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Table 1
tive molecular weight and functionality of BGAP!”’

Effect of reactant ratio on the weight-average rela-

m(ECH)  m(PECH) ~ m(NaN,) M, of BGAP T, .
/g /g /g /10° /°C

0.25 10 10.25 36.0 -50 105
0.75 10 10.75 21.4 -55  10.8
1.50 10 11.50 9.0 -60 9.5
3.50 10 13.50 5.0 -60  10.0

Note: m is the feed mass of the corresponding substance in bracket. M is
weight-average relative molecular mass. T,is the glass transition tem-

perature. fis the functionality.

F2 BGAP I GAP IO fL 1 I
Table 2 Physicochemical properties of BGAP and GAP'™”!

samples M, n/Pa-s(25°C) T,/°C AHP®/kl-mo™'
2000 4.5 =50 118.88
GAP
3000 10.0 — —
4200 4.5 -60
BGAP 176.64
7400 10.0 -60

Note: n is the viscosity. AH? is the heat of formation.

Table 3  Effect of different contents of starting materials on the synthesis of BGAP!**

epoxide
P m(epoxide monomer) /g m(PECH) /g m(PEEC) /g  m(NaN,) /g M, of BGAP/10° w_/% T./Cc f
monomer
0.5 — 10 7.3 25.0 67 =60 16
1.5 — 10 8.0 12.0 61 =60 16
glycidol
1.0 10 — 9.9 17.0 91 =60 16
1.5 10 — 10.3 8.0 87 =60 16
0.5 — 10 8.4 25.0 67 -60 10
1.5 — 10 9.2 15.0 61 -60 10
styrene oxide
1.0 10 — 11.0 14.0 90 =55 10
2.5 10 — 12.5 7.0 80 =55 10
Note: w, is the amount of GAP in BGAP.
Chinese Journal of Energetic Materials, Vol.32, No.7, 2024 (761-771) A A AL www.energetic-materials.org.cn



BGAP I & 1l 5 J& 2

763

—E PR AN, DI UE ECH PR R A, I &G T
B AR X 4> 7 R 952~7500, F ERE N 2.7~9.0 Y
BGAP (B 1 45 B AH X 73 - it 5 0 A B (D=1.3) 1)
BGAP, [ N 7 76 16 PE 40N #E 47, I H 2™ #% 2 1l
NaN, BRH L ] A ek B, BRI T 326 8 T 250 Tl
TR R -

N T BGAP A plad A2 9 2 4 R0 A AR 52 1 R
FE, RICHM BHEE By A IR A R SRR B SFEO Rt T —
Rl LA 8 BGAP 9 1.2, 50~70 °C K% 15 h, PECH
1) & JBURFE N 88%~99% . AT, (LEE FHIZA
BT 20 N B )4, 9 LS Ak 3D A e, Tk Ak
BB AR . B A AR IR XS 7™ a1 454 240,
HOREBE AR XS 437 B i N H Oy A A5 A M A B AT
FAESIHT o
1.2 ARERIREIRELEEH BGAP

JUE S N3 4B R n] S P PECH 5 % PEEC () —
A W i A0 & Rk B H T NaN, [ 2 5 3R 4 B R
PECH M U 52 7, 5 80 NaN, i ad & B 0 55 i, AR AY
ok B K& 4 Bl R il B R b 3 R AR
This o

T I, AHAD EV'" HE — 25 B98N I I 28 4R
PR TE S P R I R4 L R — 25 & B BGAP, )

PEAE R LR 4TRSS, 4R Bon , AU I AR I,
AT gk R Y DR A AR R 1 TR S R Xy A
B AR | D A N T A M N T B s Y
X4y F B i BGAP W & W, IF HIRFEEHREEE ¥ R
10, {5 i £k 500 9 £ BH S B T R AR R 1 R i
i = R AT Y N D TR = T
IC, DN Z5 K b o 4 0 R0 M RE Y R R Rt T O £

ZS 18]
R4 120 CFAE AL 0 £ 15 21 BGAP HERE
Table 4 Properties of BGAP prepared at 120 °C without cata-
|yst[%1]
reactant reaction .
solvent . product M, /10 T, /°C
rubber time / h 8
DMSO 5 1.90 -45
DMSO 16 1.50 —45
DMSO 32 1.20 —45
DMF 5 1.40 —48
PECH BGAP
DMF 16 1.00 =50
DMF 5 0.90 =50
DMF 5 0.50 =50
DMA 5 0.65 =50
DMA 16 1.60 =50
PEEC BGEC
DMA 32 0.70 =55

Note: the functionalities of BGAP and BGEC in the table are about 10.

