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fig (SHPE) N FH F T B & A B AR HESE R (HTPB) L &
M SHPE/HTPB H.2F [ % 4k 1 5 Jy = PE g b 25 I HT-
PB #E HE 7 #2755 1T &2 D 20%, 3 P R 4 Y 1 98 1k
Mo HRXEEZAREGYIIFARAGSTHER, AN
EAH T RS RARR . NI EE TN O &6 %
TR REE N AN E ARGV NE
M &AM 2 IR Y JF R TARR R R
T, (e o3 1 F s BE A A RF 0, 35 5 A 4t 3 500 0 3
e,

T RE WS N A AL ML K 1F O K Mk 45 fE
GAP-ETPE #f #F 551 v 09 /E A 0F 58 400 % BH &5 7 JF
WREME RN, & — R & A& w2 fb
JBE i oy i B AU S A SRR Y, IR AR S 4 9 R
N T GAP-ETPT #fE 0F 5 , BF 5% H x4 b 5] 2 K T
ZERE R R

2 LIEERSY

2.1 RFIENEE

3,3- (AWM B E A T B (BCMO) , 43 Hr 4k, /e
R ARAE T 5 3-2 B35 2 T IR H EE (EHO) |, 43
ali 3 iR = HAL I £ Bk (BF,-E,O) , 40 #r 4l , [5 24 4
A Ak 2438 50 5 B 2L B (NaN,) L s Mral IR e 4k T
GAP %t 7 fg #4 93 1k 5 ¥k 1K (GAP-ETPE) , ¢ + &
30500 g-mol™, 524 % A i s RE A (RDX), T,
BROGAE T 408y, Tk 9, W R 4 KA ; o B U SE 2R
R4 K H ik (GAPA) , 40 F 1 760 g-mol ™, 22 1]
b T B 52 B 5 LAl 3@ S 00 38 Sy 43 B 2, 1 2Y 4R A

k273 %) . Nicolet FTIR-8700 % e BL i 75 1 21 4 S
AL (& [H Thermo 23 7] ) 5 LC-20A B 5 i (8 35% 1L ( H
K Shimadzu 23 7 ) ; AV-500 #% % 2L 3 1 (Ff + BRUK-
ER 24w, 'H F1°C, W ik i BE 20 °C, TMS 2 N #5
DMSO-d, R ¥ 7] ; % 5 e il >R FH B ) 1195 R BT 5+
ik b 2 E AT 5 Vario EL I 96 40 H714 (i T
#Z C.H.N.O,CHNAEE 4 0.1%) ; HAAKE MARS 1l
e AR AL (35 Thermo /A #] ) ; DSC 1 7 22 7% H 4 it
P (METTLER TOLEDO, 78 N, f# ¥ T , i J# i
[l -80~80 °C, F} i # % 4 10 °C -min™") ; TA-60WS
I DSC(OH A By e, 76 N 37 F L IR B 40~400 °C, JF
T 2 10 °C-min™") ; XH-401C JF AL (75 38 1 85
bR %5 A6 WA 28 43 BR 23 7] ) 5 DZ-100T - i it 16 #l
(B M I AR ML i 35 A FR A &) 5 AGS-) B 7 U7 BB i
ML (H A Shimadzu 23 &) 3 Parr6200 %1 4 5 3 1 #4
(5 Parr 28 &), #i I8 GJB770B~2005 K 2 52 5 J
127010 FEAT IR ) 5 CGY-3 8 ol J8 R 3k A AR 4 [
ZEHR GJB772A-97 601.2 J7 i MK ) s MGY-2 JEE 82 Jgk
B2 A O 4 1® % bR GIB772A-97 602.1 J7 i
k)
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BCMO #il EHO 1 & 5K 9 [H & + JF 3 R & 15 3
PEHO/PBCMO T #i 4t R ¥y r-POC; 5 — [ Bt il i
r-POC H 4 3 1 & R Ak 07 15 31 8 301k & &0 9 5
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Scheme 1 Synthetic route of -POB
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85 C M HEZ TH#: 12 h, BB T as A @ EIK ™Y, R
P BRI A BE JR L m(m=n(BCMO)/n(EHO)=2,4,8)
B e a4 -POC-m(m=2,4,8).

