434 IS EDE 25, 5 & XU B T BRI O, R, B IGE 250, X4, 2 AW, R i

XEHE:1006-9941(2019)05-0434-11

MNABSHHRER B TR AT R R
I ENEE P AL AR TS SEaN S P AN SEAN T3 IR RS VAN S S

W EEAKAYE ARAGEREMBERELLLE, W HF 621010; 2. FEIRNWERRAERNESHEFRN FF
WEFERERE, W HHE 621999; 3. PETRYEM R M THBARH, T %HHE 621999)

OE: DA (SAS) AR IERAL R R YRGS K25 (PBX) £ RS S 2R U4 1 (1) o BE R R T Br o X SAS B R AE PBX BT ST ot 14 52 4
T3 BAE AT RL AN Z R R EAT T aRiR . R Tl T PBX A UL AR IR AR A TR N 4R S 50 U7 vk L VA48 1 Guinier ST £ 43
BB 8 BRAH LA AN 2090 26 B, A T B AT PBXBIT ST i 18 & P ANV I, B4 13l — 48k, R A AR 2 o 7 0 X 4T
2k SASHLARAE PBX J7 A5 R 25 7] G2 4 SR DA R Ha S W ™ 0 20 T 45 D TR A F S 0 i o IS L BB T SAS HRTE PBXBIF ST H Y
AMRREFA , 2 OIS /) Ay B S8 RO | PBXRUL 7 BRI B 8 AR 0 BT PR T S, DAL PBX WA AR 2 A1 Bt T AN 22 RUEE £L

A 19 7 H 9

KGR 5 RYREAEZG (PBX) s /MBI (SAS) 5 15 X BF 2k s A 1

FESES: TI55; O64 XEARER: A

DOI:10.11943/CJEM2018287

1 58l 5§

T WKk 45 1 25 (polymer bonded explosives,
PBX) J2 i #F: 24 ik 14 i Ar £, B3 AR 25 57) 7088 A R
P HE 247 it A SR 2 B A AT R AR, 28— T2 il T
T, 2 A A M Tk B0 0 50 77 R IR Y G B 1) fig #
Bl PBXUW AT E L& — KD & FRAW N L
A E 2 S A 43 BIOM A = S A R P R 2
B J ] IR 90% LA b o IERI AL 4y N A 1 T
2T PBX A G A A B A W W 2R 2 R R
S COAETERLRE AL R 80 5 T4 22 F Bk 45 4
HRF 2 /0 i B g A B 905 (2) T 4500 52 % A7 AE
s ARG 235 58] AR AL ORG 45 5R)-FL R DL K 2R i B T
G55 (3 RG 45 70 (Y 45 0 52 4, I P9 0PI RE & A= A 3 15
a5 o T RER W EE SCERFNIERS ; (4) EESNAER R,
PBX (14 13 25 #4) 38 2% 4k 25 3t Ak, 7 A= 5 T B RS L L K

WKt AEI: 2018-10-11; €EI HH: 2019-01-10

W4 H AR B #3: 2019-03-05

E2mB: BEAAFR LTI (11775195, U1730244,
U1330202), 75 g B} 4 K211 B 4 % B (182x7108)

EE® N : IR (1980-), B @l#Fs A, FEMNF/NAEHHEARE
NI ST . e-mail : tgsuperego@163.com

KRSy REIE . PBX LSS 1 RS 40 00 I 5
FANE AN H FC T 2254 PR RE OC R RO SE Al . f e i i
Z P EOR T Bk A PBX E A i 2 RUZfH B —
ELJE T RPN 5[] 50 14 B A X

