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Table 1 Model unit cell density predicted by ReaxxFF-Ig

MD and actual experimental density g-cm™
e-CL-20 CL-20/DNT CL-20/DNB  CL-20/MDNT

experimental 2.08'%°! 1,752 1.89:%2 1.88%

simulated 2.01 1.79 1.82 1.84
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Table 2 The corresponding shock wave velocity of systems

under different shock speeds

D /km-s™

=— . -1 =— . =1 =— . -1 =— . -1
u,= 2 km-s u, 3 km-s u, 4 km-s u, 5km-s

CL-20 7.653 9.064 10.259 11.251
CL-20/DNT 7.324 9.117 10.616 11.612
CL-20/DNB  7.340 8.963 10.338 11.277
CL-20/MDNT 7.311 8.892 10.199 11.181

Note: D is shock velocity; u, is particle velocity behind waves.
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Fig.5 Shock wave propagation diagram in CL-20/DNT system under different shock velocities
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Table 3 High-frequency reactions under different shock velocities

molecular type  shock speed / km-s™ frequency of reactions start and end time / ps the main reaction equation
506 0.1-9.7 C,HN,,0,,#C,H,N,,0,,~C,H,N,,0,,
401 0.4-9.8 C,,H,,N,,0,,~CHN,,0, ,+CHN,,0,,
2 114 0.5-8.2 C,,H,,N,,0,,~CHN,,0, +C,H.N,,0,,
118 0.6-7.1 C,,H1,N,,0,,4CHN,,0,,—C H, N, O,
104 1.2-7.4 C,;H,,N,,0,,—C,,H,N,,0, +C,H.N,,0,,
220 0.1-5.9 CHN,,0,,+C,H,N,,0,,~C ,H,N,,0,,
73 0-9.9 C,HN,,0,,—NO,+C,H,N,,0,,
180 0.9-9.9 0,+NO,—>NO,
’ 118 1.0-9.9 N,0,~NO,+NO,
99 1.2-9.9 NO,+NO,—N,O,
150 1.2-9.9 NO,—~0,+NO,
69 0.3-3.2 C,H,N,,0,,+C,H,N,,0,,~C H,N,,0,,
198 0.4-9.9 NO,+NO,—N,0,
297 0.5-9.9 NO,—0,+NO,
163 0.7-9.9 N,0,—~NO,+NO,
CLao 4 296 0.8-9.9 0,+NO,—NO,
225 1.2-9.9 N,+CO,—CN,0,
270 1.7-9.9 N,0,~0,+N,
266 2.1-9.9 0,+N,—N,0,
246 4.1-9.9 CN,0,~N,+CO,
997 0.8-9.9 N,+HO—HN,O
1037 1.0-9.9 HN,O—N,+HO
302 1.4-9.9 HN,—N,+H
376 1.6-9.9 N,+N,—N,
308 1.6-9.9 H,N,0—N,+H,0
1025 1.9-9.9 CN,0,—N,+CO,
° 428 2.1-9.9 N,+HN,—N,+HN,
343 2.1-9.9 N,+H—HN,
986 2.2-9.9 N,+CO,~CN,0,
419 3.1-9.9 N,—N,+N,
336 3.8-9.9 N,O—>NO+N,
339 3.9-9.9 NO+N,—N,O
39 1.0-9.1 C,HN,,0,,+C,H,N,0,~C,,H N, O,
? 39 1.1-9.4 C,;H,N,, O, —CHN, O, +CHN,O,
70 0-7.8 CHN,,0,,+C.HN,0,—C,,H ,N,,O
62 0.1-7.9 C,;H,N,, O, —CHN, O, +CHN,O,
96 0.1-9.9 CHN,,0,,»NO,+C,HN, O,/
CL-20/DNT 32 0.1-4.0 CHN,,0,,+C,HN,,0,,—C,,H,,N,,0O,,
3 45 0.2-9.0 NO,+C,H,N,,0,,~CHN,,0,,
30 0.8-6.5 C,H.N, 0,,+C,HN,0,~C,,H N, O,
27 0.9-6.6 C,;H,N,,0,,—~CHN,,0,+C,H.N,O,
71 1.1-9.6 NO,+C,H,N,0,~C,H,N,0,
64 1.4-9.5 C,H,N,0,~NO,+C,H N,O,
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ik

