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ABSTRACT

The composite modified double base (CMDB) propellants (nos. RB0601 and RB0602) containing 3,6-bis
(1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine (BTATz) without and with the ballistic modifier were
prepared and their thermal behaviors, nonisothermal decomposition reaction kinetics, thermal safety and
burning rates were investigated. The results show that there are three mass-loss stages in TG curve and
two exothermic peaks in DSC curve for the BTATz-CMDB propellant. The first two mass-loss stages occur
in succession and the temperature ranges are near apart, and the decomposition peaks of the two stages
overlap each other, inducing only one visible exothermic peak appear in DSC curve during 350-550 K.
The reaction mechanisms of the main exothermal decomposition processes of RB0601 and RB0602 are all
classified as chemical reaction, the mechanism functions are fla)=(1 — )2, and the kinetic equations are
da/dt = 10241 — a)?e-232x10%/T and der/dt = 102°32(1 — )?e-243x10*/T The thermal safety evaluation
on the BTATz-CMDB propellants was obtained. With the substitution of 26% RDX by BTATz and with the
help of the ballistic modifier in the CMDB propellant formulation, the burning rate can be improved by
89.0% at 8 MPa and 47.1% at 22 MPa, the pressure exponent can be reduced to 0.353 at 14-20 MPa.

Burning rate

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the high-nitrogen energetic compounds
derive most of their energy from the very large positive enthalpy
of formation rather than from oxidation of the fuel-like carbon
backbone. The materials are particularly suitable for considera-
tion in high-performance propellant applications, because of their
large positive enthalpy of formation, insensitivity to impact, friction
and electrostatic discharge, and low-molecular-weight reac-
tion products. 3,6-Bis (1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-
tetrazine (BTATz) is one of the high-nitrogen energetic compounds,
with nitrogen content of 79.02%, density of 1.76 gcm~3, enthalpy
of formation of +883 k] mol~!, and moderate mechanical sensitivity
[1-6]. As a substitute of hexogen (RDX) in the composite modified
double base (CMDB) propellant formulation, BTATz can improve
the burning rate and reduce the pressure exponent, it has a prospect
using as a primary component in the high burning rate propellant
for the booster rocket motor and the kinetic energy ammunition,
and it also can be used in the minimum signature propellant for
the smokeless ammunition [7-10]. In the work, the BTATz-CMDB
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propellants without and with the ballistic modifier were prepared,
and their thermal behaviors, nonisothermal decomposition reac-
tion kinetics, thermal safety and burning rates were investigated.

2. Experimental
2.1. Materials

BTATz used in the experiment was prepared by our research
group [4]. 'H NMR (DMSO-dg, 500 MHz) (§/ppm): 12.5 (s, 2H, NH).
IR (KBr, v/cm~1): 3428, 3336, 1615, 1491, 1443, 1067. Anal. calcd.
for C4H4N14:C19.36,H1.62,N 79.02; found C19.51,H 1.78,N 78.90.
Purity, 99.90% (measured by high-performance liquid chromatog-
raphy); density, 1.72gcm™3 (measured by pycnometer method,
ammunition standard of China: GJB772A-97 401.1); impact sensi-
tivity (drop height, Hsg), 22.9 cm (measured by Bruceton staircase
method, 5kg drop weight, 50 mg sample mass, ammunition stan-
dard of China: GJB772A-97 601.2); friction sensitivity (probability
of explosion, P), 64% (1.5 kg pendulum hammer fixed on 90° tilt
angle, 3.92 MPa gauge pressure, 20 mg sample mass, ammunition
standard of China: G]JB772A-97 602.1); electrostatic spark sensitiv-
ity (Esp), 31.98 mJ [11].