HE70CT, FARMRP B =085tk 3.8g
NaN, (& & ¥ 5 r-POC- m H1-Cl ) BE /R Ly 1.25,
r-POC-2, 4,8 X i Ml & 73 51y 3.8.4.4.4.8 g) ¥ T
50 mL DMSO W 5, & WP imA 5 g r-POC-2
(8 r-POC-4,8) , FFL 2 120 CH L8t HE 36 h, [
S JE L UE L BR AT R 0k R vk R DUTE T
TR BRI, 43 B A HLAH  DRUE ZE TR AR EORLT W . 4
L™= HE 85 CCF B2 T4 12 h, 15 28R 685 B9 1 14
Fie B WL Y r-POC-m, ¥ & A AL 7= ) fiv 45 4 r-POB-m
(m=2,4,8,m 4 BAMO 5 EHO HUg EE /K 1L 5 k3R
BEEIR E—20) .

'"H NMR (500 MHz, CDCl,,8) : 0.84 (m, 3H,
—CH,); 1.35~1.36(m, 2H,—CH,CH,) ; 3.27(m,
2H, —CH,O—) ; 3.32~3.34 (m, 2H, CH,N,) ;
3.39~3.41(m,2H,—CH,OH) ;3.54~3.57 (m, 2H,
—CCH,O0—,PBAMO) ;4.43~4.45(m, 1H,—OH).
C NMR(125 MHz,CDCl,,8) :7.76 (—CH,) ;23.1~
23.4 (—CH,CH,); 43.3, 45.3(—C—); 51.1,51.9
(—CH,N,) ; 62.6~62.8( — CH,OH) ; 69.0, 70.2
(—CH,0—). IR(KBr,v/cm™):3400, 2950~2800,
1100, 2100, Anal. calcd for r-POB-2/4/8: C 43.9/
40.4/38.1,H 6.5/5.8/5.2,N 34.4/41.0/45.6; found C
42.6/39.7/37.6,H 6.9/6.0/5.4,N 32.9/40.2/43 .4,
2.2.3 r-POBI% ¥ GAP-ETPEHE# FI Ay 4 &

TE 40 CHE RTS8 4 3 57 e O Jor =5 19
GAP-ETPE R4 7 F1 1 %8 5750375 F DU S0k g (THF) B
W 5 BB A 4y B e Dy Re B R A TS D B
30 mine SRJE B HESE RN A& K FE 40 CF W L BR
THF & A B R 2 6o B B ekl 52 & 8t
i 3o I R I SE 0P B A A AL 2, 75 ) GAP-ETPE
HE T FVAE O BEAT AR S

3 #HRS5WiE

3.1 r-POBHILHIRIE
N T E -POB-mZ5 M I E S5 BV Al T
r-POB-m W) 78 S i o /1 1 o0, £ BT A i ks
AL B FE 7.76 A6 R PEHO % v BT L B 14 45 FiF 0
51.8 fff it > PBAMO % Bt v & A W ik 19 FR 1R 0, 1A
I T DR B 2 (1) A8 52y -POB-m B 3L B8 I R, 45 3

W1,
S e,

R o=— "
2% SfCH;

LS 0 FUS 4 B BT B o 2 0P LT 1

W T FEUR Y SR W T L, R, -POB-m 1 3535 L.

(1)

quantitative "C NMR_]|

70 60 50 40 _ 30 20 10
chemical shift

BE1  r-POB-mHAyEE "C NMRi K
Fig.1 Quantitative ’C NMR spectrum of r-POB-m

Hi 6 1 a0, Bl m 38N, r-POB Y R 3% I 36 K
5 m¥ir, U B 58 i S AR G b i 4 il mT LA S A
AL B -POB, i — 5 AR P8 RAE 7T L 15 2]
r-POB-m 1 BAMO [ BE IR H 43 & 1 (0gan0) » 45 4 UL
TR, ATLLE W TE m=24 B, wuu0>76% , Uit B
r-POB F:Z Wy h BAMO 5 1 55 , ml i HL A &5 ) B
#KF