R5 120 °C Rl AL R R 5 h i 4575 20 8 R0R fik iy vk gD
Table 5 Properties of some azido polyethers prepared with catalysts for 5 h at 120 °CP*"
reactant rubber  catalyst m(solvent) / m(rubber) m(catalyst) / m(rubber) product M, /10° T,/%C f
5 0.025 15 =50 3.5
5 0.050 9 =50 3.0
PECH LIOCH, BGAP
5 0.075 6 =55 2.5
10 0.075 4 =55 2.5
5 0.030 26 =55 4.0
PEEC NaOH BGEC
5 0.090 10 =55 3.5

W R, 0 T 4R A5 35 00 B AR R $5 85 N AL
L 7E BGAP (194 b 3 18 FH = AL (DMSO) |
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S A AL T S e L g A A R R
UL ME R BULY TR AR R L g 101 % F -3
KR AW W AE R BOR , 2 0d 4 W BUS £ 77 6
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F6 AP DMSO 75 fk B 42 R B0 75 2 5
Table 6 Weight percent of DMSO in the organic phase as a

function of the extraction times'**!

integrated peak area of '"H NMR

extraction step

DMSO BGAP w(DMSO) / %
initial 157.0 22.8 82.0
1st 132.0 128.0 40.0
2nd 5.2 74.2 4.4
3rd 3.8 100.0 2.4
4th 2.0 131.0 0.9
Note: w(DMSO) is the mass percentage of DMSO in BGAP.
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Table 7

content on the hydroxyl functionality and number-average rel-

X BGAP H HE A E
Effect of pre-azidation reaction time and catalyst

ative molecular mass of BGAPP*

pre-azidation reac-

tion time / min m(catalyst) / m(PECH) M, /10’ f

60 0.100 1.5 3.0
60 0.050 5.0 3.4
60 0.320 8.5 3.4
60 0.020 15.0 3.4
60 0.026 11.0 3.4
30 0.026 11.0 4.7
10 0.026 11.0 6.0
10 0.032 8.5 6.0

Note: Pre-azidation reaction time is the time before adding the catalyst. M_

is number-average relative molecular mass.

R 8 ARV A X BGAP A B 52 i 45 50

Table 8 Effect of reaction conditions on the synthesis of BGAP!*’

samples temperature / °C time / h M,/ 10° D hydroxyl number / mg KOH-g™" f
BG-19 95 16 0.87 2.15 6.4 9.93
BG-20 95 24 0.72 2.79 6.3 8.09
BG-21 95 16 0.96 2.37 6.7 11.47
BG-22 95 8 1.08 1.88 5.4 10.40
BG-23 105 8 1.07 1.96 5.6 10.68
BG-24 105 13 0.66 2.09 7.8 9.18
Note: D is the molecular weight distribution of BGAP.

£ 9 NaOH & X} BGAP B A xF 43 1 B & 2 {8 A1 B BE
1) 5% i ¢
Table 9

lecular mass, hydroxyl number and hydroxyl functionality"®’

¥

Effect of NaOH dosage on the number-average mo-

m(NaOH)/m(PECH) hydroxyl number
/m(EG) " / mg KOH-g™

1/50/5 4932 93.33 8.21
2/50/5 3910 100.85 7.03
3/50/5 2918 109.15 5.68
4/50/5 2316 138.65 5.72
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b. reaction mechanism without the addition of epichlorohydrin
Scheme 1 Reaction mechanisms of BGAP with or without epichlorohydrin
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Table 10 Comparison of activation energy of GAP and BGAP

obtained by various methods'*"

E, /kJ-mol
methods
BGAP GAPTRIOL
DSC (dynamic) 138+4 160
DSC (isothermal) 1459 178
TGA (dynamic) 136+8 155
TGA (isothermal) 134+4 —
ARC 132 182

Note: DSC is differential scanning calorimeter. TGA is thermogravimetric
analysis. ARC is accelerating rate calorimeter. E_ is activation energy.

GAPTRIOL is the tri-functional GAP.

