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Abstract

Thermal analysis of RDX and its three plastic bonded explosives (PBXs) namely RXE 9505, RXE 9010 and RXV 9010 were done using
various thermo analytical techniques, under different conditions. Although, the thermal analyses do not show any significant reduction in
thermal stability of RDX, there are results, which suggest that the presence of binder alters the reaction pathways. Kinetic analysis of isothermal
TG data was made by model fitting methods as well as a model free isoconversional method. The merits and demerits of both modes of kinetic
approaches were evaluated critically. Conventional model fitting methods fail to describe the complex reactions during thermolysis of both
RDX and its PBXs. Isoconversional method shows that the mechanisms of thermolysis of RDX and its PBXs are different, in the same
temperature range. Role of binder was found to be in facilitating the reaction to take place in the condensed phase and reducing the role of
competing reaction channels such as evaporation and gas phase thermolysis. Rapid thermolysis of the samples was studied by measurin
ignition delay and evaluating its kinetic parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction influence the performance of HEMs. Thus deep understand-
ing of various physico-chemical processes that are occurring
PBX is a composite energetic material (CEM), which con- during thermolysis of HEMs is required for performance pre-
tains an energetic compound as filler in a polymer (binder) diction and safety evaluation.
matrix. The basic aim of coating an energetic compound with  Thermal behavior of PBXs may be different from that of
a polymer binder is to reduce its sensitivity and give mechan- pure energetic compound because the binder as well as other
ical strength for shaped explosive charges. Pressing is madedditives such as plasticiser may influence the thermo chem-
easier in PBX moulding powders and thus the higher density istry. In fact studies on composite solid propellants, which
helps to attain better performance. Thermal analysis is anare essentially similar in composition to that of PBXs show
integral part of research and development of high energeticthat binder plays a vital role in their thermolysis and combus-
materials (HEMs) due to obvious reasons. Initiation by most tion. For example, Oyumi et gl2] showed that presence of
of the hazardous stimuli such as shock, impact, spark, etc., isbis(azidomethyl)oxetane/tetrahydrofuran (BAMO), which is
believed to be triggered off by the thermal event produtéd acopolymer binder, initiated and accelerated the rate of HMX
Moreover, thermal decomposition mechanisms and productsthermal decomposition in their composite propellant. Bazaki
et al.[3] have investigated the effect of chemical nature of
* Corresponding author. Tel.: +91 551 2202856; fax: +91 551 2340459. Pinder on burning rate characteristics of ammonium perchlo-
E-mail addressgsingh4us@yahoo.com (G. Singh). rate (AP) based composite propellants. They have concluded
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that burning rate appears to be very much dependent on thgsample mass<5mg, atmosphere = flowing Ngas at a
type of binder used. However, the role of binder in thermol- rate of 60 mL mirr1). DSC thermal curves on the samples
ysis of PBXs is less explorgd] and meagerly available in  in open aluminium pans were collected by using DuPont
open literature. Various establishments involved in formula- 2100 DSC instrument at a heating rate of @min~—* (sam-
tion of PBXs have reported some routine characterization of ple mass~2 mg, atmosphere = flowing Ngas at a rate
PBXs[5-9]. But these are inadequate to understand the effectof 60 mL min~1). Non-isothermal TG-DSC analyses on the
of binder on thermal stability of the energetic filler and the samples were made on NETZSCH STA 409 at a heating
underlying thermo chemistry. Thus, some systematic ther- rate of 10°C min—! under flowing N (60 mL min~?1) in an
mal studies on various PBX formulations have been initiated alumina crucible with a lid having small (pin size) hole in
in this laboratory. Thermal analysis and kinetics thereof on the centre. Non-isothermal TG analyses were also made in
RDX-HTPB PBX, showed that the thermolysis pathways are static air atmosphere at a heating rate of €@nin1, us-
differentin pure RDX and the PBM,10]. Ourrecent studies  ing an indigenously fabricated TG apparaf@s] (sample
[11] showed that thermal stability of HMX decreases when it mass~25mg). DTA analyses of the samples were carried
is coated with Estane and extent of lowering increases as theout in flowing air (60 mL mirrl) atmosphere at a heating
