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Abstract: Two general expressions and their six derived formulae for estimating the critical temperature (7)) of
thermal explosion for energetic materials ( EMs) are derived from the Semenov’s thermal explosion theory and eight non-iso-
thermal kinetic equations, using reasonable hypothesis. The initial temperature ( T,;) at which DSC curve deviates from the
baseline , the onset temperature (T,;) , the kinetic parameters of exothermic decomposition reaction can be obtained from the
non-isothermal DSC curve of EMs. The values of T, and T, was obtained from the equation Ty, ., =Ty 0 + @B + azﬁ,z
+ o+ a,{,zﬁ:/'z , 1=1,2,--- L and then the values of T| was calculated by the six derived formulae. The T results obtained
with the six derived formulae for 1, 4, 5, 8-tertanitro-1,4,5,8-tetraazadifurazano[ 3 ,4-c:3’,4’-h] decalin and its parent
compound, 1,3,4-trinitro-imidazolonone[4,5-b] furazano[ 3,4-e] piperazine and its parent compound, 1,3,4,8-tetrani-

tro-imidazolinone[ 4 ,5-b] furazano[ 3 ,4-e] piperazine, 1,4,5,8- tetranitro -1,4,5,8-tetrazafurazano[ 3,4-b] decalin and

1,3,5-trinitro-1,3,5-triazafurazano[ 3 ,4-f] cycloheptane approximate well to each other.
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1 Introduction

The critical temperature ( T,) of thermal explosion is

materials
[1-13]

a very important parameter for energetic
(EMs). Much research has been done in this area
In the present work, we present two general expressions
and their six derived formulae for estimating the critical
temperature of thermal explosion for EMs, and report the
values of T, of 1,4,5, 8-tertanitro-1,4,5, 8-tetraazadi-
furazano[ 3,4-c:3',4'-h ] decalin ( [ ) and its parent
compound (I ), 1, 3, 4-trinitro-imidazolonone[ 4 ,5-b ]
furazano[ 3,4-e] piperazine ( [l ) and its parent com-
pound (IV) , 1, 3, 4, 8-tetranitro-imidazolinone[ 4,5-
b] furazano[ 3 ,4-e] piperazine ( V), 1,4,5,8- tetranitro

-1,4,5,8-tetrazafurazano[ 3 ,4-b ] decalin (VI) and 1,3,5-
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trinitro-1,3, 5-triazafurazano [ 3,4-f] cycloheptane (VII).
The data needed for the six derived formulae can be

obtained by the non-isothermal DSC measurement alone.

2 Theory and method

2.1 Derivation of general expression with the initial
temperature 7, for estimating the value of T,
For most energetic materials, their enthalpy of

thermal decomposition reaction per unit time can be

expressed by the equation

where @ is the enthalpy of the thermal decomposition

(1)

reaction in J + mol ' ;V is the volume of explosive loaded

in em’; p is the loading density in g + cm °; M is the

. . da . .
mole mass of explosive loaded in g and —— is the reaction

di
rate which may be expressed as Eq. (2)
da dE
— =A,T" bT = —————
a1 eXp[ R(T +c)
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Substituting % in Eq. (1) with Eq. (2), the ex-
pression for ¢, becomes

Vp « dE
0Py T __dE
q, QM 0 exp[bT R(T+c)]x

dE
R(T +¢)?

Therefore, it is apparent that the enthalpy of thermal

{1+(T—TU)[%+[b+ ”}f(a)(3)

decomposition ¢, is proportional to the exponent of the
reciprocal of reaction temperature T. At the same time,
the heat (g, ) lost from the reaction system in unit time

may be expressed
4, = kS(T -T.) (4)
where % is an overall heat transfer coefficient in
Jeem 2K s_'; S is the external surface area of
the loaded sample in ¢cm®; T is the temperature of the
reaction system in K; 7T is the surrounding temperature in
K, which is determined by the linear temperature

increase in DSC analysis.

