentration data in this plot are based on the scaled growth
of the IR absorbance values for each product. The superposition of
several stoichiometric reactions is indicated. O0f course, many
elementary steps are imbedded in each of these stoichiometric
reactions, but they are not determinable by T-jump/FTIR
spectroscopy.

The first event is rapid endothermic melting of AN as indicated by
the upward deflaction in the difference control voltage trace. The
control voltage decreases upon completion of melting from 0.5 - 1
sec. The process turrs markedly endothermic again at about 1 sec.
This second endothermic event corresponds to the appearance and
growth of AN aerosol. AN aeroscl forms from the endothermic
dissociation of AN and desorpticn to HNO,(g) + NH,(g), followed by
recombination of NH, and HNO, in the gas phase (Scheme I, reaction

SCHEME I. PROPOSED REACTIONS THAT ACCOUNT FOR THE PPODUCTS OF HIGH
TEMPERATURE DECOMPOSITION OF AN (see Fiqure 6).

Approx &H, kcal

A. 4[NHNO,(l1) — HMO, (g) + NH,(g) — NH\NO,(solid aerosol)]4(44)°F
B. 3[SNH,NO,(1) — 2HNO, + 4N, + 9H,0] 3(-35)

C. S[NH,NOy(l) — N,0 + 2ZH,0) 5(-13)

D. 4NHNO,(1) —+ 2NH, + 3NO. + NO + N, + SH.O 81

A-D?. 28NH,NO,(1) — 6HNO, + 3INC, + NO + 2NH, +
5N,0 + 13N; + 42H,0 + 4NH,NO,(aerosol} 87

! AH for the desorption step only (see text).
? Gives the approximate IR active ras product ratios at 2 sec at
383°C (Figure 6).

£). Only the endothermic first step af rezction A 1s included in
AH given for reaction A because the second step occurs in the
cooler region of the cell away frum the filament. Hence, the
exothermic second step is not sensed by the filament However, a
white smoke of AN aeroscl is visually observed.

Despite the continuation of reaction A throughout the decomposition
process as evidenced by the growtl:: of the AN (aerosol)
concentration, the decomposition process becomes less endothermic
again at about 2 sec. H,0 (not quantified) and excess HNO, form at
this time which is consistent with the occurrence reaction B. This
reaction is known and its «nthalpy has been deduced [22)]. It is
exothermic and would reduce the overall endothermicity of the
decomposition process, as is found.

The process becomes still less endothermic from 2-4 sec as the
amount of HKNO, diminishes. However, N,0 grows rapidly in
concentration through this time suggesting that the exothermic
reaction C plays an increasingly important role. However, there is
evidence of yet another reaction that occurs in parallz)l as
indicated by the appearance of NO, and the evertual decrease in
exothermicity again betveen 4-6 sec. Also, NO, vhose IR absorbance
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is very small, probably forms earlier than is indicatel in Figure
6. Reaction D (23] accounts for these observations. ts
endothermicity is guperimposed on the ex. -hermicity of reaction C
and results in a leveling of the control voltage traca (heat flow
is balanced) at 4-7 sec. Reaction D is also a source of NH,, which
appears as a product for a much longer time than KNO,.

The multiplicative factors of the reactions irn Scheme I were
determined by the need to match the apnroximate relative
concentrations of the gas products at a time when all of the
reactions contribute. The concentrations a¢ 2 sec were cliosen.
The stoichiometry of the net reaction in Scheme I approximates that
found at 2 sec 1in Figure 6. Although the enthalpy of the net
reaction is slightly exothermic as written, the relative
contribution of reaction A need only be increased somevhat to
produce a net endothermic process.

The formation of NH, and NO, by reaction D raises the possibility
that the process could become exothermic when confined by pressure.
The reaction of NH, and NO; becomes rapid and exothermic .n the 330-
530°C range [24,25]. However, significan: generation of heat
requires confinement to erhance the concentration of NH, and NO, in
the hot zone around the condensed phase.

Fiqure 7 shows the deccmposition process of a 200ug film of AN
heated at 2000°C/sec to 415°C under 33 atm of Ar. The
concentrations are shown as relative percents throuvghout so that
the behavior early in the decomposition process can be clearly
seen. The melting endotherm initially dominates. The heat of
reactions A-D leacing to the formation of AN aerosol, N;0, HNO,,
NH,, and NO; are overall endothermic until 1.5 sec. At this time
the concentrations of NH, and NO, formed by reaction D drop markedly
and are accompanied by an exctherm which suggasts that R9 cccurs.
AH is abocut -148 kcal for this reaction as vritten. Under pressure,
this nominally gas phase reaction couid occur ir the heterogeneous

2NH, + 2NC, — N0 ¢+ .i; + 2H,0 (R3)
‘IC{:‘ - . e e - s e e i Am ot e e e e et 5 1 o s —_ o 1 ey,

'H20 APPEARS TEMP . 415C
e
Q .
_L:. vege®s & - e [
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* N —— el e . N e v — s -
W A \\ " '/W NW'/\W«M
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rigure 7. Gas products and the heat changes of NE MO, at 413°C
under 33 atm of Ar
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SCHEME II: PROPOSED REACTIONS RESPONSIBLE FOR THE GASES
RELEASED BY ADN DURING HIGH RATE PYROLYSIS

BEADN — NH, + HNO, + N,C] 3(+11.5)

9(ADN — NH, + HN(NO,;),]
9[HN(NO;); — NO, + HNNO,)
6[HNNO, — N,0 + OH]
2(HNNO, + OH — 2NO + H,0]
HNNO, + NO — NO, + HNNO
HNNO + OH — N,0 + H.0
I{NH, + OH — H,0 + NH,]
I[(NH, + NO — N, + H,0]

[ 2.

9ADN — 6NM, + 7N,0 + 10NO, + 9H,0 + 3N, -49

-

1IAGR — 5NN, + 10W,0 + 10NO, + SN0 ¢ IN, 3 JHNG, -T4

P EPQ P QN KT

>

12ADN — 5NH, + 10N,0 + 6NO, + 1SH.0 + 2NO +
+ 6N; + JHNO, =323

INH, + 2HNO, — 2NH.NO, (aerosol)

12ADN — INH, + 10N,0 ¢+ 6NO, + 15H,0 + 2NO + 6N,
+ HNO, + 2NH,NO, -323

Assu:%s AH, (ADK} = -3S kcal/mol, and AH [(HNO,(g)} is -3} kcal/mol.

Sum of Branches A & B.

Sum of reactions j+k.

Occurs in gas phase avay from surface so reaction p is not
included in AH.

Sum of ] and p gives the approximate gas phase stoichiometry at
the end of the exotherm (Figure 8).
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gas-condensed phase (eg. bubbles ana voids) and contribute to the
condensed phase heat balance under combustion conditiois. The
thermal decomposition behavior of bulk ADN is very different from
that of AN despite the fact that similar gas products are forumed
upon rapid decomposition. Figure 8 shows T-jump/FTIR data fcr 3
200ug film of ADN heated at 2000°C/sec "0 260°C. This temperature
compares with a preliminary surface temperature measurement of
burning ADN of about 3100°C (26}, which 1s surprisingly similar to
that of AN. At the onset of decompssition, gas products ard, in
contrast to AN, sharp exothermicity occur instantly. The first
detected products are mostly HNO,, NH, and N,0 in roughly similar
amounts. Minor quantities of NC,, AN and H,0 are also present in the
initial sp-ctrum.

The forwmation of HNO,, NH, and N.O in comparable amoun%ts at the

beginning suqgests the presence of Branch A 1n Scheme II. This
mildly endotheramic reaction may have a role during slow
decomposition at lower temperatures. It appears to be + ainor

branch during rapid heating, especially because it dcoces not acccount
for the major heat release that 1s experimentally cbserved.

Branch B of Scheme I is proposed to dominate under rapid
thermolysis conditions {19}. Reaction a of Branch B 1s dissociation
of ADN to produce NH, and HN(N9,;).. HN(NO:), is not detected ani
probably homolyses in the cond:a2nsed phase at high temperature by
reaction b to NO, and HNNO.. Reacticns a and b are endothermic.
Because relatively large gquantities of NH, and NO, occur early irn
Branch B, much heat can be generated by reaction kX in the gas phas+
near the surface or even as part of the heterogeneous gas-liqu:!
zone at the surface. The high exotherx=icity is avident in the larje
control veoltage deflection at 2.3 sec, and provides the energy teo
complete the decomposition process very rapidiy. Scme of the Ni,
and NO, remains unreacted because it escapes to the ccoler region of
the atmosphere. Reactions g¢-h are plausible subsequent steps tor
decomposition of HNNO,, but they are not determined by T-jump/FTIR
spectroscopy. They are simply proposed as reasonabie scurces of
stable products in the quantities detected. The net reaction | of
Branch B is mildl,; exotheraic. Combining Branches A and B v cil=
the exothermic reaction j. Adding some gas phase reccmbination cof
NH, and HNO, (reaction g} to account for the observed AN solid
aerosol vields reacticn 3, whese stoichiometry approximates the
experimentally observed gas product ratics observed at 2.5 seC in
Figqure 8. Reaction o is strengly exothermic largely ke ause of
reaction kg, which is the reaction of ¥NH, with NC..

for both AN and ADN, the exothermic NH, + MNO. reacticn appears to
dceminate the heat release stage. In the case 0of AN the exothern
occurs only under a large applied pressure is accopranied by a drop
in the amount of NH, and NC, that appear in the gas phare. Although
the reaction of NM, and NO. appears o ke responsibie for this
exctherm, the amcunt <f NH, and NO. is sa3aller for AN thar for ADN
and, therefore much less: heat is generated.