FAE PBX PR A5 M4 1 % 52 07 ¥ T2 247 e Bk
HL I BT T H R R XA AR R A AR T A
K 24 b PR BURE (9 RS FBAE JL oK 2L Ok 2 18]
5 W OE EWLIN FAE A R T B O T IR
00 38 e 24 SURE DAL 1S e o 5 R RS K 2 AR A
B 5 JE A S R R BOM VT 59 7 Wb, AT S ROR
T, SR X T PBX, 5 B K 24 UKL S ) B
K, FFRHEAT LI o S P AT i AR O I (RPPL) J2 55 —
Foft WL PBX 458 47 B D't 27 S (i, D03 7 0 e ik
FrO1EI AL O, B A b B B B BB, AT R AL 2 i
B R AT o R O A SR TROR AR T L4 PBX
W7 224 2 T 45 A L s A BOWL I I, 1 R 2 S EORE i
J B AL, EL B R T  Ah PR X RE e
o e SE AN B SE A AR B o W R X R B B AR ]
WL 2 PBX A0 fOK A g LA b AL RS = eSS
5 o A T IR) 20 A 5 = 4k 40 oK R B R, AT 3k F)
100 nm {9 25 6] 73 B RE 7, (E 3% B AR X # i 1) J52 88 22
B % C— BN T 0.1 mm) iR RS A AR N

SIRARS: H 8, U 2, g8 6 AR /N U R A 2RO ORS 45 25 FR R B S e D). T RERSRE, 2019, 27(5):434-444.
TIAN Qiang, YAN Guan-yun, BAI Liang-fei,et al. Progress in the Applied Research of Small-angle Scattering Technique in Polymer Bonded Explosives[J]. Chinese

Journal of Energetic Materials( Hanneng Cailiao),2019,27(5):434-444.

Chinese _Journal of Energetic Materials, Vol.27, No.5, 2019 (434—444)

Sttt

www.energetic-materials.org.cn



/N AR TG R TE e R W R A5 K 2 v Bl R WF O o T

435

0.001 mm’, JSEAL G AR AT T — LA M {19 Bt
FELEIE AR SR N RE G I PBX IS MM F e 7ok, &
BN () 43 HER R &, R T 090k RO
S5 R BN 5 (2) 78 5 5 B R 25 B, W 25 R 4 %
2 BORE A B 52 00 5 (3) JE A 2l A W RE 1 R 2 L A
R R B 8 v A A

INFR BT (SAS) 2 e AE 10 5T D3 8 40 oK RUJEE 285 449 1)
FEREARTFB . B0 PBX MR 20 T 45 5], o7/
FAECST (SANS) I X 542 /N f U (SANS) B 34 750 45800
FE SR AFLZ 310 100 mm? R 1T mm?, B 05 5 2 B (Y
SRR G ¥ 0E B K25 SR A 2 32 8 R HE A
B AR5 U 5 X 55 58 R R A 446 X 58 B AR B S, SAS HE AR
Al DLE B A4S PBX PN A A AL A B B ak DL K AT T
PR T X5 HE 43 A AS TR HE Uk PBX (U 4s 48 1 25 57
T Hr X AR 7 2R U (H AT DAY SR A% O K
B =3.74 fm F1 6.67 fm) , 38 i 5 A8 AR 7T LA
N 45 PBX 41 TG B ST K B R R aE oAl A
SANS # AR 43 J5 3K B PBX Y &2 2= Tl 45 40 15 8., 9 4n 45
) K 2 5 R Kl 45 0] LR = 2 22 el i L e AR L R
ST SAXS B SR G R , FF A I S (), AR A AR AR
] A 8 S 6 R Can b v B R ) PBX A9 I 4K i) (] 24 0.1 ~
10 s, $5 95 A5 %F PBX FEAT JRUAL 2 25 0L