With the boundary conditions of thermal explosion,

Eq. (3) becomes
dg,

dr M

Ty

V “ dE
‘I1|Th =0 MpAoTl,eXp[ bT ] X

" R(T +¢)
f1er-rp[a+ b *mrdifcy”}f(“) (5)

and Eq. (4) becomes
qdy, = k' S(T, - T,) (6)
where T, is the surrounding temperature at the beginning
of the thermal explosion in K.
The condition of thermal explosion formulated by

[14

Semenov' "’ is the equality heat liberation g, and heat

transmission ¢, :

Q1|T|, = ‘IJT,, (7)
{dqn _ o, g
ar|, ~drl, (8)

Differentiating Eq. (3 ) with respect to T and
considering constant heating rate (8) equation, T =T, + Bt
and for most explosives, the differential mechanism function
for the thermal decomposition reaction is f(a) = (1 —a)",
since thermal explosion starts in range of low decomposi-

tion degrees, (1 —a)"—1, f(a) =0, give Eq. (9).

- Sasatien[ot, et ] [T (=T[5 [oe )
X h b

[Tih+[b +$H+(T"_T‘))[_T%‘$]

[i+[b+ dE H+ 9)
T, R(T, +¢)’ _ a dE
. 1+ (T, TO)[T.,+[b+R(T,,+c)2]]
Differentiating Eq. (4) with respect to T and considering Eq. (5), yield Eq. (10).
dg, 1 o[ (dT
2 =——FkS||—] - 10
dT " (dT/de) T, [( dt),h ’8] (10)
Combining Eqs. (5), (6) and (7), yields Eq. (11).
Vp . e dE a dE :
—=A,T - {1 T, -T,)|— - = T, - T 11
QM 0 beXp[bTb R(Th+c)]{ + ( b o)[ +[b+R(Th+c)2]]}f(a) kS( b ;1,) (11)

Combining Eqs. (8), (9) and (10), yields Eq. (12).

%AoaTﬁexp[bTh _R(T(iih;c)]. [1 + (T, - To>[Tih+ [b +ﬁmx

[%*[’”R(ﬁ@z

o -mf -2 -

2dE
R(T, +c)3]

a dE
[Tb +[b+R<T»+C>2”+ 1+(T,)—To>[%
b

Combining Eqs. (11) and (12), yields Eq. (13).

o[ *mﬁcy]]

[%+[b +ﬁ”+ﬂb _TO)[_%, _m

B (dT/ldt)Thk/S[ (dET) . -8 @

e

(T, =T [+ +[b +R(T:”ic)2” N

b

1+ (T, —TO)[%+[1) +ﬁ”

- (dT/ldz)Th[ () | -#]

T
|

(13)
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6

where (d7/dt), is the increasing rate of temperature in the sample when its thermal decomposition converts into thermal
explosion. This is difficult to solve directly from conventional experiments.

When the transition from thermal decomposition to thermal explosion begins, the surrounding temperature is near to
the onset temperature T, of the DSC curve. Substituting T; of DSC curves with heating rate g8, for T, when 8 tends to
zero, we take the limitation of both sides of Eq. (13)

[Tih+ 2dE ]

[b +R(T:”ic)2”+ et _TO)[_T%,—R(TI, +e)’

1+(Tb—T0)[Ti+[b

. a dE
llﬁrBO(T., -T,) [Tb + [b + R(T, + 6)2]] + £
" R(T, + 0)2”

a 2dE
T R(T, + 0)3]

l+(Tb_T°)[Tih+[b+$”

72 ) -

b

liﬁTO(Tb -T) [Tib + [b + R(T:M-YF C)2”+

ool R(T, +¢)*
(),
hﬁriloﬁl;)rhzl (15)
Therefore, Eq. (13) can be simplified into the form
_— [;b+[b+R(Tﬁ6)ZH+[;+[b+R(T;”iC)ZH+<T.,Tw>[-;i-m;f‘i)3] e

Eq. (16) is the relation formula for estimating the
critical temperature of thermal explosion of EMs when the
exothermic decomposition reaction converts into thermal
explosion.

Once the values of a, b, ¢, d, Ty, T,, and E have
been calculated from the heat flow curves, the correspond-
ing value of T, can then be obtained from Eq. (16).