The rapid decogposition process of ADN 1s stronqly exother=zi~ early
in the reaction scheme. This behavicor is consistent with the eaxz2
of formation of 3 large amount of NH, and NC;, in the ecarly
decomposition steps. Because the reaction of NH, and KO, can
dorinate early and produces a large amcunt of heat, the overall
decomposition and gasification process is driven at a much higher

rate for ADN than AN. Therefore, for both AN and ADN the reaction




of NH, with NO, is implicated as the main source of heat when the
pure material is decomposed at high tempera* —e. For AN this
reaction only becnmes important under confin.. - such as by the
appiication of pressure.

I8 PYRULYSIS8 OP THIN PILMS RELATED TO THE BURNING SURFACE?

Good evidence that the rapidly heated thin film is a surface
simulation comes from the SMATCH/FTIR method (SMATCH stands for
simultaneous mass and temperature change) (27} in which a film of
uniform, chosen thickness (20-60um) is heated at > 150°C/sec while
the dynamic mass change, temperature change, and gas products are
all measured simultaneously. The burn rate r calculated from
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Yigure 9. A side-viev of the SMATCE/FTIR sampling device

SMATZH/FTIR kinetics matches ¢ from bulx combustion measurements at

the same prossure [28-31]. Hence, the heat flow conditions are
similar to thcse ot the surface reaction =zone during bulk
combus*ion. By inference, other techniques designed for fastg,

controiled heating of a thin film, such as T-jusp/FTIR (4}, that are
also specifically designed for chemical studies, give extensive
details of the surface reaction zone.

Detaiis of SNATCH/FTIR and spectroscopy are given elsevhere [(27-30},
but are briefly summarized here. As shown in Fiqure 9, SMATCH/FTIR
employs a cantileveres quartz tube whose vibraticnal £{requency
depencs on the saxplie mass. Typically, 0.2 - 0.8 ag of sampnle was
painted ort> a msetal tip attached tu the tube giving a uniforms fila
of 16 - 4 um thickness. If the film thickness is not uniforn, then
the experiment fails. The petal end-tip was heated by RF inductioa
at a chosen rate in the 130 - 200°C/sec range. The sample
atxosphere vas 1 atm of Ar. The heating rate and film thickness are
matched so that the heat transfer is fast enough to give a
reasonably uniform temperature %throughout the ¢film (28}. The
dynamic weight change of the sampie wvas measured by the change in
tha vibrational frequency of the tube. Data were recorded at ié60
Hz wvhich provides enocugh points on the weight-loss curve to be
confident of fitting the sh2pe bv Ei. a i, the degree of

3
l-e = Y a2t (B1)
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cotiversion and t is tise. Typically, El1 was applied for the initial
50t of weight loss. The temperature was measureé by 2 type E
thermocouple spot-walded to the metal end-tip and in contact rith
the sample film. 1nfrared specwra c¢f the decomposition gases were
measured about 3 mm abovs the metal end-tip by using RSFTIR (10
scan/sec, 4 «m! resolution).

The reductiocn of SHATCH/FIIR temperature and weight change data from.

El and its derivative are rveiatcd to Arrhenius parameters by E2.

=9 = Ae YRT (1 -¢) " (E2)

Rearrangement of E2 yields E3, which is a straight line by the
appropriate choice of n. n=2 linearirzes most SMATCH/FTIR data and
has been rationalized elssewhere [28]. Mocdified versions of the
pyrolysis law, E4 :ad ES, where b is the experimental film

log] E(__t _)-

= loga- ——2 . {E3)

2.3RT

thickness, can be used to calculate the regression rate, I, in
mm/sec fror the SMATCH/FTIR Arrhenius constant:s at the pressure and
temperature of the experiment (2%8-31]. T is the average teumperature
during the initial 50% of the weight loss. E4 and E5 apply provided
h approximates the surface reaction zone thickness at 1 atm. A
value of h = 20 - 60 m ir -easonable at 1 atm {32j.

r - .
Table 2 r = hae #/*T (B4)
Bura Rate Comparisons —_— r = hal/2a-B/2.% (ES)
f,_mm/sec (1 atm)
SMATCH Strand Table 2 coupares the regression
Compound burner rates of various energetic
‘ naterials computed by E4 and ES
AP 0.1l 0.2 at 1 atm from SMATCH/FTIR data
HMX 0.37 0.5 and the values measured at % atm
or extrapolated from higher
RDX 0.38 0.38 pressure to 1 atm from combustion
] R bomb data. The reasonably good
DNNC 0.27 0.7 match suggests that the rate and
characteristics of heat transfer
0. . . .
I3%N NC 3 2.4 to the thin film are equal to or
I GAP 1.35 1.7 scale to those at the surface
m\

during combustion.

FTIR Yeasurements of Flames

Reactive two~-phase flows, especially in flames, are usually produced
when propellant formulations burn. ‘his is because many solid
rocket propellants contain fuels, such as Al or B, that burn to the
solid oxile. Inert solids, such as ZrC, are sometimes added to help
dampen combustion oscillations. Tne solid particles appear as
emoke. A similar particle laden flow can exist in hydrocarbon and

ccal combustion were the combustion gases might be mixed with soot,
fly ash and char.
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In recCent years severai Leliliiyues uave Jec usvocauped Jasea on FTIR
enisgion/transmission spectroscopy (FTIR E/T) that enable
peasurements to be made of particle and gas concentrations and
temperatures in hot flows [33-37]). Specifically, 1) the temperature
and concentration of the particle and soot phases have been maasured
separately in an ethylene-air diffusion flame (34]; 2) measurements
have been made in densely loaded particle streams (34); and 3)
particle sizes have been measured (35]. Although most measurements
have been line-of-sight, it has been recently shown that Fourier
image reconstruction can be used to obtain absorbance and emittance
spectra spacially resolved in about 1 x 1 x 4 mm volume [37].

The FTIR E/T method offers promise for studying propellant flames
in which the number of scattering particles is not unusually large.
However, an additional experimental complication to propellant
coubustion studies is that the surface burns as a regressing front.
Therefore, a moving stage is needed to maintain the position of the
propellant flame relative to the IR bean. This requirement
contrasts with the simpler flow reactor designs that can be used tc
study premixed gas flames and coal particle-gas flames. Recently,
FTIR erission spectra have been recorded on flames of AP and HTPB
binder [38]. A moving stage with servo feedback control was used
to maintain the position of the propellant in the IR beam. Figure
10 shows the IR emission spectrum of the gas products. Co0O,, CO, H,0,
HC1l and fragments of HTPB are detected. In addition, NH; and HClO,
were also detected indicating that AP sublimes to some extent under
combustion conditions. Recently considerable advancement has been
macde by Thynell, Kuo and coworkers [39] toward understanding IR
spectral emission variables of propellant combustion in a manner
that provides species concentration and temperature profiles.
Further studies are described in a paper by Huang, et al., in this
Symposium.
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Pigure 10. 8ixteen coadded emission spectra of the AP-HTPB flame
gone assuming T = 1500 K (ref. 38)

Computed tomographic reconstruction has recently been used by
McNesby and Fifer (40] to obtain species profiles from FTIR spectra
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as a function height and lateral distribution above a CH./N,0 low
pressure, premixed, flat flame burner. Discrimination of cold
interferences from the hot gas distribution is made. FTIR
spectroscopy has been used to obtain high resolution absorption
spectra of the major steady-state species in premixed C,N,-NO, [41]
and HCN-NO, [42] burner flames. Reactions involving these gases are
believed to be among the mnre important ones in certain rocket and
gun propellant flames produced by nitramines. The high temperature
of these flames required modifications to be made to the IR
spectrometer. For example, temperature gradients in various parts
of the optical bench were caused by the flame and led to channel
spectra. Plane windows were, therefore, replaced by wedge windows
to reduce this problem. The high infrared emissivity of the flame
required the use of a long-pass IR filter and a high intensity
globar to obtain quality spectra. With these modifications detailed
studies have been made of the species concentration profiles and
temperature as a function of distance above the burner surface. The
temperature was extracted from the rotational band intensities of
CO in various parts of the flame. When coupled with simulations of
the kinetics, it could be concluded that the flame chemistry is
dominated by oxygen atoms ([42]. The production of oxygen atoms
increases the burn rate while their consumption decreases the burn
rate.
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Thermal Decomposition of Energetic Materials 58.
Chemistry of Ammonium Nitrate and Ammonium Dinitramide
Near the Burning Surface Temperature

T. B. BRILL*, P. J. BRUSH. and D. G. PATIL

Depanment of Chemisiry, Unicersity of Delaware, Newark, DE 19716

The rapid pyroivsis chemistry of films of ammonium aitrate £AN)L NH,NO ., and ammonium dinitramude
(ADN), NH, [NINO.), | at remperatures approximating a2 burning surtace 1s described by the use of
T-jump . Fourier transform infrared (FTIR) spectroscopy. The sequence of appearance and amouats of cach
gas product combine. with the et endothermicity and exothermicity of the process at cach time cnables
consistent reacten schemes to be developed. The decomposition of the condensed phase of AN i net
endothermic up to at least 33 atm. Although dissociative sublumation and the formation of N.O and H .0
dorainate the overall process. the superposition of two additional reactions is needed 1o account for all ot the
products vbserved from AN. ADN becomes highly exothermic very carly in the decomposition process. The
superposition of two stoichiometric reaction branches explains this behavior, The spectra and thermal
responses are consistent with the reaction of NH . with NO. being the major source of heat released during

the decompusition of AN above 33 atm and ADN at | aim and higher.

