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Research Status of Mechanical Properties for Composite Propellant and its
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Abstract: In order to improve the mechanical properties of composite propellants, the research status of the mechanical
properties of composite propellants at home and abroad in recent years is analyzed. The mechanical properties of composite
propellant can be further improved by improving the mechanical properties of binder matrix, enhancing the interface
between solid filler and binder matrix, optimizing the composition and particle size distribution of solid filler. The results
show that the research can provide theoretical and practical support for further improving the mechanical properties of

propellant.
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FEH IR (22.2°C) M i (73.9°C) I, 2R & 71
B BORE S B RE W, R N AR N RS S A R
GV I, BEE N ARG N, RG0E T R
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I RS B, BRI RSP R A R R A
() A% 33 7 O R B IR R IR, AR T e
7 02 BE R B U SR R AT AR AR X i
HH T /i (hydroxyl terminated poly butadiene,
HTPB) i3k 771 $i7 1 I 10 Tl W0 &5 4 A RS0 2 % A%
HEAT I 7 R, AR (—54°C ) B RG A 77) 98 44 550 B 1 4
A PERE AR IRy B BRIRRA LR &
i (71°C) I, fl TRl & 77 2R A4 i B2 B AR, 7 ] A 3
BT 3 2 AT, RS0 O AE KL & 77 25 A i s R B
AL HERE R /) #PEREREAR, WI{E-54°CI HTPB 1
BE ) fe KL 58 (0,,) 9 2.04 MPa, TiI7E 71°C I
HTPB #3711 0,, A 0.15 MPa'?l,
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B % M %% 5K A Y (interpenetrating  polymer
networks, IPN) & —REFERIM w70+, Ho
TER Dy 2 FhEk 2 ML E SRS M) 2% AH B BT % JIPN
U R — P EL A R FLE D 2% 4 R R BT B 7R AR
R AT (DT ARG A R e g RO

HTPB 1 B & & N M R T B (butyl
methacrylate, BMA) J& ) IPN K& 75 2& R 7E 25°C
W o, 4 1.4 MPa, & KM% (g,) &5 T
576.6%1. 4k, HTPB 1508 fif R 5 bif i 3 1k B i
il £ 1) 21 128 I 2% 5 A W) (semi—TPN) it & 77 44 1)
O M &, 53 B ATIE 2.3 MPa Rl 1 860%*%1, i IPN
Al semi-IPN A& I ZEAR R 2 e B T2 A
HTPB H & 71344, JR K 7E T IPN F1 semi-IPN ]
[FAE AR T 3 — A R PE AT, e B BCSE 2 A B R D
o3 RS5O 43 B8, Wb R X R B 7 R AR )
PR SGERIE T RIFHR.

AR IPN B¢ semi-IPN £ AR FH T & gkl & 71
B, A B AR G R ) ) M RE R R, $R
Hpe /Kl sl SO 3R 13 ) semi-IPN 5€
B8 46 /K B i Bk (glycidylazide polymer, GAP) /i ¥
FTE 3L if (polyethyleneterephthalate, PET) X5 &
FBE AR () FE AR E 1 R 4P, 25°CHY 0, 9 9.7 MPa.
FFER () N 1 010.7 %1, HI# T 254 GAP Fh
HFEAR, SRR AP XU L % ) semi-IPN GAP/
Uity $2 ik B AL JE Bk (hydroxy terminated polyether,
HTPE) ¥ & 7 AR AT $2 i A g v, I H
R RME G, 25 CI I o, A 0.32 $215 2 5.72
MPa, semi-IPN GAP/HTPE i & 71| 5 A 1) ¥ 45 25 #4)

a1 TR,
N
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J\A,LAAT/\\J\JV“\/ E-b GAP
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BT 8 0k 5 b B e AT 4 1 R R e
7, Ok U A A I HE I ) B A gk — 2 N G
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HTPE/GAP & FIZEARTE 25 CH R 24P B KR
$ewmr, [FE HTPE Al GAP AHZ M R4, I & HBLAH
Gy BSOS k25 PNk A g £ g8 B (fluorine
containing polyol, PFD) 5 HTPE #4714k 22 IR f5 &
W, PFD MIIIAALGESE N HTPE L8 RINIE, &
RE I N AZ B A 8] 4 &, JEIf42 7 T HTPE/PFD A
B FFEARTE 25 CHERY J12%MERE

