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Al 19 5% e, AR BF 5 R FH W PR 345 b ok A% 15 3
CL-20/HMX 3 iy 22 K 25 0o 35K, A R b 23 3R AR = 19 L %
T AR LA B R =2 ) B Sk 5 %8 4 fll, o A A 1 AP
HE VR AR PR PE R, DU — 2 FE CL-20/HMX 3t
o P19 &5 48 R RE AT 5%

1 SCIRER4Y

1.1 RF 5N
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FHRAE R 2 mL ) — U B 7 T G 4 A, T s A Sk
RS 27G (AR 0.21 mm) s R 235 i Ui 4 f  4%
PR LA KK i 5 20 B, WS #5 Sk i i) SRR 4, AR
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1.2.2 H@El&E

BRIE CL-20/HMX 3L & : B 1 S8 3k 2 CL-20/HMX
LA AR . 86 0.8222 g &-CL-20 110.2778 g
B-HMX(EE/R Ll 2:1) i A 2] 2 mL B DMSO # 7
tFE 25 CCN A B PEIE O A1, IR IR 2 mLTE
S BCCE TR BN 1.2% B B I K R, B
100 mL B K ¥ W B TSR 28 v KV 3 25 °C. i
T G R T S P R 24 WA 0.05 mLemin
T T8 A I BRI VR0 L T VR B BE £ 3k 3 em IR
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BB B BkO% R0 . % WO N 8 R S B SR A
15 min, 2R J5 BOH AR 5, B 4l K Uk 4 5 WOUE il 1
BT 40 CHEAE T8 24 h, i 5 15 3 (6@ BRE 0K
B f o

[ If ) 4 T CL-20/HMX ¥ 38R & W F1 A 4R
CL-20/HMX 3y, DU#EAT Pk BE 8% B2 FAR 8 P fE 1Y
X HEAHF SR .

CL-20/HMX ¥y BHIE & 9 - B HUAH 7] £ /9 CL-20 FiI
HMX JERL, B T84 oK 2 B A B AR o, i 38 28 3% 57
56K, T 40 CHEAE 148 30 min, 15 3 CL-20/
HMX ¥ BEIR A FE i

ON— TNy~ NO2 HMX CL-20 injection
@  o,N_ NI _NO, (b) stirring dropping platform pump
Ny N b —_—
7 u 25°C
.N \N. DMSO
explosive solution
CL-20
O,N NO.
N = gelatin aqueous
< > filtering and washing crystal growth 15 min solution
N < - <
~— dryin:
OzN/ \NOz : ATk g
HMX spherical CL-20 / HMX cocrystal
1 BRIE CL-20/HMX 3t 5 i il 45 3 7 141
Fig.1 Preparation flow chart of spherical CL-20/HMX co-crystal
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IR CL-20/HMX 3 5 - B HCAH [R] 2 79 CL-20 F0
HMX JECEL, B T A 7.5 mL DMSO B, T 25 °C
T AR I S . B ZEE LA T mL e minT'
A 20 mL 2K (25 C) i FEHEE S 120 remin”',
T 0 8 e 5 BT A5 A8 PR R g FH A A K PR % 5 IR DA
Bk 2 DMSO, fieJ5 ¥ ¥ T A5 21 08 R AR A
1.3 FHRESERENK

% J FE-SEM Xf Jit K} CL-20. HMX F1 ¥k B
CL-20/HMX 3 S B4 7T SR 2 T 2546 0, TAERL RN
10 kV,

K E 2T 4 B A6 B R CL-20, HMX ., J R
CL-20/HMX 3 F AT ERIE CL-20/HMX 3t 5 PEAT Fe % 1
O, Bk IR RE 8 100~200 mg, M STE
100 °C,fRiREEFE 7 ho

F FH XRD Xf BB CL-20, HMX #1 Bk /£ CL-20/
HMX 3t i BE 47 90 A0 23 07, 394 30 il 4°~80°, CuKar, 1l
K R 40 kV, 45 7 40 mA; M4 Bolton 451 3R 3 Y
CL-20/HMX 3 i iy 50 5 2 95 (CCDC-875457) , R H
Materials Studio 4.0""®' H1 ) Reflex #5 B 4 48 3 5 A4 83
RATH B3 B80S XRD M &6 1 — 3%, Hifh =
BUOR H Reflex AR H 1) BRIA 15 E .