INTRODUCTION

Interest is growing in oxidizers that might re-
place ammonium perchlorate (AP) in solid
propellants. On combustion. AP liberates HC!
and H.,O. which form an environmentally un-
desirable plume of hydrochloric acid. Nucle-
ation of H,O into droplets by HCl contributes
to a prominently visible signature. These de-
tracting features have rekindled interest in am-
monium nitrate (AN) as a possible substitute
oxidizer. Unfortunately, AN has a low surface
temperature and a low burn rate. Although
these problems are somewhat alleviated by for-
mulating AN with a reactive metal. such as
magnesium, the decomposition chemistry of
AN is largely responsible for the low cnergy
release. For example, two major decomposition
reactions of AN (1 and 2) are endothermic and
mildly exothermic, respectively.

NH,NO, — NH,(g) + HNO,(g) (n
NH,NO, - N,0 + 2H,0 (2)
* Corresponding author

0010-2180,/93 /35.00
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Many studies exist on the decomposition
products and kinetics of AN [1-7]. Pyrolysis of
AN under combustion conditions has led to
the conclusion that reactions | and 2 dominate
(8. 9I. To ground these conclusions firmlv on
experimental results, it is helpful to know the
sequence of gas-product formulation at high
temperature. Previous studies at high heating
rates [6. 7] have given some information, but
were obtained under nonisothcrmal conditions.
To gain more detailed insight, AN decomposi-
tion is described in this article based on the
gas products and thermal response of the sam-
ple at a high, relatively constant temperature
following heating at a high rate. The objective
is to understand the decomposition process as
it might occur in propeilant ignition and com-
bustion. Hence, the product gases were al-
lowed to remain in contact with the condensed
phase.

The decomposition of AN is compared to
that of ammonium dinitramide (ADN),
NH [N(NO,),] (10]. Unlike AN, ADN decom-
poses very rapidly. Part of the auditional ¢n-
ergy relcase is attnbutable to tae higher heat
of formation of ADN (-2 kcal/mol (11)]
compared to AN( - 78 kczi/mol). Beyond this

Copyright € 199) by The Combustion Institute
Publshed by Elsevier Science Publishing Co | Inc.
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difference, the chemical reactions that cause
ADN to decompose very exothermically are
not obvious because the gas products from
rapid thermelysis of ADN are similar to those
of AN. Both compounds liberate HNO,, NH,,
N,O, NO,. NO. H.O, and N,, although the
mole fractions differ somewhat. NH (g) and
HNO,(g) can recombine to form AN acrosol if
a cool nonrcactive atmosphere is present.

A study of AN and ADN was undertaken by
T-jump /FTIR spectroscopy [12] to define the
decompaosition process more clearly at temper-
atures and heating rates that resemble the
surface under ignition conditions. The surface
can be thought of as a thin film that rapidly
heats to a high temperature while decompos-
ing [13]. T-Jump/FTIR spectroscopy deter-
mines the isothermal decomposition character-
istics of a thin polycrystalline fayer of sample
on a Pt filament following heating of the Pt
ribbon at 2000°C/sec to a chosen constant
temperature. Simultancous recording of the
thermal response of this condensed  het-
erophase layer and the IR spectra of the
near-surface gas products helps define the
semi-global decomposition chemistry that is
representative of an igniting surface. The reac-
tion schemes that are presented are consistent
with the sequential formation of gas products
and thermal response, and explain the slight
increase in cxothermicity of the condensed
phasc of AN with pressure. They also suggest
why AN and ADN arce thermochemically so
different, yet liberate similar gas  products.
These reaction schemes contain elementary
steps whose kineties are largely unknown. The
kinetic details are the vital information needed
to test these proposals,

EXPERIMENTAL
Samples

NH NG, (CP grade) was obtained trom Fisher
Scientific Co., Fair Lawn, NJ. The AN was
ground to a finc powder and dried at 107 torr
for 12 hr before use. NH,[N(NO,), | was ob-
tained from T. P. Russell of the Naval Surface
Warfare Center and was originally prepared at
Stanford Research international. It was kept in
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a sealed vial in a desiccator and ground to a
fine powder before use.

T-Jump / FTIR Spectroscopy

The T-jump/FTIR technique is described in
detail elsewhere [12). Briefiy, approximaiely 200
ug of powdered AN or ADN (hereafter re-
ferred to as the “film™) was thinly spread on a
Pt ribbon filament. The filament holder was
inscrted through the wall of the IR cell, the
cell purged with Ar, and the static pressure in
the cell adjusted as desired. The cell was placed
in the sample compartment of a Nicolet 20
SXB rapid-scan FTIR spcctrometer. The IR
beam was positioned about 3 mm above the
surface of the film. Triggering of the heater
circuit and spectral data collection occurred
simultancously. The Pt ribbon was heated at
2000°C /see to a chosen constant temperature
(T,). Both AN and ADN melted giving a film
on the center of the filament. The control
voltage that maintains constant resistance of
the Pt filameut at the chosen value (tempera-
ture) was recorded on a personal computer
(PC). The circuit is very responsive and sensi-
tive to the thermal changes of the sample, but
imperfections in the contact intimacy between
the sample and filament affect the heat flow.
Hence, the shape and area of the control volt-
age trace has little quantitative value. The tem:
peratures quoted in this paper arc the Pt fila-
ment  temperatures.  They  approximate  the
semple temperature, but, because of imperfect
thermal contact, the sample and ‘he filament
cannot be maintained 2t exactly the same tem-
perature. By subtracting the cuntrol voltage
truce with nu sample present from the control
voltage trace with the sample present, a dif-
ference voltage is obtained in which an upward
excursion from the horizontal line curresponds
to an endotherm of the sample and a down-
ward excursion is an exotherm. Because of the
small amount of sample, the heat transfer imi-
tations are minimized as much as pussibic and
the pressure change is very small dunng the
decompursition process. The gases evolve into a
cool Ar atmsphere where they arc quenched
and detecied with 100 msec ume resolution by
the IR spectrometer. The rotational structure
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indicates that the gases are in the ground
vibrational states. The control voitage deflec-
tions are correlated in time with the IR spectra
of the gas products.

The [R absorbances were converted to rela-
tive concentrations of the gas products in two
ways. For AN at | atm, the time resolution of
the experiment is sufficiently fast to see the
growth rate of the product gases in a spectral
series. Apparent relative concentrations can be
obtained bv measuring the absorbance cf each
gas and multiplying by a factor (13] that is
based on the absolute absorbance of the vibra-
tional mode. This procedure converts the ab-
sorbances to appaient concentrations and en-
ables the rate of formation of each product to
be examined. For AN at 33 atm and for ADN,
the gas prouuat concentrations are based on a
100% scale throughout. In eficct, these are
mole fractions that are independent of the
amount of gas present at any particular time.
With the first procedure all gas products start
from zero concentration and grow to be re-
lated as mole fractions. In the second proce-
dure the mole fraction relationship based on a
100% scale throughout makes it easy to see
the sequential differences when the concentra-
tions are low. However. the gas product ratios
are the same in both procedures.

N., O., and H, are not IR active and are
not included in the quantitation procedure.
H.,O is observed but is not included in the
quantitation process because the rotation—
vibration fine-structure makes the amount of
H.O difficult to determine. No absolute IR
intensity values exist for AN solid as an aerosol.
Therefore, the AN ac¢rosol was included in the
quantitation process with a multiplicative fac-
tor of unity. This value dues not arbitrarily
weight AN more or less than the other prod-
ucts, and was chosen mainly so that the behav-
ior of AN aerosol could be followed relative !>
the gas products.

The dccomposition of AN was studied at
356°, 383°, 410° 426°, and 447°C and several
pressurcs from 1-33 atm. The relative amount
of products is similar at all temperatures, but
the amount of HNO, formed relative to subli-
mation is greater at higher temperatures. ADN
was studied from 220°-300°C in 20° increments
at 1| atm. Again, the results were similar at
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cach condition :o that the 260°C data were
chosen us representatve.

AMMONIUM NITRATE

Thermal decomposition studies of bulk AN
conducted over the past several hundred years
suggest that the process can be surprisingly
involved {1-7]. It is difficult to distinguish be-
tween reactions in the gas phase and reactions
in the condensed phase when the decomposi-
tion is performed under practical conditions.
Moreover. these reaction regimes contribute
differently at cach temperature and pressure.
The balance of ionic and radical chemistry
shifts toward radical chemistry at higher tem-
perature [3], and the reaction rate is affected
by the gases that contact the samplie [4]. Fluc-
tuations occur in the heat balance at different
times and temperatures from the onset of
melting to the end of gasification [7). However,
in the absence of secondary reactions between
the gas and condensed phase the decomposi-
tion temperature is predicted not to rise above
a particular value determined by the pressure
"Z. 14). Such behavior is found in practice [7,
15). It is interesting to note that the surface
temperature of burning AN is in the 300°-
350°C range (16, 17], which is similar to the
limiting temperature range of decomposition
of 280°-320°C [14]. Uniortunately, not only are
the decomposition reactions numerous and in-
tertwined. but the description of AN decompo-
sition is compliczted by insidious secondary
reactions that may occur in a different part of
the vessel or during analysis that regencrate
primary products. For example, HNO, forms
by reaction 1 in the primary degradation pro-
cess, but HNO, can decompose by reaction 3
and then reappear {ater by reaction 4.

2HNO, — 2NO, + H,0 + }0, (3)
2NO, + H,0 — HNO, + HNO, (4)

Consequently, the origin of all of the HNO,
detected during AN decomposition might not
be from reaction !. Another example is AN
acrosol. Mos: of the AN aerusol comes from
recombination of NH, and HNO, that was
formed by reaction 1. However, AN aerosol
could also anse from reaction S {18].