iz PR p R AL &R, DIRT B
(polytetramethylene glycol, PTMG) Al 5 2. — g
(polyethylene glycol, PEG) Fki& 7, il & — M4
W) HTPE #EREF . AH LG T % 8L HTPE #EE7], J&
fr il & HTPE HE 2 77 iRk & 77 B 44 i 2 i B 0 22

RAET R, B R kG A 70 2 A4 A IEDRE [A] RS
SifEH, H25CHI 0, 1 0.26 9% 0.81 MPa, ¢,
B 21.3 %M %2 50.1 %, XABUK HTPE #7517 %
PRt — DR A R A E 2R L.

A, Bz HE SRR HE o © N
(poly(e—caprolactone), PCL) % ¥ HE 5% 15y ¥ 7K 4k R
J1 BB ZRERES] 5 ae 3 2R AE 25 1 i A
LA, dEIE AR v, K PCL B RS &7 T
M3 HTPE HESEFI 1) 715 6. PCL B A v ]
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H8 iR 5 7R R AR B S IBRAE T ORGSR
FHIAE T, AR HERE R ek Re, U SR
R R R MGE, T0CHHERFIK o, H 0.25
FEE 2 0.48 MPa, X Ni&H] T2 4 2 A AE A B
5 Tk 3 AN SR A A B ) BE 5 T A
2.1.2 B Ak F0 2 dk Bh 7 65

R & AR g - M e 5 AL B BE )5 Th
HE B 712 UIAH 9% o 2k &5 Ay 1) (3] 1 791 =5 T e B 771
& 1Rt 7R R R 3 I I e R, o
FRYSE AR 32 s A2 BB 43 g ) ] 4 7] B ) /8 B 711 e kS 1)
HOSE Ty o ARSI, B v 0 ) e B,
R, ARk 2004 . DR B ) i) & 34 A
HEE ) T 2 Ve RE B SR A T R R AR R R

i< = A > SEVANE A L S S
(hexamethylenediisocyanate, HDI) f1 % B &8 & [& L
A (LM-100) v & K [ 16 57 K R A & 0
(polyethylene oxide , PEO) #fE it 71 , = Jh i H
LM-100 [¥] PEO #EHEFE-40~T70°CH (1] 7, i »
HasF gk 1 proRt,

F 1 BT PEO HHFI W F RN

-40°C 20C 70C

FE 6, JMPa  e/% o.JMPa /% 0. MPa &%
HDIIZ)LOM’ 117 77.14 065 1140 056 8230
LM-100 120 8825 076 1153  0.65  77.49

TR TR B M DR A 7R A FR) A B EE AT
WA RS, AR TR SR 0, A1 6p;
Y BRI BE 5 BOY R sk, RS R B A
WO 2% S K0 B K, HEIE TR Y 0 BT 6 BUAG,
ANAY B 77 HTPB 2 7 ) 77 2 PERE 45 SR A0 3% 2
ARG, EAE R B R, R [
WZSH, R SRBG & T SRR MR BRAE T, S mifERt
FUHS 0 AR5y THETE BT 22 FBOL &, BEALDY.