percentage of binder increases. Thus, it was found interest-rate of 10°C min~!, using a DTA apparatus by Universal
ing to study the role of Estane during thermolysis of its PBX Thermal Analysis Instruments, Mumbai. Sample mass was
with RDX. The effect of Viton A, which is thermally more  keptas~5 mg for RDX and the PBXs. Isothermal TG studies
stable than Estane has also been investigated and the resultsf the samples were done at appropriate temperatures using
are presented here. the above stated indigenously fabricated TG apparatus under
There are a number of correlations available in literature static air atmosphere. Approximately 25 mg sample mass has
between kinetics of thermolysis in HEMs and performance been used for each run. Measurements of ignition delay of
parameters. Cook et 4l.2,13] proposed that the kinetics of RDX and the PBXs were made by tube furnace technique
initial reactions are important in determining detonation ve- (TF) [27]. Details of the experiments were as reported ear-
locity. Zeman et al. correlated thermal decomposition kinet- lier [28]. Thus all the experiments were in open condition,
ics of polynitroaromatic explosives at lower temperature with except in STA, where the analyses were made under patrtial
molecular structurgl4], heat of explosionfl5], detonation confinement.
characteristicgl4,16], and thermal stabilit)d 7]. The Arrhe-
nius parameters are related to critical temperature of thermal
explosion by Frank-Kamenetski mod#8]. Thusiitisimpor- 3. Results
tantto assess the kinetic parameters for thermolysis of HEMs.
Traditionally, model-fitting[19,20] approaches are used for 3.1. TG-DTG and DSC
evaluating global activation energy and pre-exponential fac-
tor. However, thermolysis of energetic materials is highly TG-DTG thermal curves of RDX, RXE 9505, RXE 9010,
complex and is an intricate interplay of various physico- RXV 9010 and Viton A are given irFig. 1 and the phe-
chemical processes. The individual steps may have differ- nomenological data are summarizedriable 1. TG thermal
ent activation energies and contribution of individual steps curve of RDX exhibits mass loss in a single step, which ap-
to overall process may be a function of both temperature asproaches~100%. Mass loss in Viton A takes place at very
well as extent of conversion. Such changes are not detectechigh temperature and its thermolysis occurs in a single step.
by traditional model fitting methodg1,22]. Recently the TG and DSC thermal curves for pure Estane are not included,
use of isoconversional methods is suggested as a solution fothey are reported in our earlier pagét]. TG-DTG thermal
this problen{23,24]. We have used both traditional methods curves for PBXs differ from that of pure RDX in that there
as well as a standard isoconversional metfi], for eval- is an additional step of binder degradation, which follows
uating kinetic parameters for isothermal TG data of RDX the thermolysis of RDX in the first step. The second step in
and its PBXs. The Arrhenius parameters obtained using boththe case of Estane based PBXs is occurring in a wide range
methods have been compared critically. of temperatures. However, the second step for RXV 9010 is
clearly distinct and the values @f, inflection temperature
(Ts) and end-set temperatures [ Tor this step are given in
2. Experimental section Table 1.
DSC thermal curves are shown kig. 2 and the corre-
Samples of RDX, Estane, Viton A and their PBX formu- sponding data are summarizedTable 1.Fig. 2 shows an
lations containing RDX and Estane in the ratios 95:5 (RXE endotherm followed by an exotherm for RDX and its PBXs.
9505), 90:10 (RXE 9010) and a RDX-Viton A PBX in the The initial sharp endothermic peak-a206°C is due to melt-
ratio 90:10 (RXV 9010) were supplied by TBRL, Chandi- ing of RDX[29]. Enthalpy change (AH) during the exother-
garh. These samples were used as received. Non-isothermahic decomposition of RDX and its PBXs is also calculated
TG-DTG analyses of the samples were done by using aand givenirTable 1. DSC thermal curve for Viton A does not
DuPont 2100 TG instrument at a heating rate of C®nin—* show any process up to 40Q, which is the upper tempera-
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Fig. 1. TG-DTG thermal curves of RDX, Viton A and their PBXs in inert atmosphere.
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ture limit of the instrument. Hence the corresponding thermal samples than that obtained in open pans. From the overlay
curve is not included iffrig. 2. of TG thermal curves iffrig. 3, it can also be seen that mass
loss in RDX and RXE 9505 starts even befdjeBut, as the
percentage of binder increases, there is no significant mass
loss prior toT;.

