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4§17 R o Escauriza ZE17UR I 22 JK i 25 AH Ao B A%
R, FE 0.49~16.60 GPa #h ;£ /1 F W PMMA H 2
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BEHMX, 58PE ) 5086 M 4 nT G K R RE
Ui . Barton 257Vl it ARGk A Ao Fah ek 55
0 H0CHE AR HMOX b R %) RO ASE 78, 3 B o o 5 8 24
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SFHMX AR G848 1 390 28 & 2 1 45 < K HMOX R RS
W TR IR P A RS A T 78 Rk AR SR,
LEBOR BsF () A il AR T A A e B R AR S R T 3 D
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o) B W E TR L) 100 MW T E K 200 kHz.
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schematic diagram physical diagram
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T T
Bl 1 sZEAEN

Fig.1

1.2 XWEE

EEXT 1~10 GPa P 45 o ifi ™ HMX S KOG 24 R i
A 5 000 LR 35 40 00 00 X A, AR F 9T 4t X-Pinch 1%
£ 50X BB AR S T DO A3 T BAR Y Bk A S8 T
o 7 WA Ak X Ot AR MU 46 T8 SRR L 45 5 S5 R Bl
B A T AR, LLAE R LR A 5 RN A L

S5 A v [ TR W B O A A A BT Y T 1 —
KBS E LR, % FERHENER 10 mm,
e KIR SN SE A 10 MPa, i SE B @ 29 1 km-s™ )&
R, AR SR A IR S € k=L,
(2A1248,@10x0.5 mm) L 625 m s 3 J& i i B 0

Experimental specimen
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PR AR W TR 1 29 2.5 GPa. ik 55 29 168 ns. Ik i 2
3.5 kmesT g ol U o R H R T K SE ik A
T U B HUE I T € B i ek B B U e R )
Hugoniot ¢ R BLS LA 7 0 %EJ) siny £ B 7E
HETF HMX S B AR I B T (4.6~4.9 GPa) 7,
LA sk B A 78 5 S80I it R 285 B85 R ) 2 P e % A L TR 4
A o AR A B2 (R B  FEEOR wl S  AR
SIAME B DR S R O B R SR B T R L I
PR CAT RS O e B R
{0

gunbarrel  aluminum flyer plate

projectile

specimen

trigger fiber aperture 0.3 mm

a. schematic diagram

b. physical diagram

2 RINER X-pinch/n] oL sh 2 A L5 R 5t
Fig.2

ing experimental system

Gas gun loading X-Pinch/visible light dynamic imag-

1.3 XBTSR

S LLR B AT R TR S 4
sl OB IRBE AR 5D 50 mm, B AR B 375 mm, B 15
JUI TR ARG E R 7.5 il & G £F B i Hh R 5l i 3% 1
2.5 mm, ME L E SRR S W, WA SRS
e d O L R AT AT R T, 7 A HLAF S ik & X-Pinch
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R G5k AR AL ; X-Pinch R G & X 4L TR R A
0 5% W P AL AR B HMX RE b B 0 B S TR 305 76 7 4%
A 5 AR ] o 2 58 2 (35 625 m-s™) FI AR A% i 2] 4% 1
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JE 5B SR W AR R e oy BERE ) R4, e 2L A vhids
T AR L S5 45 2 AT B B W R IR T AT 5
PR

static 500 pm

B3 HMX RS XOLE G
Fig.3 Static X-ray image of HMX crystals
A4S Hiad S, R AR 625 m-s
MR A IE B 2 il KOG LR AL E I, X-Pinch £ 588 37K
HL A O AR XOG, il A Z IR Y SE OB ) 29 0
0.224 ws; &R gk 2k m a AT HE & HMX S, sh &
APRGIE WL s 1 AL 7E o o A R A I 2 3 4 o
T, W& 4 Fros
BT s A AR EER (B 4) 0 0000 45 5%, B 28 1w

B«

4 AL 3 A R X OB IR (R

Fig.4 X-ray image of pore collapse process
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T AR 45 58, DUE & RAEFLIR SR 4R FR 8 . 45
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(~625 m-s™"), JT A FLIIA 35 40 A 2034 52 4% 1) () 1 9 4
B S AR S AR A8 R R SR o A AR v LR S i A
SROE | I A W %€ 21 FL IR 3 % Ui 7™ A B 5 A o
HHE .

1.4.2 HEERKENL

i1 T X RS T vk 4 LA 31 #4714 AR RN &
A R TE DA AR R0 48 55 8 5 UG i 21 T3 R LR
JH AT DL v 38 43 i A AL HMX S AR b L3I £k K
POS B AOCAT R HEAT RS W, R4S T A DG L ER
S RGN AR UK ik A AR T ik e R
AL AR X-Pinch .