¥ FT-IR %F & B} CL-20. HMX F1 5k JE CL-20/
HMX 3t 5 3547 4 1 4546 40 A1, KBr & R i, 431 4 v [
4000~400 cm™',

K 22 78 1 4 = - B (DSC-TG) X J5t B
CL-20 \HMX K 4 #E & W FIBKIE CL-20/HMX 3L iy
BEAT RGBT, AU, LUEARBR O 2 LW | IR Y A
35~500 °C, FHE#HF N 5,10 K-min™ Ffl 15 K-min™",
AR 0.4~0.7 mg.

Z: M8 GJB 5891.22-2006 J7 3", % J BFH-12 1
BAM fi 7 J&& A % J5 R CL-20 . HMX | /IR CL-20/
HMX 3L i FTBERJE CL-20/HMX 3t 5 #F 47 18 o S8 3
K, 95 HE T AL 2 kg, BURE i (3021) mg, B & TR T
30 K ; 2 M GJB 5891.24-2006 77 ", % H
FSKM-10 I BAM JBE 450 8% B A %) 8 CL-20 \HMX
AR CL-20/HMX St &y FTER B CL-20/HMX St iy F 17 B
PR R AR, R AR B (2021) mg, B &R RE IR
301K .

K FH B 22 im0 JEEE CL-20 . HMX B L)
PR AW AR CL-20/HMX 2t 5 F BRI CL-20/HMX
L EF TR REIN, AT 6.25 AX12.8 V=80 W,
R FE 5 (10021) mg, ok I & 3 S5 AL 10 Sk BRE
CL-20/HMX 3t i 75— A KRR T IR BT 1 o
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2.1.1 ERSH

K USB HL + 2§ 5% Al FE-SEM Xt Bk JE CL-20/
HMX 3t 5 JEORE CL-20 I HMX (9B S R AT T R AF , 45
RE 2w, mE 20 UEH, R CL-20 & 25 iR
R RLARAE 20~130 pwm (E 2b) 5 J5URF HMX A AS # U)
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a. electron microscopy (left) and particle size distribution
(right) of spherical CL-20/HMX co-crystal

b. raw CL-20 c.

d. the surface (left) and interior (right)
of spherical CL-20/HMX co-crystal

2 ERFE CL-20/HMX J& i 1l 7 K2 Bl 53 P Ok A2 23 A1 1 K%
JEURHFIERTE CL-20/HMX 3k 9 FE-SEM [4]

Fig.2 Electron microscopy and particle size distribution of
spherical CL-20/HMX co-crystal and FE-SEM images of raw
materials and spherical CL-20/HMX co-crystal
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HMX St df 2 250 B30I, HAR N 1.3~1.85 mm, Hi 47 1
# Dy ?11.6 mm (& 2a) , Bk % 5L, JE 25 100 wm,
HH LA K B R A B (1 2d) i R
CL-20/HMX 3 iy 78 45 i vh B 8 DL g 4o

JFSE BRI CL-20/HMX St i (0 250 38, AT i 45
B FE i b Bt AL 3% B 10 R R , AR 4 FE-SEM &1 15
F) HOF ¥ ok 42 (0.76 mm) FI R 7 M OF 1y R B
(0.2 mm), = H Z 22 A3 Ry 28 0 3B 43 1 2 42, DT
il ST B 23030 2 P AR L, 98 AT =2 oK 20 BRI &8
DR 40% . BEAL, 45 O BRI A 106 K R K 388
IRy e R A L L R E B 25 R R ], BROB
CL-20/HMX 3L &4 i b R 11 LR 6.890 m?-g™', it & &
T 5B HMX(0.024 m?-g™" ) 1 CL-20(0.667 m*-g™"),
250 Bk CL-20/HMX 3L 55 (3.397 m?- g7 ) Y 24 .

i a6 DL BB ST 9 43 BTk O CL-20/HMX 25 2
KA O BRI B B2 R 3l L T CL-20 f HMX TR &
VW VR B Sk AR DA R T I AR R, R AR X AT Bk
TR o AR ¥ 50 R ] B o3 B 1.2% 1 B R OK
T, v B IS e AR K A S T 5K T S oK Y A
S 3 R W AR TR O 8 T AT DR R BROE
4T 55 PR S KV TR M B R R 1 3% T Ak E AT
PR SE B 1R ) A2 e, AR A CL-20 FI HMX 35 31 3 4 i i
LA 25 S b M o VR R T AL U AT S U R
JEE R R AR, W PR30 0 8 0T 3 1) R THD AR, SR
T 2 BRI
2.1.2 XRD & #f