3.2. Simultaneous TG-DSC

Thermal curves recorded by STA in the temperature range
of 100-350°C are shown irFig. 3and the data are summa-
rized in Table 2.T;, Ts and T; for all samples in TG were
found to have a higher value than that obtained in open con-
ditions. The peak temperature in DSC was also higher for all air atmosphere to determine the range of temperature for

Table 1

3.3. Non-isothermal TG and DTA in static air

Non-isothermal TG experiments were carried out in static

TG-DTG and DSC phenomenological data of RDX and its PBXs under inert atmosphere in open pans

Sample name TG-DTG DSC peak temperaturéQ), Exo AH (kJg1), Exo
Ti (°C) Ts (°C) Tt (°C) % Decomposition
RDX 216 232 240 99.7 236, 249 0.54
RXE 9505 214 224 235 96.7 239 12
RXE 9010 212 226 234 92.4 240 14
RXV 9010 | 219 232 239 87.1 240 1.2
Il 467 481 489 11.8 - -
Viton A 462 477 485 97.8 - -

T;: onset temperaturds: inflection temperaturel;: end-set temperature.
a Shoulder peak.
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Fig. 4. Non-isothermal TG thermal curves of RDX and its PBXs in static

Fig. 2. DSC thermal curves of RDX and its PBXs in open pans. air atmosphere

conducting isothermal analysis under similar conditions. TG

thermal curves are shown Kig. 4 and the data profiles are  position temperature (SDT) is same for RDX and its PBXs,
summarized irrable 3. The DTA thermal curves are shown thermolysis completes earlier in case of PBXs. Nature of the
in Fig. 5 and the corresponding data are givenTable 3. DTAthermal curves is more or less similar to that of the DSC
TG thermal curves show that although the starting decom- ones.

Table 2

Simultaneous TG-DTG-DSC phenomenological data of RDX and its PBXs in inert atmosphere and partial confinement of samples

Sample name TG-DTG DSC peak temperaturéQ), Exo AH (kJg1), Exo

Ti (°C) Ts (°C) Ti (°C) % Decomposition

RDX 220 242 255 98.4 244 1.0

RXE 9505 218 238 254 92.2 240 1.7

RXE 9010 219 241 250 84.1 244 1.8

RXV 9010 224 241 255 83.3 243 15

T;: onset temperaturds: inflection temperaturet;: end-set temperature.
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Table 3
TG and DTA phenomenological data of RDX and its PBXs in static air atmosphere
Sample name TG DTA peak temperature’ C)
SDT (°C) FDT (°C) % Decomposed Endo Exo
RDX 200 250 99 207 246
RXE 9505 200 240 96 206 244
RXE 9010 201 242 93 207 248
RXV 9010 202 240 90 207 246
SDT: starting decomposition temperature; FDT: final decomposition temperature.
3.4. Isothermal TG 0.20
0.16 1 RXE 9505 ~—s-
RXV 9010
RXE 9010

Plot of data derived from isothermal TG for RDX, RXE
> 0.12 1

9505, RXE 9010 and RXV 9010 are givenkig. 6. Temper-
ature range chosen was above the melting pointof RDX inall ~
cases. For RDX, isothermal TG analysis was possible even g‘)
at a temperature as high as 24) whereas the PBXs were = 7
found to decompose faster at this temperature leading to run- 000 4
away reactions. Shape of the thermal curves for all samples  _ o4 . .
was sigmoidal, which is usually attributed to autocatalytic 0 50 100 150 200 250 300 350
Temperature / °C