2.2 NEFiERE

T F8 S SR 53T, BUL V. T BRI 5T
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Table 11

anate on the properties of polyurethanes from BGAP™*!

Effect of residual DMSO, R ratio and type of isocy-

entry R isocyanate &, /% o,/MPa T /%C
1 1.20 TDI 190 0.25 =23
2 1.20 TDI 220 0.22 =25
3 1.20 TDI 240 0.12 =30
4 0.80  TDI 180 0.05 -38
5 1.05 TDI 230 0.24 =23
6 1.20 TDI 190 0.25 =23
7 0.85 MDI 180 0.32 =20
8 1.10 MDI 160 0.38 =18
9 1.25 MDI 170 0.42 =19
10 1.20 HDI 210 0.14 =32
11 1.10 HDI + N-100 (65:35) 220 0.21 =27
12 1.25 HDI + N-100 (65:35) 200 0.23 =28

Note: Residual DMSO of BGAP in the entry 1-3 are 2%,4%, 6% respective-
ly, while entry 4-12 are less than 1%. ¢, is the elongation at break. o
is the maximum stress. TDI is toluene diisocyanate. MDI is diphenyl-

methane 4,4’-diisocyanate. N-100 is a polyisocyanate based on HDI.

F 12 LIBGAP Fl BGEC il 13 i 5 fi 28 2 Mg 1 g+
Table 12 Properties of the energetic polyurethanes from the
branched BGAP and BGEC™”

entry samples polyol o,/ MPa ¢, /% T,/ C
1 HG-1 GOL 0.25 230 =23
2 HG-2 GOL 0.24 290 =26
3 HT-1 TMP 0.43 160 =26
4 HT-2 TMP 0.34 155 =22
5 HP-1 PE 0.36 155 =20
6 CG-1 GOL 0.16 285 -39
7 CG-2 GOL 0.23 315 -39
8 CT-1 TMP 0.11 510 —42
9 CT-2 TMP 0.13 540 =41
10 CP-1 PE 0.28 700 -38
11 CP-2 PE 0.34 515 =38

Note: Entry 1=5 are prepared from BGAP homopolymer, entry 6-11 are pre-
pared from GEC copolymer. Polyol is initiator used in the synthesis of
BGAP and BGEC. GOL is glycerol. TMP is trimethylol propane. PE is
penthaerythritol.
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LK W 2 h ¥4 T GAP/N-100, A B0 GAP R T
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Table 13 Tensile mechanical performance and storage mod-
ulus at various temperatures of BGAP/DDI and GAP/N-100"*"

E'/ MPa
-20°C 0°C 20 °C

binders o,/ MPa & /% Jode

BGAP/DDI 0.96 142.25 0.87 2.07 1.25 0.82
GAP/N-100 0.68 74.62 0.34 1.86 0.93 0.78

Note: [ode is the fracture work. E' is the storage modulus under 1 Hz.
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Table 14 Meaured hydroxyl number for different BGAP'™*!
hydroxyl number M,
entry m/g absorbance . N f
/ mg KOH-g /10
E-«_, 1 0.2995 0.165 4.94 34.5 3.04
= 2 0.3191 0.199 5.61 31.1 3.11
55 C
o 3 0.3203 0.192 5.38 29.1 2.79
107 160 C
-85 C 4 0.3099 0.239 7.01 25.7 3.21
107 p : p g ; ,
0 5:10° 110" 2210°  2410° 3x10°  3:10° 5 0.3606 0.245 6.17 27.4 3.01
t/s 6 0.1538 0.241 3.37 41.2 2.47
a. storage modulus-time curve 7 0.5193  0.195 14.25 18.3  4.65
'gg HE BT I AR X B (21 ) D — 2B H Ak
8x10° . L b, LR GAP MILL , BGAP A ALA {4 S5 17 1
6 o PERE B T EL [ AR5 e AR A T AR B BB A e s
w Bx10 . N e o o . N
S g G E 0 R B 5 R A AR L R S A 3 2
E=lu=} A 4| e Y
. VERE . ST L AT BGAP )t AETIF ¢ (L (L2 FF 28 ¥ (i
AR 28I AR PR PP BE AR T AR S g o AR TR RE AR
00 07 04 06 08 1.0 SRV R B B ST Xk R T HE 2 R C 5 v e

a
b. curing rate-curing degree curve
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Fig. 1  Storage modulus-time curve and curing rate-curing

degree curve of BGAP propellant at different temperatures**’

