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Fig.2 The microstructure evolution and atom velocity distri-

bution during the process of void collapse for S1 and S2 sam-

ples under shock loading. The atoms are color coded by the

velocity along shock direction
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Fig.3 The snapshots of shear band nucleation and growth

for S1 and S2 samples under shock loading
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Fig.4 The spatial distributions of shear stress at typical instants for S1 and S2 samples under shock loading
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Fig.5 The spatial distributions of temperature at typical instants for ST and S2 samples under shock loading
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Fig.6 The time evolutions of temperature in the hotspot region for S1 and S2 samples under shock loading

Chinese Journal of Energetic Materials, Vol.32, No.1, 2024 (65-75)

A R A A

sample S2, d=20 nm

b. sample S2

www.energetic-materials.org.cn



B LR A 25 B R HMX o st 0 82 09 42 T 8l J 2 1 .
10 i sample S1, d =8 nm t=4.5p8
: —CHNO, —NO,

i ! —CHN,O;, ——NO,
g | ——HONO__A\——CHNO,
g9 y*2
S
5
2 |
S
= I-1

u,/ km-s’

7
t/ps

a. sample S1

sample S2, d =20 nm

number of products

120 125 130 135 10 15 150
t/ps

b. sample S2

B 7 bR SR S2 R il v J2 BE A Ak 2 SN 4 B I ]
38 1L

Fig.7 The time evolutions of major chemical reaction prod-
ucts for ST and S2 samples under shock loading (The number
of products in S2 is conversed to the case when the number
of reactants in S2 is the same as that in S1. The dash-dot line

indicates the moment of hotspot formation)

0 U B 5 LA T i G R S | S Y RE B A AT 3 A
B4 3 T /0N PR T A U R Y AR T KO AL (1340 K
vs 2099 K)o BbAbh, 18 A TE FL T 76 358 4 0 7R R AR
B B 17t 76 BROE FLIR 19 358 45 3 F2 rh A H B
2.2 24 ELiRE

& 8 25 T FLIR 18] h=0.5d i 2 A~ FL3R 7 i 9%
LA o AR v G K5 4 2 R AN el D e R R R . 1
WL AR L R S 2.0 R R R AR ) s R
3ABTEL X EANEAAR . Y =4.5 ps Ik B ElEA
AL 2 /b R ol s A AL 1R Dk
T A il 5 3L 2 0 1 R O O A F LR
S RIS 1 BT i) ol B N =Vl 3| R L P R (o I P
MZAL 4 I 1 AT SR DL u, W 3 3 ) R 32 8l , 78 =5 ps &
A JF 4 AR A4S 1E ) 0 R 1) LR 2 B R iR B . 7
t=6.5 ps BF, FLIF 2 9 1 i S5k o o 3 o R AE, 2 )5
5 R T LA B W R 4 . FLIR 2 7E 3 46 2 R

CHINESE JOURNAL OF ENERGETIC MATERIALS

y ;
Lx

8 whli /R JITT S3 R i o L IR B 406 dek AR 14 28 A T A R

53 o A

Fig.8 The microstructure evolution and atom velocity distri-
bution during the process of void collapse for S3 sample (h=

0.5d) under shock loading (The atoms are color coded by

the velocity along shock direction)

HTE B 3 B0 D B L LR 1 B I (1.06 kmes™! vs
1.14 kmes™) 33X J& 1 s 3 76 A% 3 FLIR i 2 7
B AR AKE S B0 T REAR . B A6 T 4 B
KB, opds R A B A FLIR 1 BF 2SR 13 GPa, 1 F] ik
FLIR 2 B 0 2= 2910 GPa, LAk, T 2 4 FLIRE Z [A]
SIS LT e W A 0 = a2 e W I A O
ER o A ) D G N A (B 3 N T =
FL ) 1 35 46 2ok AR AL A2 28 LY

TE AL 35 45 2 72 b, 24> LR A B R BT 59 1
WL ANE 9 TR o 5 ps B AE LI 1R L BLE O B B
BT VIHE 7 ps Z J5 #E FLI 2 5 b 3 I 4R B0 BT U) A
W R A% o AE B R B P, LR 1 JE R AE (110)
(=110) & 18T B85 09 A B 5 49 5 D0k, FL IR 2 PR3 Ak s
() B AL, LR 30 9 85 Ul R R IR N e 4y . b L AL
71 T B 8T VA 5 PR 2 i A4 BT 0 4 Bl I ) 31
MBAHAC IS .

