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Nonisothermal decomposition and safety
parameters of HNIW/TNT cocrystal

Jiao-Qiang Zhang, ©*? Yun-Long Xu, Qian Jia,? Shi-Jie Zhang,? Ning Liu, ©°
Hong-Xu Gao® and Rong-Zu HuP

To explore the thermal decomposition behavior and evaluate the thermal safety of the cocrystal
2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (HNIW)/2,4,6-trinitrotoluene (TNT), its thermal and kinetic
behaviors were studied by differential scanning calorimetry (DSC) technique. With the help of onset
temperature (T.) and maximum peak temperature (T,) from the non-isothermal DSC curves of HNIW/
TNT cocrystal at different heating rates (8), the following were calculated: the value of specific heat
capacity (C,) and the standard molar enthalpy of formation (A(HY,, s, 298.15 K), the apparent activation
energy (Ex and Eg) and pre-exponential constant (Ax) of thermal decomposition reaction obtained by
Kissinger's method and Ozawa's method, density (p) and thermal conductivity (1), the decomposition
heat (Qq, as half-explosion heat), Zhang—Hu-Xie-Li's formula, Smith's equation, Friedman's formula,
Bruckman—-Guillet's formula, Frank-Kamenetskii's formula and Wang—-Du's formulas, the values (Teo and
Too) of Te and T, corresponding to 8 — 0, thermal explosion temperature (Tpe and Typ), adiabatic time-
to-explosion (tiaqg). 50% drop height (Hsg) for impact sensitivity, critical temperature of hot-spot initiation
(Ter), thermal sensitivity probability density function [S(T)] vs. temperature (T) relation curves with radius
of 1 m and ambient temperature of 300 K, the peak temperature corresponding to the maximum value
of S(T) vs. T relation curve (Tsmax). safety degree (SD) and critical ambient temperature (T,c,) of thermal
explosion. Results show that the kinetic equation describing the exothermic decomposition reaction of
HNIW/TNT cocrystal is da/dt = %(1 — a)[-n(1 — @)]3exp(—2.8318 x 10*/T). The following thermal safety
parameters for the HNIW/TNT cocrystal are obtained: Teq = 464.45 K; Too = 477.55 K; Tpe = 472.82 K;
Top = 485.89 K| tijag = 4405, 442 s, and 443 s forn = 0, 1, and 2, respectively; T, = 531.90 K; Hsg =
19.46 cm; and the values of T,c, Tsmax. SD and Prg are 469.69 K, 470.58 K, 78.57% and 21.43% for
sphere; 465.70 K, 470.58 K, 78.17% and 21.83% for infinite cylinder; and 459.39 K, 464.26 K, 77.54% and
22.46% for infinite flat.

and it has drawn wide attention among researchers.'®" Co-
crystallization, combining two or more neutral molecules

High-density energetic materials (HDEMs) show great potential
use in the military field, e.g., as propellants, pyrotechnics,
explosives and gas generators.'™ Along with the fast develop-
ment of the energetic materials (EMs), the demand is increasing
for the insensitive EMs; specifically, it is necessary to generate
high-energy EMs with low sensitivity.>® As is known, the
conflicts between increasing chemical energy and decreasing
the sensitivity are severe. Many efforts have been made to
improve the power and insensitivity of EMs, and synthesis of
new compounds and modification of existing materials are the
primary methods used.” Co-crystallization is an effective and
convenient means to improve the performance of materials,
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through non-covalent interactions, could compromise the
merits of the individual substance, and one of the energetic
compounds has shown the ability to alter undesirable material
properties, such as high sensitivity or low density.">*
2,4,6,8,10,12-Hexanitrohexaazaisowurtzitane (HNIW) is the
most powerful explosive owing to its high density (>2.0 g cm™?),
good oxygen balance (—10.94%) and high detonation velocity
(9400 m s~ '), but its high sensitivity toward external stimuli
constrains its application." 2,4,6-Trinitrotoluene (TNT) is an
extensively used explosive with good stability. Bolton success-
fully prepared the HNIW-TNT cocrystal (in a 1: 1 stoichiom-
etry) in 2011, which featured insensitivity and high energy.
The nonisothermal decomposition behaviors and thermal
safety parameters of EMs play vital roles in theoretical studies
and engineering applications, providing significant guidance to
their further applications and industrial production. In recent
years, reports of the HNIW-TNT cocrystal have been
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concentrated on its synthesis, characterization, atomistic
simulation and reactive molecular dynamics,'** but there is
little literature reported about the thermal behaviors and
thermal safety parameters of HNIW-TNT cocrystal. Before
HNIW-TNT cocrystal can reach practical application, much
work should be done for a more comprehensive understanding
of this material. To add to these studies, herein, the non-
isothermal decomposition behaviors and detailed thermal
safety parameters of HNIW-TNT cocrystal are described. The
HNIW-TNT cocrystal was prepared and characterized. Its non-
isothermal decomposition was studied by differential scan-
ning calorimetry (DSC), and the thermal safety parameters of
HNIW-TNT cocrystal, including the self-accelerating decom-
position temperature (Tsapr), the critical temperature of
thermal explosion (T},) and the adiabatic time-to-explosion
(ttiaa), were also calculated with the experimental data from
non-isothermal decomposition. Moreover, the 50% drop height
of impact sensitivity (Hs), the critical temperature of hot-spot
initiation caused by impact (T.), the safety degree (SD), the
critical thermal explosion ambient temperature (T,.) and
thermal explosion probability (Prg) were also obtained.

