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The thermal behavior of RDX and RDX - HTPB propellants

by Hidetsugu NAKAMURA®*,
and Yasutake HARA*

Gorou NAKASHITA®*, Kazushige KATOH**

The thermal decomposition of milled RDX and RDX-HTPB and propellants and combus-

tion of RDX - HTPB propellants were examined. The results obtained were as follows.
The isothermal decomposition of simple RDX above 200 T proceeded in the molton phase

and obeyed the first order rate equation. On the other hand, both the isothermal decomposition
of simple RDX under 195 C and RDX-HTPB propellants proceeded in the solid phase and

obeyed the Avrami-Erofeev rate equation.

The isothermal decomposition of both simple RDX and its propellants were affected by parti-

cle size of RDX..

RDX with its larger particle size hed a larger thermal decomposition rate.

But on the contrary, the RDX propellant which contains smaller RDX particles has a larger

linear burning rate over all pressure ranges.

1. Introduction

The thermal decomposition of cyclotrimethyl-
enetrinitramine (RDX) has been studied by many
researchers' ~® . But, there are a variety of results
with regard to the rate equation, kinetic parameters
and reaction mechanism.

Our preliminary experiments showed that the ther-
mal decomposition of RDX accompanied its sublima-
tion. Considering the experimental methods adopted

in the previous reports, the authors concluded that the
above discrepancy in the thermal decomposition of

RDX was caused by misjudging the coexistence of the
thermal decomposition and its sublimation or evapora-
tion of RDX as the real thermal decomposition.

In this report, an aluminum crucible with a pinhole
was adopted as the sample container for the thermal
analysis. By using this crucible, sublimation or
evaporation of RDX during the thermal decomposi-
tion can be negligible within experimental error.
Futhermore, the particle size effect of RDX on the
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thermal decomposition of both the simple RDX and
RDX-HTPB propellants and on the linear burning
rate of RDX-HTPB propellants were examined by
thermal analysis and burning rate measurements, rep-
pectively.

2. Experiment

2.1 Materials

A sample of class "A” RDX was supplied by
Chugokukayaku Co.,Ltd. Milling of the RDX was per-
formed using a rotating ball mill from R.etch Ind. Inc.
having five 10 mm diameter zirconia balls after adding
water in order not to produce a firing. The rotating
speed is 160 rpm and milling times are 0 (RDX-0) ,1
(RDX-1) and 6 (RDX-6) hours. The average
particle diameter is 114 #m for no milling (RDX-0) ,
47 pm for a 1-hour milling (RDX-1) and 16 g#m for
a 6-four milling (RDX-6) .

Three types of RDX propellants (RP-0, RP-1 and
RP-6) were prepared using 25 wt% HTPB as the
binder and 75 wt% RDX as described above. The for-
mulations are listed in Table 1.

2.2 Thermal anlysis

Thermal anlysis under isothermal conditions were
carried out in air using a simultaneous DTA-TG ap-
paratus equipped with an infrared furnace. 2 mg of
sample was weighted in an aluminum crucible, which
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Table 1 The formulations of RDX—HTPB pro-
pellants
HTPB |RDX-0]|RDX—1|RDX-6
RP—0 | 25wt% | 75wt%
RP—1 | 25wt9% 75wt
RP-6 | 25wt% 75wt%
RP;RDX —HTPB propellants
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Fig. 1 Representative isothermal decomposition of
RDX without milling at various temperatures

is then hermetically sealed with an aluminum cover
having a pinhole at the center. The crucible has a 4
mm inside diameter and is 2.5 mm in height.

The pin-holed aluminum crucible was used in order
to repress sublimation and evaporation of the RDX .
The diameter of the pinhole was 0.05 £ 0.002 mm.
As preliminary experiments, an amount of sublimed
or evaporated RDX which was directly trapped just
above the crucible was determined by the quantitative
analysis. A weight decrease caused by sublimation

or evaporation of RDX was within +5 %.
2.3 Measurement of linear burning rate

Strands for the linear burning rate measurement
were formed in a 6mm x 6mm x 60mm shope. Time
needed for the 40 mm burning of the strand piece was

measured by means of a chimney type strand burner
under pressurized nitrrogen ranging from 30 to 70

kef/cof.
3. Results and discussion
3.1 Isothermal decomposition of simple RDX

Fig. 1 shows the results of an isothermal decomposi-
tion of RDX -0. Fractional decomposition (x) vs. reac-

tion time (t)curves (x-t curves, hereafter) for RDX-0
have two different characteristic features based on
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Fig. 2 Effect of milling on the isothermal decomposi-
tion of RDX at 200C

reaction temperature. One is the isothermal
decomposition above 200 T which has an upward con-
vex shape of the x-t curves. The other is the isother-
mal decomposition under 195 Twhich has a sigmoidal
shape and shows a large temperature dependence. A
difference in the shape of the decomposition curves in-

dicates that the thermal decomposition proceeded ac-
cording to different mechanisms depending upon the

reaction temprature. SEM observations of the
samples which are quenched during decomposition
showed that the decomposition above 200 T proceed-
ed in a molten phase, while the decomposition under
195 T proceeded in a solid phase.