The BTATz-CMDB propellant samples (nos. RB0O601, RB0602)
used in the experiment were composite modified double base
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Fig. 1. TG-DTG curve for pure BTATz.

propellant containing BTATz, composed of 38% (mass fraction)
nitrocellulose (NC), 28% nitroglycerin (NG), 26% BTATz, 8% N-nitro-
dihydroxyethylamine-dinitrate (DINA) and other auxiliaries. The
strand sample of the control propellant RBO601 composed of 500 g
ingredients without ballistic modifier was prepared by a solventless
CMDB propellant extrusion technique. The propellant RBO602 com-
posed of 500 g ingredients with 17.5 g the mixture of lead phthalate,
copper adipate and carbon black as a ballistic modifier was also
prepared for the comparison with the control propellant RBO601.

2.2. Equipment and conditions

The TG-DTG and DSC curves under the condition of flow-
ing nitrogen gas (purity, 99.999%; atmospheric pressure) were
obtained by using a TA2950 thermal analyzer (TA Co., USA)
and a 204HP differential scanning calorimeter (Netzsch Co., Ger-
many). The conditions of TG-DTG were: sample mass, about
1mg; N, flowing rate, 40 cm?® min~!; heating rate (), 10 Kmin~!.
The conditions of DSC analyses were: sample mass, about 1 mg;
N, flowing rate, 50 cm3 min—!; heating rate, 5, 10, 15, 20, 25,
and 30 Kmin~!; furnace pressures, 0.1 MPa; reference sample, o-
Al;03; type of crucible, aluminum pan with a pierced lid. The
specific heat capacity (Cp, Jg~1K~!) was determined with con-
tinuous Cp mode on a Micro-DSC III mircocalorimeter (Setaram
Co., France), Heating rate, 0.15Kmin~!; sample mass, about
100 mg; atmosphere, N,; reference sample, calcined a-Al,03. And
the specific heat capacity determined for the two propellant
are: Cp(Jg~1 K1) (RB0601)=—-3.90+3.10 x 10~2T —4.40 x 10-°T2,
Cp(Jg~1K-1) (RB0602)=~-3.33+2.73 x 1072T—3.81 x 107°T2. The
burning rates of the samples were measured in a strand burner
filled with nitrogen at different pressures, and the samples pre-
pared were the @5 x 100 mm cylinder strand coated with polyvinyl
formal [12].

3. Results and discussion
3.1. Thermal behaviors

The TG-DTG curve and DSC curve for BTATz are shown in
Figs. 1 and 2. The TG-DTG curves for the BTATz-CMDB propellants
RB0601 and RBO602 are shown in Figs. 3 and 4, and the DSC curves
at the heating rates of 5, 10, 15, 20, 25, and 30 Kmin~! are shown
in Figs. 5 and 6.

From Figs. 3 and 4, one can find that there are three mass-loss
stages (stages I-III) in TG curve, corresponding to the three peaks in
DTG curve. For TG curve when 8=10Kmin~!, stage I begins at about
350K and stops at about 450 K, accompanying 24-30% mass-loss,
which are close to the mass (28%) of NG, and it likely attributes to
the volatilization and decomposition of NG, inducing the invisible

Fig. 2. DSC curve for pure BTATz.

Fig. 3. TG-DTG curve for propellant RBO601.

peak in DSC curve of the temperature range of 350-550K. Stage
II begins followed by stage I and stops at about 530K, with the
summit peaks in DTG curves at about 480 K, accompanied by about
40% mass-loss, and it attributes to NG, DINA, NC and other auxiliary
decomposition in the stage. Stage III stops at about 610K, with the
summit peak in DTG curve at about 590 K, accompanied by about
10% mass-loss, and it attributes to the decomposition of BTATz.

From Figs. 5 and 6, one can see that there are two exother-
mic peaks in DSC curve, the main exothermal decomposition peak
corresponds to the stage Il in TG curve, and the subordinate one
corresponds to the stage III, caused by the decomposition of BTATz
(see Figs. 1 and 2).

Fig. 4. TG-DTG curve for propellant RBO602.