2 Experimental
2.1 Caution

General caution: title compound is a hazardous material,
explosions of which may occur in certain conditions. Although
we had no difficulties during the experiments and in handling
the compounds, appropriate safety precautions such as the use
of safety glasses, face shields and horn spoons should be taken,
especially when the compounds are prepared at a large scale.

2.2 Preparation

HNIW/TNT cocrystal was prepared and purified according to
the literature method.” It was kept in a vacuum desiccator
before use. The structure of HNIW/TNT cocrystal was charac-
terized by infrared spectroscopy (IR) and elemental analysis. IR
(KBr): 3111, 3024 (CH), 1599, 1339, 1348, 1259, 943, 885 (NO,),
1088, 1059 (N-N), 831, 752, 721 (skeleton ring) cm ™. Anal. caled
(%) for C;3H;;N;50,4: C 23.47, N 31.58, H 1.67; found (%) C
23.55, N 32.01, H 1.59. High-performance liquid chromatog-
raphy (HPLC; LC-20AD, Shimadzu Corporation, Japan) was used
to confirm the content of HNIW and TNT in the HNIW/TNT
cocrystal, with a Phenomenex C,g analytical column (5.0 pm,
150 mm X 4.6 mm) at 298.15 K column temperature and the
detection wavelength of 254 nm. The results demonstrate that
the mole ratio of HNIW to TNT is 1: 1 in the above prepared
HNIW/TNT cocrystal.

2.3 Differential scanning calorimetry

The DSC experiments for the title compound were performed
using a Q2000 apparatus (TA, USA) under nitrogen atmosphere
at a flow rate of 50 ml min~". About 0.6 mg of sample was sealed
in an aluminum pan, and the heating rates used were 2.5, 5.0,
10.0, 15.0 and 20.0 K min~' from ambient temperature to
773.15 K. DSC curves obtained under the same conditions

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

overlapped with each other, indicating that the reproducibility
of the tests was satisfactory.

3 Results and discussion
3.1 Standard enthalpy of combustion

The standard combustion enthalpy of the title compound,
A H? (HNIW/TNT cocrystal, s, 298.15 K) was derived from the
combustion enthalpy change of the following ideal combustion
reaction (1) at 298.15 K and 100 kPa,

Ci3H 1N 5045(s) + 15.750,(g) —
13CO5(g) + 5.5H,0() + 7.5N5(g), (1)

and calculated by Hess's law according to the thermochemical

eqn (2),

A H? (HNIW/TNT cocrystal, s, 298.15 K)

= 13A¢H? (CO,, g, 298.15 K) + 5.5A¢H? (H,0, 1, 298.15 K)
— A¢H? (HNTW/TNT cocrystal, s, 298.15 K),

(2)

where A¢H? (CO,, g, 298.15 K) =

—(393.51 + 0.13) k] mol™, A{HY (H,0, 1, 298.15 K)
= —(285.83 £ 0.042) k] mol™

;2 and A¢H? (HNIW/TNT cocrystal, s, 298.15 K)
= 324.445 4 0.149 k] mol *,

determined through a thermochemical cycle, as reported
elsewhere; the result obtained is —(7012.14 + 3.42) k] mol .

3.2 Standard energy of combustion

The standard energy of combustion of the title compound A.U
(HNIW/TNT cocrystal, s, 298.15 K) was calculated by the
following eqn (4):

A, cocrystal, s, .
H’ (HNIW/TNT 1,5, 298.15 K
= A U(HNIW/TNT cocrystal, s, 298.15 K) + AnRT  (3)

An = n, (products) — n, (reactants) (4)

where AcHJ = —(7012.14 + 3.42) kf mol™", n, is the total
amount in mole of gases present as products or as reactants, An
=13+7.5—15.75=4.75,R=8.314] K *mol *, and T =298.15
K. The result is —(7023.914 + 3.42) k] mol .