5 R 1 Al LG BB & 4 T HMX A oL 5
By o A A B, g R AR TR vhds L1
L2 DR IE AR He e . DL ROy Bl A S o R
TE =100 ns B 20 CH o A7) , LI 3 B mT D0, 5G] BBl AF

Bl 5 AL b 4 2 A2 AT UL A0 PR CF 75 BR B
Fig.5 Framing visible light image of pore collapse(Backlit)
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7E TR 8% A% 1% 3 46 v T Y B G ER IR X B0 0 ns
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Wi T o2 T 16 Sk B s o L AL 4 2 R IR %
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FEdE 78 T HMX ff AR TE ob o I 28T LI 35 4 69 1 23
AL R .

S HEBR T BB X HMX kA O w14
HE— 2R TC AT B %A T g 3 W A LA 30 3
s R o B TR B O TR B AR M EE A R ] AL
SR PR P A5 3 ik it A 92 T mT AL A R < e i B
153 PRGBS P AR, LA P 7 AR g Ao 2 R 11
Wit Je it i 7 < 7 e 307 ROH 8 I8 A AT OF 8 Ak B 4 %
T (R AR 2R T LT B R M R Ak i 4 MR
T AR i R R U R B P A AT R0k 1 XI5 e i
AL Chull) #1515 DU 28 R il 2k o8 3 e AL 48 B 25, A=
AT EE SR o 6 Dy R A IR R RO RE S =25 RR
K7 9 J635 BRI 260 R il AR Y B RO IR 1B R S AR
GG

300 ns &t 400 ns
ore 1
P 200
b
150 ‘2
8
pore 2 -
100
50
e pore 3
0

7 HMXHE LI A B B A eI R (TR T IR BT

Bl6 HMXHE M1 # S ER (A BT
Fig.6 Static image of HMX specimen (Backlit)

TES 4Rt B b, 300 nsif 2, £L 1 L 2 AL 3 b2y
LB A RIS . S5 A R WOGIEHE AT B
fL1 e 5E a4, £ 2 AU U 35 O XS, A N L, L1
A B Ot 5 R 3 R T AL 2, SR GRUROE R JE S AL
) 35 45 Bt B 5 TEAH OG0 % 400 ns F1500 ns B 2, 4L 1
55 9L 2 4k i DX I T AR A R (EL B R T R e, T B
i TR 2 1Y AL 3 AN B AT AR ) RO AR S, X

Fig.7 Self-emission image of hotspot at pore in HMX specimen (No Backlight)
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PR o o D A 496 3k P ) 0l 5 I RE B OB L
5 350 v FL R TG 3 3 B AT AR A I BHIR T A

15 36 ] BRT BT S92 55 A (0 A OG5 OR 2R B AR F
FETE 0.625 km s (~2.5 GPa) i T W45 4 % [t ]
PESR 45, 5 HAG G B 9286 (0.1 km-s) &5 R —5, A 8
FXCH) T AL (1.0 kmes™) T A 5 A AT
o AEAFFE A, S AT S AR B AN
B 419 0 A L, A F 5 3 G A 4 o o o S TETCOT 1
1), SE BT S 00 A e RS 41k 45 5 AR e AL, A
7 B % 5 9 it b 8 7 ) 2 2R Ar AV F R A SR 4 B . 3
— 25 JLIURR T A R (e A ot SR R ) DX A S 56 A8
F1, 3278 45 1] ()1 359 45 0 I A B (o 5 5 8 ) T RE v
FREAN A . AN AR5 30 2 5] 25 AT O 5 B 4
T AR BN R OGRS A A R AR OGS T
35 457 - AR A AL A S 6 E B

2 HERD

2.1 BEEMAZE

KA BRITH A ABAQUS 1Y i 13 -7 A 48 4 2 50
Bl ) 2 BT R B E U Y o e - S 5 n 2%
ARAT A 0 W (BRI K S8 b o AR Ry il B AR A AR R B R
JUAT BIL AR 45 74 , 76 5 BT Ak 25 08 T 23 B b 45 o i i
HMX & A 1Y g -Fme B A7 28 o 48 T Hiks 9 H AE 4L )
& B AR AR JE 22 B BOK AR B 3%, R FHRR A BR 7 -hr
#% 1 H 57 (Coupled Euler-Lagrange , CEL) #4741
VR T R NAR AR R ARV ARE AR Y
W AR TE A R T o 28 N RS B 1 5 )