2.2 Derivation of general expression without the initial
temperature T, for estimating the value of T,

Similarly, replacing Eq. (2) with Eq. (17),

da > 3 dE
A = B = AT exp[ 57 -2 2P f@) (17)
one may obtain
a dE _
(T, - TPO[? +b +m] =1 (18)

Eq. (18) is a general formula to estimate the criti-
cal temperature of thermal explosion of EMs without the

initial temperature.

1+ (T, —TOO)[Ti+ [b
b

d
* R(T,JB-YI— 0)2”

Once the values of a, b, ¢, d, T, and E have been
calculated from the heat flow curves, the corresponding
value of T, can then be obtained from Eq. (18).

2.3 Derivation of derived formulae for estimating
the value of T,

According to Eqs. (16) and (18), the simplified

formulae (17)-(34) in Figs. 1 and 2 are obtained.

Once the values of a, b, ¢, d, T,,, T,, and E have
been calculated from the heat flow curves, the corre-
sponding value of T, can then be obtained from Egs.
(17) = (34).

2.4 Calculation of the value of a, b and E

Rearranging both sides of Eq. (2) and integrating
between T, and T, and the fraction of the material reacted
between 0 and « , yield Eq. (35).

According to Eq. (35), Eq. (36) and the simplified
formula used to calculate the values of a, b and E in

Fig.3 are obtained.
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a
— (T, -T,)=1 27)
BT, ~Ty)=1 (26) (rb J( »=T)
A A
Z=117=0 a=d=0 b=d=0 a=b=c=0 Zhang-Hu-Xie-Li Eq.
E ECON d=1 E
Th - TcU =1 |4
[R(Th +c)2 J( ) < RT2 ( e(l)_ 1(28)
a
—+b+ (1, -7,)=1 (18)
[Tb R(Tb c)? ] ' -
a o E 33) [ P a E (29
[/., thr s J(/ 7,)=1 =0 [T—b+b+wj(rb—reo)_l (29)
=1 d=0 a=c=0, d=1 b=c=0, d=1
Lol -1,)=1 G2 || [s+-L |1, -10)=1 CD|| | Ls L lq_7,)=1 B0)
7;) 0 RT,,Z e T RT 0
Fig. 2 Block diagram describing the relations among various formulae of computing the value of T
Gla)= %e“’(r _1,) (37) Gler)= ; T(r-1,) (39)
B\l A ]ipy (38) b Ay
ln[ T ]7 ln[@}+hlci 1"[1;, T ] ln|:( o )}+alnl (40)
- = 7'y R
G(a):%caﬁ)(Y‘—Yl)) (53) | a=p=0 a=c=d=0 b=c=d=0 bt G(a):goe’”' (r-r,) (41)
a=1 A . a=1
B )| A < Gla)= 2o Toeb e Rve) T-T, ~ Bi Ay E 42
In[ﬁjm{ﬁ} R, +¢) (54) @) B r-1) (35) > '”[ T U‘] @} (42)
= ] da=1
Ay et < m[ A, ]:m[ A 1y, 8T, - 1 GO i
G(a) /} Tfe"e (T 711)(51) Zi(]) Tes -T, (1(0()_ T +‘ G(a):%Taeh’leR(’lw) (T_TU) (43)
ln[v_ ﬂ']_ ]: ln{(;é“ :|+alnTc,+[7Tmfi (52) d:O a:C:O sz:O
i o 0’) RT = — ﬂx — AO _ £
d=1 d=1 ln[ﬁ]_ln{G(a)}—alan+bTCi R +0) (44)
v v v
AO a _bT £
Gla)= e (r-1,) (49) Ole)= et (1) (4) Gla)= Aﬁo 1 (1-1;) (45)
B )yl A (50) B |y Ao lypr - £ , £ (46
ln(];.—TmJ_ln[G(a)}ralnTei+bTe‘i In T, =In Gla) +0T, AT (48) ln[n‘rf%‘j:ln{(;‘?;)}+a1n%_RTM (46)
Fig. 3 Block diagram of various formulae describing the G(«a) ~ T relation and calculating the values of @, b and E
Cla) = ¢ da The following equations are obtained :
o f(a) for the case of a =c=d =0,
Ao (" dE daa A
=—| T bT — ————| X da _ o et
ﬁfro x| R(T + c)) ar = g< @ (56)
41 T b A
1 +(T-T, bT - ——— } - f - 0 o7 _ o
{ ¢ >[ [ R(T+c) ” Cla) = f( ) B ho bBe (57)
Aot (r ) (35) Ing, = [ 0 ]+bT. i=172,,L (58)
B 0 i bG( a) el ’ ’ 2
From the Eq. (55) for the case of b=c=d =0,
da Ao, dE da Ay
— = —T bT - ————— 55 — =T 59
ar = e[ - gl 69) ar = g (59)
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* da Ao ! Ao 1 +1
G =| — = —| TdT = — T 60
@ =] 7oy = gl g+ (0
Ing, = ln[#] + (a +1)InT,
(a +1)G(a)
i= 1,2, L (61)
for the case of a =b=c=0, and d =1
A
0= e e (62)
(" da _Ao " ke
G(a>_0f(a)_BJ;e dT
AE E
~ —220.00484¢ " '0%r (63)
BR
AE E
InB, = In 0 -2.315 - 0.4567
BI [RG(C()] RTmurpi
P= 1,2, L (64)