3.3 The nonisothermal decomposition behavior of HNIW/
TNT cocrystal

A typical DSC curve at a heating rate of 5.0 K min~" for HNIW/
TNT cocrystal is shown in Fig. 1. The curve consists of one
endothermic peak and one exothermic peak. The endothermic
peak at 413.52 K is the phase change from solid to liquid. The
exothermic peak is the decomposition reaction of HNIW/TNT
cocrystal; the T, is 490.61 K, and the T, is 479.32 K.

RSC Adv., 2018, 8, 31028-31036 | 31029


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06143b

Open Access Article. Published on 13 1397. Downloaded on 17/01/1405 12:06:03 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

154
490.61K
104

Heat Flow/mW
b

41352K 479.32K

-5
Endo
'1 0 T T T T 1
350 400 450 500 550 600
Temperature/K

Fig. 1 DSC curve for HNIW/TNT cocrystal at a heating rate of 5.0
K min~t,

3.4 Thermal conductivity (1)

According to the relationship between specific heat capacity at
constant pressure (Cp) and specific heat capacity at constant
volume (C,) as C, = 0.83C,** and substituting the values of M of
665.32 and q, b, ¢ and d in eqn (5) into eqn (6),

C.H,ON; = Ci3H; 108N 5 (5)
C 3Ra+b+c+d) - 2¢?
N ) M (4a+b)(a+b+c+d)

2
2ac*

(4a+b)(a+b+c+d)

} .

we obtain C, = 1.01J g~ ' K ', which is in accordance with our
experiment results, determined by a continuous C, mode of
Micro-DSC III and will be reported elsewhere.

By replacing the values of C, of 1.01 J g~' K', p of
1.844 g em >, Ty, of 413.52 K and M of 665.32 into eqn (7),%

37287 x 107G, MO0
- T 4)A7652M0.2153 (7)

A

the value of A of 0.168 W (m K)~" was obtained.

3.5 Explosion properties

By substituting the values of a, b, ¢ and d in C;H,ON,; =
C13H;1045Ny5, p = 1.844 g cm >, AfHY, = 324.445 kJ mol ™ into
Kamlet-Jacobs eqn (8)-(12),2 the values of D of 8.624 km s ', P
of 33.89 GPa, N of 0.0289 mol g~ !, M, of 30.34 g mol ', and Q of
6184.71 ] g~ are obtained.

D = 1.OL(NM" Q) 2(1 + 1.30p) (8)

P = 1.558NM'2 Q12 p? (9)
b+2d+2¢c

N=— (10)
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aM
M= ——" 11
b+2c+2d (11)
0
0= 4184 (28.9b + 94.05ch1+ 0.239A¢H ) < 1073 (12)

where D is detonation velocity (km s™'), P detonation pressure
(GPa), N moles of gas detonation products per gram of explo-
sive, M average molecular weight of gaseous products, Q
chemical energy of detonation (J g~ '), p density of explosives (g
em?), and A¢H standard enthalpy of formation.

By substituting the values of xx, = 7.5, Xy1,0 = 5, Xco, = 6, Xco
=1, xg, = 0.5, Xo, = 0, xc = 6, and M = 665.32 g mol~' from
reaction formula (13) and p = 1.884 g cm ® into empirical
nitrogen equivalent eqn (14) and (15) (ref. 24) for predicting the
D and P of C-H-N-O explosives, the values of D of 8.646 km s *
and P of 33.76 GPa are obtained.

1
Ci3Hi1N;505(s) — 6CO, 4+ SH,O + in

+ CO + 7.5N; 4+ 6C (13)
100
D = — 7 (695 + 1150p) (1.00xy, + 0.64x,0 + 1.34xco,
+0-72XC0 + 0.18)(]—12 + 0.50)(02 + 012XC) (14)

where 695 and 1150 are constants; 1.00, 0.64, 1.34, 0.72, 0.18,
0.50, and 0.12 are the nitrogen equivalent coefficients of
gaseous detonation products N,, H,O, CO,, CO, H,, O,, C of the
explosive.

Furthermore,

1
P =1.060 p% (1.000xn, + 0.64xp,0 + 1.34xc0,

2
+0.72xco + 0.18xh, + 0.50x0, + 0.12x¢)| —0.619  (15)
where 1.060 and 0.619 are constants. The abovementioned
calculation results show that HNIW/TNT cocrystal has an
explosion performance level approaching those of HMX and
RDX [D (HMX) = 8.92 km s™" (8 = 1.844 g cm ™), P (HMX) =
35.72 GPa and D (RDX) = 8.67 km s~ (8 = 1.765 g cm™®), P
(RDX) = 32.97 GPa], obtained using Kamlet-Jacobs equations.