CY
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2NH, - INO, = NH,NO. - N, + H.O
(3N
Considering the experimental  limitations,
proot of the detailed reactions that are respon-
sible for all of the decomposition products of
bulk AN cannot be obtained. At high tempera-
- ture the realities are that the various combina-
tions of reactions of NH,NO,;, HNO,, NH;,,
and NO. in the presence of H.O become
almost impossibie to distinguish. Nevertheless,
the sequcitial appearance of the gas products
combined with the corresponding thermochem-
ical details enables a reaction scheme to be
developed that matches the experimental find-
ings.

Decomposition at 383°C: 1 atm

Although pure AN will not burn at | atm, a
sample can be driven by the T-jump method to
a temperature that is at or above the measured
surface temperature of AN burning at 25 atm
or above (300°-350°C {16, 17]). At 1 atm pres-
sure the chemical sequences expand in time
compared to those at higher pressure and are,
therefore, easter to determine. Figure | shows
the gas products and thermal response of a 20
ug film of AN heated at 2000°C/sec to 383°C
and then held at 383°C.

The concentration data in this piot are based
on the scaled growth of the IR absorbance
values for each product as described in the
experimental section. Such a procedure indi-
cates the amount of gas formed at each time as
well as the relative concentration. The super-
position of several stoichiometric reactions
(Scheme 1) is indicated. Of course, many ¢le-
mentary steps are imbedded in each of these

.45 - Q.05
34 i JFFRENCE YOLTAGE
i TEMP 2 383C ~-0.04
335 4 Meng =
Vs Jxn 4 1ano0)
93 - -0.03
Axn 3 texot

APPARENT CONCENTRATION
3OV LITI0A ION3IHILAN0

“ME (SEC)

Fig. 1. T-Jump FTIR data tor AN heated at 2000°C,/see
to IR3'C and held sothermally at that temperature while
under | atm Ar. The proposed reactions are given in
Scheme | The relative concentrations of the gas progucts
are based on the IR absorbance values scaled by the
absolute absorbance at each nme. AN is solid aerosol and
was given a multiplicative factor of unmity in the quantita-
ton process (see expenmental section).

stoichiometnc reactions, but thev are not de-
terminable by T-jump/FTIR spectroscopy.
The first event is rapid endothermic melting
of AN as indicated by the upward defiection in
the difference control voltage trace, The con-
trol voltage decreases on completion of melt-
ing from U.5-1 sec. The process turns markedly
endothermic again at about | sec. This second
endothermic event corresponds to the appear-
ance and growth of AN aerosol. AN aerosol
forms from the endothermic dissvciation of
AN and desorption to HNO, (g} + NH,(g), fol-
lowed by recombination of NH, and HNO, in
the gas phase (Scheme [, reaction A). Only the

SCHEME !

Propused Reactions that Account {or the Products of High Temperature Decompuosiion of AN (see Figure 1)

Approx AH. il

A 4NH NO,(1) = HNO,(g) + NH,(g) - NH,NO,(solid acrosol)] s
B. XSNH NO,(1) = JHNO, + 4N, + 9H,0] X - 38y
C SNH,NO,1) = N.O + 2H.0] U-1n
D. dNH NO,(1) - INH, + INO, + NO + N; « SH,0 Al

A DY 28NH, NO((1) ~ 6HNO, + INO, + NO + 2NH, + SN.O + [IN. + 42H,0 + iNH NOdJacrosol) 87
' At for the dexorption step oaly (sce text). AH, for HNO,(g) from ref. 27

PRef 1. p AJ

' Gives the approumate [R actve gas product ratios st 2 ser for AN at J83°C (Fg 1)

.45
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endothermic first step of reaction A is included
in AH given tor reaction A because the second
step oceurs in the cooler region of the cell
away from the filament. Hence. the ¢xothermic
second step is not sensed by the Hlument.
However, a white smoke of AN aerosol is
visually observed.

Despite the continuation of reaction A
throughout the decomposition process as evi-
denced by the growth of the AN aerosol con-
centration. the decomposition process becomes
less endothermic again at about 2 sec. H,0
(not quantified) and excess HNO; form at this
time. which is consistent with the occurrence
in reaction B. This reaction is known and its
enthalpy has been deduced [1]. Although the
details of reaction B are debatable. previous
studies also show that the concentration of
HNO, in the vapor exceeds that NH; (2. 19,
20]. Reactions 6a and 6b, which are equivalent
to reaction B. have been proposed to explain
the buildup of HNO; because they consume
more NH, than HNO, [2. 21]. Reaction 6b was
proposzd to account for the presence of a

5NH, + 3HNO, — 4N. + 9H.O (6a)
16NH, + 12HNO, — 14N + 30, + 30H,0
(6b)

small amount of O. in the product gases {2].
However. various other decomposition reac-
tions of AN can produce O.. As reactions 6a,b
imply, reaction B of Scheme I can be thought
of as a secondary reaction of the products of
reaction A. Reaction B occurs because of the
presence of a heat source, which is the fila-
ment in this case, but would be the flame, were
gas-phase combustion occurring. Consistent
with this is the fact that the amount of
HNO,(g) relative to the other products is
greater as the filament is stepped to higher
temperatures. Irrespective of the reaction de-
tail, the control voltage trace reveals that de-
creased endothermicity of the overall process
coincides with the appearance of excess HNO;.
Reactions B, 6a, and 6b are all exothermic and
would reduce the overall endothermicity of the
decomposition process, as is found.

The process becomes still less endothermic
from 2-4 sec as the amount of HNO, dimin-
ishes. However, N,O grows rapidly in concen-
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tration through this time suggesting that an-
other exothermic reaction plays an increasingly
important role. The exothermic reaction C ac-
counts for these results and is a universally
accepted decomposition reaction of AN [1-7].
However. there is evidence of vet another re-
action that occurs in parallel as indicated by
the appearance of NO. and the eventual de-
crease in exothermicity again between 4-6 sec.
Also. NO. whose IR absorbance is very smail.
probably forms earlier than is indicated in Fig-
urc 1. Reaction D [22] accounts for these ob-
servations. Its endothermicity is superimposed
on the exothermicity of reaction C and results
in a leveling of the control voltage trace (heat
flow is balanced) at 4-7 sec. Reaction D is also
a source of NH.. which appears as a product
for a much longer time than HNO,. At 7 sec
the sample has completely gasified.

The multiplicative factors of the reactions in
Scheme 1 were determined by the need to
match the approximate relative concentrations
of the gas products at a time when all of the
reactions contribute. The concentrations at 2
sec were chosen. The stoichiometry of the net
reaction in Scheme I approximates that found
at 2 sec in Figure 1. Although the enthalpy of
the net reaction is slightly exothermic as writ-
ten. the relative contribution of reaction A
need only be increased somewhat to produce a
net endothermic process. As mentioned in the
experimental section, the relative amount of
AN aerosol is not known because no IR ab-
sorbance value is available. Hence, we do not
know exactly how much AN aerosol is present.
As can be seen in Figure 1, the relative contri-
butions of reactions A-D change with time so
the multiplicative coefficients in Scheme I will
be different at each time in the decomposition
process. This will also affect the net amount of
heat released at any particular time. Hence.
the step behavior of the thermochemical trace
of Figure 1 and in other work [7] is under-
standable.

Several other factors contribute to the final
gas product concentrations in Figure 1. AN
aerosol will deposit on the cooler surfaces in
the cell resulting in a drop in the AN concen-
tration at the end of the process. Also, the gas
surrounding the filament becomes hotter with
time. This can significantly increase the con-
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Fig. 2. T-Jump,/FTIR data for AN
heated at 2000°C,sec to 413°C and
held while under 33 aim of Ar. The
process vnly becomes exothermic in the
late stage when the NH; + NO. reuac-

TME (SEC)

centration ot NO relative to NO, as a result of
reaction 7. Assuming a value of K =0.09 M
for reaction 7 at

2NO, = 2NO + O, (N

at 383°C. the NO/NO, ratio is about 2/3. The
concentration of NO at the end of the reaction
is indeed greater than reaction D predicts,
probably because of the contribution of reac-
tion 7.

Decomposition at 415°C; 33 atm

The formation of NH, and NO, by reaction D
raises the possibility that the process could be
made exothermic when confined by pressure.
The reaction of NH; and NO, becomes rapid
and exothermic in the 330-530°C range [23,
24]. However, significant generation of heat
requires confinement to enhance the concen-
tration of NH; and NO, in the hot zone
arourd the condensed phase. In fact, the appli-
cation of pressure was previously observed to
cause the late stage endotherm of AN (o be-
come an exotherm [7], but this could not be
* explained with the data available at the time.

Figure 2 shows the decomposition process of
a 200ug film of AN heated at 2000°C/sec to
* 415°C under 33 atm of Ar. The concentrations
are shown as relative percentages as described
in the experimental section so that the behav-
ior early in the decomposition process can be
more clearly scen.
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tion occurs. The relative percentage of
comnposition of the gas products based
on a 0% scale throughout is given.

The melting endotherm initially dominates.
The heat of reactions A-D leading to the
formation of AN aerosol, N.O, HNO,, NH,,
and NO, are overall endothermic until 1.5 sec.
At this time the concentrations of NH, and
NO. formed by reaction D drop markedly and
are accompanied by an exoitherm, which sug-
gests that reaction 8 occurs (24]. AH is about
- 148 kczl for this reaction.