EHO £ 5 35 B4 Wy i 23 77 A= — b vl i 1) 25 1 5
TG, AR S A R R S L BT (T)  F — N

x1 rPOB-mMZEH S5

Table 1  Molecular characteristics of -POB-m

sample m R. Wgano ! Yomol DB/ % ADy/ % ADy/ % SL, SLy M, / g-mol™! PDI
r-POB-2 2 1.53 60.5 39.5 47.6 76.9 2.1 1.30 4410 1.67
r-POB-4 4 3.16 76.0 24.0 31.2 80.6 3.2 1.24 6330 1.61
r-POB-8 8 7.10 87.6 12.4 18.2 84.1 5.5 1.19 7260 1.56

Note: m is feeding mole ratio of BCMO to EHO; R_is copolymerization ratio of PBAMO to PEHO, obtained by quantitative >’C NMR; w,,,, is the molar fraction
of BAMO in r-POB; DB is degree of branched; AD, is alternation degree of BAMO in copolymer; AD, is alternation degree of branching unit in copolymer;

SL, is sequence length of BAMO in copolymer; SL is sequence length of branching unit in copolymer.
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X g L 2 S TRL A 50 o6 . R, AT DAAR 4 =8 (2)
3 (3) 50 B HE H BAMO B0 Je 304k B0 1) 28 8
(AD, Fl AD,) F1°F- 35 J5 51+ BE (SL, Fl SL ), 45 51 L
TR, MR AT, I 2R Y b Ak T i 3
BIETE 80% 247 PP AN EEZ 1.2, B Sk
PO 1) T AL B R DL — S5 M BT M A T
R Y P IE A S M BT BAMO Y 588 B it 3
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LR P L R Y th BAMO BT & BN, S 8k vk
Y BB BER I .

5 Sca
S, + S,

1 1
B AD,’ Sha = AD,
K A, AD, Fl AD, 43 5 2 2L 5 M v BAMO 550 Fl 3 4k
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r-POB-4, %42k r-POB-2 1 PEHO H Ak BT & &
e (29 40%) , W o [) s O B 3 1 &2, S0 R A
5, X SERR I T o 4 092 Bl T DL SR R
r-POB-4 1Y 2 K& il /b, &0 B8 A0 A% M 0k 55, [m] I O
PEHO b 550 8 BAMO £ PEHE (12 sh #2451 25 1],
JIF LA H: B B 44K 5 -POB-8 R £k BAMO &5 2 I 5 4
KL 88%) , LAFEREAR (L9 12%) , 5 T4
9 25 4F 3G 58, OF B /D o 45 8 T DL R R P vy
Ko TE60 CHf, -POB-m 1) FE B m 3§ K i 22 18 34
Koo X R T IR U R G 1 e S, (H R R
m ¥R R Y A E PR (39.5%~12.4% ) , 26145
B i 3G, o 1 a4 K, 5 2o 1 6 0 2 45 4 Y
S, T LA SR A 00 R B A v K
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Fig.4 Apparent viscosity of r-POB-m at 30 °C and 60 °C

3.2.3 r-POBHIIKIEUHETIRE(T,)

ML S o T8 o7 0, B m B340, -POB-m 19 T,
SEWUNE R K . BT HLE 2 - -POB-2 T PBAMO 1
JE D (05p0-60.5%) , 1 T,(#£9 38 “C) Y PEHO &
wRZ KRTREESER, DN EAH, —ERE L
BRI 7B s T LR R TR
r-POB-4 H12& ¥ PBAMO & 5 £ (0gan0-76%) ,
By, & PEHO SC AL S5 # y Ze M Bk B iz sh 2 it 1
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3.2.4 rPOBHIHFEM
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Fig.6 TG and DTG curves of r-POBs
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*2 rPOBMFHSE

Table 2 Thermal decomposition results of -POB

sample T, /C T,,/C T,/C T,/°C W/% N/% residue/%

35.6 329 14.8
41.3 40.2 19.7

r-POB-2 232 243 253 371
r-POB-4 233 242 252 372

r-POB-8 231 242 253 371 44.2 434 224

Note: T, and T,,, are the temperatures at which 5% and 10% mass loss oc-

curred during TGA. T, and T, are the temperatures at which the max-
imum degradation rate occurred during DTG in the first and second
stages. W is the mass loss of the first stage. N is nitrogen content of
r-POB-m.