®2 ATREY HEFIE HTPB HE i 74 715 1% 68

-40°C, 100 25°C, 100

70°C, 2 mm/min

¥4k ) mm/min mm/min
o,/ MPa  &,/% o,/ MPa  €,/% o, /MPa  &,/%
x 1.76 74.7 0.58 79.3 0.32 76.2

=B 2.37 75.2 0.88 79.0 0.51 62.5
T =8 2.46 83.7 0.64 82.5 0.40 73.8
—% =T
— B
st R = e 1.98 22.7 0.85 31.1 0.54 13.9
—R/ABE 244 62.4 0.65 72.6 0.35 73.7
Wi 2.82 32.2 1.21 25.6 0.69 19.9
I F K AR
AR e

381 90 L 8 4 140 R R 9 9 R K (nitrate

2.41 83.0 0.69 93.7 0.42 75.1

2.18 34.7 1.04 40.5 0.55 20.7

ester plasticized polyether, NEPE) #Eif7|, g,
T SR B R e ME DA R A B v HE R ) 1 e AR
FAPY, i = B A e W X HERE A o, FOHR R B
B, At st 6, B0 3= R =
2 H F P 4¢ (trimethylolpropane, TMP) . = 4 fi%
(triethyl amine, TEA) fl =&AL = 4 BEf& 4% &9
(T313) 55 A2 B 7] e % 15 9 Kl S 77 58 44 1) 4k 7 22 1Bk
TER, AHLA S A AN B i, PRI T 0 1 BE Y
TE Bl RE

BEXS LRI, R A SN ART R T T RS IR A
WEg AR, R MBS 2 & R I KB

(hyperbranched multi-arm azide copolymer, POG) 4514
wmE 2 FroR B Btk 6 K B (modified
hyperbranched polyester, MHBPE) £5 #1114 3 fP
%, POG Al MHBPE [ 2 f f ik S HE RE W S 1) /) B,
T3~ SRR G R AR S OB A R (VR T ek
HEHERE ) ) 1 R

POG
E 2 POG 4#
o 9 on
HO—@—OH+H C~CH )—C—Cl%» +TEA-HCly
HO Jyy OH MHBPE
HBPE HO, OH

AN —— _O_(“:_(CHZ?G CH3
O

[ 3 MHBPE %#4

FAh, FEEAFIEENFRERR R —, H
Jir DR T 0 20 %) [T A e s 700 g S G 5 751 22 A 110) oK) 8%
SR TERVE IR, FRARN I 2, FRARHERE I8 )
e,
2,13 HHEWHEY

SR A RR A 1S K B AR, $E SR A
S FHERIE BN RE ST, R T o e R R A F (]
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X RH N-IE T 2214 4 £ 2 i i (N-butyl-N-
(2—nitroxyethyl)nitramine, Bu-NENA) 3 %3 [1] HTPE
R AR, v i 1 ¥ b PR AR L g 2k RO,
TR X (2, 2- TR RN ) 4 £ W 4R g
(A3)/Bu-NENA ¥ () PET HE#kF) /724 M RE AT
Sy HTR B, B0 Bu-NENA 4 &, PET/A3/Bu-NENA
HEBEFI o, AR, BEIR Bu-NENA G874 R PR I 4
BRI B AR TR E, {H Bu-NENA X H e, 42
EE A &, % 3y PET/A3/Bu-NENA #3571 (1)
T35 R IR g R
% 3 PET/A3/Bu-NENA HE# 5 B 15014 R

Bu-NENA -45°C 20°C 60°C
/(wt%) o, /MPa  &,/% o, /MPa  &,/% o, /MPa  &,/%
0 3.52 57.9 1.64 74.2 1.01 63.3
3 2.66 65.4 1.45 65.2 0.84 51.6
6 2.09 62.7 1.23 65.1 0.78 55.7
9 1.80 61.1 1.06 70.7 0.63 44.0
12 1.58 58.3 0.95 77.3 0.61 61.8

WIS R, 2 SSRGS A R SRR B S B AE
FEARAHE A A o B2 s G BE LU A, S BHAS 2L A X 2%
CEFBEBCINIE B, S R A () 4 e R 1

BRI, SR it — 20 48w HE 3k 5 ) 0 S v e A =
T M R 2 07 T 6 HE R 7 2 M R AT 4R A
22 HEFEEA

3k 7 1 T A A AR A B 80wt% LA b, X LI
LKL A 751 B A% 8] F 10 00 A 280Kk 45 A& 3R A5 70 7 M R
B R 77 1) 0 B2 L) BRI, IR S 4 LT 1
FHUES ,  1X 72 R Ay ey i 2 il U SEORL R 8441 jie 1 &
BEEAER, KREEMRE IR ML, Huriig
Rt §E PRI ARERE Jy, 7™ B 5 A 3 7 1
R S1FNERE I 2 AR X SRR AR A [B] B T A
WA S i /N Y e of b ) B, A A
R I N B A 7R A DA eSS T AR A