T B AE T A FE A S S X EDRE CL-20,
HMX F1BRIE CL-20/HMX 3t i i 17 T XRD 43 #7 , 45
WL 3. K3 a] L, R CL-20 9 5 1F 16 43 51 75 20
J912.536°,13.806°,15.678°,25.771°H130.317°4k ,
5B ARE M & & B0 A5 I B3 PDF#00-050-2045 —

raw CL-20

raw HMX

CL-20/HMX
co-crystal

intensity / a.u.

eoretical simulation

10 20 30 40 50
21(°)

B3 J5URH BRI CL-20/HMX 3§ ) XRD [4]
Fig.3 XRD patterns of raw materials and spherical CL-20/HMX

co-crystal
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o JE R HMX Y B AE 0% 43 5 75 20 K 14.675°,
16.012°,20.524°,29.648°H131.887°4b , 5 e fa & 1Y
B i AR HE 3% PDF#00-045-1539 — 2, 111 B i 4%
RIERTE CL-20/HMX 3: 4%, 7£ 260 24 10.898°,13.271°,
16.380°,26.139°F1 29.749°4b i Bl 5 J5URL A [A] 74 357
I, H 5 Bolton 25" 412 38 A9 #7104 (10.9°,13.2°,16.3°,
26.1°H129.7°) A& 422 30, [] B JURE (%) 49 AiF e 3491 2K
Ak, XRD 3% 55 M 4 5 235 R A5 400 1% 3 o XRD [
T A — B, i — 25 U W T AR AR A CL-20/HMX
5
2.1.3 FT-IRZ#F

Tk — 20 E S 3 5 BB R, X R R CL-20 .
HMX 2 BRI CL-20/HMX 3 & B & #F 47 FT-IR 43 #r
g e 4 s . WK 48] LLE H BB CL-20/HMX
LA IR WIS AR R 2 A4 ORI A G L H
WA FA 25 . BB HMX 1E 3036.21 cm™ #il
3024.77 ecm™ Ab 1) C—H 7E BRJE CL-20/HMX 3 & 119
BE & L 20 % 3033.35 cm T A1 3017.62 cm™'; R
CL-20 7£ 3044.78 cm™ 1 3016.19 cm™ kb A — 21 4%
TIF W iz X 17 AE BR T CL-20/HMX 3 & i 3% /v,
3044.78 cm™ &b (1 I T 2 . CL-20 TP —NO, A
XF R A 45 3R B A HMX B C—H 19 25 il 4 35 43 531 DA
1603.87~1562.41 cm ™' f11459.49~1346.56 cm™ 41 %
#)1598.15~1523.82 cm™ f11455.20~1330.84 cm™',
FT-IR W Yt i 1 21 4% w] 9 IR F 2R CL-20/HMX 2 iy
1 CL-20 B —NO, Fl HMX ) —CH,— 2 [a] J& 1 i
C—H---O &%,
2.2 MEgEMHK
2.2.1 B

JEOR W R A W M ERE CL-20/HMX JE #f 78
10 Kemin™ FFR KT 19 DSC A1 TG dh £k an 18 5 i 7 o
i 5 AT, JFURE HMX 78 191.2 Chb A — Mg 1 | ol

& 7% raw HMX

I 1CL-20/HMX co-crystal

— " M

Y ™ CL R
h Y
83 v rawCL-20 ; [ *
§§ 3500 3000 2500 2000 1500 1000 500
wave numbers / cm’

4 JFRE BRI CL-20/HMX 3§ 1 FT-IR &1 3%
Fig.4 FT-IR spectra of raw materials and spherical CL-20/HMX
co-crystal
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raw HMX 2888

X
191.2 24587\\ 279.5

CL-20/HMX co-crystal
DT Codhse — 250.8

raw CL-20

246.(3 7\.284.5
CL-20/HMX physical mixture -

100 150 200 250 300 350
temperature / °C

heat flow / mW-mg’

a. DSC curves

100
—raw HMX
—raw CL-20
— CL-20/HMX co-crystal
| — CL-20/HMX physical mixture

50

mass / %

%00 150 200 250 300 350
temperature / °C

b. TG curves
5 JEUREBRJE CL-20/HMX 3t i B W) SR 9 1 DSC M TG
fih £k
Fig.5 DSC and TG curves of raw materials, spherical CL-20/
HMX co-crystal and physical mixture