Bl m B35, r-POB-m %5 — By Be 3443 i % i (W) 38
Wi X RN IZ B EE NS A, m
BEEE, e R Yy b S SRR RO, Ok R K
@ r-POB-m [ 5% ¢ 5 Bl m (%) 35 Jin 1 186 0K, J P9 7+ 3%
B h A SR BWEML(17.6%~13.6%) , AL &
Yy ML ;@ r-POB £ 41 T,,~232 °C, T,,,,~242 °C,
UL H B R A A AR e Pk
3.2.5 r-POBSETPE#HHFETER D HEBMH

X T Y RE A AR, R AF A R A R AR M
F rhORE B AR o A BIF 5E R ] B GEE X -POB

r-POB Z 5 Z5 K4 AHAL , A0 2R B 50 & s R[], 1 Ak 2 A8
Rk EE G, BT LA -POB-4 1 B 217 0F 5% .
& 7 4y 9 4 r-POB-4 ETPE #fE 3 7] 3= % 4 5
(GAP-ETPE .RDX 458 ) LA X EATIR A 919 DSC il
. mE 7L BTA IR G W DSC M & 2R BT
A4l 241 43 DSC 1 &, vt B r-POB-4 5 GAP-ETPE,
RDX IR By Z [B1 & A7 & A= A 2% . AR 48 B 22 4
GJB 770B-2005 502.1 FHZSVE 45 9 € R ife , r-POB-4
535 5 GAP-ETPE .RDX AR B IR & 1A R 19 AT, B 3/
T2 °C R R AU BN Z M BA R AF i A4
Nk
3.2.6 rPOBE5EAEBEEENEa XL
R34 M T -POB-m 58 & Ge g ¥ 70 1 1 fig
o iR 3AL A I TR G /N T AU R Y R
BESRF), -POB 7 fE f K 7 AR R 7 1 B AT — 1
e A, (E B 3 b 7 72 I R MR N A v o AR /IN Gy F e
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Fig.7 DSC curves of the mixture of -POB-4 and common components in solid propellants

R3  r-POB-m 5 & REH WA VERES Hk
Table 3 Comparison of -POB-m and common energetic plasticizers

plasticizers M, /g mol™  N% AHO/K)-g™! Tg/ C IS FS molecular structure  structural property literature

r-POB-2 4410 32.9 +0.40 =29 >110 cm 0

r-POB-4 6330 40.2  +1.66 -37  >110cm 0 hyperbranched big free volume''"®"  This work

r-POB-8 7260 43.4 +2.03 -33 >110 cm 0

GAPA 810 46.1 +0.8 -67 54 ) >360 N linear swelling Ref.[19-20]

Bu-NENA 207 20.3 +0.81 -84 40 ) 108 N Ref.[9,21]
micromolecule swelling .migration

A3 319 17.6 -6.09 -65 85 cm >360 N Ref.[9,22-23]

Note: A H° is the enthalpy of formation, obtained by combustion heat; IS is the impact insensitivity, H,, (cm) or impact energy (J); FS is the friction insensitivity,

explosion probability (%) or force (N).
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Table 4 GAP-ETPE propellant formulations with different
plasticizers %
sample plasticizer plasticizer GAP-ETPE Al RDX additive
PO - 0 20 6 70 4

P1 GAPA 4 16 6 70 4

P2 r-POB-4 4 16 6 70 4

r-POB 1 %8 ETPE # i3 7 B9 71 = 1 8¢
HEE T B 7 241k e B G R BN A7 A AF s B
AL o 78 #2500 b, 1 9 50 Y e X L g A v R Y
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e RN S 2 e e S 8.t R 8 a0, 5 & 55 98 )
B PO A Eb , & 38 ¥ 50 /Y P1 AT P2 4 UE I B9 o, A BT R
R, H A fif 22 0 G B4, JC 2 B -POB-4 3 98 55 11y
P2 JE R B T 24 70% , i B & U8 AL R Yl A
ek GAP-ETPE #fE#F 7 (19 ) 2%, H &R B 0 T 4k
PEARER Y GAPA, il VE N 1S S350 1
3.3.2 r-POBIZ¥E ETPE##HFIA R T4F 14
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3.3.1