434 J.-H. Yiet al. / Journal of Hazardous Materials 181 (2010) 432-439

Fig. 5. DSC curves for propellant RBO601. Heating rate (Kmin~'): (a) 5, (b) 10, (c)
15, (d) 20, (e) 25, and (f) 30.

Fig. 6. DSC curves for propellant RB0602. Heating rate (Kmin='): (a) 5, (b) 10, (c)
15, (d) 20, (e) 25, and (f) 30.

The reason of the only one visible exothermic peak appears in
the DSC curve during 350-550K is that the two decomposition
stages (stages I and II) occur in succession and the temperature
ranges are near apart, the decomposition heats of the two processes
overlap each other in DSC curve, inducing the only one exothermic
peak to appear in the temperature range.

The basic data for the main exothermic decomposition processes
of the propellants RB0601 and RBO602 are listed in Table 1.

Table 1
Basic data for the main exothermic decomposition processes of the propellants
RB0601 and RB0602.

BI/(Kmin~1) To/K Te/K Tp/K AH[(Jg™)
RB0601 5 415.5 449.7 4714 1.55 x 103
10 426.2 456.0 476.9 1.45 x 10°
15 430.1 458.0 480.5 1.57 x 103
20 431.5 460.8 483.6 1.63 x 10°
25 432.9 463.3 485.6 1.59 x 10°
30 434.1 465.8 488.6 1.46 x 10°
RB0602 5 4171 450.8 471.5 1.60 x 103
10 422.1 451.6 476.1 1.49 x 10°
15 4241 456.2 481.4 1.45 x 103
20 428.4 458.5 482.5 1.45 x 103
25 428.9 461.7 485.3 139 x 10°
30 433.2 463.2 487.1 1.51x 103

Note: Ty is the initial temperature point at which DSC curve deviates from the base
line; Te is the onset temperature for the main exothermal decomposition reaction
in DSC curve and T}, is the peak temperature; AH is the decomposition heat.

Fig. 7. E,—« curves for the propellants RBO601 (a) and RB0602 (b).

3.2. Nonisothermal reaction kinetics

To explore the reaction mechanisms of the main exothermic
decomposition processes of the propellants RB0O601 and RB0O602
and obtain the corresponding kinetic parameters [apparent acti-
vation energy (E,/k] mol—1), pre-exponential constant (A/s~1)] and
the most probable kinetic model functions, the DSC curves at the
heating rates of 5, 10, 15, 20, 25, and 30 Kmin~! were dealt with
mathematic means, and the temperature data corresponding to the
conversion degrees («) were found. Five integral methods (General
integral, MacCallum-Tanner, Satava-Sestak, Agrawal, Flynn-Wall-
Ozawa) and one differential method (Kissinger) were employed
[11,13-15]. The values of E; were obtained by Ozawa’s method from
the isoconversional DSC curves at the heating rates of 5, 10, 15, 20,
25,and 30 Kmin~!, and the E;—« relations are shown in Fig. 7. From
Fig. 7, one can see that the activation energy changes slightly in the
section of 0.08-0.98 («) for curve (a), and 0.20-0.96 («) for curve
(b), and the sections were selected to calculate the nonisothermal
reaction kinetics.

Forty-one types of kinetic model functions and the basic data for
one propellant were put into the integral and differential equations
for calculation, the values of E, 1gA, linear correlation coefficient (r)
and standard mean square deviation (Q) were calculated on com-
puter with the linear least-squares method, and the most probable
mechanism function is selected by the better values of r, and Q
[13-15]. The results of satisfying the conditions at the same time
are the final results as listed in Table 2, and the relevant function is
the reaction mechanism function of the decomposition process.