1045 1 S3RE b 7E o i 4 F T 19 3l B 40 A Bl
B ] A A . i B 10 AT LA, 2 A FLAIR B 44 S8 %
ok A8 55 AL R AR ALY, BRI w46 5 3000 3 AR R T AL
) it 98 PR A A A5 S 0 R B — 2D TR DA I B
J 7 5 T I 4 A5 B0 R A 4 O B RE S B0 BE P T
I s . LI 1 AR 5.5 ps B RIS IR E A N
1320 K LA 2 7F 8 ps JE #4529 1270 K, L
FLAA 1 BEAR . X 5 LR 2 0 BRI Sl R A
it B SR B DA OG5 3ORT G e SR AR 1Y) B B
A TR TEREAR o RCFL I 35 46 T8 B 55 U4 b B R
BT B, 3X 5 S RE b i B L 2L

N XK 2024 % H 324 H 18 (65-75)



72 JE b U, RS A
=5 ps =6 ps =7 ps =8 ps =9 ps =10 ps =11 ps =12 ps
B9 bR S3AE b AL JE] B85 U4 0 R S g R

Fig.9 The snapshots of shear band nucleation and growth in the original S3 sample (top) and the S3 sample after rotating some

degrees (bottom) under shock loading

e
o

0.8
Eos Eos Eos Eos Eos E
% 0.4 % 0.4 % 0.4 % 0.4 § 0.4 §
> > > g > >
0.2 0.2 0.2 0.2 0.2 1350
1053
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.20.4 0.6 0.8 0.20.4 0.6 0.8 0.20.4 0.6 0.8 0.2 0.4 0.6 0.8
X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x27.58 nm) 702.0
351.0
X 0.8
0
Eos Eos Eos E oo £ Tk
§ 04 % 0.4 % 0.4 'éi 0.4 %
> > > > >
0.2 0.2 0.2 0.2
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.20.4 0.6 0.8 0.2 0.4 0.6 0.8 0.20.406 0.8 0.20.40.60.8
X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm) X (x 27.58 nm)
B 10 ohibi AR S3RE A bl B 14 25 ] 43 A BE I ] 14 72 4k
Fig.10 The spatial distribution of temperature at typical instants for S3 sample under shock loading
. . TN 5 ‘ 12+ sample $3
75 3 HE ahof L SELEE T8 B 2 0 BE (2 1 (4R o _
S N—N G W7 2L A4 1/ 43 7 77 W NO, , H B I (8] 1) A2 s 8 ]
B Frs o B 1 AT RUE L AL 1 SR 4R R S 4 )
@
TS T 51 & 1 N—NO, B W 24 % £ 78 5.4 ps, 5 € 4 ]
SR 2 3T P 5 0 AR ORI 1] Sl I (T R £ 2-_/ 1
B FTR), X5 STAEMARE (K 7a) . 788 ps, 4L 0= , , , ]

7 2 55 4 6 M #5119 X Ak 2 R AT R
BB NO, 1 FUR BRI OIT Ih 0 3, 76 8.5 ps i ik %
He KR o 2 RS DX A 1 NO, 1 85 AR AH 2
B2 AR IREZ S AR, SR A L, T
LI 0 358 45 25 T8 B 2 A A8, S BORE b bk 2 TR
O

Chinese Journal of Energetic Materials, Vol.32, No.1, 2024 (65-75)

5 6 7 8 g 10 11 12
t/ps

e TR S3 MR R ) N O, I B 7] A4 38 4k

The time evolution of reaction product NO, for S3

& 11
Fig. 11
sample under shock loading (The number of NO, is con-
versed to the case when the number of reactants in S3 is the
same as that in S1. The dash-dot lines indicate the moments
of the two hot spots formation)