3.6 Analysis of kinetic data for the main exothermic
decomposition reaction of HNIW/TNT cocrystal
Two isoconversional methods [eqn (16) and (17)] were used to
obtain the kinetic parameters (the apparent activation energy
(E,) and pre-exponential constant (4)) of the main exothermic
decomposition reaction for the title compound:

Differential method. Kissinger equation®

ln( ﬂ’2> =In
Tp,'

Integral method. Ozawa equation®

AxkR Ex 1

B R T,

(16)

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06143b

Open Access Article. Published on 13 1397. Downloaded on 17/01/1405 12:06:03 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

AkEoe(or op)

EOCOIO
lgﬁ,-:lg{ RG() }—2.315—0.4567M

(17)
o(or p)i

where « is the degree of reaction, T the absolute temperature, E
the apparent activation energy, 6 the heating rate, R the gas
constant, T}, the DSC curve peak temperature, and A the pre-
exponential factor.

From the original data in Table 1, Ex obtained by Kissinger's
method” is determined to be 239.40 k] mol '. The pre-
exponential constant (4) is 10***° s~'. The linear correlation
coefficient (r) is 0.9969. The value of E, obtained by Ozawa's
method?® is 235.45 k] mol . The value of 7, is 0.9971. The value
of E, obtained by T¢; vs. 8; relation is 222.08 k] mol . The value
of 1., is 0.9946.

By substituting the experimental data, 8; T; and oy, i = 1, 2,

. n, listed in Table 2 from DSC curves at differential heating
rates into eqn (18), the values of E, for any given value of « were
obtained and are shown in Fig. 2. The average value of E, in the
a range of 0.10 to 0.90 in Fig. 2 is in good agreement with the
calculated values obtained by Kissinger's method and Ozawa's
method. The E values calculated using eqn (18)* are used to
check the validity of activation energy by the other methods.

. " u 'I(sz Ttx i)
Qy;(E,) = min LY pn—1 18
11( ) ZZ -I(EmTa‘/-) ( ) ( )
where the I(E,, T,) integral is obtained taking the Senum-
Yang approximation calculation for approximation of 3™
u* 4 10u + 18

where u =

w3 + 1212 + 36u + 24

degree: Isy_3(E, T) = [Teﬂ‘(

E/RT.

The data (8, T, ayy i = 1, 2, ...) in the range of & = 0.10-0.90
and 47 kinetic model functions® were input to following eqn
(19)-(23) to obtain the values of E and A from a single non-
isothermal DSC curve.

Ordinary-integral equation®

o5 w20 2) 5
Universal integral equation®
In {TG%O%J = lng - R—L; (20)
MacCall-Tanner equation®
log[G(a)] = log (g—i) — 0.4828 %4357 _ W % (21)

Table 1 Maximum peak temperature (T,) and onset temperature (T,)
of the exothermic decomposition reaction for HNIW/TNT cocrystal
determined by the DSC curves at various heating rates (8)

/(K min™Y) 2.5 5.0 10.0 15.0 20.0
T,/K 484.83  490.61 495.40  498.75 502.39
Te/K 472.65  479.32  483.50  486.82  490.59
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Table 2 Data for HNIW/TNT cocrystal determined by DSC at different
heating rates and apparent activation energies (E,) of thermal
decomposition obtained by integral isoconversional non-linear (NL-
INT) method”

Ti/(K)

a%) 25 50 100 150 200 EJkJmol ! min
0.0 452.38 461.70 464.54 467.25 470.47 203.64 0.6861
2.5 465.87 472.91 478.00 481.57 484.98 202.94 0.0659
5.0 469.08 475.84 481.08 484.73 488.22 205.02 0.0518
7.5 47112 477.79 483.11 486.79 490.32 205.97 0.0479