From Table 2, one can find that the values of E,; and 1gA obtained
from the nonisothermal DSC curves are in approximately good
agreement with the values calculated by Kissinger’s method and
Ozawa’s method, and the mechanism function number are deter-
minated. The decomposition reaction mechanism functions of the
propellants are listed in Table 3. Respectively substituting flo)
expression, and the values of E,/(kjmol~1) and A/s~! into Eq. (1),
the corresponding kinetic equations [Egs. (2) and (3)] of the decom-
position reaction of the propellants are obtained and shown in
Table 3.
da

ar = Af(ee /8T e

3.3. Thermal safety studies

3.3.1. Self-accelerating decomposition temperature (Tsapr)

The values (Tog, Tep and Tpg) of the initial temperature point at
which DSC curve deviates from the base line (Ty), onset temper-
ature (Te) and peak temperature (Tp) corresponding to 8 — 0 are
obtained by Eq. (4), and the self-accelerating decomposition tem-
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Table 2
Kinetic parameters for the main exothermic decomposition process of the propellants RB0O601 and RB0602.
Method B/(Kmin-1) RB0601 RB0602
Ea/(kjmol ") Ig[A/(s™")] r Q Ea/(kJmol~") Ig[A/(s™1)] r Q
General integral 5 188.04 18.70 0.9983 0.3071 196.98 19.76 0.9997 0.0265
10 190.57 18.99 0.9970 0.5366 207.43 20.98 0.9999 0.0079
15 200.97 20.19 0.9965 0.6165 196.29 19.67 0.9991 0.0848
20 196.59 19.69 0.9969 0.5398 203.44 20.56 0.9988 0.1148
25 187.93 18.70 0.9950 0.8765 202.26 20.36 0.9987 0.1261
30 193.75 19.32 0.9955 0.7847 206.42 20.79 0.9991 0.0885
Mac Callum-Tanner 5 188.75 18.74 0.9984 0.0568 197.74 19.81 0.9998 0.0048
10 191.41 19.05 0.9973 0.0993 208.36 21.06 0.9999 0.0014
15 201.93 20.27 0.9968 0.1144 197.25 19.74 0.9992 0.0155
20 197.57 19.77 0.9972 0.1001 204.45 20.64 0.9989 0.0212
25 188.92 18.77 0.9955 0.1627 203.33 20.45 0.9988 0.0233
30 194.81 19.41 0.9960 0.1457 207.55 20.89 0.9992 0.0163
Satava-Sestik 5 186.39 18.52 0.9984 0.0568 194.89 19.54 0.9998 0.0048
10 188.91 18.82 0.9973 0.0993 204.91 20.73 0.9999 0.0014
15 198.84 19.97 0.9968 0.1144 194.42 19.48 0.9992 0.0155
20 194.73 19.50 0.9972 0.1001 201.22 20.34 0.9989 0.0212
25 186.56 18.56 0.9955 0.1627 200.16 20.15 0.9988 0.0233
30 192.12 19.16 0.9959 0.1457 204.14 20.57 0.9992 0.0163
Agrawal 5 188.04 18.70 0.9983 0.3071 196.98 19.76 0.9997 0.0265
10 190.57 18.99 0.9970 0.5366 207.43 20.98 0.9999 0.0079
15 200.97 20.19 0.9965 0.6165 196.29 19.67 0.9991 0.0848
20 196.59 19.69 0.9969 0.5398 203.44 20.56 0.9988 0.1148
25 187.93 18.70 0.9950 0.8765 202.26 20.36 0.9987 0.1261
30 193.75 19.32 0.9955 0.7847 206.42 20.79 0.9991 0.0885
Mean 192.78 19.24 201.84 20.32
Flynn-Wall-Ozawa 190.08 (Eeo) 0.9934 0.0054 203.33 (Eeo) 0.9522 0.0386
192.45 (Eyo) 0.9959 0.0034 203.98 (Epo) 0.9934 0.0054
Kissinger 194.40 19.51 0.9955 0.0182 206.53 20.88 0.9929 0.0287

Note: E with the subscript of 0, and pO is the apparent activation energy obtained from the onset temperature (T.) and the peak temperature (T,) by Ozawa’s method.

Table 3

Mechanism functions, apparent activation energies and kinetic equations for the propellants RBO601 and RB0602.

