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a b s t r a c t

The compatibility of trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin (TNAD) with some energetic compo-
nents and inert materials of solid propellants was studied by using the pressure DSC method where,
cyclotetramethylenetetranitroamine (HMX), cyclotrimethylenetrinitramine (RDX), 1,4-dinitropiperazine
(DNP), 1.25/1-NC/NG mixture, lead 3-nitro-1,2,4-triazol-5-onate (NTO–Pb), aluminum powder (Al, parti-
cle size = 13.6 �m) and N-nitrodihydroxyethylaminedinitrate (DINA) were used as energetic components
and polyethylene glycol (PEG), polyoxytetramethylene-co-oxyethylene (PET), addition product of hexam-
ethylene diisocyanate and water (N-100), 2-nitrodianiline (2-NDPA), 1,3-dimethyl-1,3-diphenyl urea (C2),
DSC
nergetic components
nert materials
NAD

carbon black (C.B.), aluminum oxide (Al2O3), cupric 2,4-dihydroxy-benzoate (�-Cu), cupric adipate (AD-
Cu) and lead phthalate (�-Pb) were used as inert materials. It was concluded that the binary systems
of TNAD with NTO–Pb, RDX, PET and Al powder are compatible, and systems of TNAD with DINA and
HMX are slightly sensitive, and with 2-NDPA, �-Pb, �-Cu, AD-Cu and Al2O3 are sensitive, and with PEG,
N-100, C2 and C.B. are incompatible. The impact and friction sensitivity data of the TNAD and TNAD in
combination with the other energetic materials under present study was also obtained, and there was no
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. Introduction

Compatibility is an important safety aspect related to the
roduction and storage of energetic materials. To test different
ombinations of materials, a simple test method with clear cri-
eria is advisable. In the last ESTAC (Environmental Science and
echnology Alliance Canada) conference, the use of microcalorime-
ry and the vacuum stability test for the compatibility testing of
ropellants were presented. In an investigation [1], it was shown
hat the results obtained in pressure DSC and TG/DTA measure-

ents and those obtained using vacuum stability tests were very
imilar for the same combinations of materials. The trans-1,4,5,8-
etranitro-1,4,5,8-tetraazadecalin (TNAD) was firstly synthesized
y Willer [2] and it is an energetic compound containing two
itrous rings, which can be used as a main ingredient in cast explo-

ives and propellants [3–8]. Reactivity or compatibility of TNAD
ith some energetic components and inert materials is one of the
ost stringent aspects of TNAD in practical application. Liu et al.

9,10] theoretically studied the detonation properties of energetic

∗ Corresponding author. Tel.: +86 02988294031.
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NAD molecular derivatives and Prabhakaran et al. [11] studied
he kinetics and mechanism of thermal decomposition of TNAD,
hile Skare [12] and Svatopluk [13,14] had done the investigation

n the thermal behavior of nitroamines including TNAD. Moreover,
ing Qiu et al. [15,16] theoretically studied the structure of crys-
alline trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin by Ab Initio
nd Molecular Dynamics methods, seldom, however, has the com-
atibility of it with some energetic components and inert materials
sed in propellants been reported. The compatibility of 1,3,3-
rinitroazetidine (TNAZ) with some energetic components and inert

aterials of solid propellants was successfully studied by using the
DSC method [17]. Actually, some energetic materials such as DNP
ill melt and volatilize without decomposition at ambient pressure

18] and it is likely to be unreasonable to judge the compatibility
nder that condition [19]. So in this work, the compatibili-
ies of trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin with some
nergetic components and inert materials under non-isothermal
onditions investigated by means of pressure DSC [20–24] are
eported. In addition, in order to make our conclusion more convic-

ive, the investigation on impact and friction sensitivity properties
f the trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin and its com-
ination with the other energetic materials was also carried out
ccording to the existing methods [25,26].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:terry.well@163.com
dx.doi.org/10.1016/j.jhazmat.2008.03.027
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being, where melting point is little higher than that of pure DINA.
The melting point of pure DINA was 50.87 ◦C [17]. Because of the
large quantity of heat that TNAD emitted, it was too late to melt for
TNAD before decomposition, and there was no endothermic peak
before exothermic change.
30 Q.-L. Yan et al. / Journal of Haza