A R A A

www.energetic-materials.org.cn



2 AL KE 25 & PR HMX i i 1 B4 23 7 3 g 2 A

73

3 & it

K HI ReaxFF [ B 33 MD 754  BF5E 1T 3% [ AE
JE LR B4 4 28 B i HMXCLE o o 807 9 20 285 Wi B
IRTE T LI R A0 2 A FL R B2, 2045 /9 3 200
PAHE LI LA,

(1) it 2 far T FLAIR A9 358 4 2 #2234 B B, D
£ RTINS < I 2 a3 N 1 L VR e SR A 5
I R B A R B R S T R . AN R
A LR 7E 35 4 o A R OE i S I AR LA S R
ST 22 ) T Bl DT R A AL RS A R T
i o AL 358 206 J SR LR BRI A T B D07, i 5 LR S
F AR A ST VIR H A 5% o 5 /NLIRAR L, R AL & il
BTYINE T 5 Ry AT R, DR 14 8T D1 B9

(2) LI 35 4 1o P Bt 6 3 2 1) T e o AT A
BRI R 3B B, B ety P 4 S B B AR IR AL
U P AR T A AT SR U B R T A L i Bl e T
5571 Ul 15 0 45 2 . e 45 O B S B0 BE DU T
55 /INFLAR AR B, DR FL R 453 457 182 ol ) 540 o L 2 B e i AR
FER, 3K 3 B0 T R AL A 3t 2l J 1 R ey K
W2, FEUE S T U6l AT 200 8RR L 4 o SR
AE. LA, 95 U1l K 2 A8 L B A A v i EE L (HL R
FART MR E

)RR B RS & TR AR . HMX 731
T N—NO, 8 Wi 4= il NO, & 3= 219 ) 1 J 1 7 9
HolR e 2 B ) e B o Al B R TT B A 1 )
A IR JC N Ta] A 4 3T, R R IS A R R O TR
AL O o S /NFLIR AR L, LR 35 46 51 & i Ak
7 BN S Z, B 7 ) Aol 2 AR K g 2
RO PN (R TR E P A AIF AR Y NN R AL PN E PSS

(4) 4 B AETE LI A9 35 26 i 7 A A R L
55 = A BRI AL R I AR ABL RS, A5 8 TR L 3R 38 4 1 I
SRS 55 T ) 3L B0 S5 A, B AR
BT AR T B LR o B S , AT R L 5 4 i e o
T R 5 U 7R BROE FLI B 45 4 0 B b B i B

(5)F T4 oot I 1) HE A 9 2 AL, 24 2 A LR
Z 18] 1 [) B 8 /N (i h=0.5d) B, TR 3t L3 19 10 46 A2 I
e FLAA B0 20 o el I 7 A S L) I e e T2 kA S
i, HL it 00 A B B AIG, S BOT U AL IR 76 38 4 i 72 v
T2 B 3L B0 i 3 R A T AR DAL T B ) Rl
L EEAR o X AL 1 B 5 R 5 LI 8] A B &2 2%
B 15 B0, FLIR [8] B4 AR LR Wi A 15 2 — 2B BT

CHINESE JOURNAL OF ENERGETIC MATERIALS

8% 3k

[1] FRECHE A, AVILES J. Insensitive RDX [C]//Insensitive Muni-
tions & Energetic Materials Technology Symposium. San Anto-
nio, Texas, November 27-30, 2000: 18-22.

(2] W, 2P, IR, 45 0 0T RDX B it ACRE PR K oo 39 b A2k

FEpED)]. SrREM R, 2011, 19(6): 621-626.
HUANG Ming, LI Hong-zhen, XU Rong, et al. Evaluation of
crystal properties and initiation characteristics of decreased
sensitivity RDX [J]. Chinese Journal of Energetic Materials
(Hanneng Cailiao), 2011, 19(6): 621-626.

[3] VAN DER HEIJDEN A, BOUMA R, VAN DER STEEN A. Physi-
cochemical parameters of nitramines influencing shock sensi-
tivity [J1. Propellants, Explosives, Pyrotechnics, 2004, 29
(5):304-313.