RB0601 (v =0.08-0.98)

RB0602 (v =0.20-0.96)

Mechanism function
Mech funct.no.
E,/(kJmol 1)

Kinetic equation

Gla)=(1—a) ' -1, fla)=(1 —a)? Chemical reaction

37
192.78

?Ta[t _ 1019424(1 7a)ze—2.32x104/T )

Gla)=(1—a) ' -1, fla)=(1 —a)? Chemical reaction

37
201.84

% —102032(1 — q)?e-243x10%/T (3)

perature (Tsapr) is obtained by Eq. (5) [13-15]. The values of the
propellants are listed in Table 4.

Tocoreorp) = Too (ore0orpo) + bB+ C,32 + dﬂ3 + 3/34 (4)

where b, ¢, d and e are coefficients.

Tsapt = Teo (5)

Table 4

The derivative parameters for RB0O601 and RB0602.

RB0601 RB0602

Too/K 391.2 4133
Tsapr/K 434.1 456.6
Tpo/K 464.5 467.1
Trir/K 442.7 465.5
Ty /K 474.2 476.4
triap/s 51.5 34
AS# [(Jmol-1 K1) 116.58 142.76
AH#* [(kJmol!) 190.54 202.62
AG# [(kmol-1) 136.38 135.93
Te hot-spot/K 642.6 633.9

3.3.2. Thermal ignition temperature (Tyyr) and critical
temperatures of thermal explosion (T)

The thermal ignition temperature (Tyeq Or Tryr) is obtained by
substituting E.o and T into Zhang et al. equation [Eq. (6)] [16],
and the critical temperatures of thermal explosion (Typg or Tp) is
obtained by substituting Epg and Tpg into the equation. The values
are listed in Table 4. The high values of T, for the BTATz-CMDB
propellants show that the transition from thermal decomposition
to thermal explosion is not easy to take place.

Eo - Eé —4EoRTe (or po) (6)

TbeO(orpr) = 2R

3.3.3. Adiabatic time-to-explosion (tyjap)

The adiabatic time-to-explosion (tyjap) of energetic materials
(EMs) is the time of decomposition transiting to explosion under
the adiabatic conditions and is an important parameter for assess-
ing their thermal stability and the safety.

t T
1 b0, exp(E/RT)
tﬂd:/ dt = — P T (7)
“ShLYTA ), T @
prO C
P
o= —dT 8
0 (8)

Teo



Table 5
Explosive parameters and comparison of experimental and predicted 50% drop height of impact sensitivity (Hso).
No. Sample A(10-4Jem~1 571 K1) pl(gem=2) lglA/(s )@ Q0P £/(Jmol 1)) Hso/cm Hso/cm n D, Ds
(Exp.)) (Predicted)
1 HMX 3443 1.79 33.80 2764 373700 32 334 0.564623 33.8765 —0.347174
2 RDX 10.58 1.66 12.50 2810 140000 26 20.1
3 TNT 21.30 1.57 11.10 1506 155017 59 56.4
4 PETN 25.10 1.68 10.40 3263 112300 16 15.60
5 BTF 20.92 1.81 22.81 2949 255000 28 30.0
6 HNS 8.53 1.65 22.63 1389 289000 54 50.1
7 Tetryl 18.74 1.67 16.90 1904 172500 17®) 17.6
8 NG 12.55 1.60 16.09 2092 150122 74 9.4
9 RB0601 20.0 1.655 19.51 1540 194400 17.4
10 RB0602 30.0 1.660 20.88 1480 206530 18.1
Note: (1) Cited from Ref. [21]; (2) cited from Ref. [22]; (3) cited from Ref. [23]; (4) cited from Ref. [24]. T;oom =350.15K.
Table 6
The calculated values of Tspymax, Sa» Tacr and Pre for propellants RBO601 and RB0602.
Infinite plate Infinite cylinder Sphere sample
TS(T)max/K Sd /% Tacl‘/K PTE /% TS(T)max/K Sd /% Tacl'/K PTE/% TS(T)max/K sd/% Tacr/K PTE/%
RB0601 355.5 41.46 350.7 58.54 360.0 51.82 355.2 48.18 362.8 57.24 358.0 42.76
RB0602 362.7 56.42 357.9 43.58 367.1 62.79 362.3 37.21 369.9 65.63 365.1 34.37
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where Cp, is the specific heat capacity measured by mircocalorime-
terinJg 1K1, Qq is the average value of the decomposition heats
(H)atthe six heating ratesin] g~1, Ais the pre-exponential constant
in s=! and A=Ay, E is the apparent activation energy in Jmol~! and
E=Eg, Ris the gas constant in Jmol~1 K-1, fl«) is the decomposition
reaction mechanism function.