. Experimental

.1. Materials

The trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin was synthe-
ized by our work group according to the existing method [7], and
he purity was more than 99.5%. The following is the molecular
tructure of it:

Cyclotetramethylenetetranitroamine (HMX, >99.5%),
yclotrimethylenetrinitramine (RDX, ≥99.6%), 1,4-
initropiperazine (DNP, >99.7%), 1.25/1 (mass rate)-NC/NG
ixture (NC, ≥99.5%; NG, ≥99.2%), lead 3-nitro-1,2,4-triazol-5-

nate (NTO–Pb, >99.3%), aluminum powder (13.8 �m, >99.9%)
nd N-nitrodihydroxyethylaminedinitrate (DINA, >99.5%) used as
nergetic components and polyethylene glycol (PEG, M = 10,000),
olyoxytetramethylene-co-oxyethylene (PET, M = 4000), addition
roduct of hexamethylene diisocyanate and water (N-100), 2-
itrodianiline (2-NDPA, ≥99.5%), 1,3-dimethyl-1,3-diphenyl urea
C2, ≥99.0%), carbon black (C.B., >99.8%), aluminum oxide (Al2O3,
99.8%), cupric 2,4-dihydroxybenzoate (�-Cu, >99.8%), cupric
dipate (AD-Cu, >99.4%) and lead phthalate (�-Pb, >99.2%) used as
nert materials were industrially procured. Mixtures of TNAD and
nergetic components or inert materials were prepared according
o mass rate 1:1.

All the sample systems involved in this investigation, which
ere purified by different solvents and then dried for 48 h (60 ◦C),
ere premixed symmetrically and defined as follows (the boldface
umber in the parentheses are their code designation):

TNAD (1); DNP (2); 1/1-TNAD/DNP (3); RDX (4); 1/1-TNAD/RDX
(5); HMX (6); 1/1-TNAD/HMX (7); NTO–Pb (8); 1/1-TNAD/NTO–Pb
(9); NC + NG (10); 1/1-TNAD/NC + NG (11); 1/1-TNAD/Al (12);
1/1-TNAD/DINA (13); PET (14); 1/1-TNAD/PET (15); PEG (16);
1/1-TNAD/PEG (17); 1/1-TNAD/2-NDPA (18); 1/1 TNAD/N-100
(19); 1/1-TNAD/Al2O3 (20); 1/1-TNAD/C.B. (21); �-Cu (22); 1/1
TNAD/�-Cu (23); 1/1-TNAD/AD-Cu (24); AD-Cu (25); �-Pb (26);
1/1-TNAD/�-Pb (27); 1/1-TNAD/C2 (28); Al (29); DINA (30).

.2. Equipment and experimentation

All the PDSC measurements were carried out by NETZSCH
SC 204 HP instrument. The conditions of PDSC were as follows:

ample mass, TNAD (about 0.38–0.46 mg) and mixture system
0.52–0.78 mg); heating rate, 10 ◦C min−1; atmosphere, dynamic
tmosphere of nitrogen with a flow rate of 50 ml min−1 and pres-
ure of 0.1 and 1 MPa. The TNAD, energetic component or inert
aterial or mixture of 1/1-TNAD/energetic component and 1/1-

NAD/inert material was sealed in an aluminum cell, and all the
amples were premixed symmetrically.
The impact sensitivity test was carried out on the drop-weight
mpact machine. The drop-weight impact machine used here is
ased on a design that the Explosives Research Laboratory at Bruce-
on, Pennsylvania (USA), developed during World War II [26]. The
ample is placed on a fixed roughened anvil. A hammer of known

F
1

Materials 160 (2008) 529–534

ontact area is positioned above the sample and the weight is raised
o a predetermined height and dropped. The conditions of this
est were as follows: temperature, 18 ◦C; free-falling height, 25 cm;
ammer weight, 2.0 kg; sample mass, about 40 mg; experiment
epeat, 25 times for probability calculations.

The friction sensitivity test was carried out with the method
f ABL (Above Base Line) [27]. In the ABL friction test, the sample
s placed on an anvil, and a known force is applied hydraulically
hrough a stationary wheel. A pendulum is used to propel the slid-
ng anvil at any of several standard velocities perpendicular to the
orce vector. Sample initiation is detected by visual means (spark
r flame). The conditions of this test were as follows: temperature,
8 ◦C; pendulum angle, 90◦; sample mass, about 50 mg; experiment
epeat, 25 times for probability calculations.