1

molecular type shock speed / km-s~ frequency of reactions

start and end time / ps

the main reaction equation

35 0-3.8 C,H,N,0,+C,H,N,0,~C,H,,N,O,
33 0.2-2.6 C,HN,,0,,+C,H.N,0,—C,,H ,N,,O .
38 0.5-9.4 C,HN,,0,,>NO,+CHN,,0,,
56 0.5-9.9 NO,—0,+NO
31 0.8-7.9 NO,+C,H,N,0,—C,H,N,O,
79 1.0-9.7 0,+NO,—~NO,
y 55 1.5-9.9 HN,0—N,+HO
47 2.7-9.7 N,0,—~0,+N,
76 3.0-9.6 NO,—0,+NO,
56 3.0-9.8 N,+*HO—HN,O
51 3.2-9.8 0,+NO—NO,
46 3.4-9.9 0,+N,—N,0,
33 4.2-9.9 NO+N,—N,0
36 4.5-9.9 N,O—>NO+N,
65 1.3-9.9 CN,0—N,+CO
64 1.5-9.9 N,+CO,—CN,0,
64 1.7-9.9 CN,0,—N,+CO,
118 2.2-9.8 N,+HO—HN,O
75 2.4-9.8 H,N,0—N,+H,0
5 130 3.0-9.9 HN,O—N,+HO
72 3.1-9.7 N,+H,0—H,N,O
125 3.6-9.9 N,+H—HN,
115 3.8-9.9 N,+HN,—N,+HN,
119 3.9-9.9 HN,—N,+H
66 4.8-9.9 N,+CO—CN,O
82 0.5-9.6 C,H,N,0,+C,H,N,,0,,~C,,H N0,
, 70 0.5-9.9 C,,H,,N,,0,,—CH,N,0,+C.HN,,0,,
75 0.7-9.1 CyH(N,,0,,+CHN,,0,,~C,,H,,N,,0,,
74 0.9-9.4 C,,H,N,,0,,~CHN,,0,,+C.HN,,0,,
156 0.1-9.4 C,HN,,0,,~NO,+C,H N, 0,
39 0.2-7.9 C,H,N,0,+C,H,N,,0,,—C,,H,N,;O,,
44 0.3-7.3 NO,+C,H,N,,0,,~CHN,,0,,
96 0.4-5.5 C,H,N,0,+C,H,N,,0,,~C,H N,,O,.
, 44 0.4-9.9 C,H,N,0,—~NO,+C.H,N,O,
85 0.6-5.8 C,HN,,0,,+CHN,,0,,—C,,H,,N,,0,,
CL-20/DNB 60 0.6-8.9 NO,+C,HN,,0,;—CHN,,0,,
44 0.7-5.7 C,,H,,N,,0,,~CHN,,0,,+C.HN,,0,,
73 0.8-9.8 NO,+C,H,N,0,—~CH,N,O,
47 1.0-9.8 C,,H,,N,,0,,—NO,+C,H N,,0,,
102 0.3-7.7 CHN,,0,,~NO,+CH N, 0,
95 0.3-9.9 NO,+NO,—N,O,
121 1.4-9.9 NO,—0,+NO,
4 150 1.6-9.9 N,+HO—HN,O
122 1.7-9.9 0,+NO,—NO,
157 1.9-9.9 HN,O—N,*+HO
80 2.1-9.8 N,0,—0,+N,
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gk
molecular type shock speed / km+s™' frequency of reactions start and end time / ps the main reaction equation
169 1.4-9.9 CN,O—N,+CO
237 1.5-9.9 N,+H—HN,
321 1.7-9.9 HN,O—N,+HO
285 1.7-9.9 N,+HO—HN,O
246 1.8-9.9 HN,—N,+H
325 1.9-9.9 N,+CO,—CN,0,
’ 344 2.1-9.9 CN,0,—N,+CO,
147 2.5-9.9 H,N,O0—N,+H,0
140 2.5-9.9 N,+N,—N,
139 3.2-9.9 N,O—>NO+N,
295 3.6-9.9 N,+HN,—N,+HN,
151 3.7-9.9 N,+CO—CN,O
723 0.2-9.8 C,H,N,0,+C,H,N,,0,,—C,H,N, O,
660 0.3-9.9 C,H,N,,0,,—C,H,N,0,+C,H,N,,0,,
54 0.4-8.2 C,H(N,,0,,+C,H,N,,0,,—C ,H ,N,,0,,
2 19 0.5-7.7 C,HN,,0,,—~NO,+C,H,N, O,
27 0.5-9.4 NO,+C,H,N,,0,,~C.HN,,0,,
44 0.7-7.3 C,,H,,N,,0,,—~CHN,,0,+CHN, O,
25 0.8-9.7 CyHyN,,0,,—C,H,N,O,+C H,N,,0,,
473 0.1-6.5 C,H,N,0,+C,H,N,,0,,~C,H,N,.O,,
47 0.1-5.1 C,HN,,0,,+C,H.N,,0,,—C,H,,N,,0,,
280 0.2-6.6 C,H,N,,0,,—C,H,N.0,+C,H,N,,0,,
147 0.2-9.9 C,HN,,0,,—~NO,+C,H N, 0,
45 0.3-8.8 C,H,N.0,+C,H.N,, 0, —~C,H,N, O,,
91 0.4-9.5 NO,+C,H,N.0,—~C,H,N,O,
48 0.6-9.1 C,H,N,,0,,—NO,+C,H,N,.O,,
90 0.6-9.9 NO,—0,+NO,
’ 107 0.7-9.8 NO,+NO,—N,O,
55 0.9-9.9 NO,+NO,—N,O,
CL-20/MDNT
91 1.2-9.9 N,O0,—NO,+NO,
57 1.2-9.8 N,O,—NO,+NO,
77 1.6-9.9 0,+NO,—~NO,
66 1.9-9.7 C,H,N,0,—NO,+C,H,N,O,
49 2.1-9.9 0,+NO—NO,
48 2.2-9.9 NO,—O,+NO
198 0-3.3 C,H,N,0,+C,H,N,,0,,—C,H,N, O,
214 0.4-9.9 N,0,—0,+N,
185 0.6-9.8 NO,+NO,—N,O,
220 0.7-9.9 0,+NO,—NO,
224 0.9-9.9 NO,—0,+NO,
4 214 1.5-9.8 0,+N,—N,0,
167 1.5-9.8 N,O0,—NO,+NO,
348 1.7-9.9 N,+HO—HN,O
231 2.2-9.9 N,+CO,—CN,0,
335 2.3-9.9 HN,O—N,+HO
243 2.8-9.9 CN,0,—N,+CO,
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molecular type shock speed / km-s™'