N, =

20.6%
16.9%

e, 1%

o, /MPa

B8 A[FEDE Y 2E M hE
Fig.8 Mechanical properties of different propellants
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Fig.9 Rheological curves of different propellants
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Table 5 Rheological parameters of different propellants

TR RE B B AR e MERE AU BR 55 . RPN (4) XTI 9
Hh S G B AT B A AN [ A ) 0 R A S
B AR MES iR, AERSATHL, S PO, T2
HLBE (60 °C)F L P1HIP2 1 kAE b 35 AR, B AR B 43
2R 57 % F149% , 156 BH 38 B 500 (4 T A REAT 25 B AR 4
PR A T2 BB HE 0 ) T2 R AR I 3h v b
PR IR R 5 5 0 TR, T D) & U e LR Y
A AE Sy GAP-ETPE Hf 3 57 19 34 99 50) DL ol 36 0

PERE .

kx10° n-1

sample E“/kJ-moI’1
60 °C 70 °C 80 °C 90 °C 100 °C 60 °C 70 °C 80 °C 90 °C 100 °C

PO 11.94 10.81 8.63 6.00 3.36 -0.89 -0.85 -0.81 -0.79 -0.78 31.8

P1 5.07 4.05 3.19 2.41 1.06 -0.90 -0.87 -0.84 -0.82 -0.80 28.1

P2 6.06 5.32 4.65 3.60 2.10 -0.89 -0.87 -0.86 -0.85 -0.81 25.5

HE— 25l 2% 5 W] HT, AN [ Tk B B 5 a2 ) A B B R
ORI A T8 B AN R 156 B A R0 %) 2 B NS B
R K W SR EA K, I R R
B 5iRE 8 &R E Archenius 52, WX (5) FiR .

E
n=A><exp(R"T) (5)
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Fig.10 The curves of Inn-1/T relationship at y=1 s for differ-

ent propellants
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Preparation, Characterization and Plasticizing GAP-ETPE Propellants of Azide Hyperbranched Copolymer

ZHANG Guang-pu', LUO Yun-jun®
(1. School of Chemistry and Chemical Engineering , Nanjing University of Science and Technology, Nanjing 210094, China: 2. School of Materials Science
and Engineering , Beijing Institute of Technology, Beijing 100081, China)

Abstract: A mixture of 3, 3-bis(chloromethyl) oxetane (BCMO) and 3-ethyl-3-oxetane methanol (EHO) were used to synthesis
the azide hyperbranched copolymers (r-POB-m) via cationic ring-opening polymerization and azidation reaction with different
monomer molar ratio (BCMO/EHO=m). The chemical structures were characterized with Infrared spectroscopy (FT-IR), nucle-
ar magnetic resonance (NMR), gel permeation chromatography (GPC) and elemental analysis. The results showed that the co-
polymer has high molecular weight (>4400 g-mol™), high nitrogen content (up to 43%) and controllable branching structure.
X-ray diffractometer (XRD), Hacker rheometer and differential scanning calorimeter (DSC) were utilized to characterize crystal-
linity, viscosity and chemical compatibility respectively. When m=4, r-POB-4 is amorphous, possesses the lowest process vis-
cosity and has good compatibility with the main components of the propellant, indicating that it is a potential candidate for plas-
ticizer. In addition, compared with the GAPA plasticizer, the energetic thermoplastic elastomer (ETPE)-based propellant with
r-POB-4 plasticizer exhibits higher elongation at break, lower consistency coefficient and lower viscous flow activation energy,
suggesting that the azide hyperbranched copolymer could be applied as the plasticizer to effectively improve the mechanical
properties and processing properties of the propellant.

Key words: plasticizer;hyperbranched;azide polymer;energetic thermoplastic elastomer propellant;rheological
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