The data (B;, T,,,T,,i=1,2,+,L) are filled to
Eqs. (38), (40), (42), (58), (61) and (64) by the
linear least-squares method on the computer. The corre-
sponding values of a,b and £ may be obtained from the

slopes of above-mentioned equations.
3 Experimental

3.1 Materials

The seven furazano-fused cyclic compounds [ -VI
used in this work were prepared and purified at Xi’ an
Modern Chemistry Institute.

The structures of compounds [ -VI were character-
ized by elemental analyses, molecular weight, IR spec-
trometry, mass spectrometry and nuclear magnetic reso-
nance spectrometry. Their purities were more than
99.0% . The compounds were kept in a vacuum desicca-
tor before use.

3.2 Experimental equipment and conditions

DSC experiments were carried out with a model
CDR-1 thermal analyzer made in the Shanghai Balance
Instrument Factory, using a Ni/Cr-Ni/Si thermocouple
plate and working under static air conditions with different
heating rates ranging from 0.5-20 K + min ~'. Aluminum
oxide was used as a reference material. Heating rate was
calculated according to the actual rate of temperature rise

from 50 °C to the temperature at the end of decomposi-

tion. The amount sample used was about 0.7 mg.

4 Results and discussion

The measured values of 8,, T, and T, (i=1,2,--,
L), the calculated values of a, b and E obtained by Egs.
(38), (40), (42), (58), (61) and (64) and the ob-
tained values of T, and T, when 8 tends to zero, together

with the reasonable values of T, obtained by substituting

(17), (18),
(19), (26), (27), and (28), the values of E, and

lgA, obtained by the Kissinger's method'”’, and the

the above-mentioned values into Egs.

entropy of activation ( AS” ), enthalpy of activation
(AH™) and free energy of activation (AG™ ) correspond-
ingto '=T,, A=A,, E=E, obtained by Eqs. (65),
(66) and (67) are shown in Table 1.
k,T ac+

Aefﬁ = 2 e KT (65)
AH” = E - RT (66)
AG™ = AH™ - TAS” (67)

Because the results of the six calculation formula are
agreeable to each other, while the error between the values
of T, obtained by the determination method for the critical
temperature of thermal explosion of small-scale solid explo-
sive and the values of T, from Eqs. (19) and (28) by
non-isothermal DSC method is 5% " , we conclude that
the values of T, obtained by Eqs. (17)-(19) and Egs.
(26)-(28) also are tenable within the error of 5% , dem-
onstrating that Eqs. (17), (18), (26) and (27) also are

suitable for estimating the values of T, of EMs.
S Conclusion

(1) The eight calculation formulae of estimating the
critical temperature of thermal explosion (T,) of EMs are
derived.

(2) The corresponding numerical methods for esti-
mating the values of T, are presented.

(3) The values of T, of compounds [ -VI decrease
in the order]l > V>M>W>V >VI>1.

(4) The heat-resistance ability of compounds [ -VI
determined by values of AG™ based on the greater the
values of AG”, the better the stability of samples
decreases in the order [ = W>M >VI>V=V>1.
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