10.0 472.67 479.29 484.65 488.34 491.87 207.17 0.0454
12.5 473.93 480.52 485.88 489.57 493.12 208.40 0.0461
15.0 474.99 481.57 486.91 490.60 494.14 209.78 0.0464
17.5 475.91 482.49 487.79 491.48 495.01 211.20 0.0479
20.0 476.72 483.30 488.57 492.25 495.77 212.53 0.0489
22.5 477.46 484.03 489.25 492.93 496.44 214.05 0.0508
25.0 478.13 484.68 489.87 493.54 497.05 215.40 0.0522
27.5 478.74 485.28 490.44 494.11 497.62 216.46 0.0537
30.0 479.31 485.84 490.97 494.63 498.14 217.63 0.0552
32.5 479.84 486.35 491.46 495.13 498.63 218.55 0.0555
35.0 480.35 486.83 491.93 495.59 499.10 219.51 0.0563
37.5 480.82 487.28 492.38 496.04 499.56 220.07 0.0568
40.0 481.27 487.71 492.81 496.48 500.00 220.56 0.0567
42.5 481.69 488.12 493.23 496.91 500.44 220.68 0.0567
45.0 482.11 488.51 493.64 497.34 500.87 220.83 0.0556
47.5 482.50 488.89 494.04 497.76 501.30 220.65 0.0553
50.0 482.88 489.25 494.44 498.18 501.72 220.38 0.0533
52.5 483.25 489.62 494.84 498.59 502.15 219.98 0.0531
55.0 483.61 489.98 495.23 499.01 502.57 219.50 0.0520
57.5 483.97 490.34 495.63 499.42 502.99 219.05 0.0507
60.0 484.32 490.70 496.02 499.84 503.42 218.37 0.0502
62.5 484.67 491.05 496.42 500.26 503.85 217.65 0.0487
65.0 485.01 491.42 496.82 500.68 504.28 216.91 0.0481
67.5 485.36 491.78 497.23 501.11 504.72 216.10 0.0466
70.0 485.71 492.16 497.65 501.54 505.17 215.29 0.0460
72.5 486.06 492.55 498.08 501.99 505.63 214.35 0.0449
75.0 486.43 492.95 498.53 502.45 506.11 213.45 0.0438
77.5 486.82 493.38 498.99 502.93 506.60 212.26 0.0432
80.0 487.24 493.83 499.48 503.44 507.12 211.94 0.0422
82.5 487.69 494.31 500.00 503.98 507.68 211.14 0.0418
85.0 488.18 494.84 500.56 504.56 508.28 210.41 0.0418
87.5 488.73 495.44 501.19 505.21 508.94 209.74 0.0412
90.0 489.38 496.14 501.92 505.97 509.70 209.12 0.0402
92.5 490.18 496.99 502.82 506.88 510.62 208.54 0.0387
95.0 491.29 498.14 504.02 508.10 511.81 208.50 0.0355
97.5 493.12 500.07 506.03 510.06 513.64 209.70 0.0271
100 502.27 509.77 519.78 524.06 523.51 183.13 0.4347

“ « is the degree of reaction; T; is the corresponding temperature at
different heating rates for different «; min is the minimum value of
eqn (18) for any given value of «.

Satava-Sestak equation®

ASE; Es
log G(a) = log RE 2315 — 0.4567RT (22)
Agrawal equation®*
RT
1-2—
1 G(a) =1 @ £ — £ (23)
N ™ BE RT\ RT
1-51—
E
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Fig. 2 The E,—a curve obtained by Ozawa's method.

where G(«) is the integral model function, respectively, T the
temperature (K) at time ¢, « the degree of reaction, and R the gas
constant.

The kinetic parameters obtained by the logical choice
method®* are presented in Table 3. Their values for E are very
close to each other. The values of E, and A obtained from
a single non-isothermal DSC curve are in good agreement with
the calculated values obtained by Kissinger's method and Oza-
wa's method. Therefore, we conclude that the reaction mecha-
nism of the main exothermic decomposition process of the title
compound is classified as G(@) = [1 — In(1 o),

fla) = ;(1 — @)[dIn(1 — )], fla)with

fla) = %(1 —a)[-In(1 — oz)]%, E with 235.44 k] mol " and 4

Substituting

with 10>*°° s in eqn (24):

d

5 = Af(@exp(~E/RT)
the kinetic equation of the exothermic decomposition reaction
of HNIW/TNT cocrystal may be described as:

da/dt = 102 f(«)

- %(1 — a)[~In(1 — a)fexp( ~2.8318 x 10°/T)  (25)

(24)

3.7 Heat-temperature quotient for the exothermic
decomposition of HNIW/TNT cocrystal

The exothermic peak in Fig. 1 is caused by the decomposition
reaction. Heat-temperature quotient AS4 of the process equals
to:

ASg = Qu/Tpo = —(—2057.41 kJ mol ")/
47755 K =4.308 kJ mol ' K™'  (26)
In eqn (26), Qq is the heat of decomposition reaction, which
is defined as Qq = 0.5Q, i.e., Qq is the half-chemical energy
(heat) of detonation. For HNIW/TNT cocrystal, Qg = 0.5Q =

31032 | RSC Adv., 2018, 8, 31028-31036
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3092.36] g ', and Ty, is the peak temperature T, corresponding
to 3 — 0.