[4] WALLEY S, FIELD J, GREENAWAY M. Crystal sensitivities of
energetic materials [J]. Materials Science & Technology,
2006, 22: 402-413.

[5] CAULDER S, MILLER P, GIBSON K, et al. Effect of particle
size and crystal quality on the critical shock initiation pressure
of RDX/HTPB formulations [ C]//Proceedings of 13th Sympo-
sium (International) on Detonation, Norfolk, VA, USA, July
23-28, 2006: 656-661.

[6] JOHANSEN @, KRISTIANSEN J, GJERSOE R, et al. RDX and
HMX with reduced sensitivity towards shock initiation-
RS-RDX and RS-HMX [J]. Propellants, Explosives, Pyrotech-
nics, 2008, 33(1): 20-24.

[7] BEE, B, PAE . RDX SR 5 ERE AT ST ke ) ). ki
WhE, 2012, 41(6): 9-11.

ZHAO Guo-zheng, LU Ming, RUI Jiu-hou. Research progress
of crystal structure and properties of RDX[J]. Explosive materi-
al, 2012, 41(6): 9-11.

[8] s, U, BEM, 45 . HMX SR A 3 AL B 2R L fphe i 2% 280 I i

KL BE X oy e OB W R ()], & R AR, 2011, 19(6) -
632-636.
XU Rong, LI Hong-zhen, KANG Bin, et al. Effects of HMX
crystal characteristics on shock sensitivities: Crystalline inter
voids, particle size, morphology[J]. Chinese Journal of Ener-
getic Materials( Hanneng Cailiao), 2011, 19(6): 632-636.

[9] Stoltz C, Mason B, Hooper ). Neutron scattering study of inter-
nal void structure in RDX [J]. Journal of Applied Physics,
2010, 107: 103527-1-6

[10] FER, #W1, 0%, 45 . RDX/HMX KR 24 i ) 3 f s 2 4E 5 b

d R EEDFFEL) ). SRR A, 2010, 18(2): 152-156.
HUA Cheng, HUANG Ming, HUANG Hui, et al. Intragranu-
lar defects and shock sensitivity of RDX/HMX[J]. Chinese Jour-
nal of Energetic Materials (Hanneng Cailiao) , 2010, 18(2) :
152-156.

[11] CZERSKI H, PROUD W. Relationship between the morpholo-
gy of granular cyclotrimethylene-trinitramine and its shock sen-
sitivity[ J]. Journal of Applied Physics,2007,102:113515-1-8.

[12] LECUME S, SPYCKERELLE C, SOMMER F. Structure of pristine
crystal defects revealed by AFM and Microtomography [C]//
Shock Compression of Condensed Matter-2003: Proceedings
of the Conference of the American Physical Society Topical
Group on Shock Compression of Condensed Matter. AIP Con-
ference proceedings, 2004: 997-1000.

[13] BELLITTO V, MELNIK M. Surface defects and their role in the

shock sensitivity of cyclotrimethylene-trinitramine [J]. Applied

N XK 2024 % H 324 H 18 (65-75)



74

S b R

[14]

[15]

[17]

[18]

[21]

[22]

[24]

[28]

Surface Science, 2010, 256: 3478-3481.

VAN DER STEEN A, DUVALOIS W, HORDIJK A. Crystal qual-
ity and less sensitive explosives [Cl//Insensitive Munitions
Technology Symposium, Williamsburg, VA, USA, June 16—
18, 1992: 203-210.

ZHONG K, BU R P, JIAO F B, et al. Toward the defect engi-
neering of energetic materials: A review of the effect of crystal
defects on the sensitivity [J].
2022, 429: 132310.
DREGER A. Understanding shock-induced changes in molecu-

Chemical Engineering Journal,

lar crystals[ A]. PeirisS M, PiermariniG . Static compression of
energetic materials{l M ]. Berlin: Springer-Verlag, 2008: 219.
BAER M R. Mesoscale Modeling of shocks in heterogeneous re-
active materials [M ]. Heidelberg: Springer, 2007: 321-356.
Besiof, ARy, SAUE . AR B A 2 b i S R Y
)], M 25230, 2020, 43(3): 237-253.