NGy T 2 S A R R AR R P
FEAL & 2 F2 B g e Bt 5 71 (LBA-604) J5, PET ffE
B 0, 19BN, B TERFEEGEN, X4
N PET HEHEF /75 M B Dk 45 S 10,

#F 4 LBA-604 3% PET ##EFI hF MMM

-40°C 20C 60°C
o,/MPa ¢&,/% o,/ MPa &,/% o,/MPa ¢,/%
&4 LBA-604 1.69 150 0.60 23 0.47 23

4~ LBA-604 2.10 149 0.64 31 0.49 21

A, N TSR, W 4 F T
(tetraethylenepentamine, TEPAN) f& H A7 4E ¥ RE#E =1
HEREFW hEERM T2 = 4K K

5

(triethanolamine, TEA) {5 & 7743 H B A2 12 = 4k
BEFI 722 ERe, (G253 MR 2 R4, PRI
TR,

A e JE A AL B (tris—  (2-methylaziridinyl)
phosphine oxide, MAPO) # & 7 fE 2. 3 2 %=1 AP Al
Fe A E] 254 S, MAPO Hh B BN E RETE AP 1Y
R T RAETF IR RS, REfE AP RINE i
R, /B MAPO g 203 HERE 0 1 3 g, B
S AFAEH 53 0 8 : MAPO JE R P 24 2 5 # b 4
WIRFE M. MAPO S RHUE DB, FEUE
R IS AL MAPO Ky FE D &=L 7], F
FIHE R 25 A AR

N FREE ], Koy 78 & A B A R
PEEE R WAL RS 2 . A G in i T A Ve 5 re i 98
FERA . KT REB #ER. Ko TRE/A
BB 7R (048 FH e DR S R AR AR ) 2 e . X
N B IR FESS AP R TE A e % &
vy, WIkfes AP MR B AEN, En kA
5 B 1) B ST RS, A IR S R H PO,

BT RS R AR e, TG o S AR
K&, WA A B VR, DL SRR &
A BB A Y e R A WA
(neutral polymer bonding agent, NPBA) Jfif#ht b ik
i) R T T RE . NPBA 58 1 B AR AR PR RS A 71
SRR I B R A A, AR IERE R T AR AR
ek WA 1 FHAS 2 o 52 A 3R 1223,

fi 1} NPBA fJ PET #fEiE 5], 7E-40. 20 F1 70°C
(K] om 77 AIAR B T 4.7, 3.3 Fl 2.4 %, /b & NPBA 3t
BE 3R m HEHE A ) Jy 2t e Y (HIE T NPBA A B X
3, 3- (BT E) EARIFT b 5 VY Sk iR 3 5% 1k
(poly(3,3'-bis-azidomethyl oxetane)—tetrahydrofuran,
PBT) #EE 77 77 5 ME e 2 & I, 1 T NPBA K #E
[l A0 5 i S R AR, NPBA & =i 2 4% 52 [l 44
SE, BT BEAR AR 1 77 1 ) 22 e, AR NPBA &
& PBT #EHEFIM J1 2 M B 5 Rk 5 prost,

&5 7 [E NPBA &8 PBT ##HFI M 1 F M4

. ~40°C 25C 70°C
NPBA & &/(Wh) — o 7% owMPa 2% ou/MPa 2%
0.00 118 2711 030 2711 027 5013
0.05 121 3025 044 2875 036 4526
0.10 136 37.16 052 30.16 043 48.57
0.15 141 3850 054 3065 047 5085
0.20 136 7228 048 23.58 042 37.29