3.8 Self-accelerating decomposition temperature Tsapr

Setting T. as the onset temperature and T, as the peak
temperature, and defining Ty or po @s the value of T(co or po)i
corresponding to 8 — 0 and T., as the self-accelerating
decomposition temperature Tsypr, we have:

T, or p = 4e0 or p0 + bﬁi+ Cﬂiz + dﬁisa i=1,2, e L (27)

and

T = Tsapt (28)

Replacing the experimental data: 8;, Tej, Tpiy 1= 1,2, ..., 5 in
Table 1 into eqn (27), the values of T, of 464.45 K and Ty, of
477.55 K are obtained. The Tgapr value of 464.45 K is obtained
by eqn (28).

3.9 The critical temperature of thermal explosion (7},)

The critical temperature of thermal explosion (7},) is an
important parameter in evaluating the safety and elucidating
transition tendency from thermal decomposition to thermal
explosion for small-scale EMs.

For HNIW/TNT cocrystal, the values of T}, obtained by the
Zhang-Hu-Xie-Li equation [eqn (29)] taken from ref. 35 using
the values of T, (464.45 K) and Tj, (477.55 K) and the values of
Eoe (222.08 k] mol ') and E,, (235.45 kJ mol ') are 472.82 and
485.89 K, respectively:

Eoe orop — \/Eoe or op2 - 4E0e or opRTeO(or p0)

Toeo(or bpo) = R (29)

In comparison with RDX for Ty, = 454.08 K,* the high value
of T, shows that it is difficult for the transition from thermal
decomposition to thermal explosion to take place.

3.10 Thermodynamic parameters of activation reaction

The entropy of activation (AS™), enthalpy of activation (AH™),
and Gibbs free energy of activation (AG™) corresponding to T =
Tpo = 477.55 K, E = Ex = 239 400 J mol !, and A = Ax = 10>**°
obtained by eqn (30)-(32) are 192.74 J mol™' K,
235.43 k] mol " and 143.39 k] mol ', respectively. The positive
value of AG™ indicates that the exothermic decomposition
reaction for HNIW/TNT cocrystal must proceed under the
heating condition.

kgT _aG*
Ae F/RT ‘Z ¢ RT (30)
AH” = E— RT (31)
AG” = AH” — TAS™ (32)

where kg is the Boltzmann constant (1.3807 x 10" >*JK ") and &
is the Planck constant (6.626 x 10>* ] s).

This journal is © The Royal Society of Chemistry 2018
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Table 3 Thermokinetic parameters for thermal decomposition process of HNIW/TNT cocrystal for Gla) = [1 — In(1 — a)l?’3,
1

fl&) = 21— )lHn(1 - @)

Method /K min " E/k] mol lg(4o/s™) r Q

Ordinary-integral equation®® 2.5 231.87 22.69 0.9998 0.0028
5.0 238.46 23.37 0.9998 0.0045
10.0 236.01 23.13 0.9991 0.0162
15.0 233.85 22.87 0.9986 0.0256
20.0 234.05 22.83 0.9982 0.0336

Universal integral method*! 2.5 235.87 21.35 0.9998 0.0043
5.0 242.52 22.02 0.9998 0.0045
10.0 240.20 21.79 0.9992 0.0161
15.0 237.98 21.53 0.9987 0.0255
20.0 238.21 21.50 0.9983 0.0335

Maccall-Tanner*” 2.5 232.93 22.80 0.9998 0.0008
5.0 239.68 23.50 0.9998 0.0008
10.0 238.68 23.49 0.9998 0.0008
15.0 235.19 23.01 0.9987 0.0048
20.0 235.45 22.98 0.9983 0.0063

Satava-Sestak equation® 2.5 228.11 22.34 0.9998 0.0008
5.0 234.48 23.00 0.9998 0.0008
10.0 237.39 23.26 0.9992 0.0030
15.0 230.24 22.54 0.9987 0.0048
20.0 230.49 22.51 0.9983 0.0063

Agrawal®** 2.5 231.87 22.69 0.9998 0.0043
5.0 238.46 23.36 0.9998 0.0045
10.0 236.10 23.13 0.9991 0.0162
15.0 233.85 22.87 0.9986 0.0256
20.0 234.05 22.83 0.9982 0.0336

Mean 235.44 22.70

Kissinger” 239.40 23.50 0.9969

Flynn-Wall Ozawa”® 235.45 0.9971

“ B is the heating rate; E is the activation energy; 4, is the pre-exponential constant; r is the linear correlation coefficient; Q is the variance.

3.11 The determination of the adiabatic time-to-explosion

The adiabatic time-to-explosion (t.q, 5) of energetic materials is
the time of energetic material thermal decomposition tran-
sitioning to explosion under adiabatic conditions, and it is an
important parameter for assessing the thermal stability and the
safety of energetic materials. The estimation formulae used to
calculate the adiabatic time-to-explosion (¢) of energetic mate-
rials are Smith's eqn (33)-(35) taken from ref. 36.