K F CEL J7 ¥k 4 g 11 SR AU G 4] 8 s, Ho
J7 VA B 358 H 68 X (B HMX A ) AT 0,25 35
P, HMX A8 JE K AL Ak ) 7E A Bl 247 o ohads
W X7 1) Oby 68,85 3k ) A/ 7 J0 il FL IR AT 18 . 290K
Z 71030 A B EE R bR i) B kA R ), 9046 iR
FEV R 300 Ko A% S0l 43 SR FH 0 B 380 3 < 100 57 5 4
DX 35k A P 285 44 A0 A, 5 FL IR HMX DX 3R 4 it )
& PUAS RST 2 10 wm , A 50T 34 8 715 A Gl & R

£1 HMXIIM B Z%
Table 1

Comparison of the fitting parameters of the three models

Y
k‘x
z

8 TR R
Fig.8 Schematic diagram of computational model

PN TR 90 4 FH 43 9T (EC3D8RT) . gk wh i 9%
B I, IR 2.5 GPa, & 10 ns b JH/ TR B & 148 ns
- B, 5 S v N 3k S A TR

HMX fi R A4 R 2 50036 1 A9 SCR 9 98 v AR
A A5 T 48 8 L g A AT kg, o R - AR O AR AN 9
N MR P 0N HMX T R R R AR Bk B
B SCRR [39] 7 B9 HMX 3E PBX XE 25 1 YK 1 A% i [
(1%~2%) , B & HMX f A4 5 8 0 A8 kb Ti% X i) . %
JE o R AN, E o o A% 1R ROR B R A R
100 MPa. Menikoff 2 “* fff 5¢ & B HMX Jaf} Ml 58 J& 7]
ik 200 MPa, i 3 @ T H 4 S AR i B, i 2 B 4 3¢
e B 7 8 EBC{EE Ak T A L 5 A v TR P

) B, 78 HMX i P o o 28 TE AL 0L v, Ay o A 3 AiF
7 - A i AL, 8 5T ABAQUS A1 RHE 1 v Y R
BPE B( A (0.9, WL 36 1) 458 ) 98 P I 7 B L 491 %
JE IR VE I 1) FARE B B A L FE DL BB AL T B 4 0 AR
RSB PEAT S o AT B T 2 R 2R
w=q[[oeav (1)

K, WHAEIZ IR - m™ 50 N AR 30% T1 L Pas e 355K
EAVEIAR o IR TE B 22 S EOM R R T X BIUR R
4 7 i, FEIRLRE AR AR

elastic modulus/

thermal expansion  specific heat

inelastic heat

thermal conductivity  density . ) o . plastic strain .
Poisson’s ratio coefficient capacity fraction 7
. . 17500 MPa/ . oo ) o
1.74 W-m™ K 1.89 g-cm 02504 2.4e 1500 J)-kg ' -K conventional plasticity 0.9
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100 — stress-strain curve

80t

£

= 60

o

g aof
20+

0%00 0.002 0.004 0.006 0008 0.010 0.012 0.014
strain &

9 HMX S k5 PEA Y
Fig.9 Elastoplastic constitutive model of HMX crystals

=1+ % (2)
pCy

Ao, TR YRR, K T, MR ) 65 I8 B, K5 p S 1 Rk
L kg-mT o, WL HY, ) kg KT
2.2 HEEMERSITR
2.2.1 2.5 GPaEEE T 11-# 00 Bz 43 47

R A5 H A BOE AL D7 i, JF R 2.5 GPa vp i o &
T B ] LA SR HMX S AR 5 7 #4047 R 48T
) 5 I 25 BN L B UE AR A P o B S R b
SR F 3.5 GPa s Mriz ik & 1y J #ama B 17 24 , i —
7 b A el B ORE R LT Bk B Y 3 45 R BROS K

K10 JE/R T HEAE 2.5 GPa ik %% 168 ns i i fin
BT, WAL HMX 78 S T2 AL AR 35 46 o 72 o iy
s Ty AR DA B 3 I A A T S [ o N VA I
PR R o TE 100 ns B 2, ook 0 50 VR A5 R 2 ez i
TR I FL 1 iR AL . 140 nsBZ], By T AL 2
R A P, AL 1 A 00 R 45 b il 5 B VRS . 180 ns I
Z0 AL 1 R 1Ak B IR A B 5 R A o o D o R
— BB S, L 1 AT S S [BE |, ek ik v 2
iKFL 240 220 ns ik Z, £L 1 AR E D £L 2 4b
S PR . 260 ns F1300 ns %, 55— LA £ A
FARAZIE I LT 58 4 8 4, o — > LR 8 52 % 0 i ok
o BEER BoR LI 2 & m R R IR, S
A 5256 7 AT OO A3 A5 (1L 5) — B0, BRI B 480 1Y
A RE S AT RS B 4 B IE