Substituting the corresponding data into Smith equation [Eqgs.
(7) and (8)] [17,18], the values of trjap for the propellants are
acquired and listed in Table 4.

From Table 4, one can find that (1) Tsapr, rBo601 < TSADT, RB0602
TrirrBO601 < TmiT, RBOGO02, @Nd Ty, RBOG01 < Th, RBOS02, Which means that
the propellant RBO602 has a higher resistance to heat and thermal
safety than RB0601 under the same experimental conditions; (2)
tTlAD, RB0O601 > LTIAD, RB0O602» which means that the transition from adi-
abatic decomposition to explosion for propellant RB0602 is easier
than RB0601.

3.3.4. Thermodynamic parameters of activation reaction

The entropy of activation (AS # ), enthalpy of activation (AH # ),
and free energy of activation (AG#) of the main exothermic
decomposition reaction of the propellants, corresponding to T= Ty,
E=Eg, and A=Ay, are obtained by Egs. (9)-(11)[13,14], and listed in
Table 4. The positive values of AG#, indicate that the exothermic
decomposition reaction of the propellants must proceed under the
heating condition.

Aexp(—E/RT) = (kgT/h) exp(—AG * /RT) (9)
AH# —E —RT (10)
AG* = AH# —TAS# (11)

3.3.5. Critical temperature of hot-spot initiation (Te;, pot-spot)

In order to obtain the critical temperature of hot-spot initiation
(Ter,hot-spot) Of the propellants, assuming that T hot-spot is @ func-
tion of the size and duration of the hot-spot and of the physical
and chemical properties, the equation for calculating the value of
Ter hot-spot €an be adopted as Bruckman-Guillet first-order decom-
position reaction estimation equation [Eq. (12)] [19,20].

oo
(%n’a3) pQq{1 — exp[—(t — tg)Ae~E/RTer hot-spot |} = / 472 pCy
a

ad [r—a} <,
—erfc dr = 47re pC
X[ r 2Bt ] /a P

x la(Tcr’hm’spm _ Tmom)erfc [ (r—a H dr (12)
r 2/(A/pCp)lt

where a is the radius of the hot-spot in 103 cm, p is the density in
gcm~3, Qq is the heat of reaction in J g1, t — tg is the time interval
in 10~%s, A is the pre-exponential constant in s=! and A=A, E is
the apparent activation energy in Jmol~! and E=Eg, R is the gas
constant in J mol~! K1, Ter, hot-spot 1S the critical temperature of
hot-spot initiation in K, Gy, is the specific heat inJg! K1, Troom is
the ambient temperature in 293.15K, A is the thermal conductivity
inJem-1s-1K1,

For the propellant RB0601: the thermal conductivity A = 20 x
1074Jem~1s~1K™!, p = 1.655 gcm=3; for the propellant RBO602:
A=30x10"%Jem1s~ 1K1, p=1.660gcm=3.

Substituting the corresponding data into Eq. (12), and the values
Of T¢p hot-spot are acquired and listed in Table 4.