63T = 0 exp(-E/RTYf (0 (33)
T Cp
o= LO oar (34)
1 (" G, exp(E/RT)
‘= 0i J O (32)

where C,, is the specific heat capacity (J g~' K '); fla) is the
differential mechanism function; E is the apparent activation
energy; A is the pre-exponential constant; Q is the heat of
decomposition; R is the gas constant (8.314 ] mol~' K™'); and
«a is the conversion degree.

This journal is © The Royal Society of Chemistry 2018

By substituting the original data of C, =1.01Jg 'K ', fla) =
(1—a)",E=239400]mol ",A=10>*""s"", Qq=3092.36] g,
and R = 8.314 ] mol~' K™%, the integral upper limit 7 = T}, =
472.82 K and the lower limit T, = T., = 464.45 K into eqn (35),
the values of ¢ of 4.40 s for n = 0, 4.42 s for n = 1, and 4.43 s for
n = 2 are obtained.

3.12 The critical temperature of hot-spot initiation (7,)

The interior of energetic materials (EMs) could create a local
thermal point when the EMs accept energy, and the EMs will
explode from thermal decomposition when the hot-spot
temperature reaches the explosive temperature. The critical
temperature of hot-spot initiation (T¢,) is an important param-
eter for evaluating the thermal safety of EMs.

By submitting the density p = 1.844 g cm > of HNIW/TNT
cocrystal, specific heat capacity C, = 1.01 J g~ ' K ', thermal
conductivity A = 16.8 x 107* J em™"' s7' K™, heat of decom-
position Qg4 = 3092.36 J g, kinetic parameters E = 239 400 ]
mol ' and A = 10**°° 57!, Tyoom = 293.15 K, R = 8.314 ] mol "
K™, hot-spot critical radius @ = 10~ cm (ref. 36) and time
interval t — £, = 10~ s (ref. 37) to Bruckman-Guillet's first-order
estimation equation [eqn (36)],***° the value of Te hotspot Of
258.75 °C (531.90 K) is obtained.

RSC Adv., 2018, 8, 31028-31036 | 31033
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Gmf) pQa{l —exp| —(t — to) AeF/%7=]}

[af,y r—a
—erfc|——=| |d
v e”[zﬁz” '

= J 4nripe,
a

a Tcr,hols ot = Troom r—a
( P ) erfc dr

r A
2, [—t
L Pty

3.13 50% drop height (Hs,) impact sensitivity

= J 4t pe, (36)

Impact sensitivity is an important parameter for evaluating the
security and reliability of EMs and can be characterized by 50%
drop height (Hs,). Using data of A = 16.80 x 10 *Jem ' s "
K ', p=1.844gcm > Qq=3146.89] g ', E = 239 400 ] mol *,
and A = 10**°° s the H5, of HNIW/TNT cocrystal was esti-
mated as 19.46 cm by Friedman's formula (eqn (37)).**** This
value shows that it has impact sensitivity level approaching
those of PETN (15.6 cm) and tetryl (17.6 cm)*”

[ A
0.282312 1g(Hsp) + 1g;4 m —0.347174
d

1 0.02612F B
T\ + 33.8765H 43

0 (37)

3.14 Critical thermal explosion ambient temperature T,
thermal sensitivity probability density function S(7), safety
degree SD and thermal explosion probability Prg

To explore the heat resistance of HNIW/INT cocrystal, the
values of Tyer, S(T) vs. T relation, SD and Prg are calculated by
Frank-Kamenetskii (38)** and Wang-Du's formulas (39)-(42).**
In formulas (38)-(44), T, is the critical thermal explosion
ambient temperature in K; E is the activation energy in J mol ;
A is the pre-exponential constant in s *; R is the gas constant in
8.314 J K~ mol™; A is the thermal conductivity in Wm ™ K™ *;
é is the Frank-Kamenetskii parameter (FK); d., is the criticality
of thermal explosion of exothermic system; r is characteristic
measurement of reactant in m; Qq is decomposition heat in J
kg% p is density in kg m™>; ur is the average value of temper-
ature, K; o; is the standard deviation of FK parameter; o is the
standard deviation of ambient temperature; T is surrounding
temperature; S(7) is the thermal sensitivity probability density
function; SD is safety degree; and Prg is thermal explosion
probability.