The thermal decompaosition of simple RDX was af-
fected by its particle size. Fig.2 shows the effect of

milling on the isothermal decomposition of RDX at 200 .
RDX without milling had an upward convex shape of
its x-t curve and a large decomposition rate com-
pared with milled RDX. On the other hand, the x-t
curve of the milled RDX had sigmoidal shape and its

decomposition rate was smaller. Of course, milled
RDX also showed a thermal decomposition in both the

molton and solid phese according to the decomposi-
tion temperature.

Fig. 3 shows the results of the isothermal decomposi-
tion of RDX-6 in the temperature range from 215 C
to 200 T. As previously stated, x-t curves are convex
upwards indicating that the decomposition rate
decreases linearly with the reactiontime. Applicabili-
ty to first order rate equation (1) for the results is
shown in Fig. 4

In (1-x) = —kt m
where x is the fractional decomposition, t is the reac
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Fig. 4 First order plots for the isothermal decomposi-
tion of milled RDX for 6 hours

tion time and k is the constant of reaction system. Fig.
4 shows good straight lines and the rate constants of
the decomposition were obtained from the slope for
these lines. Activation energies for the molten phase
decomposition of RDX were caluculated as 146 kJ/mol
for RDX -0, 170 kJ/mol for RDX -1 and 196 kJ/mol for

RDX-6 from the Arrhenius plots of the rate con-
stants.
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Fig. 5 Isothermal decomposition of RDX—-HTPB
propellants which contain RDX without mill-
ing

Oyumi® reported a first order rate equation and the
activation energy 200 kJ/mol for the molten phase
decomposition by using an open aluminum crucible.
Miller et al. © also reported the same rate equation
and 213 kJ/mol by using the RDX sample prepared as
thin films under pressurized conditions below 2.0 GPa
over the temperature range from 205 C to 235 C.
The present study gave the same rate equation and
somewhat smaller activation energies for the molten

phase decomposition of RDX.
The low temperature decomposition of simple RDX

in Fig. 1 had a sigmoidal shape of the x~t curves and
the temperature dependence of the reaction rate was
very large as previously stated. Furthermore, the in-
duction period of RDX (especially without milling)
decomposition were different with each run even

though the overall time of the reaction was almost
same. This indicates that nucleation on the RDX sur-

face without milling for the decomposition occurred at
random because of the clenliness of its surface.
3.2 isothermal decomposition of RDX propel-
lants
Fig. 5 shows the thermal decomposition of RDX pro-

pellants RP-0 which contained RDX-0 in the
temperature range from 180 T to 195 <T.

From these results, the thermal decomposition of
RDX propellants proceeded at a relatively low
temperature compared with that of simple RDX.
That is, the decomposition rate depended on the parti-
cle size of the RDX and the larger the particle size, the

lower the decomposition temperature. This is inter-
preted as the thermal effect on the reaction rate. That
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Fig. 6 Avrami—Erofeev plots for the isothemal

decomposition of RDX—HTPB propellant
which contains RDX without milling

is, when the thermal decomposition occurs on the
RDX particle surface, a heat flux released to the at-
mosphere depends on its surface area. Accordingly,
a large RDX particle acquires a high heat accumula-
tion because of its small specific surface area having a

high thermal decomposition rate.
SEM observations of the quenched sample during

decomposition showed that the decomposition of pro-
pellant proceeded in the solid phase. Also, x-t
curves for RDX propellant hed a sigmoidal shape
similar to that of the decomposition of a simple RDX

at low temperatures where the reaction proceeds in
the solid phase. These results suggests that the ther-

mal decomposition of both the simple RDX at low
temperatures and RDX propellant would proceed ac-
cording to the same reaction mechanism.

The Avrami-Erofeev equation described by Eq. (2)
agreed well with the sigmoidal curves which cor-
responded to the phenomena accompanied by phase
transformation such as melting™.

l—x=exp (—Bf) (2
where x is the fractional decomposition, t is the reac-
tion time, B is the constsnt depending on the
temperature, k is the constsnt of the reaction system.
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Fig. 7 Effect of milling on the isothermal decomposi-
tion of RDX—-HTPB at 180T

Avrami-Erofeev plots of the results in Fig. §
corresponded well with this equation (Fig.6). Activa-
tion energies obtained from the constant B gave the
value of 154 k}/mol for the RDX-0 propellant, 153
kJ/mol for the RDX-1 propellant and 152 kJ/mol for
the RDX -6 propellant® .