2.3 BEMRERLE R KRR R B
W] A SEORE PR 2 B8 WL 2 R 2% T 45 0 7 52 ) ik
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IR EE IR R, BAR R AL E 1 AL R b o
ER, HEAG . & Re DR 5 R & 7 B AR 1) 45 A g
B, KO FEAEHFEI BT KN, %
Wi 7 AR BT LA, BRAG B A AN, Xt 4
HORHH 4y AT A R0 AT S B E, thRRTE —
SEFEE AR HE R 1) R

e BE T 7E-50~-10°C I A W T 2 3 (& 4) &
TN, WAL, FEARAT AP URL IR G I R R,
3k 7R AR A 0 HL G, 1% 2 5 BUHERE I FE-50°C i) ZE i
R FH AR EEFEEP, — s> AP S &
B N 5S R o T  R R PR A R e
7 GE A 2R (g Y

" particle brittle

(b) -50°C B+ HTPB 3t A 9 b7 & 7 4%,
Bl 4 RESERT HTPB # i3 49 kA & 5

e A, A T [ AR RE (F2 2 AP) &b 11 R
NBRES, RAGEF T HIL, FFLiEERE
FIFEAR R, Som e R A7 e RED . ik, i
R AT A E R BT, IR HE R R
DLIE B 40 BUSL g B0 1 e H ). AP
2GR RIS (AP Fif2N 178~250 pm, 250~
420 um), HEIEFIMJF MR EER S, H 60 CH
om N 1.04 MPa, —40°CH} &, J 74.7%°,

3 ZERIE

Pt BV /T LR Bl LA i
i o] A% SR ARG & 770 2 R TV T P A ] 4R SRR}
2R WL BE 2 I 5 2 0t — U B B HERE R 0 Ak
RE IO BRI AR . R oRIE 77 4k S0 B & HERE 77 7)
FYEREITIT T, WRIFHTik. ok, DU 4
FHE I 7 A2 A R A AN W R R S L g S E R R

TR o MAL, FEGE B A A HERE R ) A v RE I R I
EAE . UL IURFIE R S . el S AR
S A Ja B A EE R AR B R T T
S K -

[1] »lgkde. KBS FHEM]. 7 bFRIXF
R A, 1997: 19-25

[2] FEZE. BikFEHEANLTR BT[] KD FEHR, 2021,
44(3): 1-2.

3] #ER. BRBEHAMNFEHAM] L7 FrEL
K% AR, 2015: 238-239

(4] FRE, W, Fas, £ RAERIZES T BAEKHE
B HAB A A TRAE[T]. HERH A, 2011, 32(1): 32-35.

[5] LIY, JIE L, SONG M, et al. Different catalytic systems
on  hydroxyl-terminated GAP and PET with
poly-isocyanate: curing kinetics study using dynamic in
situ IR spectroscopy[J]. International Journal of Polymer
Analysis & Characterization, 2016, 2(6): 495-503.

[6] ZHANG L, SHEN Z B, LI H Y. Effects of superimposed
pressure on the mechanical properties of HTPB
Propellant in a wide temperature range[J]. Propellants
Explosives Pyrotechnics, 2020, 45(8): 1216-1226.

[71 LIU C T. Strain Rate Effect on Crack Opening and
Growth in a Particulate Composite Material at Low
Temperature[R]. USA: NASA Technical Report, 2002.

[8] LIU C T, SMITH C W. Temperature and rate effects on
stable crack growth in a particulate composite material[J].
Experimental Mechanics, 1996, 36(3): 290-295.

[9] LIU C T, SMITH C W. Near-tip behavior in a particulate
material under constant rate including temperature and
thickness effects[C]//ICF10. USA: AIAA Journal Press,
2001.

[10] SMITH C W, LIU C T. Global and near tip response of
cracked solid propellant[R]. USA: AIAA Journal Press,
1993.

[11]IDE K M, HO S Y, WILLIAMS D R G. Fracture
behaviour of accelerated aged solid rocket propellants[J].
Journal of Materials Science, 1999, 34(17): 4209-4218.