. Results and discussion

.1. Compatibility of TNAD with some energetic components

The DSC curves (Fig. 1) of pure TNAD obtained at the pressure
f 0.1 and 1 MPa showed a sharp exothermic change, respectively,
nd the exothermic peak became very sharp when the pressure
as changed to 4 MPa. The onset of the exotherms was noticed

t 227.09 ◦C with the peak temperature of 238.6 ◦C at 0.1 MPa or
39.3 ◦C at 1 MPa. The DSC curves showed no endothermic change
efore the onset of exothermic change, it was indicated that this
ompound was decomposed in solid state. Typical DSC or PDSC
urves of systems 1–13 are shown in Figs. 2 and 3, and their maxi-
um exothermic peak temperatures are shown in Table 1, and the

valuated standards of compatibility for explosive and contacted
aterials [25] are listed in Table 2. In fact, Beach and Canfield gave

he test method of compatibility of explosives with polymers in
971 [26]. From Fig. 1 and Table 1, the following observations can
e obtained.

The DSC curve of the TNAD–DNP (1,4-dinitropiperazine) mix-
ure shows no endothermic change and one sharp exothermic
hange. The endothermic change of 44.82 ◦C without change in
omposition is the eutectic point for the system TNAD/DINA
t 1 MPa. When TNAD and N-nitrodihydroxyethylaminedinitrate
DINA) were mixed, the binary eutectic solid system came into
ig. 1. The DSC curves of TNAD at pressure of 0.1, 1 and 4 MPa (heating rate:
0 K/min; sample mass: 0.38–0.46 mg).



Q.-L. Yan et al. / Journal of Hazardous Materials 160 (2008) 529–534 531

Fig. 2. The DSC curves of TNAD with some energetic components at 0.1 or 1 MPa (heating rate: 10 K/min; sample mass: 0.52–0.78 mg).

Fig. 3. The PDSC curves of TNAD with some energetic components at 1 MPa (heating rate: 10 K/min; sample mass: 0.52–0.78 mg).

Table 1
The evaluations of compatibilities for DSC and PDSC peak temperature (binary system of 50/50-energetic components/TNAD)

System Pressure (MPa) Peak temperature

Mixture system Single system Tp2 (◦C) Tp1 (◦C) �Tp (◦C) Rating

1/1-TNAD/DNP (3) TNAD
1 211.2 239.3 28.1 D
0.1 210.6 238.9 28.3 D

1/1-TNAD/RDX (5) TNAD
1 242.2 239.3 −2.9 A
0.1 241.9 238.9 −3.0 A

1/1-TNAD/HMX (7)
TNAD

1 227.3 239.3 11.9 C
0.1 226.9 238.9 12.0 C

1/1-TNAD/NTO–Pb (9)
TNAD

1 235.5 239.3 3.8 B
0.1 234.8 238.9 4.1 B

1/1-TNAD/NC + NG (11) NC + NG 1 230.3 207.0 −23.3 A
1/1-TNAD/Al (12) TNAD 1 231.3 239.3 8.0 C
1/1-TNAD/DINA (13) DINA 1 220.9 210.38(ref. [17]) −10.52 A

Mixture system, 1/1-TNAD/energetic component binary system; single system, system of the pure energetic component, where exothermic peak temperature is smaller of the
two pure components; Tp1, the maximum exothermic peak temperature of single system; Tp2, the maximum exothermic peak temperature of mixture system; �Tp = Tp1 − Tp2.
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Table 2
Evaluated standards of compatibility for explosive and contacted materials

Criteria (�Tp (◦C)) Ratinga

Less than or equal to 2 A Compatible or good compatibility
3–5 B Slightly sensitized or moderate compatibility
6–15 C Sensitized or poor compatibility
1
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a A: safe for use in any explosive design; B: safe for use in testing, when the devic
ong-term storage is desired; C: not recommended for use with explosive items; D:

The DSC curve of HMX consists of two endothermic peaks and
ne exothermic peak. The first peak temperature at 247.1 ◦C is due
o the crystal transformation from ˛ to ı, more detail please see
ef. [28]. The following endothermic peak at 280.5 ◦C is the phase
hange from solid to liquid. The exothermic peak at 282.7 ◦C is
aused by the rapid decomposition reaction. The exothermic peak
emperature of the TNAD–HMX mixture is higher 12.2 ◦C than that
f pure TNAD and lower 55.4 ◦C than that of pure HMX, which sug-
ests that the presence of HMX stabilized TNAD while TNAD made
MX more sensitive.