HEERIEC 7 LA BGAP N S BERN A 70 OBL(2, 2-fi 3L N
L) 45 W OE/AE OO T (A3) S B 8RR R AR R i TR
(PSAN) Ay &AL, 5 b /K R — SRR R (IPDD) Jy [ 1k
FIZH I, 76 e & 770 i, BGAP JE 4 k7 [ 4k 5 BA
R ) e e KPR JE O 0.3~0.6 MPa, B
ZUAH K RN 16%~47% , H AT LUA 80k 2 TG S5 AL 7
il 1R e CAND) AR /31 SR B (AP) J5 5| A 1) Lb o (B B
AN o

FRAE 2 A 700 B Ak S ) T B AR bR 2 —
FRAFL 1 0 Bl 2 7™ 5 W HE SR R A T 2 2 AR
T ST R B R EE R MR A BGAP FRAE I A Ty v,
FT R RE T4 1 DU 75 B e 30 A0 4540 R T 2 A3 2 1k
L R CPREE A LL AN L T T BGAP Mk 5 L
BREMERECR, BA -2 Ml fEd . AF BGAP
R I A5 UL R 14, FESN IO REREAE 2.47~
4.65 Z [a] AN [FIFE L 9 (R B B B 22 vk JF
FRAA 55 8O AR 43 F T AR AR R B X TR kR AR
S . %I L T BGAP TR A S
A 2R, Ay HG 7 4 0 590 TR R R AR A T R 52

Chinese Journal of Energetic Materials, Vol.32, No.7, 2024 (761-771)

TR F—$FI R BGAP 5 = & R 414 9 M 25
M TR S 7R &R 2 BRBE LA N BE B MR BE RO UF ST,
TR BGAP £ SZ PR BI5 & sh AL i N A o

3 H#ZitERE

B AR A 2 H RS A O
RER A . Hb, LI BGAPARE GAP ML EA A W T
201 BRI AR Y P8 B, 1 EL BGAP [ R X 43 i B
FBE R L B AR, N T T A RE L, B 2N
B AIC GAP ZE ™ BUAS R0 aE DL ) 2% M B 1 3 22 58 O
] o 38 % 3T 30 4F >k B A BGAP (1 & 1l At v fig iF
MR AR AR A TR EE A . (1) BT
BGAP & iR H — 2 24 & A Ak ik | i 2 ol 48 S
A 1 FE KT 43 7 03 o AN [R]JEUR Y BERHRC EL AN R SR
PR, AT A5 K 6] HH 6 43 F 5 6 VR AR 1Y BGAP, 2
TR TR 3 37 5 2K L 9 EUR WS I 38 SR s A i B
A R L (2) PEREIF IR 45 BIE S, 5 GAP ML,
FHIE 5N BGAP (1 28 iR & T 48.6% R 41 fiff 1
TR BE T [ 200 18% A7 fii ik i A1 KT 28 11 4 S5 43 S $ 7 T
41.2% F190.6% , I H. BGAP Ui 14 J3 2 (R BRI 43 1 4k
AR AL, A F A A BE . BGAP S RERE &
FR R JOEFH XoF - 8 v A 4 1 R0 B KT, K R vk g
M ms AR S AAFEERNLE L., KERE
BGAP 24 7 1Y % Ji& J a] FLE 5% 50 0 7T DA 28 DL R L
A7 1

Ex

Sttt

www.energetic-materials.org.cn



BGAP I & 1l 5 J& 2

769

(DAL BA BGAP B il £ Al 5 b 3 T %, AR
BGAP Iy £E 77 FIN FH A, $2 i ik v o 45 8 0, 45 314
XF 43— T it AT AR 4 EOPE A8 R ] H A2 T A Y o T
# BGAP,

(2)%Z Wil & T2 e 2 W40 Jy 1 ny BR &1, BGAP b
A 300 0 O AT 5T E e 97 18, o LA S B N R i) g 2
SEAEME R bE A 4 AR AE S PR BE I F X AN 8
R4 . W, 2P R in ¥R X BGAP % fil % 8B 19
5o

(3) 7843 K FH BGAP [ 25 1 R e AL 8 40 R 7 5
REARRRAE AT 5 HE 2R 0] AR AR ) | e B A 2 101 55
2 (PBX R A HE 245 B0 % 0 7 7] 45 S8k 1) 102 FH o

=

SE Nk

[1] JAROSZ T,STOLARCZYK A, WAWRZKIEWICZ-JALOWIECKA
A, et al. Glycidyl azide polymer and its derivatives-versatile
binders for explosives and pyrotechnics: Tutorial review of re-
cent progress[ ) ]. Molecules, 2019, 24(24): 4475.