The thermal decomposition of RDX-HTPB pro-
pellants was also affected by the particle size of RDX
contained. Fig. 7 shows the effect of milling on the
isothermal decomposition of the RDX-HTPB pro-
pellantsat 180 C. RDX-HTPB propellants irrespec-
tive as to whether the contained RDX was milled or
not had sigmoidal x-t curves which were obtained in
the case of the low temperature decomposition of sim-

ple RDX. Futhermore, the propellant which contained
RDX without milling had a larger decomposition rate

similar to the isothermal decomposition of simple
RDX.
3.3 Burning characteristics of RDX propellants
Linear burning rates of RDX propellants under

pressurized conditions are shown in Fig. 8. Linear bur-
ning rates increased with pressure and obeyed

Vieille’s equation (3).

V=BP* (3)
where V is the liner burning rate, B is the constant, P
is the pressure and n is the pressure exponent.
Pressure exponents are (.45 for the propellant RP-0,
0.44 for RP-1 and 0.52 for RP-6.

Contrary to the thermal decomposition of RDX pro-

pellants, the propellant which contains smaller RDX
particles has a larger linear burning rate over all

pressure ranges. This indicates that in the RDX-
-HTPB propellant combustion the condenced phase
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Fig. 8 Effect of milling of RDX on the linear burning
rates of RDX —HTPB strands

decomposition of RDX does not play an important role
to determine the burning rate compared with the
other steps such as the decomposition of binder or
some gas phase reactions. This ascribed to the high
activity of the condenced phase decomposition of
RDX.

4. Conclusions
The thermal decomposition of both simple RDX

and RDX-HTPB propellants and the combustion of
RDX-HTPB propellants were examined using
pulverized RDX. The following results were obtain-
ed.

(1) The mechanism of the thermal decomposition of
simple RDX was diffrent with reaction temperature.

That is, the isothermal decomposition above 200 T
proceeded in the liquid phase obeying the first order
rate equation. On the other hand, the isothermal
decomposition under 195 T occurred in the solid

phase obeying the Avrami-Erofeev equation.
(2) The thermal decomposition of RDX-HTPB pro-

pellant proceeded in the solid phase obeying the
Avrami-Erofeev equation, which was similar to the
low temperature decomposition of simple RDX.

(3) The isothermal decomposition of both simple

RDX and its propellant were affected by pulveriza-
tion, and RDX with a larger particle size hed a large

thermal decomposition rate.

(4) Contrary to the thermal decomposition of RDX
propellants, the propellant which contains smaller
RDX particles has a larger linear burning rate over all
the pressure ranges. :

References
1) Boggs, T, L., “Prog. Astronaut. Aeronaut. 90" ,

1211-175 (1984)

2) Oyumi, Y. and T. B. Brill, Combust. Flame, 62,
213 (1985)

3) Shackelfold, S. A., M. B. Coolidge, B. B.
Goshgarian, B. A. Loving, R. N. Rogers, J. L. Jan-
ney, and M. H. Ebinger, J. Phys. Chem., 89, 3118
(1985)

4) Zhao, X., T. B. Hintsa and Y. T. Lee, J. Chem.
Phys., 88, 801 (1988)

5) Oyumi, Y., Propellants Explos., 13, 42 (1988)

6) Miller, P. J., S. Block and G. J. Piermarini, Com-
bust. Flame., 83, 174 (1991)

7) Avrami, M., J. Chem. Phys., 7,1103 (1939) ; 8,
212(1940) ; 9, 177 (1941)

8) Nakamori, I., H. Nakamura, T. Hayano and S.
Kagawa, Bull, Chem. Soc. Japan, 47, 1827 (1974)

KEFLLE



RDX# X O'RDX —HTPBE A it 3 O AR £ E)

R, PTEEEY, ME—R*, E BE

RDX® % 35 X U'RDX —HTPBREGHEEROBR I I L CASERICORB YR L
RDX#HTHRH L, LTOGENBLRI,

RDXD & D200C LA L COSRMBSBRIGIIBBRIET, —KRRGEERICRE » THET
+3, —%, 195CLAFORDXD A4 4 & 'RDX -HTPBRE kit E 0 %5 BE 2B &4
kI, Avrami—ErofeevORicft » CHETT 3,

RDX?D 2 35 X U'RDX -HTPBRE#HEEROBRS RRICIIHFHOBE LI, BRL
7-RDXHFORTFENKELLMERELRBEVGIHRIEBERYTRLE, LL, B#
L7RDX#* A\ CIRM L - BESHARORRILGER X, —hbOMGERIT L i, Jl
EBLEVWThOENT CLRDXBFOMFENPILLIEKREL B EVIHKRERL
oo

CAMNIRAFTEBCRCERS T804 LAMTFAEIIKET 1 —1
TEL 093-871-1931 (Ext 447) FAX 093 - 881 - 3418
0 A uifg ) FAWRT RBTH PHRIEARMSR 7+ -7 T470-23
FAaRaSBRVETFILMAE 61—1  TEL 0569 -72-1954
FAX 0569 - 73 -7376)

Kayaku Gakkaishi, Vol. 55, No. 4, 1994 —165—