RDX

reactions.
Fig. 5. DTA thermal curves of RDX and its PBXs in static air atmosphere.
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Table 4
Various mechanism based kinetic models generally used to describe thermal decomposition of solids
S. no. Model f(e) O(w)
1. Power law 434 o1/4
2. Power law 3¢/3 o3
3. Power law 2d/? ol/?
4. POWER law 2/3¢/? o8/?
5. One-dimensional diffusion 12t o?
6. Mampel (first order) o —In(1— @)
7. Avrami-Erofeev 4(1- o)[—In(1 — 2)]3/4 [~In(1 — a)]¥4
8. Avrami—-Erofeev 3(1- a)[-In(1 — w)]?® [-In(1 — )]
9. Avrami-Erofeev 2(2- o)[—In(1 — w)]*/? [~In(d — a)]*/?
10. Contracting sphere 3@ )3 1—(1—a)l
11. Three-dimensional diffusion 2@ a)?P1- (1 - )31t [1-@1-a)l3?
12. Contracting cylinder 2( a)l/? 1—-(1—-a)t?
13. Prout-Tomkins a(l—a) IN(e/1 — o)
14. Ginstling—Brounshtein 3/2[(1 — o)~ 1/3 — 1)1 [1— (2a/3)]— (1 — )??
3.5. Kinetic analysis of isothermal TG data Table 5
Arrhenius parameters for isothermal decomposition of RDX
3.5.1. Model fitting methods ModeP E (kImol ) In(A) (min™*) r
The equation generally used for kinetic evaluation of ther- 1 151.1 31.4 0.9918
mal decomposition reactions is the well-known expression 2 152.0 318 0.9916
for rate, which is 3 153.7 325 0.9913
4 160.8 34.5 0.9892
da 5 162.8 35.0 0.9883
P k(T) f(c) Q) 6 159.2 35.2 0.9892
t 7 154.8 32.8 0.9908
whereu is the extent of conversionthe time, T the absolute g ig?g gi'g g'gggi
temperaturek(_T) the temperatur_e-dependent _rate constant 159 6 337 0.9893
andf(«) afunction called the reaction model. Various forms of 11 160.7 335 0.9883
f(«) are summarized imable 4. The temperature dependency 12 159.4 33.9 0.9895
of rate constant is assumed to obey Arrhenius expression: 13 154.0 34.5 0.9908
14 162.2 33.4 0.9880
E 2 Enumeration of the model is as givenTable 4.
k(T) = A exp( —— ) g
RT
whereA is pre-exponential (Arrhenius) factdg, the activa- 3.5.2. Isoconversional method
tion energy andRthe gas constanEq. (1)is often used in its In isoconversional method, it is assumed that the reaction
integral form, which for isothermal conditions becomes: model inEg. (1) is not dependent on temperature. Under
N isothermal conditions, we may combifes. (3) and (4)o
_ -1
e = [ 1) da= KD ©)
o . Table 6
whereg(«) is integrated form of the reaction model (Table 3).  Arrhenius parameters for isothermal decomposition of RXE 9505
_Substituting a particular rea;tion model irf. (3)_res_ults ModeP E (kJmol 1) In(A) (min-1) r
in evaluating the corresponding rate constant, which |s_found 1 2174 279 0.9860
from slope of the plot ofg(«x) versust. For each reaction > 2175 481 0.9860
model selected, the rate constants are evaluated at severak 217.7 48.4 0.9860
temperatures and the Arrhenius parameters are evaluated us4 219.1 49.0 0.9855
ing Arrhenius equation in its logarithmic form: > 219.8 i 0.9850
6 221.3 50.5 0.9825
E 7 218.8 48.7 0.9848
Nk(T)=In A - — (4) 8 219.1 49.0 0.9846
RT 9 219.6 495 0.9842
Kinetic parameters obtained for isothermal decomposition 10 gggé jg'; g'ggig
pf RDX, RXE 9505, RXE 9010 and RXV 9010 are given 2196 488 0.9847
in Tables 5-8, respectively. The correlation coefficient (r) is 13 219.2 50.7 0.9842
sometimes used as a parameter for choosing the best model4 2215 48.0 0.9828

The values of are also reported ifiables 5-8. a Enumeration of the model is as givenTable 4.
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Table 7
Arrhenius parameters for isothermal decomposition of RXE 9010
ModeP E (kJmol 1) In(A) (min~1) r
1 184.3 39.5 0.9932
2 184.7 39.8 0.9932
3 185.5 40.2 0.9931
4 189.1 41.4 0.9927
5 190.5 41.8 0.9926
6 192.0 43.1 0.9922
7 187.5 40.8 0.9928
8 188.0 41.2 0.9928
9 189.1 41.8 0.9926
10 190.4 41.2 0.9925
11 194.0 41.6 0.9924
12 189.6 41.3 0.9926
13 187.9 42.8 0.9928
14 192.7 40.8 0.9923

a Enumeration of the model is as givenTable 4.