DUAN Zhuo-ping, BAI Zhi-ling, HUANG Feng-lei. Advances
in shock initiation and detonation of heterogeneous solid ex-
plosives [J]. Chinese Journal of Explosives & Propellants,
2020, 43(3): 237-253.

PROUD W G, KIRBY I}, FIELD J E. The nature, number and
evolution of hot-spots in ammonium nitrate [J]. AIP Confer-
ence Proceedings, 2004, 706(1): 1017-1020.
RAMASWAMY A L, FIELD ) E. Laser-induced ignition of single
crystals of the secondary explosive cyclotrimethylene trinitra-
minelJ]. Journal of Applied Physics, 1996,79(8):3842-3847.
BASSETT W P, JOHNSON B P, SALVATI L, et al. Hot-spot
generation and growth in shocked plastic-bonded explosives
studied by optical pyrometry [J]. Journal of Applied Physics,
2019, 125: 215904.

filife, A, SRAERL, 45 opili R PBX M 2y 19t ] £L 3 35 B 2o
AR ) ). B IR B2EAE, 2015, 29(4): 268-272.

FU Hua, LI Tao, WU Ting-lie, et al. Experiment of cavity col-
lapse process in plastic-bonded explosives under shock loading
[J]. Chinese Journal of High Pressure Physics (Gaoya Wuli
Xuebao), 2015, 29(4): 268-272.

FEW W], A I, S5 3T XS ) Bl A o A5 10 K 24 ik B v
AT AR ] BIRY 2R, 2016, 30(5): 353-357.
CHENG Jin-Ming, FU Hua, YE Yan, et al. Diagnosis of
quasi-static evolution of defects in explosives using X-ray
in-line phase-contrast imaginglJ].Chinese Journal of High Pres-
sure Physics( Gaoya Wuli Xuebao),2016,30(5):353-357.
AUSTIN R A, BARTON N R, HOWARD W M, Modeling
pore collpase and chemical reactions in shock-loaded HMX
crystals [J]. Journal of Physics Conference Series, 2014, 500
(5): 052002.

TRAN L, UDAYKUMAR H S. Simulation of void collapse in an
energetic material, part T : inert case[)], Journal of Propul-
sion and Power, 2006, 22(5): 947-958.

TRAN L, UDAYKUMAR H S. Simulation of void collapse in an
energetic material, part Il : reactive casel])], Journal of Pro-
pulsion and Power, 2006, 22(5): 959-974.

KAPAHI K, UDAYKUMAR H S. Three-dimensional simula-
tions of dynamics of void collapse in energetic materials[J],
Shock Waves, 2015, 25: 177-187.

KAPAHI K, UDAYKUMAR H S. Dynamics of void collapse in
shocked energetic materials: physics of void-void interactions
[J]. Shock Waves, 2013, 23: 537-558.

Chinese Journal of Energetic Materials, Vol.32, No.1, 2024 (65-75)

[29]

[32]

[42]

[43]

Sttt

MICHAEL L, NIKIFORAKIS N. The evolution of the tempera-
ture field during cavity collapse in liquid nitromethane, part
I : Inert casel)]. Shock Waves, 2019, 29(1): 153-172.
MICHAEL L, NIKIFORAKIS N. The evolution of the tempera-
ture field during cavity collapse in liquid nitromethane, part
I : Reactive case[]]. Shock Waves, 2019, 29(1): 173-191.
WANG X J, DUAN Z P, BAI Z L, et al. Crystal-scale model-
ling of pore collapse in cyclotetramethylene tetranitramine
(HMX) under different shock strengths[ﬂ. Mechanics of Mate-
rials, 2022, 174: 104457.

e, i, Bl AR TN HMX PR AL 38 4 2R A g
BL A 2B AL L) ], 5 A B 2448, 2011, 25(1): 8—14.
FU Hua, ZHAO Feng, TAN Duo-wang. Mesoscale simulation
of cavity collaps hot spot mechanism in HMX under shock
loading [J1. Chinese Journal of High Pressure Physics (Gaoya
Wuli Xuebao), 2011, 25(1): 8-14.