frequency of reactions start and end time / ps

the main reaction equation

178 3.8-9.9 NO+N,—N,O
192 4.8-9.9 N,O—>NO+N,
344 0.9-9.9 N,+H—HN,
305 0.9-9.9 H,N,0—N,+H,0
817 1.0-9.9 N,+HO—HN,O
886 1.2-9.9 CN,0,—N,+CO,
841 1.2-9.9 HN,O—N,+HO
832 1.3-9.9 N,+CO,—CN,0,
313 1.9-9.9 N,+CO—CN,O
’ 382 2.4-9.9 N,+N,—N,
401 2.5-9.9 N,—N,+N,
362 2.5-9.9 CN,0—N,+CO
344 2.6-9.9 NO+N,—N,O
361 2.7-9.9 N,O—>NO+N,
365 2.8-9.9 HN,—N,+H
505 3.0-9.9 N,+HN,—N,+HN,
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Fig.10 Preliminary bond breaking of CL-20 in co-crystal un-
der 3 km-s™
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Reaction Molecular Dynamics Simulations of CL-20 Energetic Co-crystal under Shock

WU Jun-ying, FANG Hui-xuan, SHANG Yi-ping, Ll Jun-jian, WANG Jian-yu, CHEN Lang
(State Key Laboratory of Explosion Science and Technology ; Beijing Institute of Technology , Beijing 100081, China)

Abstract: Co-crystal technology is one of the effective methods to reduce the sensitivity of CL-20. Studying the chemical reaction
of CL-20 co-crystal under shock is helpful to understand the shock reaction mechanism of CL-20 co-crystal, which is of great sig-
nificance to the safety evaluation and analysis of explosives. In this study, the molecular dynamics method of ReaxFF-Ig reaction
force field and the non-equilibrium loading method were used to simulate the shock compression process of CL-20/DNT, CL-20/
DNB and CL-20/MDNT co-crystals at 2=5 km-s™' shock velocity. The thermodynamic evolution characteristics, initial chemical
reaction path and product information of energetic co-crystals after shock are obtained and compared with those of CL-20. It’s
discovered that the three co-crystals of CL-20/DNT, CL-20/DNB and CL-20/MDNT have a certain degree of shock sensitivity re-
duction, and the order of shock sensitivity of the three co-crystals is CL-20/MDNT>CL-20/DNB>CL-20/DNT. The decomposition
reaction of the three co-crystals all starts from the decomposition of CL-20, and the decomposition rate of CL-20 is faster than
that of DNT, DNB and MDNT. At the shock velocity of 2 km-s™", the polymerization reaction of CL-20 co-crystal occurs first.
The polymerization reaction between CL-20 and co-crystal ligand molecules is earlier than that between CL-20 molecules, and
the reaction frequency is much higher than that between CL-20 molecules. At the shock velocity of 3 km-s™, the N—N and
C—N bonds of CL-20 are first broken, and the cage structure is destroyed. At the same time, NO, is generated. NO, generated
by the initial bond breaking of CL-20 further combines with the eutectic ligand molecules DNT, DNB and MDNT to reduce the
concentration of the intermediate products of CL-20 reaction, so as to achieve the desensitization effect. At the shock velocity of
4 or 5 km+s™', the ring skeleton structure in CL-20 is directly destroyed, the C-N bond is broken, generating small molecular
fragments, including N, NO,, H,, CO,, H,O and other products.
Key words: energetic co-crystal;reaction force field;molecular dynamics;shock wave;reaction mechanism
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