Table 8
Arrhenius parameters for isothermal decomposition of RXV 9010
ModeP E (kJmol 1) In(A) (min~1) r
1 187.2 40.5 0.9878
2 188.3 41.0 0.9880
3 190.6 41.7 0.9885
4 202.0 44.8 0.9907
5 206.5 45.9 0.9914
6 210.8 47.9 0.9920
7 196.3 43.2 0.9896
8 198.1 43.9 0.9899
9 201.6 45.1 0.9906
10 205.8 45.2 0.9913
11 217.6 47.5 0.9930
12 203.3 44.8 0.9909
13 197.4 45.3 0.9898
14 2135 46.1 0.9924
a8 Enumeration of the model is as givenTiable 4.
get
A E,
—Inz,;=In — 5
w=n| 5|~ % (5)

whereE, is evaluated from slope for the plot efint, ;
againstZ; . Thus values of, for RDX and PBXs were
evaluated at various;. The dependencies of activation en-
ergy (E,) on extent of conversion («) are givenhg. 7.
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Fig. 7. Dependencies of activation energy on extent of conversion for RDX
and its PBXs obtained using the isoconversional method.
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3.6. Ignition delay (t) studies

Measurement dfy at various temperatures for RDX and
the PBXs was done and the values are summarizéahite 9.
The values ofjq fitted the following equatiofi30-32]:

E*
tig = A eXp—
id = pRT
whereE* is the activation energy for thermal ignitidag. (6)
is used in its logarithmic form to evaluai from a plot
of Intig againstT—1. The plot of Intiq againstT—1 for RDX
and its PBXs are given ifrig. 8 and the values oE* are
summarized ifmable 9.

(6)

4. Discussion

Thermolysis of RDX involves reactions in many phases
and hence the use of open and confined pans for analyses
using TG and DSC, allows to vary the contributions of con-
densed and gas phase proce$38s34]. Results of thermal
analyses at various conditions and using different techniques
do not indicate any considerable reduction in the thermal sta-
bility of RDX in its PBXs. Moreover, thermal analysis shows
that thermolysis of RDX and its PBXs have similgrval-
ues. But, non-isothermal TGA under static air atmosphere
shows that thermolysis of PBXs completes earlier as com-
pared to RDX. Isothermal TGA shows that thermolysis of
RDX is slower at higher temperatures where that of PBXs
occurs quite faster.

Value of AH for the exothermic process for RDX as per
DSC in open pans and in pierced pans is less than that of
its PBX analogues. Thus, it may be seen that coating with a
binder favours exothermic decomposition of RDX. Recently
Long et al[34] have studied the competitive vaporization and
decomposition of liquid RDX. They have shown that confin-
ing an RDX sample in a closed pan prevents sublimation of
solid RDX and size of the normalized exotherm increases as
compared to that observed in open pan experiments. Thus, it
seems that the polymeric binder might be forming a superfi-
cial layer over molten RDX, which prevents evaporation and
thus thermolysis proceeds in the liquid phase. Exothermic
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Table 9
Ignition delay (iy) and activation energy for thermal ignitioB*) for RDX and its PBXs
Sample tig (S) at temperaturesSC) E* (kdmol 1) r