XL, RRE A, BEELF, AR SIS INE  SR R 4 K 2 v
AL 55 51 Y PR P B A 2 e g M Rk )] R TR,
2022, 43(1): 57-68.

LIU Chun, OU Zhuo-cheng, DUAN Zhuo-ping, et al. Hot
spot temperature resulting from elliptical void collapse in PBX
under dynamic loading and its semi-empirical analytical ex-
pression[]]. Acta Armamentarii, 2022, 43(1): 57-68.
LEVESQUE G A, VITELLO P. The effect of pore morphology
on hot spot temperature[J]. Propellants, Explosives, Pyrotech-
nics, 2015, 40(2): 303-308.

RAI'N K, SCHMIDT M J, UDAYKUMAR H S. Collapse of elon-
gated voids in porous energetic materials: Effects of void orien-
tation and aspect ratio on initiation [J]. Physical Review Flu-
ids, 2017, 2(4): 043201.

SPRINGER H J, BASTEA S, NICHOLS A L. Nichols AL. Model-
ing the effects of shock pressure and pore morphology on hot
spot mechanisms in HMX [J]. Propellants, Explosives, Pyro-
technics, 2018, 43(8): 805-817.

MA R, SUN W C, PICU C R. Atomistic-model
pressure-sensitive crystal plasticity for crystalline HMX[J].Inter-
national Journal of Solids and Structures, 2021,232: 111170.
TSAI D. Structural defects and “hot spot” formation in a crystal-

informed

line solid under rapid compression. I . vacancy clusters and
slip bands [J]. The Journal of Chemical Physics, 1991, 95
(10): 7497-7503.

TSAI D. ARMSTRONG R. Defect-enhanced structural relax-
ation mechanism for the evolution of hot spots in rapidly com-
pressed crystals [J]. Journal of Physical Chemistry, 1994, 98
(43):10997-11000.

EASON M, SEWELL T D. Molecular dynamics simulations of
the collapse of a cylindrical pore in the energetic material
a-RDX[]]. Journal of Dynamic Behavior of Materials, 2015,
1:423-438.

SHI 'Y, BRENNER D. Molecular simulation of the influence of
interface faceting on the shock sensitivity of a model plastic
bonded explosive[J]. Journal of Physical Chemistry B, 2008,
112(47): 14898-14904.

BEDROV D, HOOPER ], SMITH G,

transformations in crystalline RDX: A uniaxial constant-stress

et al. Shock-induced
Hugoniostat molecular dynamics simulation study [J]. The

Journal of Chemical Physics, 2009, 131: 034712-1-12.
VAN DUIN A, DASGUPTA S, LORANT F, et al. ReaxFF: A