B8 [ fih 06, 279.5 C ik SRy JLA% fl e, il Sy figk W o7
T ¥ 283.9 °Chb s TG b £k 8 % H & Lk
84.15%. J5 KL CL-20 Y $5 K A4 53 fiff IR O 250.8 °C,
TG Hh £k & I H i & ik N 77.23%, X F CL-20 Al
HMX )3 A9 (BEJR R 2:1),246.0 )CHI1284.5 °C
43 5 CL-20 AT HMX 19 43 fff i B b X g TG i 26 I
BT T, BRI CL-20/HMX 3 5 i1 #4043 i 47>
5B K Y BR A AT E 2 5, DSC 2 b ok Bt
B e RIS A, AT — AN T 245.8 CAL I kI
XFI TG B i — 2 0 F 2 40 fifk e TR 5 Sk i
JEF U AR E T ST

PR K I S B (T,) 2 0 DR 00 B K 24 E 3R A
WKL AEAA R T2 E TR N EE S T, TR
FR B8 A8 TP RS R AT O T b S rpas BR A
X A B AR 25 K X P BE 1 5 ), T 52 8 BRJE CL-20/HMX
T A P BE 5 AS [RE S0 19 CL-20/HMX 3 10220
AT TR . BT AR R E AR T (5,10 Kemin™ Al
15 K-min™) A DSC il , R X (1) frzs B9 Kissinger
7R S E IS B BRI CL-20/HMX 2 5 B 26 W8T 1k
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AE E, s I 3R R T 2 6 A 0 4 R () #2228 5K
(2) LR WA 543 2 5 T8 08 24 30 (3) A E, 154
e RS TR,

In(B/T?)=—E,/RT, + In(AR/E,) (1)
T.=T,-bB -~ B’ (2)
_ E, - JE’ - 4RET, (3
b 2R

A, B R TR K-min™'; T, 40 I IR KGR Hy
AR SRR $0,8.314 J-mol - K A SNSRI 7,57 E,
W E L RE L k)-mol'. & 1R A, SCHEk[10]
(20 2 Folk CL-20/HMX 2E 55/ E, R T, 88 R 420
177 ) Ay 2R 44 245 Ky 1 BOK A6 7 R R0 A F 9 o 4% 11 3k
JE CL-20/HMX 3t i, H £ fn T g8 43, H & T
JrobR A R E A UE BT SR S A (T8 R R AR
TR AR ENE . AN, TS 1 RE A R AR
SEVEME S 1 — S8, T AR e iy, 2 IR K
ALK T, 241.00 °C, 55 4 = B S04 &k
. ZEA T UL BRI CL-20/HMX 3§ HLA 1 5+
MY RARE VE  FLrp a5 I R 3 AR R Em AR, B
i i TR %) B 2 Ml R 5 11 B % T B 0 T A0 Mo o
T I 1 3

F1 RETEH CL-20/HMX 2 & 935 16 BE R 2 22 280
Table 1
CL-20/HMX co-crystal with different morphologies

Activation energy and thermal safety parameters of

morphology of E, ) T, T,

i . . reference
co-crystal / kJ-mol /°C / °C
diamond sheet 301.00 0.9771 232.20 239.46 [10]
flower-like 470.75 0.9978 236.5 24117 [12]
nanosheets 326.67 0.9899 232.50 239.18 [20]
spherical 463.02 0.9705 241.00 241.28 this work

Note: E, is apparent activation energy, R’ is judgment coefficient, T, is peak
temperature when heating rate tends to 0 K and T, is critical tempera-

ture of thermal explosion.

2.2.2 BESH

JEORE Bk CL-20/HMX FTERJE CL-20/HMX 3 i,
BRI A5 W% 2, R 20T LIE 1, BRIE CL-20/
HMX 3 fi i 188 o 8% B 56 K T J50RE HMX, B8 482 Jak i
A F R CL-20 i HMX Z (8] {H B 238 F HMX, Al
Jr R SRR EE, BROT A 0 P R B R AR . B L,
R R BR T S A S I A R ik ok
O BRI 4B 25 M A 06 0 i B E BUE B 5T 45
¥, 2 37 B BRI, P S 0 1 R P B i )
FHREHC, TR B — & M E W EH, S BOLR 5 i
N Lk
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F2 JEURERORANERTE CL-20/HMX 3t i i 8 i 1% 58 2 452 ek
i3