The endothermic peaks of RDX and DINA are caused by the phase
hange from solid to liquid. The endothermic peaks of binary sys-
ems 3, 5, 13 are due to the melting process of DNP, RDX and DINA.

The maximum exothermic peak temperature, different between
NAD and TNAD–RDX mixture (�Tp), is −2.9 ◦C. The value of �Tp

s 3.8 ◦C between TNAD and TNAD–NTO–Pb mixture. According to
he standards of compatibility evaluated in Table 2, we think that
he binary systems TNAD–RDX and TNAD–NTO–Pb have moderate
ompatibility because �Tp is less than 5 ◦C.

The values �Tp of between TNAD and TNAD–HMX mixture and

NAD and TNAD–Al mixture are 11.9 and 8.0, respectively. The value
f �Tp is −10.52 between DINA and TNAD–DINA. This phenomenon
ndicates that the chemical reaction between components of the

ixture is ready to take place and the mixture has poor compati-
ility.

o
6
a
T
T

Fig. 4. The DSC curves of TNAD with some inert materials at 0.1 or
Hazardous or bad compatibility

be used in a very short period of time, not to be used as a binder material, or when
dous, do not use under any conditions.

The value of �Tp between TNAD and TNAD–DNP mixture is 28.1,
hich is consistent with the destabilization of DNP by the presence

f TNAD. This means an increase in reactive ability and a decrease in
he thermal stability of the mixture. The compatibility of DNP with
NAD is incompatible. Because of the large quantity of heat that
NAD emitted, there was no endothermic peak before exothermic
hange for TNAD–DNP mixture, and it was too late for DNP to melt
efore decomposition.

The compatibility of binary systems TNAD/energetic component
ecrease in the order: 5 > 9 > 12 > 13 > 6 > 11 > 3. The relative thermal
tability of binary systems TNAD/energetic component decreases in
he order: 5 > 9 > 12 > 11 > 6 > 13 > 3.

.2. The compatibility of TNAD with some inert materials

Typical DSC curves of systems 1, 14–28 are shown in Figs. 4 and 5.
heir maximum exothermic peak temperatures are shown in
able 3. From Figs. 4 and 5 and Table 3, the following observations
an be made.

The DSC curves of TNAD–PEG and TNAD–C2 mixtures show

ne endothermic peak each. The endothermic peaks temperatures
1.5 and 121.1 ◦C are the eutectic points for the systems TNAD/PEG
nd TNAD/C2, respectively. The values of �Tp between TNAD with
NAD–(�-Cu), TNAD–(2-NDPA), TNAD–(AD-Cu), TNAD–�-Pb and
NAD–Al2O3 are 11.4, 9.0, 13.6, 7.6 and 9.1 ◦C, respectively, show-

1 MPa (heating rate: 10 K/min; sample mass: 0.52–0.78 mg).
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at 1 M
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Fig. 5. The PDSC curves of TNAD with some inert materials

ng that the increase of the rate of the decomposition reaction or
eactivity and the poor compatibility of the mixture. The values of
Tp between TNAD or C2 and TNAD–PEG, TNAD–(N-100), TNAD–C2

nd TNAD–C.B. mixtures are greater than 15 ◦C, and it was indi-
ated that these binary systems are extremely incompatible. To a
ertain extent, most of the inert materials examined herein can
romote the decomposition of TNAD. However, PET as an excep-
ion has moderate compatibility with TNAD and the �Tp is 2.78 ◦C.
he compatibility of binary systems TNAD/inert material decrease
n the order: 15 > 27 > 18 > 20 > 23 > 24 > 21 > 28 > 17 > 19.