www.energetic-materials.org.cn



2 AL KE 25 & PR HMX i i 1 B4 23 7 3 g 2 A 75

reactive force field for hydrocarbons [J]. Journal of Physical nanovoids: A large-scale reactive molecular dynamics study
Chemistry A, 2001, 105(41): 9396-9409. [J]. Physical Chemistry Chemical Physics, 2016, 18 (26) :
[44] STRACHAN A, VAN DUIN A, DASGUPTA S, et al. Shock 17627-17645.
waves in high-energy materials: The initial chemical events in [50] HUANG X N, QIAO Z Q, DAI X G, el al. Effects of different
nitramine RDX [J]. Physical Review Letters, 2003, 91 (9) : types of defects on ignition mechanisms in shocked B-cyclo-
098301-1-4. tetramethylene tetranitramine crystals: A molecular dynamics
[45] BUDZIEN J, THOMPSON A, ZYBIN S. Reactive molecular dy- study based on ReaxFF-lg force field [J]. Journal of Applied
namics simulations of shock through a single crystal of pentae- Physics, 2019, 125(19): 195101.
rythritol tetranitrate[ ) ]. Journal of Physical Chemistry B, 2009, [51] LIUR Q, WANG S J, HUANG X N, et al. Effects of hot spot
113: 13142-13151. distance on explosive ignition and reaction growth: a reactive
[46] NOMURA K, KALIA R, NAKANO A, et al. Reactive nanojets: molecular dynamics simulation study [J]. Journal of Applied
Nanostructure-enhanced chemical reactions in a defected ener- Physics, 2021, 129(24): 245903.
getic crystal[J].Applied Physics Letters,2007,91(18): 183109. [52] LIU L C, LIU Y, ZYBIN S V, et al. ReaxFF-Ig: correction of
[47] AN Q, ZYBIN SV, GODDARD Il W, et al. Elucidation of the the ReaxFF reactive force field for london dispersion, with ap-
dynamics for hot-spot initiation at nonuniform interfaces of plications to the equations of state for energetic materials [J].
highly shocked materials [J]. Physical Review B, 2011, 84 Journal of Physical Chemistry A,2011,115(40):11016-11022.
(22): 220101R. [53] ZHOU T T, SONG H J, LIU Y, et al. Shock initiated thermal
[48] AN Q, GODDARD IIl W, ZYBIN S V, et al. Highly shocked and chemical responses of HMX crystal from ReaxFF molecu-
polymer bonded explosives at a nonplanar interface: hot spot lar dynamics simulation[J]. Physical Chemistry Chemical Phys-
formation leading to detonation[J]. Journal of Physical Chemis- ics, 2014, 16(27): 13914-13931.
try C, 2013, 117(50): 26551-26561. [54] PLIMPTON S. Fast parallel algorithms for short-range molecu-
[49] ZHOU T T, LOU J F, ZHANG Y G, et al. Hot spot formation lar dynamics[)]. Journal of Computational Physics, 1995, 117
and chemical reaction initiation in shocked HMX crystals with (1):1-19.

Molecular Dynamic Studies on the Shock Responses of Energetic Crystal HMX with Cylindrical Voids

ZHOU Ting-ting, LOU Jian-feng
(Institute of Applied Physics and Computational Mathematics s Beijing 100094, China)

Abstract: The relationship between crystal defects and hotspots formation of explosives under dynamic loading is a hot research
topic in energetic materials. Understanding the mechanism of hotspots formation and its role in the ignition and sensitivity of high
explosives are of great importance due to the needs of safety assessment of explosives and developing insensitive munitions. In
this work, the ReaxFF reactive force field and molecular dynamics method were applied to investigate the dynamic responses of
single crystal cyclotetramethylene tetranitramine (HMX) explosive with cylindrical voids under shock loading. Moreover, the ef-
fect of void size and double voids were studied. It is found that the shock induced collapse of voids includes three stages, name-
ly, the plastic deformation on the upstream of the void, the movement of upstream atoms towards the centerline and the down-
stream of the void forming flowing atoms, and the collision of flowing atoms on the downstream. The main mechanism of hot-
spots formation is the collision of flowing atoms on the downstream that transforms kinetic energy into thermal energy leading to
rapid temperature rise. The high temperature of hotspots initiates local chemical reactions, and the breaking of N—NO, bond in
HMX molecule with NO, formation is the principal initial reaction mechanism. The void collapse process and hotspots formation
mechanism of cylindrical void is similar to spherical void, while the convergence effect is weaker and the velocity of formed
flowing atoms is lower for cylindrical void, resulting in significantly low hotspot temperature and weak chemical reactions. Be-
sides, the collapse of cylindrical void forms shear bands around, which was not observed for spherical void. With the increase of
void size, the velocity of flowing atoms goes up, the shear bands are wider, and the hotspot temperature is higher and hotspot
area is larger, leading to more violent chemical reactions. For the sample with two voids that are aligned along the shock direc-
tion with a distance of void radius, the collapse of voids is similar to single void. The shock pressure reduces when the shock
wave propagates through the upstream void due to the reflected rarefaction wave. Therefore, the velocity of the flowing atoms
formed during the collapse of the downstream void is smaller, and the temperature of the second hotspot is lower. The current
findings are beneficial to comprehend the effects of crystal defects on hotspots formation and subsequent ignition of explosives
and can provide physical mechanism and laws cognition to construct macro-theoretical models.

Key words: explosive;void;hotspot;chemical reaction;molecular dynamics
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