3.3.6. Characteristic drop height of impact sensitivity (Hsg)

To obtain the characteristic drop height of impact sensitivity
(Hsg) of the propellants, substituting the values of the thermal con-
ductivity (A), the density (p), A, Qq and E of eight explosives with

known 50% drop height listed in Table 5 into Eq. (13) [21-24], the
corresponding values of the parameter n 0f 0.564623, D, of 33.8765,
and D3 of —0.347174 are obtained. By substituting the values of A,
p, A, Qq and E of the propellants listed in Table 5 and the values of
n, D, and D3 into Eq. (13), the corresponding the value of Hsq of
17.4cm for RB0O601 and 18.1 cm for RBO602 are obtained, showing
that they have impact sensitivity level approaching that of RDX.

1 A 0.02612E
—nlgH | D =0 13
3 g50+g\/Ade+ 3+T1+D2H20 (13)

3.3.7. Critical thermal explosion ambient temperature (Tqcr),
thermal sensitivity probability density function [S(T)], safety
degree (S4) and thermal explosion probability (Prg)

In order to explore the heat-resistance ability of the propellants,
the values of the critical thermal explosion ambient temperature
(Tacr), the thermal sensitivity probability density function [S(T)],
the safety degree (Sq) and the thermal explosion probability (Prg)
are calculated by Frank-Kamenetskii formula [Eq. (14)] [25], Wang-
Du formula [Eqgs. (15)-(19)] and Eq. (20) [26-28]. In these formulas,
A is the pre-exponential constant in s=! and A=A, E is the appar-
ent activation energy in Jmol~! and E=Eg, R is the gas constant
in JK~'mol ™!, A is the thermal conductivity in Wm~1K™", § is the
Frank-Kamenetskii (FK) parameter, & is the criticality of thermal
explosion of exothermic system, r is characteristic measurement
of reactant in 1.0 m, Qq is decomposition heat in Jg~1, p is density
in gcm~3, 7 is the average value of temperature in K, oy is the
standard deviation of FK parameter, o7 is the standard deviation of
ambient temperature in 10K, T is the surrounding temperature in
350.15K.

The maximum value of S(T) vs T relation curve (Tsirymax)s Sd>
Tacr and Prg of the propellant are obtained and shown in Table 6.

-E

Taer = (14)
2RLambert W_ (_(1 /2) (AE(Scr/rZQpAR))
_ 1?QqExpAx
W="% (15)
_E
ur = K (16)
2RLambertW_; (*(1/2)\/()»EK(Scr/erdpAKR))
Ex —2Rur ( Ex )
os=W| ——F— |exp|(—-—5— )0 17
B(RM‘T‘>pRMT ()
_ _ _ 2) _ 5]
S(T) = W(Eg — 2RT) [W(exp( gEK/RT))/T ) = crl (18)
\/27TO'5RT4 20’5 — (EK/RT)
+0o0 +0o0
W(Eg — 2RT)
Sa = / / 2m0s07RT? P
0 o0
2
L [W((eXP(fEK/RT))/TZ)f/;a] dTdy (19)
202 — (E¢/RT) — (Y — T + ur)?/(202)
Pre=1-54 (20)

The calculated values of Ts(1ymax» Sd» Tacr and Prg for the propellants
RB0601 and RB0602 show that (1) TS(T)max,RBOGOl < TS(T)max,RBOGOZv
Sd,rBo601 < Sd,RBO602> AN TacrRBO601 < TacrRBOG02, Which means that
the propellant RBO602 has a higher resistance to heat and thermal
safety than RB0601 under the same experimental conditions; (2)
TS(T)max, infinite plate < TS(T)max, infinite cylinder < TS(T)max sphere sample»

Sd,Inﬁnite plate < Sd, infinite cylinder < Sd. sphere sample» and
Tacr, infinite plate < Tacr, infinite cylinder < Tacr, sphere sample» which means
that the sphere charge is more safe than another with the
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Table 7
Burning rates (mms~') of the RDX-CMDB propellant (System I), RBO601 (System II) and RBO602 (System III).
System P/MPa
2 4 6 8 10 12 14 16 18 20 22
I 3.09 534 7.42 9.85 11.88 14.04 15.75 17.54 19.23 20.92 21.86
| 4.66 8.41 11.52 14.51 17.36 19.47 21.88 24.04 26.53 28.13 30.30
11 6.24 9.88 14.01 18.62 21.95 25.00 27.10 28.49 29.59 30.77 32.15

same characteristic measurement under the same experimental
conditions.