Lastly, one point we must emphasize is that when the sys-
em evaluated by PDSC is incompatible, we cannot affirm that it
s indeed incompatible. Contrarily, when the system evaluated by
DSC is compatible, we can affirm that it is compatible at ambient

ressure. Because the sample was tested under the condition of
igh temperature and high pressure, when it is compatible under
hat condition, it will be more compatible under lower temperature
nd pressure. In order to make our point, the compatibility of some
elected systems of 3, 5, 7, 9 and 20 involved herein were evaluated

o
r

a
f

able 3
he evaluations of compatibilities for DSC and PDSC peak temperature (Binary system of

ystem Pressure (MPa)

ixture system Single system

/1-TNAD/PET (15) PET

1
/1-TNAD/PEG (17) TNAD
/1-TNAD/2-NDPA (18) TNAD
/1-TNAD/N-100 (19) TNAD

/1-TNAD/Al2O3 (20) TNAD
1
0.1

/1-TNAD/C.B. (21) TNAD

1
/1-TNAD/�-Cu (23) TNAD
/1-TNAD/AD-Cu (24) TNAD
/1-TNAD/�-Pb (27) TNAD
/1-TNAD/C2 (28) C2

he meanings of marks in Table 3 are same as in Table 1.
Pa (heating rate: 10 K/min; sample mass: 0.52–0.78 mg).

gain at the ambient pressure (see Figs. 2 and 4). From the results
Tables 1 and 3) of this experiment, it was indicated that the evalua-
ion of the compatibility by the pressure DSC method was basically
reditable. Whereas, when the system evaluated by PDSC is incom-
atible, we may use other evaluating methods such as DTA/TG or
acuum stability test (VST) to confirm it.

.3. The impact and friction sensitivity of TNAD with some
nergetic materials

There are many uses for knowing the sensitivity of a material to
mpact and friction. These can purpose evaluation of material sen-
itivity over time. The sensitivity of the systems of TNAD with some
ther energetic materials can be confirmed this way. Comparison

f sensitivity of two materials can determine if one material could
eplace another in a particular process.

According to Willer [2] and Helmut et al. [5], TNAD is insensitive,
nd it was approved by our test. From the results of the impact and
riction sensitivity of TNAD with some energetic materials (Table 4),

50/50-inert materials/TNAD)

Peak temperature

Tp2 (◦C) Tp1 (◦C) �Tp (◦C) Rating

174.9 176.02 2.78 B
207.7 239.3 31.6 D
230.3 239.3 9.0 C
200.9 239.3 38.4 D

230.2 239.3 9.1 C
229.7 238.9 9.2 C

220.7 239.3 18.6 D
227.9 239.3 11.4 C
225.7 239.3 13.6 C
231.7 239.3 7.6 C
207.3 235.7(ref. [17]) 28.4 D
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Table 4
Results of the impact and friction sensitivity of TNAD with some energetic materials

Single system Impact (%) Friction (%) Mixture system Impact (%) Friction (%)

TNAD (1) 0 8 1/1-TNAD/DNP (3) 0 0
DNP (2) 0 0 1/1-TNAD/HMX (6) 96 92
RDX (4) 0 0 1/1-TNAD/RDX (5) 0 4
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MX (6) 100 100
TO–Pb (8) 0 0
C + NG (10) 84 92
INA (30) 0 0

he following conclusions can be made. The TNAD in combination
ith some energetic materials are insensitive except for 6 and 11.

he HMX and NC + NG in systems 6 and 11 are very sensible, and it
akes the system more sensitive. Contrasted this results with com-

atibility experiments data, there was no consequential affiliation
etween sensitivity and compatibility. System 3 is incompatible
hile its impact and friction sensitivity is very low. Binary system

3 is compatible while its impact and friction sensitivity is very
igh. Whereas, if the energetic materials can react with each other
hen they are mixed, they must be incompatible and very sensi-

ive. Binary systems 5, 9 and 11 are of great compatibility and low
ensitivity.

. Conclusions

1) The systems of TNAD–RDX, TNAD–(NTO–Pb), TNAD–PET and
TNAD–(Al powder) binary mixtures have moderate compati-
bility, and the TNAD–DINA and TNAD–HMX binary mixtures
have poor compatibility according to the evaluated standard of
compatibility.

2) The compatibilities of the TNAD–(�-Cu), TNAD–DNP,
TNAD–(AD-Cu), TNAD–�-Pb and TNAD–Al2O3 binary mixtures
are also poor, but the compatibilities of the TNAD–(N-100),
TNAD–(NC + NG), TNAD–C2 and TNAD–C.B. mixtures are
incompatible.

3) There was no consequential affiliation between sensitivity and
compatibility. Whereas, if the energetic materials can react with
each other when they are mixed, they must be incompatible and
very sensitive. Binary systems 5, 9 and 11 are of great compati-
bility and low sensitivity.
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