Table 2 Impact and friction sensitivities of raw materials,
flake and spherical CL-20/HMX co-crystals

impact insensi- friction insen-

explosives tivity /) sitivity / N
raw HMX 7 144
raw CL-20 3 96
flake CL-20/HMX co-crystal 9 120
spherical CL-20/HMX co-crystal 11 128

R FEAIG
2.2.3 BRIEMERERIE

H T AL BRI CL-20/HMX 2 5 1Y B RS
FEPE X R CL-20/HMX 32 4y 0k L 3R &9 5
BRIE CL-20/HMX S S b AT T RABE PR RE XS LE , 45 R A&l 6
M7 R . Bl 6 FHAARR ARk CL-20/HMX 3t |
JFORE CL-20 F HMX K 4 3R & W i ek b 4% . 3X
4 bR By SR E R A ARORAIR, 7R AT R
80 W I JC ¥k s R , & AN IR o ik it v 88 B O 45 2 0 55

BEA I A R AR TE v e e S R LR AT 1 Bk

B7 e LA R A BRTE CL-20/HMX L g iy #A b 151

Fig.7 Combustion images of spherical CL-20/HMX co-crystal captured by high-speed camera

flakes CL-20/HMX co-crystal raw CL-20

raw HMX CL-20/HMX physical mixture

B6 AR CL-20/HMX I 5, J5URE K H 4 BRI A 9 B8 4% I %

Fig.6 Combustion images of flake CL-20/HMX co-crystal, raw materials and physical mixture taken

K7 o s 3B R L IE sk 1Y K CL-20/HMX 2t
i R be i B . E A TE] 80 WY i B Tl SRR BRE
CL-20/HMX 3 i s ok 43R 1) ] 20 T 8 ms, KAG W &
Bk e P AL #& L 7E 86 ms I 3k B 5 K, Bifi 5 P 5
W, 7E 190 ms BFJL 7 58 4 3k, WoR T s AR E W
HRFRPEARAE . BRbetEpEm i ok 22 IHHF
BROE L Al AR 0 = 4E S5 K, 00 bR AU R
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B ARG TR (241.28 C) ¥ F Atk CL-20/HMX 3
4 g
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Preparation and Properties of Millimeter-sized Hollow Spheres for CL-20/HMX Co-crystal by Droplet
Confined Crystallization

LING Hui-jun', DUAN Xi-kai'*, CHEN Ling-yuan', REN Jun-ming', DUAN Xiao-hui'
(1. State Key Laboratory of Environment-friendly Energy Materials, Southwest University of Science and Technology, Mianyang 621010, China; 2. Public
Safety Laboratory , Sichuan Police College, Luzhou 64600, China)

Abstract: In order to investigate the effect of aggregation structure on the properties of hexanitrohexaazaisowurtzitane/octogen
(CL-20/HMX) co-crystal, the droplet confined crystallization was used to prepare spherical CL-20/HMX co-crystal. The morphol-
ogy and structure of the samples were characterized by field emission scanning electron microscopy (FE-SEM), X-ray powder dif-
fraction (XRD) and fourier transform infrared spectroscopy (FT-IR). The properties of the samples were analyzed by thermal anal-
ysis, sensitivity and combustion tests. The results show that the spherical CL-20/HMX co-crystal was successfully prepared by this
method. The diameter of the spherical CL-20/HMX co-crystal is 1.3=1.85 mm, the hollow ratio is about 40%, and the specific
surface area is 6.890 m*-g™'. The exothermic peak temperature of spherical CL-20/HMX co-crystal is located at 245.8 °C, the
thermal decomposition activation energy (463.02 kJ-mol™) and the critical temperature of thermal explosion (241.28 °C) are
higher than those of flake CL-20/HMX co-crystal, exhibiting the excellent thermal stability of spherical CL-20/HMX. The impact
sensitivity is better than that of raw material and flake CL-20/HMX co-crystal, and the friction sensitivity falls between raw CL-20
and HMX, but lower than that of flake CL-20/HMX co-crystal. The ignition delay time is less than 8 ms and the combustion is effi-
cient and stable, while the flake CL-20/HMX co-crystal, raw materials and their physical mixture exhibit flameless combustion.
The construction of millimeter-sized hollow spheres for CL-20/HMX co-crystal has significantly improved the thermal stability,
sensibility and combustion performances.

Key words: spherical CL-20/HMX co-crystal;droplet confined crystallization ; combustion ;thermal stability
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