300 325 350 375 400 450
RDX 88.13 72.50 58.75 48.53 42.92 33.28 22.6 0.9982
RXE 9505 74.66 64.03 51.78 42.62 35.97 29.37 22.4 0.9962
RXE 9010 85.50 70.47 56.44 47.07 42.18 33.12 22.1 0.9966
RXV 9010 83.25 67.25 54.45 46.97 40.5 32.12 22.0 0.9978

heat release is more prevalent in Estane based PBXs than th&hese kinetic parameters suffer from kinetic compensation
Viton A formulation. It was observed in our earlier stydyt] effect. Further, as per the arguments of Brill efa@], vari-
that depolycondensation of urethane linkage in Estane takesation of E for the PBXs from RDX is only due to the change
place, regenerating the diol and the isocyanate223°C. in sample characteristics, since our experimental conditions
Thus liquid oligomers can provide better cover than Viton A, are the same. So it is not clear whether there is any change
which is a thermally stable polymer. in mechanism for thermolysis of RDX in its PBXs, from the
TG-DTG thermal curve irFig. 1 for RXV 9010 has a  kinetic parameters obtained using conventional model fitting
clearly distinct second step of binder decomposition. It is ev- methods. Moreover, the mechanism of thermolysis of RDX
ident fromTable 1that there is 87.1% mass loss in the first is not so simple to be defined by a single value of kinetic
step. As mass loss for pure RDX sample-i00%, it may be parameter§34].
inferred that actual mass% of binder in RXV 9010 is slightly The conventional model fitting approach fails to reveal the
more than 10%. For the Estane PBXs, % mass loss in the firstcomplexities during thermolysis. The model free isoconver-
step is higher than the theoretical mass loss for RDX decom-sional method has been recently applj&d] to study the
position. This may be due to the gasification of Estane, causedkinetics of thermolysis of liquid RDX using non-isothermal
by the higher condensed phase heat release in its PBXs comTG and DSC techniques. Hence it was thought appropriate
bined with open condition. Such a result has been observed into use the same method for kinetic analysis of isothermal TG
our earlier study11] on HMX-Estane PBXs. Butin confined data of RDX and its PBX$:ig. 7shows that the activation en-
pan TG experiments, mass loss in the first step for PBXs is ergy for RDX changes from an initial value of 200 kJ mbl
lower (Table 2) than even the theoretical mass loss of RDX. up toa = 0.25 to~150 kJ mot ! at higher values af. Long et
The partial confinement might have prevented gasification of al. [34] have explained such a variation in activation energy.

the binder in Estane PBXs. The liquid state thermal decomposition of RDX is occur-
ring through three major steps: vaporization, liquid phase de-
4.1. Kinetic analysis composition and gas phase decomposition, which are having

activation energies 0f100, ~200 and~140kJ mot?, re-

Values ofr reported inTables 5-&re very close to each  spectively. Thus initial stages of isothermal decomposition of
other, so that choosing ‘best fit' based on them is not possible. RDX are dominated by liquid phase decomposition. But, con-
Values of activation energy are close to each other for a sam-tribution from the other two competing channels increases as
ple irrespective of the equation used. Thus for RDX, RXE the reaction progresses and hence the reduction in activation
9505, RXE 9010 and RXV 9010, an average value-ab7, energy.
~220,~189 and~201 kJ mot! was obtained as activation
energy respectively. Kishof83] has reported that an acti-
vation energy of 173 8 kJmol! may be considered as the 50
authentic value, forthermolysis of RDX. Thus our estimate of
~157 kI mot? is a good one. But most of the studies in melt
phase of RDX reportef®,35-38]a value 0f~200 kJ mot L.
Brill et al. [39] have compiled the values of kinetic parame-
ters reported in literature and found that all th&sand InA

In (Al min')
8

values usually compensate for one another. They have argued ¢RDX

that all theE, InA pairs, which lie in the regression line of ORXE9505

their kinetic compensation plot are valid and correct for the A RXE 9010
specific characteristics of the sample and measurement used. X RXV 9010

We have plotted all the values &ffor RDX and its PBXs, 30 - '

reported inTables 5-&gainst corresponding lvalues and 180 175 200 225
is shown inFig. 9. It can be seen from the plot that all values E /kJ mof”

fall in a straight line and obey the following equation:
Fig.9. Thelineardependence of&)with Efor RDX and its PBXs obtained
InA=a+bE (7) using conventional model fitting methods.
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