3.4. Burning rate measurement

For the sake of the possible application of BTATz in CMDB propel-
lant, the burning rates [u/(mms~1)] of the RDX-CMDB propellant
(system I, mass fraction, NC/NG/RDX/auxiliary =38/28/26/8) and
the two BTATz-CMDB propellants (RB0601, system II; RBO602, sys-
tem III) were measured under different pressures (P/MPa). The
results are listed in Table 7. As one can see, with the substitution
of 26% RDX by BTATz in CMDB propellant formulation, the burn-
ing rate can be improved by 47.3% at 8 MPa and 38.6% at 22 MPa,
and even higher with the help of the ballistic modifier, it can be
improved by 89.0% at 8 MPa and 47.1% at 22 MPa.

In order to evaluate the effects of the ballistic modifier on the
burning rates of the BTATz-CMDB propellant, the pressure expo-
nent (n) of the burning rate (u) was calculated, and the mean value
of the catalysis efficiency (Z) was compared before and after ballis-
tic modifier was added into the propellant formulation. The values
of n, and Z were obtained by Eqgs. (21) and (22) [29,30].

ui=aP?, i=1-11, (21)

k

7 Z(Um, ik/un,i) (22)
i1

where a is the factor, mms~—! MPa~!.

For system II: at 8-22MPa, u=3.25P%723 r=0999, Z=
1; at 10-22MPa, u=3.33P%714 r=0.999, Z=1; at 14-20 MPa,
u=3.28P%719 r=0995,Z = 1.

For system III: at 8-22MPa, u=6.58P%%22 r=0973, Z=1;
at 10-22MPa, u=13.57P%4%9, r=0.978, Z = 1.17; at 14-20 MPa,
u=10.69P%3°3 r=0.999, Z = 1.16.

As one can see, as a ballistic modifier, the mixture of lead phtha-
late, copper adipate and carbon black can be effective to accelerate
the burning rate and reduce the pressure exponent of the BTATz-
CMDB propellant.

4. Conclusions

The BTATz-CMDB propellants (nos. RBO601 and RB0602) with-
out and with the ballistic modifier were prepared. There are three
mass-loss stages in TG curve for the BTATz-CMDB propellant, and
they are likely attributes to the volatilization of NG, the decompo-
sition of NG, NC, DINA and other auxiliary, and the decomposition
of BTATz. The first two mass-loss stages occur in succession and the
temperature ranges are near apart, the decomposition peaks of the
two stages overlap each other, inducing only one visible exothermic
peak appear in DSC curve during 350-550 K. The reaction mecha-
nisms of the main exothermal decomposition processes of RBO601
and RB0602 are classified as chemical reaction, and flar)=(1 — o)2.
The kinetic equations are: da/dt = 10'924(1 — or)?e~2-32x10%/T 3pd

dor/dt = 102032(1 — o)2e~243x10%/T_The results of evaluating the
thermal safety of the propellants were obtained as: the propellant
RB0602 has a higher resistance to heat and thermal safety than
RB0601; the transition from adiabatic decomposition to explosion

for propellant RB0602 is easier than RBO601; the sphere charge
is safer than another with the same characteristic measurement.
With the substitution of 26% RDX by BTATz and with the help of the
ballistic modifier in the CMDB propellant formulation, the burning
rate can be improved by 89.0% at 8 MPa and 47.1% at 22 MPa, the
pressure exponent can be reduced to 0.353 at 14-20 MPa.
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