[ 20 128 90 4R AR | 95 [ I 5 A o B AR F 5 Bt
Los Alamos il Lawrence Livermore [H % 52 56 = &2 T
UG 1 SAS T 75 R AE PBX A & 2% il 45 4, HLAF 9% K3k
0T =AM B BB, 20 4l 90 AR AR fif
SRACIR R I BK 2 B 98 PBX A A 1w AL &5 4 0. 28 —
B Bt , DA 2000 4FE F 1R, 1 FH SAXS 452 AR JF J& PBX 1 )
PR IEFE 075 7 T SAN'S 52 AR BIF 5 K 4% 70 F 4 A4 98
TR A R R T Ay BS54 5 =B B, 2010 4F
Fe AT A, of AT B A 4 R T R R 45 700 A PBX 1Y
FLAR A S 1% 07 ik HERR TR iR R X PBX 4544
FRI5E T 710  F EE ZN R (USAS) OS2 AR B gl ok =
K B G FLAR A B B, T B R N R o B
) SAXS Hi R IF & PBX M R =i o . R E7E
2 R B RS 20 A R B e, b [ TR A BT 5 B A
Yy 5 Ak 2 WF 5T B Rk TR BHTE 58 9 [ 2002 4F i T
U6 N FH ) 20 4 3 SAXS B AR WF 58 AS [l il 46 7.2 TATB
i AR B4 40 K LR 25 4 5 Bt S B SAXS HE AR BIF SR T
B FLFE A (HMX) (7S il 5675 Sl 2% 570 2% 6 (CL-20) fy
PRTE TR VR FH T Il A0 5 201 2 4 3 T 4 g
FH SANS $ R JF B PBX I K 45 7 0 Jy #4115
FgEte,

CHINESE JOURNAL OF ENERGETIC MATERIALS

25 I, SAS Hi R 7E PBX 114 il 45 ¥4 1fF 5% Jy i E A
IREE R G M b T i R R AR S, R
HARAE PBX S H 414y M4 KL 0 AF 5% o HAT S ZE AN
AHXT T B 1 SAS W 5T X4, PBX WY 4140 R 45 #9 3 y
% HMEA ZRE 20BN RE, RN
BT I 2R B 1 B o A RO LR R KA o AR
3 [ 4 v YRR ) 25 e R T 2R 3 R 2 1Y
FH P T B 56 VE Il ) SAS KB 27 24 B JF & PBX 1 #F
58, SR H ET B R G A 8 S SR T AT AR
SEARMEGE Ik MR o sl A& . 5T UL BRI, ALR
WA T SAS H AR T 1L RIS F T PBX Y J5 A6 g #4
Ik R LK IE G0 TR BT PBX B 45 4 I LR R
SAS B 43 B ASE Y| I e A5 AU (14 38 JH 4% 4 R0 9 B
PEAT T AR ARG B4E T 20 A4 Ok [H N 412 3 R
SAS H AR WFFE PBX (1 8 22 50 50 45 R R 4518, W S PBX
1 0 FAAB A5 Rt 235 590 1) S A A R sF ) 43 ) T AT
RS WY 9T S i 22

2 SASSEIGF ik

2.1 SAS FF ik

BA T NG OCH e b ) B 00 A T 3
SR SAS IZ ISR T4 5T oA B A 45 AR (L R
DA% O B B AR ) Y. SAS EEAR T LU
RS AR AR R ORI R AR
5 A A T e e e X R R N A3 B AT Bl A W
BE S B SRS A AR AT (I 1) o 38 T gk B R
ORI 25 10 ST IR S 4R A 4o B RS B AR A O
JU AT F0 ik 4 He B SRR R 15 RS R i g
(g=4msind/A , A Fom A G ST UK, 0 R B A Y
— 2P MY R R, X 1-q B AT B v B AT A S A
AR T 25 45 8 % 0 SAS 5 AR F0 ) il 51 g [X T
9 0.01~5 nm™", XJ i 52 25 [ ]ROBE i [ & 1~600 nm
(3% B FH 2w/ q Al 5, 76 S BRI 52 ob g R 7 A R R
sF— AR I 300 nm) s USAS 3 A& Al 8 e/ g 3E i &
0.0003 nm™", HHLAY (R0 RS E 0.1~20 wm'™s

neutron

X-ray

Bl 1 SASIIR /R E A

Fig.1 Schematic diagram of SAS experiment

A A AL 2019 % % 27 % % 5 (434-444)