2NH, + 2NO, = N.O + N, + 3H.O  (8)

Under pressure. this nominally gas-phase reac-
tion, which has been recognized as such for
AN [25], could occur in the heterogenous gas-
condensed phase (e.g. bubbles and voids) and
contribute to the condensed phase heat bal-
ance under combustion conditions. However,
despite this late stage exothermicity, the over-
all decomposition process in Fig. 2 is close to
thermoneutral or mildly endothermic. The
difficulty of making the condensed phase de-
composition process of AN become exothermic
even under a pressure of 33 atm Ar seems in
line with the findings of Brewster et al., [16]
that the condensed phase is endothermic by
200-400 cal /g when pure AN burns at 27 atm.

AMMONIUM DINITRAMIDE

The thermal decomposition behavior of bulk
ADN is very different from that of AN despite
the fact that similar gas products are formad



184

T. B. BRILL ET AL.

100
s T~ J— H20 appears
S N
Control Voltage Difference
€0 - Traceat 260c N
§ sndo‘ Y
] 70 - A
¢ e0- |
s . ., ® N20O
w ! ' . :rr.—. [ e} .
> 4a- " ¥ HNOJ
b exo v i a NOZ - :
g 30 - pi} ': ‘
i it o AN Fig. 3. T-Jump/FTIR data for ADN
20 “"« _ heated on a Pt tilament at 2000°C /sec
10 < s F\f""’ ) 10 260°C under 1 atm Ar. Unlike Fig. 1.
’ r\“;;”{f:-—: the relative concentrations of the was
0 Y , products are shown. The decomposition
1 2 3 4 S process becomes strongly exothermic as
TIME (SEC) the first gas products are detected.

on rapid decomposition. Figure 3 shows T-
jump/FTIR data for a 200 ug film of ADN
heated at 2000°C/sec to 260°C. This tempera-
ture compares with a preliminary surface tem-
perature measurement of buming ADN of

about 300°C (26}, which is surprisingly similar
to that of AN. According to Fig. 3, melting of
ADN is centered at about 1.5 sec. At the onset
of decomposition. gas products and. in contrast
to AN, sharp exothermicity occur instantly. The

SCHEME Il
The Proposed Reactions that are Responsible for the Gases Released by ADN During High Rate Pyrolysis

Approx. AH, ,, keal

Branch A’
3[ADN - NH; + HNO, + N,O] H+1L5)
Branch B
a qADN had NH, + HN(NO:):]
b qHN(NO:): - NO, + HNNO:]
¢ SHNNO, — N,0 + OH]
d  2AHNNO, + OH — 2NO + H,0)
¢  HNNO, + NO — NO, + HNNO
f HNNO + OH - Nzo + Hzo
g 3NH, + OH — H,0 + NH,]
h 3INH, + NO — N, + H,0}
i¥  9ADN — 6NH, + TN,;0 + 10NO, + 9H,0 + 3N, -49
77 12ADN — 9NH, + 10N;O + 10NO, + 9H,0 + 3N, + 3HNO, -14
k  4NH, + 4NO, = 3N, + 2NO + 6H,0 -309
I 12ADN - SNH, + 10N;0 + 6NO; + 15H,0 + 2NO + 6N, + 3HNO, -3
m®  2NH, + 2HNO,; ~ 2NH,NO, (aerosol)
n*  12ADN — 3NH, + 10N,0 + 6NO, + 15H,0 + 2NO + 6N, + HNO, + 2NH,NO, -323

' Assumes AH, (ADN) = 35 keal /mol, and AH, [HNO,()] is ~ 33 kcal/mol.

I g5um of a-h.
3 Sum of Branches A & B.

:Sumofructiomj«'»k.

Occurs in gas phase away from surface 30 reaction m is not included in AH.

¢ Sum of / and m gives the approximate gas phase stoichiometry at the end of the exotherm (Fig. 3).
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first detected products are mostly HNO.. NH,,
and N,O in roughly similar amounts. Minor
quantitics of NO.. AN. and H,O are also
present in the initial spectrum. Note that the
refative percentage ot composition based on
[00% of the detected gases is given in Fig. 3.
This type of plot enables the behavior of the
carliest gas products to be observed ceven
though their concentrations are relatively low
compared to later times. and the decomposi-
tion process is rapid. Following complete de-
composition at 1.3 sec, the [R spectra reveal
the approximate product ratios of 12N.O:
6NO.:3AN:2NH  :HNO.:NO. Gas-product ra-
tios have also been obtained on a laser-pvro-
lyzed sample of ADN by the use of a quartz
microprobe mass spectrometer [26] and are
comparable to those obtained by IR spec-
troscopy. Bv mass spectrometry. the quanti-
ties of H.O and N, are found to be similar to
N.O and NO.. respectivelv. The consistency
of the IR and mass spectral data under rapid
pvrolysis conditions gives confidence that the
approximate concentration ratios of the gas
products leaving the surface reaction zone of
ADN at ignition/ combustion conditions are
now known. The task is to develop a reaction
scheme that gives these approximate gas prod-
uct ratios the sequence of appearance and high
exothermicity in the early stage.

The formation of HNO,, NH,, and N,O in
comparable amounts at the beginning suggests
the presence of Branch A in Scheme II. This
mildly endothermic reaction may have a role
during slow decomposition at lower tempera-
tures. It appears to be a minor branch during
rapid heating, especially because it does not
account for the major heat release that is
experimentally observed. The slight excess of
HNO,; compared to NH, is consistent with
reactions 6a, b, which occur to a small extent
as well.

Branch B of Scheme I is proposed to domi-
nate under rapid thermolysis conditions. Reac-
tion a of Branch B is dissociation of ADN to
produce NH, and HN(NO,),. HN(NO,), is
not detected and probably homolyzes in the
condensed phase at high temperature by reac-
tion b to NO, and HNNO,. Reactions a and
b are endothermic. Because relatively large
quantities of NH, and NO, occur early in
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Branch B. much heat can be generated by
reaction X in the gas phase near the surface or
even as part of the heterogeneous gas-liquid
zone at the surtace. The high exothermicity is
evident in the large control voltage deflection
at 2.3 sec. and provides the e¢nergy to complete
the decomposition process very rapidly. Soae
of the NH; and NO, remains unreacted be-
cause it escapes to the cooler region of the
atmosphere. The fact that the surface temper-
atures of AN and ADN are similar implies that
the heat released by reaction &k occurs mostly
in the gas phase near the surface and that the
temperature of the gas phase must rise very
rapidly as the products leave the surface. Re-
actions ¢~/ are plausible subsequent steps for
decomposition of HNNO., but they are not
determined by T-jump/FTIR spectroscopy.
They are simply proposed as reasonable sources
of stable products in the quantities detected.
The net reaction i of Branch B is mildly
exothermic. Combining Branches A and B
vields the exothermic reaction j. Adding some
gas-phase recombination of NH, and HNO,
(reaction m) to account for the observed AN
solid aerosol yields reaction n, whose stoi-
chiometry approximates the experimentally ob-
served gas product ratios observed at 2.5 sec in
Fig. 3.

Reaction n is not a perfect description of
the experimentally observed gas product ratios
from rapid decomposition of ADN. It contains
more H,O, NH;, and NO and less N,0 than is
experimentally found. However, some vari-
ances would not be surprising considering the
difficulty of precise measurements under these
conditions. The agreement can be improved
somewhat by allowing for variations in the
products of reaction k. The amount of NO can’
be reduced and the amount of N,O raised by
noting the findings of Bedford and Thomas
[24] indicating that reaction k can also occur
partly with the stoichiometry of reaction 8.

As with AN, reaction m occurs in the cooler
gas phase away from the surface and, there-
fore, does not contribute to the surface heat
balance. Therefore, this reaction was not in-
cluded in the net heat of reaction n. Reaction
m contributes to the white smoke that is ob-
served when ADN is rapidly decomposed in a
cool atmosphere. It would not occur with a
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flame present because the NH, and HNO,
would react betore recombining.

COMPARISON OF AN AND
ADN DECOMPOSITION

The rapid decomposition process of AN is
clearly endothermic at pressures up to at least
30 atm. At higher pressure an exothermic com-
ponent appears late in the decomposition pro-
cess and brings the overall decomposition pro-
cess closer to thermoneutrality. The exotherm
is accompanied by a drop in the amount of
NH; and NO. that appear in the gas phase.
Although the reaction of NH, and NO. ap-
pears to be responsible for this exotherm. the
amount of NH; and NO, is smaller for AN
than for ADN and so much less heat is gener-
ated.

In contrast. the rapid decomposition process
of ADN is stronglv exothermic early in the
reaction scheme. This behavior is consistent
with the ease of formation of a large amount
of NH; and NO, in the early decomposition
steps. Because the reaction of NH; and NO,
can dominate early and produces a large
amount of heat. the overall decomposition anc,
gasification process is driven at a much high
rate for ADN than AN. Therefore, for both
AN and ADN the reaction of NH, with NO, is
implicated as the main source of heat when the
pure material is decomposed at high tempera-
ture. For AN this reaction only becomes im-
portant under confinement, such as by the
application of high pressure.

We are grateful to the Air Force Office of
Scientific Research for support of this work on
AFOSR-89-0521. T.B.B. wishes to thank M.C.
Lin, T. Litzinger, D. McMillen, and C. Melius for
helpful discussions and data exchange on ADN.
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Thermal Decomposition of Energetic Materials 39.
Characterization of the Residue of
Hexanitrohexaazaisowurtzitane

D. G. PATIL and T. B. BRILL*

Department of Chremistre, Universine of Delinvare, Newark, DE 19700

The polveyclic nitramine.  B-hexanitrohe-
xaazaisowurtzitane (HNIW), decomposes
exothermically above 195°C, liberating large
amounts of NO, and NO and lesser amounts
of CO, CO,, HCN. HNCO, and N.Q {1]. A
dark-celored residuc remains.