[12] BENCHER C D, DAUSKARDT R H, RITCHIE R O.
Microstructural damage and fracture processes in a
composite solid rocket propellant[J]. Journal of
Spacecraft and Rockets, 1995, 32(2): 328-334.

[13] HE Z C, XIA Z X, HU J X, et al. Effects of aluminum and
temperature on the tensile mechanical properties of
lithium-perchlorate/polyvinyl alcohol-based electrically
controlled solid propellants[J]. Propellants Explosives
Pyrotechnics, 2020, 45(3): 493-502.

[14] TOULEMONDE P A, DIANI J, GILORMINI P, et al.
Effects of small particles on the mechanical behavior and
on the local damage of highly filled elastomers[J].
Journal of Materials Science, 2017, 52(2): 878-888.

[15] LEI M, WANG J J, CHENG J M, et al. A constitutive
model of the solid propellants considering the interface

strength and dewetting[J]. Composites Science and



* 120 -

Ex e 341 &

Technology, 2020, 18(5): 107893-107904.

[1I6]HU R Z, PRAKASH C, TOMAR V, et al
Experimentally-validated mesoscale modeling of the
coupled mechanical-thermal response of AP-HTPB

energetic  material under  dynamic  loading[J].
International Journal of Fracture, 2017, 203(1-2):
277-298.

[17] Tong X, CHEN X, XU J S, et al. Excitation of thermal
dissipation of solid propellants during the fatigue
process[J]. Materials & Design, 2017, 128: 47-55.

[18] TONG X, CHEN X, XU J S, et al. The heat build-up of a

composite loading:
Experimental assessment and numerical simulation[J].
International Journal of Fatigue, 2018, 116: 323-333.

[19] kB E, k¥, Fiz %, §. HTPE/AP/AI/RDX 3 it 7
B A F R[], KM SR, 2021, 44(5):
686-692.

200K G m. ZFMA&RAH[M]. 7.
1990: 48.

211K E, L%, HER. ZFRAYRNLHRNTT I
HEA R A IR R AR A [T]. Mk I, 2006,
23(10): 87-90.

[22] SONG X J, LUO Y J, CHAI C P. Effects of
Hyperbranched Polyester on Mechanical Properties of
HTPB Polyurethane Elastomer[J]. Chinese Journal of
Energetic Materials, 2007, 15(4): 352-355.

[23] LI Y J, L1 G P, LI J, et al. Preparation and properties of
semi-interpenetrating

polymer matrix under cyclic

3B T R AR,

networks combined by
thermoplastic  polyurethane and a thermosetting
elastomer[J]. New Journal of Chemistry, 2018, 42(4):
3087-3096.

[24] OU Y P, ZHAO Q, ZHANG W, et al. Fabrication of
glycidylazide polymer-hydroxyl terminated polyether
semi-interpenetrating network via synchronous dual
curing system[J]. Materials Letters, 2019, 237: 152-155.

[25] ##* #. HTPE Bt GAP #4 A4k 2 M4t & 0 A #F 7
[D]. b7 dwE L KF, 2016.

[26] ¥ B A, HAEHF, KX, F. HE RSB S A 05 &
B AR [T]. A4k, 2020, 34(10): 10187-10191.

[27] CHEN K K, WEN X M, LI G P, et al. Improvement of
mechanical properties ofin situ-prepared HTPE binder in
propellants[J]. Rsc  Advances, 2020, 10(50):
30150-30161.

[28] YUAN S, ZHANG B W, WEN X M, et al. Investigation
on mechanical and thermal properties of HTPE/PCL
propellant for wide temperature range use[J]. Journal of
Thermal  Analysis 2022, 147:
4971-4982.

[29] YUAN S, ZHANG B W, WEN X M, et al. Influence of
strain rate on mechanical properties of HTPE/PCL
propellant applying to wide temperature range[J].

2021, 46(4):

and Calorimetry,

Propellants
618-625.

Explosives Pyrotechnics,

[30] KIM C K, BINB S, AHN J R, et al. Structure-property
relationships of hydroxy-terminated polyether based
polyurethane network[J]. Polymer Bulletin, 2008, 61(2):
225-233.