436 FT ot 5056 25, P58 R XN, R T PRI R, B, BEIGE 2, X1, 24l B

2.2 EATFPBXWEMIFEMEHILE

PBX & — il B SO R}, S 56 i R X A A
A7 B AL BE AT A A, IR 45 IR 2 B K S TR
T, UL T 21 °CRy 2 R BE W] W 2 7 A8 IR S5 06 75
Ko PBX Y Jy 2 4% LT v ORS R D i L AL,
0.1 pwm MY FE NG B ] ) N A% i 4743 ks il . i T
PBX 1147 At 157 AR AR /I, PRI okt 38 & (1 A 17 22 e (B4 9 5
55 ) 5% R 45 (L 2) 19 5 =% R S e i o g o an &l 2a B

SRR AR AR A X (L AT R E A
T2 BN RNy, e G AL TR RS ANt
S il KE I SR 7 A N 2, ¥ 2 I8 O B L AT 5 i A A
FR DT C 1 s 7 T R R N A R T R B B
— X T R T A N T XS il
JH SR W5 IV fe 9 B

sapphire window

a. stretching(Brazilian test b.

B2 PBXHYJImEJr =
Fig. 2 Mechanical loading methods of PBX

TER AR v A Y B S A i 5 o ke 1 JLFD
FEXFPBX Y ) M3 o Bl 3a & — M il Y Y I oL
T W BT T I A B2 10 em, IR B £0.5 °C,
T 2% 3 R AN R AR Y. B 3b J& —Fh Deben fi
F12E B A, BA 200 N A 2000 N Y g 24 1 1888, 5t
LI ) 5 AN A ) 8 s A A e B
A S PBX (& 1~3 mm, HL 42 10~20 mm) 7 [i] 4
FLAP L AR Y SAS TR . 1Bl 3¢ S —Fh B 4T SANS 525
f9 PBX JUAL T 4 2 L 18 FH W 52 A0 1 D A A i A5 TR A
S5, A P A 42 Ao =R R E | A TR I A Y 52 PR
AR Z U I B KRR SR T 2E AR 1) 5 rh R
AT, XA SN 20 kN BY R T, fE i A2 PBX A R
7 45 1n 28075 5K o

compression

3 X PBXHISASHIFE ST iE

3.1 Guinier &
Kb T B R T (A A 28— A) 49 ok RUEE 1Y)

Chinese _Journal of Energetic Materials, Vol.27, No.5, 2019 (434—444)

a. miniature oven™’  b. miniature mechanical testing

machine

—]| servo motor

ringlike mechanical
sensor neutron|beam

( N

1

c. compressing loading device'*

3 PBXIY 1 ki &

Fig.3 Mechanical and mechanical loading devices for PBX
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Abstract: Small-angle scattering (SAS) is a useful technique to characterize the complex multi-scale microstructure of polymer
bonded explosives (PBX). In this review the experimental methods, data analysis models and selected applications of SAS for
PBX research are presented. First, the in-situ temperature, tensile and compressive loading methods suitable for PBX are dis-
cussed. Second, the commonly used models such as Guinier, interface, polydisperse particles, hard sphere interaction, and
fractal are summarized and their applicability to PBX research are described. Third, research progress on mechanical and ther-
mal damage, binder microstructure, sensitivity, and denotation carbon product analysis over the last 20 years using small-angle
X-ray and neutron scattering techniques are summarized. Finally, the advantages of SAS for PBX research are summarized. In ad-
dition to the quantitative research of internal multi-phase interfaces and multi-scale voids in PBX, the review points to the contin-
ued development of ultra-small-angle scattering (USANS) technique, in-situ mechanical-thermal coupling loading of PBX, and
data analysis software.
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