O,NN NNO,
O,NN Néo2
OzNN/ NNO,

The infrared spectrum of the residue formed

at 220°C was found to contain broad
absorbances characteristic of a complex mix-
ture of CO, NO, CN, and CC single and dou-
ble bonds and CH modes [1]. The residue of
HNIW remaining after many hours at 205°C
was 17% of the original sample weight and had
an elemental composition of C,H N0, {2].
Little else has been reported.

The residue forms and bumns during com-
bustion of HNIW [3]. Therefore, the residue
plays a role in the surface reaction zone of
burning HNIW, and its decomposition charac-
teristics are of interest. In this note, characteri-
zation and decomposition of the residue formed
at various temperaturcs above 240°C are deter-
mincd by using T-jump/FTIR spectroscopy.

T-jump/FTIR spectroscopy (4] enables a
200-ug film of HNIW to be heated on a Pt

* Corresponding author.

0010-2180,/93 /56.00
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filament at 2000°C, s to 2 chosen constant
temperature under 1 atm Ar. The IR spectra
ot the gaseous products are recorded in near
real-time at 10 scans.’s. The tinal temperature
of the flament was 240°-320°C in WC inter-
vals. This temperature was held for 3 s after
the decomposition exotherm. The filament was
then immediately cooled and the cell purged
for 5 min with Ar to remove all decomposition
gases. The residue remaining on the filament
was then reheated in Ar at 2000°C/s 1o 700°C
for 100 s. During this time the gaseous products
from the decomposition of the residue were
monitored. It was determined separately that
700°C was the temperature necessary to
decompose the residue completely. A very
small amount of residue remained at 650°C.

Figure 1 shows the relative concentrations of
the IR active vaseous products | s after the
first decomposition products from the residue
are detected. The temperatures shown are
those at which the original HNIW samples
were decomposed (240°-320°C). The only IR
active products detected are HNCO, HCN,
CO., and (for decomposition of HNIW below
285°C) NO.. The absolute IR absorbance of
HNCO is unknown. A scaling factor of 1.5 was
used for the 2280-cm ™' stretching mode. This
value is the average of the same mode of the
isoelectronic CO, molecule and N.O [5]. Since
the elements of HNIW are equally represented
in HNCO, the absorbance valuc of HNCO is
not a factor in determining the elemental com-
position of the residue.

The presence of gascous NO. in Fig. | indi-
cates that some of the —NO, functional groups
arc retained by the residue up to 285°C. Some-
what more CO, is formed at lower tempera-

Copyright © 1993 by The Combustion Institute
Published by Elscvier Science Publishing Co., Inc.
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Fre. 1. The relative concentrations of the o
products Jdetected s anter thermolisis oceurs

ot residues ot HINIW Gt 7000 gnder T atm

240 260 280 300

Decomposition Temperature ( °C) of Original HNIW Sample

ture than at higher temperature, perhaps
because the residual ~NO. groups can form
NO, and oxidize carbon. HNCO and HCN are
the dominant decomposition products of the
residue. HI'CO can be produced by decompo-
sition of the amide unit (I [6, 7] and HCN can
form from polyazine units (I7) {8]. Cyclic azines.
tuch as melon. arc known to be thenaally

Ar Vhe wemperature shown e the onginad
decomposition emperatures of the HNIW
samples,

320

stable up to at least 700°C [9. 10]. The high
concentrations of HNCO and HEN along with
the IR spectrum of the residue [1) indicate
high percentage of amide and azine linkages in
Je residue.

Figure 2 shows the slementa! composition of
the residues tormed at zach emperature "rased
aa the absorbance value of coch gaseous prod-
nict scaled by ity absolute atsorbance [3]. Above
285°C. when ail of the NO. groups have been

0 H eliminated. the elemental composition of the
1 - U\ residue is relatively independent of the decom-
.C \\ position temperature of the originagl. rapidly
~ \\\ N heated HNIW sample and averages to about
NH | C,H,N,0.. )
l We are gratefid w the Air Force Ujjice of
Scientific Researci. Aerospace Sciences. jor sup-
(I) (IT) pont of this work on AFOSR-8-0>21.
2.8 i
2.4 1 \ 5
2.21I , » u{
2 ‘ + N
5 ! 8J Lo W
$rel . s ol
1.4«| —
g . 4 T ————
3 0.81 ..
0 o.e :
0.4 1 e Fig. 2. The stoichiometric coetficients for C.
0,21 | M. N, and O of the residue of HNIW
0+ — — . —r . . __1 samples hased on the gas products preser.
20 240 260 280 300 320 340 after 1 s. The tempeiatures shown are the

Decormpostion Temperature ( 'C) of Original HNIW Saurple
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decomposttion temperatures of the original
HNIW sample in | atm Ar
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Thermal Decomposition of Energetic Materials 63. Surface
Reaction Zone Chemistry of Simulated Burning

1,3.5.5-Tetranitrohexahydropyrimidine {DNNC or TNDA!

Compared to RDX

T. B. BRILL* and D. G. PATIL

Degariment of Chemistry, University of Delaware. Newark, DE 19716, US4

J. DUTERQUF. and G. LENGELLE
ONERA, B.P. No. 72, F 92322 Chéaullon Cedex, France

Tae oudicers 1,3,3,3-tecanitrohexahydropyrimidine (DNNC or TNDA) and RDX are tound w have sunilar
bura rates in a strand burner operating at 20-230 atm. These sirand burner data extrapoiate well to the
regression rates obtained {rom high-rate weight-loss measuremeats by SMATCH/FTIR speciroscopy on
Gims of DNNC and RDX of about 45 um thickness. This observation supperis the use of rapid pyvrclvsis of
dlms coupled with spectral diagnostics to determine chemical details about the surface reaction zoe: of
buraing DNNC and RDX. Bv using T-jump,/ FTIR spectroscopy, the gas product concsntrations from DNNC
rapidly decomposing at 220°-300°C reveal that DNNC and RDX theimolyze by different reutes.
Decomposition reactions that form NG are especially important for DNNG, but this does not atfect the
primary flame zone. The primary flame zone of both DNNC and RDX appears to be domiated by the
reaction of CH,0 and NO;, which contributes to the similarity of their burn rates.

INTRODUCTION

During combustion of solid rocket propellants,
thermal decomposition of the ingredients oc-
curs in a thin heterogeneous reaction layer at
the surface. Chemical description of this layer
is needed to develop models of combustion
that include the bumning surface because the
product gases play an important role in the
flame structure (1] Unforwnatzly, the flame
interferes with determination of the surface
reaction mechanisms because the decomposi-
tion products react further very close to the
surface.

An alternative approach to learning about
the surface reaction layver is to simulate the
burning surface with a film of material in which
quasi-isothermal decomposition is induced by
rapidly heating to a high constant temperature.
Tris objective is achieved with T-jump/FTIR
speciroscopy in which a film-like quantity of
materizi is ramp-heated on a Pt ribbon fila-

* Corresponding author.

Copvright £ 1993 by The Combustion nstitute
Published by Elsevier Science Pubiishing Co., Inc.

ment at 2000°C/s to a chosen constant tem-
perature [2]. The decomposition products
evolve into a cool nonreactive (Ar) atmosphere
and arz detectad hy rapid-scan FTIR spec-
woscopy. The gas products form the first stage
of the flame zone if a steady flame is present.
Simultaneously, the endothermic and exother-
mic responses of the sample are reflected in
the control voltage of the filament. Details
about the decomposition mechanism of the
bulk material can be extracted from these data
(3-5], and can be used to understand more
about the burning surface.

Although T-jump/FTIR spectroscopy is in-
tended to simulate surface decomposition for
an instant during steady-state combustioi, the
validity of such an approach is best established
hy the second fast thermolysis technique,
SMATCH/FTIR spectroscozy [6-9).
SMATCH/FTIR permits measuccment of the
rate of mass loss of the film during rapid
heating at 1 atm. If the regression rate calcu-
lated from these data extrapolates to the burn
rate of a bulk sample at higher pressure, then
the decomposition mechanisms of the flm and

W21/ /,93/56.00

194




the surfuce of the bulk sample are expecied
be similar.

Ot particular interest in this article is the
fact that the bura rates of hexahydro-1,3,3-tri-
nitro-s-trizine (RDX) and 1.3,3,5-tetranitro-
hexahvdropvrimidine (DNNC or TNDA, but
hereafter referred to as DNNC) turn out to be
nearlv the same, whereas rather ditferent de-
composition gases were previously found [10].
New details about the rapid decomposition
mechanism of RDX [11] and HMX [4] have
recently been obtained from T-jump/FTIR
spectroscopy. This technique is especially help-
ful because the sequence of formation of the
gas products can be seen simultaneously with
the overall balance of heat flow to and from
the sample. A reexamination of DNNC by T-
jump FTIR spectroscopy is in order, especially
because of interest in DNNC as an oxidizer in
minimum smoke propellant formulations.
Moreover, the twe types of energetic sites in
DNNC make its decomposition mechanism po-
tentially more complicated and intriguing than
RDX.

NO;
o:N’><1'~Jo:
N__N
o:x/ - \\01 o.N7 ™ o,
RDX DNNC

EXPERIMENTAL SECTION

DNNC (12-14} used for thermal decompcsi-
tion studies was provided by SRI International,
Menlo Park, CA. Burn rate measurements were
made at ONERA on DNNC supplied by SNPE,
Le Bouchet, France [15].