BT RS T 5 T LA R B HMOX O R AR T o 72
R I R AR AR . A P D B AT 150 ns Y, 4R
WA 75 A RS 35 A8 7 A TR R T A I B TE]
BERr e Ae e . WAL X I8 & PR« 24 55 3 hn 2% 1 69 FL
T FF 46 50 4 i, He 1 e 2 T B T 4 B A
27 T BE R e T R G O LR S e IR AR A A L A
SAE R R E T 300 nsifZl L fL 1. fL2 FI4L 3
Aib 5 e T BE AR R A, 5 T 7 = AL AR Y B R e

4
L B —2.
100 ns 140 ns 180 ns
S11/MPa S11/MPa S11/MPa
+1.566e+02 +1.5666+02 +9.462e+01
-7.541e+01 -7 541e+01 1.290e+02
-3.074e+02 -3.074e+02 -3.525e+02
-5,304e+02 -5.304e+02 5.761e+02
-7.714e+02 7 714e+02 7.997e+02
-1.003e+03 -1.003e+03 1.023e+03
1.235e+03 -1.2356+03 1.247e+03
-1.467e+03 -1467e+03 1470e+03
-1.699¢+03 -1699e+03 1.694e+03
-1.931e+03 -1931e+03 -1.918e+03
-2.163e+03 2163e+03 2.141e+03
-2.395e+03 -2.395+03 -2.365¢+03
-2.627e+03 -2627e+03 -2588¢+03
2
220 ns 260 ns 300 ns

S11/MPa S11/MPa S11/MPa

pore 1 pore 1
+8.756e+02 1477e+03 +1.078e+03
+5.864e+02 1B.6426+02 +3.801e+00
+2.971e+02 155156402 1.070e+03
+7.893e-+00 +2.3892+02 st
pore 2 -2.814e+02 pore 2 -7.377e+01 42926403
-5.706e+02 -3.864e+02 -5.366e+03
-8.599e+02 -6.991e+02 -6.440e+03
-1.149e+03 -1.012e+03 -7 514e+03
-1:438e+03 -1.324e+03 -8.588e+03
t -1.728e+03 -1,637+03 0.661e+03
pore 3 20176403 pore 3 1.9506+03 1 074e+04
-2.306e+03 -2.262e+03 1.181g+04

l -2.595e+03 ‘ 2575e+03 ‘
%

10 2.5 GPa i T HMX S A o i S i S11 & 1]
Fig.10 Contour plot of uniaxial stress S11 in HMX crystals under 2.5 GPa shock pressure
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Fig.11 Temperature contour during deformation & pore collapse in HMX crystals under 2.5 GPa shock pressure
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Fig.13 Contour plot of uniaxial stress S11 in HMX crystals under 3.5 GPa shock pressure
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Pore Collapse and Hot Spot Formation Mechanisms in HMX Crystals under Moderate Shock Pressure

ZHANG Ke, XIE Fei-jun, YANG Xiao-yuan, Ll Jing, MA Yun-can, MA Xiao
(National Key Laboratory of Shock Wave and Detonation Physics » Institute of Fluid Physics, CAEP, Mianyang 621999, China)

Abstract: Hot spots are critical initiators of both shock-induced detonation and non-shock ignition in explosives, with pore col-
lapse as a primary formation mechanism. Since energetic materials are routinely subjected to complex mechanical loading across
a broad intensity range during service, a mechanistic understanding of pore evolution and hot-spot generation under moderate
shock pressures (1-10 GPa) is essential for reliable safety assessment. In this study, HMX (octahydro-1,3,5, 7-tetranitro-1, 3,5,
7-tetrazocine) crystals containing a 300 pm prefabricated pore were investigated. High-speed imaging combining X-pinch and
visible-light diagnostics captured the dynamic pore collapse process, while thermomechanically coupled numerical simulations
accounted for the conversion of plastic work into thermal energy. The results reveal distinct pore collapse modes and associated
hot-spot formation mechanisms. At 2.5 GPa, the isotropic pore collapse mechanism was observed, with hot spot intensity corre-
lating positively with the extent of pore collapse. The temperature rise occurs in two stages: an initial gradual increase due to up-
stream viscoplastic deformation, followed by a sharp temperature rise after pore closure, resulting from the thermal conversion
of kinetic energy during the impact of high-velocity upstream material on the downstream pore wall. When the shock pressure is
increased to 3.5 GPa, pore collapse initiates earlier, the crescent-shaped deformation becomes more pronounced, and the me-
chanical response exhibits hydrodynamic behavior, indicating a transition toward jetting-type collapse.

Key words: HMX crystals;pore defects;collapse mechanisms;hot-spot
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