311 3p2m, TEA, TERE. RISALEEN N FREN
FARFEAR[I]. K% FIR, 2008, 31(4): 67-71.

[32] 3) & 46, B B A TR A AR 3 A 5 H AR AT T[T
B4R K AT K, 2004, 27(1): 53-56.

[33] &%k, CEk, £k, ¥4 7 2 HTPB/IPDI 3 it #
HF Ak e Boem[T]. BlAR K ETH K, 2000, 23(2): 52-55.

[34] MKk A4, LEMk, Tl —BEF AT HIEA
ey Fm[I]. B4R KATH K, 2000, 23(4): 23-28.

[35] RZEM, kD-F, #4&, §. 45 NEPE 74 A
FHAEGF o [T]. AR, 2003, 24(1): 74-79.

[36] YARMOHAMMADI M, KOMEILI S, SHAHIDZADEH
M. Studying crosslinker chemical structure effect on the

of HTPB-based polyurethane[J].
Pyrotechnics, 2018, 43(2):

tuning properties
Propellants
156-161.
[37] WEN X M, ZHANG G P, CHEN K K, et al. Enhancing
the performance of an HTPE binder by adding a novel

Explosives

hyperbranched multi-arm azidecopolyether[J].
Propellants Explosives Pyrotechnics, 2020, 45(7):
1065-1075.

[38] WEN X M, CHEN K K, SANG C, et al. Applying
modified hyperbranched polyester in HTPE/AP/AI/RDX
composite solid propellant[J]. Polymer International,
2020, 70(1): 123-134.

[39] OU Y P, JIAO Q J, YAN S, et al. Influence of bismuth
complex
hydroxyl-terminated polyether-based polymer bonded
explosives[J]. Central European Journal of Energetic
Materials, 2018, 15(1): 131-149.

[40] YUAN S, LUO Y J. Mechanical Properties of
HTPE/Bu-NENA Binder and the Kinetics of Bu-NENA
Evaporation[J]. Central European Journal of Energetic
Materials, 2020, 17(1): 119-141.

[41] 2/ak, Wk E, KEX, F. Bu-NENA/(BDNPA/F) A
S WREEIER A LR HFRENE ZHoT
##E, 2018, 16(6): 51-55.

[42] ik, MEMW, A E, F. 4045 &2 NEPE bl
A eg )], A A, 2004, 25(1): 93-96..

[43] YADAV A, PANT C S, DAS S. Research advances in
bonding agents for composite propellants[J]. Propellants
Explosives Pyrotechnics, 2020, 45(5): 695-704.

[44] WANG Z, QIANG H, WANG G Experimental
investigation on high strain rate tensile behaviors of
HTPB propellant at low temperatures[J]. Propellants
Explosives Pyrotechnics, 2016, 40(6): 814-820.

[45] OBERTH A E, BRUENNER R S. Bonding agents for
polyurethane[P]. US, 4000023, 1976.

[46] ¥ EfR, EHW, HEA RELXFEEKRLASHERAN

catalysts on the cure reaction of



12 7

HE: B HEE 0 Ak RE S L SO ORI JT it

* 121 -

N F RO e AR BT R[]
846-851.

[47] HASEGAWA K, TAKIZUKAM, FUKUDA T. Bonding
Agents for AP and Nitramine/HTPB Composite
Propellants[C]//ATIAA/SAE/ASME, 19th Joint Propulsion
Conference. Washington DC: ATAA, 1983.

[48] ALLEN H C. Composite solid propellant with additive to
improve the mechanical properties[P]. US, 3745074,
1973.

[49] HORI K, IWAMA A, FUKUDAT. FTIR spectroscopic
study on the interaction between ammonium perchlorate
and bonding agents[J]. Propellants  Explosives
Pyrotechnics, 1990, 15(3): 99-102.

[50] #k &, vy, Bk, 5. 48564154 HTPE it A
HF WAl LERRNE FH T A, 2008,
16(2): 39-42.