—Ex

71 /\EKécr
2\ r? deAK R

Ty = (38)

2R Lambert W,
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W(Ex — 2RT
S(T) = W(Eq — 2RT)
\/2TCO'5RT4
2
ex Ex
P\ "RT B
Xexp4 — WiTZ — Ocr 205" — RT (39)
where:
1 QqEx pAx
— =W 40
TR (40)
Ex —2Rur Ex
=w|—=—"T - a1
o ( e (- o (a1)
—E
= (42)

e 1 AEKO
2R L g <__ [ fZKTer
ambert W_, 3 rZQdPAKR>

and o3 is the standard derivation of the Frank-Kamenetskii
parameter, oy is the standard derivation of the measured
surrounding temperature, and ur is the mean value of T.

SD was obtained by eqn (43):

—+ 0o -+ 00 _
SD:J J W(Ex — 2RT)

0 2TCO'50'TRT4 &P

0

E 2
exp(——) _ 2
S\ RT) /Zoaz_ﬁ_w ATdy

RT 20'1'2
(43)

The thermal explosion probability (Prg) is expressed as eqn
(44):

| Sphere
0.05 /

J Infinite cylinder
0.04 4

Infinite flat

S(T)

Y T T T T T v T T T T L
430 440 450 460 470 480 490 500
Temperature/K

Fig. 3 The S(7) vs. T relation curves for infinite flat like, infinite cylin-
drical and spherical HNIW/TNT cocrystal.
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Table 4 Results for the determination of thermal sensitivity for the HNIW/TNT cocrystal®

Shape types of reactant W/K? Tarc/K ar/K Ts(rymax/K S(x)rp SD/% Pre/%
1 3.091 x 102 469.69 4.19 470.58 0.0581 78.57 21.43
2 3.091 x 102 465.70 2.57 470.58 0.0581 78.17 21.83
3 3.091 x 1032 459.39 1.16 464.26 0.0581 77.54 22.46

%1 is the sphere; 2 is the infinite cylinder; 3 is the infinite flat.

By substituting the values of r = 1 m, Qq = 3.09236 x 10°]
kg ', E =239 400 ] mol ', A = 102 57!, p = 1.844 x 10° kg
m >, 1=0.168 Wm ' K !, ambient temperature T, = 400 K, o5
= 10 K into eqn (39)-(42), the S(7) vs. T relation curves for
infinite flat, infinite cylindrical and spheroid HNIW/TNT coc-
rystal (Fig. 3) and thermal sensitivity of the HNIW/TNT cocrystal
(Table 4) are obtained, showing that the accelerating tendency
from adiabatic decomposition to explosion of large-scale
HNIW/TNT cocrystal and the thermal safety of HNIW/TNT
cocrystal with different shapes decreases in the order: sphere
> infinite cylinder > infinite flat.

4 Conclusions

[1] The thermodynamic data describing the energetic charac-
teristics of HNIW/TNT cocrystal are presented: (a)
A.H? (HNIW/TNT cocrystal, s, 298.15 K) = —(7012.14 + 3.42)
k] mol™; (b) AU (HNIW/TNT cocrystal, s, 298.15 K) =
—(7023.91 + 3.40) k] mol*; (c) chemical energy of detonation Q
=6184.71]J g "

[2] The nonisothermal thermal safety data used to evaluate
the heat resistance and the transition resistance from thermal
decomposition to thermal explosion of small-scale HNIW/TNT
cocrystal and faster select samples are presented: Teq = 464.45
K, Tpo = 477.55 K, Tpe = 472.82 K, Tpp = 485.89 K, tijaq = 4.40 s
for n = 0, tyaq = 4.42 s forn =1, tjuq = 4.43 sforn =2, T, =
531.90 K, Hy, = 19.46 cm.

[3] The exothermic decomposition reaction of HNIW/

TNT cocrystal can be described by the kinetic equa-

tion: da/dt = 102350 f(a) = 2(1 —a)[-In(1 - a)]%exp(—2.8318

x 10*/T).

[4] HNIW/TNT cocrystal is sensitive to impact; the value of
Hs is 19.46 cm, which is better than PETN (Hs, = 15.6 cm) and
tetryl (Hso = 17.6 cm).

[5] The values of Tyer, Ts(rymaxs SD and Prp are 469.69 K,
470.58 K, 78.57% and 21.43% for sphere; 465.70 K, 470.58 K,
78.17% and 21.83% for infinite cylinder; and 459.39 K, 464.26 K,
77.54% and 22.46% for infinite flat. The thermal safety of large-
scale HNIW/TNT cocrystal with different shapes decreases in
the order: sphere > infinite cylinder > infinite flat.

[6] HNIW/TNT cocrystal has a high standard molar enthalpy of
formation, high standard combustion energy, and high chemical
energy (heat) of detonation, better thermal safety, an explosion
performance level approaching those of HMX and RDX, and
impact sensitivity level approaching those of PETN and tetryl and
can be used as a main ingredient of composite explosive.

This journal is © The Royal Society of Chemistry 2018
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