For bum rate measurements, rectaagular
blocks (15 X 5 x § mm) were formed by press-
ing under 13 metric tons/cm? to a density of
1.68-1.72 g/cm® for DNNC and 1.76-1.79
g/cm’ for RDX. The sample was ignited by an
electric wire in a strand burner under an N,
pressure set as desired in the 20-250-atm
range. The combustion time was determined
by a photodiode signal.

The SMATCH/FTIR technique and data
reduction methods have been described else-

T.B.BRILL ET AL

where [8-9]. Brietly, films of DNNC (45 um
thickness) and RDX {(40um) having about 90U
wg mass were coated onto the stainless-steel
end-tip of the quartz vibration element by re-
peatedly dipping the tube into an acetone solu-
tic: and evaporating the acetone. The rate of
weight loss during heating-at 250°C/s was de-
termined (Fig. 1). A thermocouple spot-welded
10 the metal end-tip provided a real-time tem-
perature measurement. The initial 30 of
weight loss by DNNC and RDX was fit by the
polynomial equation 1, with the coetficients
given in Table 1:

l-a=Y ar. (D
=0

This polynomial and its first derivative vield
I —~ a, and da/dt, respectively, for use in Eq.
2, where a is the fraction of the sample de-
composed (7-9]. Equation 2 was found to be
linear with n = 2 and. bv use of the tempera-
ture at 25%% weight loss, was

[dr (‘—a)] m"—_’ )

solved for the prefactor A and the global acti-
vation energy E,. The resultant values are
given in Table 1 and apply only to the pres-
sure and temperature conditions of the
SMATCH/FTIR experiment. The regression
rate of the film, #, was calculated by a modified

1.2
R e | !
. i — experimental |
0.9- i = calcuated {
Ro.7- i f
% ) i
.‘goo 5- i
. \ i
£03- \ |
0.1- "
01
0 0.8 1.8 2.4 3
Time (sec)

Fig 1. The weight los curve measured by SMATCH
/FTIR spectroscopy on a 45-um-thick film of DNNC
heated at about 250°C/s under | atm Ar. The polynomial
6t is shown.
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‘es

TABLEL
SMATCH / FTIR Data for DNNCand RDX

Polynomial Coetticients

Calculated Values

Compound dy d a; a, E}’ log A" re
DNNC 0.6393 0.960F 23914 -4.4379 429 25.4 ViV oy
RDX 1.853 0.4929 -2.4250 0.8563 9.0 13.64 0.038

¢ kcal/mol.

»s°L

¢ cm/s.

version of the pwiolysis law,
"=Al,2he-5,,2RT‘ (3)

where h is the film thickness given above.
Equation 3 is valid if 4 is approximately the
thickness of the surface reaction zone during
combustion at 1 atm. Because 4 and E, fre-
quently are compensating, this equation yields
values of 7 that are similar to those deter-
mined by other equations {7-9].

Equation 3 is a specialized version of Eq. 4,
which gives the generalized relationship be-
tween £ and Arrhenius parameters obtained
from thermal decomposition data [1, 7-9, 11]:

172

d RT,

7

To
E(-InY, )|l - T

r=

A
(T, (T,
where T, is the surface temperature, T, is the
initial temperature, d, is the thermal diffusiv-
ity, C is the heat capacity, Q, is the heat of
reaction, and Y, , is the amount of nitramine
reacting. Equation 4 has been used success-
fully to describe combustion of inert binders
and HMX (1]. To reduce Eq. 4 to Eq. 3, the
terms containing T, and (, were assumed
to be small or compensating. By doing so,
the bracketed term in Eq. 4 is approximately
the heat conduction length or reaction zone
thickness, A.

SMATCH/FTIR spectroscopy induces sam-
ple decomposition along a iemperature ramp.
The gas products detected, therefore, come
from reactions at somewhat different tempera-
tures. This tends to complicate the description
of the decomposition mechanism. Mechanistic
details are obtained more clearly by decompos-
ing a thin layer of sample quasi-isothermally

following rapid heating to a chosen relative
constant temperature. These conditions are
created by T-jump,/FTIR spectroscopy (2] in
which about 200 ug of polycrystalline DNNC
is thinly spread on a Pt ribbon filament. The
filament is housed in a gastight IR cell contain-
ing 2.5 atm Ar. Sublimation of DNNC was
greatly reduced by using this superatmospheric
pressure of Ar. The Pt filament was resistivelv
heated at 2000°C/s to a set temperature and
held at that temperature for the duration of
decomposition. DNNC iniually melts to a thin
film. It then decomposes releasing gas products
into the cool, nonreactive Ar atmosphere where

Al/ze-E,/‘:RT (4)

they are quenched. The beam of a Nicolet
20SXB rapid-scan FTIR spectrometer focused
about 3 mm above the Pt filament recorded an

interferogram of the gas products every 200
ms. The endothermic and exothermic events of

the sample are detected by monitoring the
control voltage of the filament. A difference
voltage was obtained by subtracting the control
voltage without sample present from the con-
trol voitage with sample present. A downward
deflection thus corresponds to a net heat re-
lease by the sample. By triggering the spec-
trometer and Pt heater circuit simuitanously,
the thermal response of the sample 2! ‘ne IR
spectra are correlated ‘n time. Heuo « 2is{.,
limitations make it esscntially impossible for
the filament and sample to0 track ore another
as reactions occur, s0 the temperaturcs given
in this paper are filameat values based on
calibration with melting point standards (2.
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lease by the sample. By triggering the spec-
trometer and Pt heater circuit simultancously,
the thermal response ot the sample and the IR
spectra are correlated in ume. Heat transter
limitations make it ¢ssentially impossible for
the filament and sample 10 wrack one another
as reactions occur, so the temperatures given
in this paper are filamen: values based on
calibration with melting point standards [2].

The IR absorbance of each product was
converted to the apparent concentration by
multiplving the intensity of a well-resolved vi-
brational mode by a factor {3] derived from the
absolute absorbance. The rate of growth of
concentration is obtained in this way through:
out the decomposition process. The gas prod-
uct profiles were smoothed to eliminate fluc-
tuations caused by turbulence and the mirage
effect in the gas laver above the filament re-
sulting from intense hz2at release at the
exotherm. The mirage etfect redirects the [R
beam causing all of the absorbances to de-
crease for about 0.5 s. [R inactive products are
expected to have low concentration and are
not included in the quantitation procedure.
The 2280 cm~! mode of HNCO, for which no
absolute IR absorbance value is available, was
chesen to have a relative absorbance factor of
!5 based on 1.0 for the isoelectronic CO,
muiecule and 2.0 for N,O (3],

BURN RATE MEASUREMENTS

Linear burn rate data in the 20~250 atm range
for pressed samples of DNNC and RDX are
shown in Fig. 2. These burn rates are repre-
senied by Eqs. 5 and 6

# =0.027P%" (DNNQ), )
¢ =0.04P°" (RDX). (6)

Extrapolation of the burn rates to 1 atm shows
close intersection with the regression rates of
40-50-p m-thick films of DNNC and RDX that
are calculated from SMATCH/FTIR spec-
troscopy. This connection gives confidence in
the use of fast thermolysis of thin layer-like
samples at pressures below 20 atm to unravel
the surface reaction products that are pro-
duced during combustion up to at least 250
atm. It & also significant that the decomposi-
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Fig. 2. Linear burn rates of DNNCand RDX measured in

an N; atmosphere by a strand burner and extrapolated to

the regression rate calculated from SMATCH /FTIR data
for a 43.um-thick dim.

tion products of DNNC are found to have litde
temperature dependence in the 220°-3CC°C
range (vide infra). This finding suggests that
the decomposition mechanism of bulk DNNC
is relatively insensitive to surface temperatures
in this range. The final gas product ratios mea-
sured by SMATCH/FTIR spectroscopy are
similar to those by T-jump/FTIR spec-
troscopy, but T-jump/FTIR permits the se-
quence of formation to be determined.

GAS PRODUCTS AND EXPECTED
FLAME STRUCTURE

Previously reported fast thermolysis data on
DNNC obtained by ramp heating of a nichrome
filament at 145°C/s reveal that NO,(g) domi-
nates initially, but that NO(g) grows to be the
major product after several seconds [10]. De-
scription of the decomposition mechanism by
this method and by SMATCH/FTIR is poten-
tally complicated by the fact that the reaction
occurs along a temperature ramp. The deu-
terium isotope effect of the decomposition rate
indicates that C-H bond dissociation in the
condensed phase is rate controlling up to the
197°C limit of study {18]. Molecular conforma-
tional differences appear to play no role in the
decomposition of RDX and DNNC because
the interconversion barriers are low {19).
DNNC melts at 152°C and decomposes above
188°C according to DSC (18} The surface tem-
perature of DNNC during combustion will be
much higher than 188°C, but has not been
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Fig. 3. The sequential appearance and change of concen-
tration of the [R active gas products ffom NNNC heated
at 2000°C/s to 223°C under .5 atm of Ar. The concentra-
ticns were obtaincd by scaling the IR absorbances accord-
ing (o the absolute [R intensity of the mode. The differ-
ence voltage trace of the Pt filament shows that the
heterogencous condensed phase chemistry becomes
strongly exothermic after 7 3.

determnined. A temperature of 300°C in the
heterogeneous surface reaction zone is reason-
able based on the fact that the surface temper-
ature of RDX burning at 1-20 atm is about
100°-150°C above the normal decomposition
temperature [20]. Therefore, DNNC was T-
jumped to the 220°-300°C range and rapid-scan
FTIR cpectroscopy was used to determine the
gas products generated by heterogeneous de-
composition representative of the burning
surface.