[51] TOULEMONDE P A, DIANI J, GILORMINI P, et al.
Roles of the interphase stiffness and percolation on the
behavior of solid propellants[J]. Propellants Explosives
Pyrotechnics, 2016, 41(6): 978-986.

[52] KIM C, YOUN H, NOBLE H, et al. Development of
neutral polymeric bonding agents for propellants with

i3 K, 2014, 35(6):

polar composites filled with organic nitraminecrystals[J].
Propellants Explosives Pyrotechnics, 1992, 17(1): 38-42.

[53] KIM C S, NOBLE P N, YOUN C H, et al. The mechanism
of filler reinforcement from addition of neutral polymeric

agents to energetic polar propellants[J].
Propellants Explosives Pyrotechnics, 17(2): 51-58.

[54] & HE, B 24, REE, 5. PHRSHHEESH 2T A
Mt AR @y AE A [J]. HEEHE K, 2001, 22(4): 337-340.

[55] %%, WAEE, ok, F. B4 A MR Eg A
BAMO-THF 33t 7 7 F e Hwm[J]. LFHEEHN S
Z 5T A, 2011, 9(2): 64-66.

[56] R F, B3k XK. MAPO 4% 4= AP R B AT T F i 3t A
B F AR Foom [J]. B AR K AT HE K, 2011, 34(3):
329-334.

[57] B4, F# L, £, . HTPB ik fl a9k A &
PEAR[T]. KX 25 4R, 2012, 35(3): 80-83.

[58] £ Ek, Fa, 3@ THAARECLEANTAEIZRE
et 7 B AFR[T]. AEFEH K, 2001, 22(2): 162-164.

[59] £ &, H4& K, F#HE. & Mik HTPB/IPDI 3 #t A 1K 2
HFEBEFR(] ) AP A T LB A PA 9% a[]]. B
AOKAFHO K, 2000, 23(3): 29-33.

[60] Mrpt, x| &=%, Bb&eh. 214 %34 HTPB it 7 Mok
MAE A A H ok [T]. KO 25 4R, 2007, 30(5):
62-65.

bonding

sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk skeosk ok skeoskoskok skeoskokok sk

(E3ESE 108 71)

[2] ML, »FEL. RDX WA R T EARHREI]. Bk E
#,2012(2): 11-15.

[3] ZHANG Y X, CHEN H H. Simple modelling of static
drying of RDXJJ]. Scientific Journal of Frontier
Chemical Development, 2013, 3(1): 13-24.

[4] A&, 2%, MK, . L F HAZOP # RDX &4t
L8 TR RG5> A[I]. T k%A 53 A4E, 2020012):
11-13.

[5] &4#4E. ZhA50ERABRRKRTIEMEL[D]. 47 &
TR I KE,2016.

[6] MUNDAY L B, CHUNG P W, RICE B M, et
al. Simulations of high—pressure phases in RDX[J]. The
Journal of Physical Chemistry B, 2011, 115(15):
4378-4386.

[7] Bwe%. L&isb4 4 RDX A fEHLEE o5 2651 7. (D).

KJR: Pk &, 2008.

[8] HEWITT A D, BIGL S R. Elution of Energetic
Compounds from Propellant and Composition B
Residues[R]. National Technical Information Service,
2005.

[9] &4 A&, Wiz, 2K, F. LT x T4 HAZOP %
AN EAR[T]. & B A, 2011(10): 51-55.

[10] ZHOU R Y, LI S L, LIU H Q. Study on application of
LOPA in HAZOP[J]. China Safety Science Journal(CSSJ),
2010, 20(7): 76-81.

[11] F0k. A it#) HAZOP ¥ M EAREXCHAB LA E
o ey AR [D]. L £ HREIKF, 2015,
[12] *R . 4k L% & 4 4 R0 7 i Ao S a2 [)]. 4%

I 43, 2015(11): 238.

[13] R Ek. k¥ dE RRALY HAZOP 5 # £ &[J]. X

KA L5 &, 2010(4): 1-5.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