In Fig. 3 1he growth in concentration of each
gas product from DNNC heated at 2000°C/s
to 225°C is shoewn alcng with the difference
control voit+ge truce reflecting the energy re-
lease partern f .he condensed phase. Nu.
shown is th i : «..dotherm that is com-
pleted after 1 5. 1ae uaia at 223 " were chosen
because the major details are clearly revealed.
The postreaction product concentrations at
223°C are found to be the same as those up o
the 300°C limit of study, indicating that the
overall decomposition mechanism has litte
temperature dependence in the 220°-300"C
range. A notabhie difference is the larger
amount of NO, and CO, detected before the
exotherm at 223°C compared to higher tem-
peratures. For example, at 250°C only a trace

of NO, and CO, are detected 0.3 s betore the
exotherm. The most logical explanation for this
difference s simply that the reaction rates at
higher temperature exceed the spectral detec-
tion rate.

The detaction of NO, as the initial gas prod-
uct is good evidence that N-NO. and, or
C-NO. homolysis initiates the decomposition
of DNNC., Endothermicity associated with bond
scission is offset by non-gas-producing re-
arrangements in the condensed phase because
the control voltage trace indicates thermoneu-
trality. Overall exothermicity begins as CO,
forms. The detection of CO, before the other
redox products may result in part from its large
IR absorbtivity compared to other gases. How-
ever, any decomposition mechanism of DNNC
needs to account for early formation of CO,.

The second major stage of decomposition of
DNNC is strongly exothermic and begins at
7-15 s in Fig. 3. The NO, NO,, CH,0, and
CO, concenirations rise sharply while CO,
HCN, and N,O form in lesser amounts. Many
reactions occur during this stage and will be
discussed in the following section. The prod-
ucts are similar to those reported in an earlier
study using steep ramp heating [10], except
that no CH,0 was reported. We can attribute
the absence of CH,O only to an oversight in
the previous data reduction.

A third stage of the reaction stheme in-
volves the formation of a small amount of
HONO and HNCO after most of the DNNC
has reacted and the local temperature is the
highest. HONO may form as a result of scav-
enging of H - by NO, - [21]. H - becomes more
available in the highly exothermic stage of
decomposition. HNCO may originate from the
decomposition of a small amount of residue
that forms during decomposition at 223°C. In
fact, the final gas product mixture in Fig. 1 has
a higher oxygen content than DNNC, implying
that a C, H, N-rich residue remains on the
filament A small amount of dark-brown film is
indeed observable and can be completely re-
moved in an Ar aimosphere oaly by heating to
700°C or higher. HNCO and HCN are the
dominant gas products formed by this residue.
On this basis HNCO may be formed by decom-
position of the residue, as is the case for RDX
and HMX (22} Oxdation of HC.+ by NO, at
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high temperature is also a source of HNCO
(23]. 1 DNNC is decomposed at temperaturces
above 240°C, the C, N, O, and H composition
of the gas products more closely mutches the
formula of DNNC. This suggests that the
ainount of nonvolatile residue depends on the
decomposition temperature, that is, the lower
the temperature and longer the reaction time,
the greater the tendency to form a relatively
thermally stable, nonvolatile residue. It is
doubtful that this residue forms at the surface
temperature of burning DNNC.

As is the case for RDX (11] and HMX (4},
the decomposition process of DNNC (Fig. 3)
becomes strongly exothermic at the time that
NO and CO become major products. This sug-
gests that the highly exothermic reactions 7
and 8 may be occurring. However, the fact that
much more NO thaa CO is liberated by DNNC
impliss that sources of NO exist other than
reactions 7 and $:

CH,O - NO, = NO + CO + H.0, (@)}
SCH,0 « TNO; = TNO + 3CO
+2C0,; + SH,0. (8)

It is also noteworthy that, in contrast to RDX
and HMX, CH,O and NO, continue to be
generated in the exotherm and remain in high
concentration in the cool Ar atmosphere after
the decomposition is complete. This ob<=rva-
tion has implications for the flame structure of
DNNC. The primary flame of DNNC is ex-
pected W be dominated by reactions 7 and §,
which release a large amount of heat close to
the surface and influence the surface regres-
sion (burn) rate. The primary flame zone of
RDX and HMX also appears to be dominated
by the heat of reaction 7 or 8 {11]. Therefore, it
is nou surprising that the burn rates of RDX
and DNNC shown in Fig. 2 are qQuite similar.
Unlke RDX and HMX, DNNC also generated
a large amount of NO in the decomposition
process. NO reduction is relatively slow in the
temperature range of the prinary flame [20)
and 50 NO wuld be expecied to pass through
the primary flume and become the do.vinant
oxidizing agent of the secondary lame. In fact,
the similarity of the burn rates of RDX and

T.B. BRILL ET AL

DNNC, coupled with the high concentration ot
NO entering the primary fame of DNNC and
the lower concentration of NO entering the
primany flame of RDX, is strong evidenc? ihat
NO reactions are unimportant in the pnimary
fame zone of nitramine propellants.

THE DECOMPOSITION MECHANISM
OF DNNC

Despite the fact that the primary flame zone
chemistry of DNNC, RDX and HMX is driven
by similar reactants (reactions 7 and 3). the
decomposition mechanism of bulk DNNC is
significanty different from RDX and HMX.
An obvious major reason is that competition
between reactions of the C-NO, and N-NO.
groups affects the subsequent reaction path-
ways. For bulk RDX and HMX, the :arly
reaction steps form NO. and N.O and leave
less volatile secondary products to decompose
later and produce the CH.O and HCN fuels
(4, 11]. In keeping with the (CH,NNO.), (n =
3, 4) formulae of RDX and HMYX, the quanti-
ties of NO, and N.O closely resemble HCN
and CH,O, respectively, before the exothermic
reactions 7 and 8 take over {4, 11} On the
other hand, Fig. 3 shows that DNNC liberates
only a small amount of N.O and HCN. but a
farge amount of NC, and CH.O. These dif-
ferences suggest some plausidble decomposition
pathways for DNNC.

The fact that NO, is the initially detected
gas :roduct from DNNC is good evidence that
C-NO, and/or N-NO, homolysis initiates the
process. C-NO, and N-NQO, have about the
same bond energy in the related molecule,
TNAZ [24], but, in general, the C-NO. bond
is thought to be slightly weaker than an N-NO,
bond {25). Consequently, mechanisms that be-
gin with C-NO. homolysis and produce the
gas products shown in Fig. 3 are considered
here. Another set of reactions could be written
beginning with N-NO, homolysis. Even with
this constraint, many possible secondary de-
compasition reactons emerge. Unfortunately,
the reaction intermediates are necessanly
speculative because each can decompose in
several ways and could also engage in bimolec-
ular chemistry at each step. Bimolecular chem-
stry has an important role in the decomposi-

199




DECOMPOSITION OF ENERGETIC MATERIALS v

tion of encrgetic materials, especially at higher
pressure (261

NO,

—_—
L

NO,

0.N TNAZ

Figure 4 gives three of many reasonatle
reaction steps that can follow C-NO, homoly-
sis. In routes [ and LII. the N or O atom of
NO. could react bimolecularly at the carbon
radical site leading to facile formation of NO
and preparing the carbon atom to form CO,.
Previously, double isomerization aiid decompo-
siion of the C(NO,), unit by reaction 9 was
proposed (10] 1o account t. - the large amount
of CO; and NO that is generated by gem
-dinitro groups {10, 27}

C(NO,). = C(ONO), — CO, + 2NO.  (9)

However, there is no evidence of reaction 9 in
the unimolecular gas-phase decomposition of
TNAZ (28] On the other hand, in bulk mate-
rial, the bimolecular siepwise reaction of NO,
and the residual molecule (routes ! and III),
whicl is a vaniation on reaction 9, remaias a
plausible route to CO, and NO. Isomenzation
of the -NO, groups of gem-dinitroalkanes and
scission of the ~-NO bond 0 a carboayl and
NO(g) has been proposed to account for the
products of thermal decomposition (29]. Re-
cently, pyrolysis of CINO,), above 230°C was
observed to produce NO, and NO {30]. The
resulting intermediate was propased to be a
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Fig & Theee of mesy plousine maction rowtes of DNNC
folioesag C-NQ, homobsm Rowtrs | and THl savolee
molecelsr reaction of NG, and the resultsat radwcrl
Rowte il w 3 pombie magar sowrce of NO.

carbony! that decomposed to CO and CO..
The absence of N, and O, was further ewi-
dence of 3 carbonyl of the type propused in
Fig. 4 {30},

The large amount of NO produced by DNNC
suggests that other tacile routes to NO must be
present in the decomposition fragments. In
route II, two NO molecules are indicated as
products of a primary nitramine radical. This
branch is proposed based on the loss of N,O,
during unimolecular decomposition of TNAZ
(28]. It has not been determined whether evo-
lution of the N.O, urit leading to 2NO is
unigue {0 a nitusazetidine radical or whether it
is characteristic of the RNNOQ, group in gen-
eral.

Further decompasition of the intermediates
of rouies [-11I in Fig. 4 would be expected to
liberate CH,O, H.O, NO, and HCN as well.
Bimolecular recombinaton reactions ocould
generate a nonvolatile residue. The experimen-
tally observed minimal temperature depen-
dence of the concentrations of the major gas
products may result from the fact that the
multiple reaction pathwavs compete in formias,
each gas. When this occurs the numerous ele-
mentary steps in any particular reaction chae-
ael become disguised, if, as is the case here,
only final gas products can be detected.

T. Ball is graweful 1o the Air Force Office of
Scientfic Research, Aerospace Sciences, for sup-
port of this work on AFOSR-39-0521. The work
at ONERA was carried owt urder a contract from
DRET (Ministry «f Defense).
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