(2] Bia%, TEE, skib. & RERBIESEARIT TR ] b
KHERE, 2022, 41(2): 117-128.

LUO Yun-jun, DING Shan-jun, ZHANG Chi. Research prog-
ress on energetic thermoplastic elastomers [J]. Materials Chi-
na, 2022, 41(2): 117-128.

(3] #FWom, Wi, SAk%, A5 . 525 [ IACH 0 50 66 70 F 5 a0 g
(). s E AR, 2021, 30(12): 55-70.

JIANG Ya-giang, YANG Hao-yu, HUANG Ji-jun, et al. Re-
search progress of composite solid propellant binders[]]. Chi-
na Adhesives, 2021, 30(12): 55-70.

(4] ZFWe e, BRBh, PE 2 1S . I B B0 1 4 BE 500 AT 50 0k e B i s
). Jedik e TRESEAR, 2022, 43(6): 19-23.

LI Hai-tao, QIAN Xu, PANG Ai-min. Research progresses and
development trend of low vulnerability propellants[]]. Journal
of Ordnance Equipment Engineering, 2022, 43(6): 19-23.

(51 Zeigmi, &R, HPH, 45 . PBT SRVE IR GO 43 88 o3 3L 4y 24 4
RERYRZ AW SE[) ] BIEATR , 2018, 35(4): 134-141.

ZUO Hai-li, ZHAN Guo-zhu, LOU Yang, et al. Effects of mi-
crophase separation on mechanical properties of PBT eleasto-
mers[)]. Aerospace Shanghai, 2018, 35(4): 134-141.

[6] EROGLU M S, BOSTAN M S. GAP pre-polymer, as an ener-
getic binder and high performance additive for propellants and
explosives: A review []].
10: 135-143.

(7] WHCR . [ Ak Rt 2 SHOR M. AU JERUBLT R 2 AR
k., 2015: 297-307.

TAN Hui-min. The chemistry and technology of solid rocket

Organic Communications, 2017,

propellant[ M ]. Beijing: Beijing Institute of Technology Press,
2015: 297-307.

(8] Hils, HARIE, BEait, 4. GAP K& M-S 1A otk iF 55 i0F i
(], & BER KL, 2023, 31(2): 190-200.
YAN Yi-teng, BAI Sen-hu, XUE Jin-giang, et al. Progress in
the synthesis and chemical modification of glycidyl azide poly-
mer[)]. Chinese Journal of Energetic Materials ( Hanneng Cail-
iao), 2023, 31(2): 190-200.

[9] BORN M, KARAGHIOSOFF K, KLAPOTKE T M. A GAP re-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[10]

[16]

[18]

[19]

[21]

e

placement: Improved synthesis of 3-azidooxetane and its ho-
mopolymer based on sulfonic acid esters of oxetan-3-ol [J].
Journal of Organic Chemistry, 2021, 86(18): 12607-12614.
BORN M, FESSARD T C, GOTTEMANN L, et al. A GAP re-
placement, part 2: Preparation of poly (3-azidooxetane) via
azidation of poly(3-tosyloxyoxetane) and poly (3-mesyloxyox-
etane) [J]. Journal of Organic Chemistry, 2022, 87: 4097~
4106.

A, UL E BRI, A5 RS R AKX S
PRAER T & )], fesp o it i, 2018, 27(Z1): 1-5.

LU Xian-ming, MO Hong-chang, XU Ming-hui, et al. Prepara-
tion of relative molecular weight standard reference material of
glycidyl azide polymer[)]. Chemical Analysis and Meterage,
2018, 27(Z1): 1-5.

vk, SOET, #7510 . oo IR YR GAP 3G 57 J) = 4 e if
FEHEREL) ] ARSI 5 5 20 7 R, 2010, 8(5): 15-19.

NI Bing, QIN Guang-ming, RAN Xiu-lun. Research progress
on chemical blend improving mechanical properties of GAP
binder[J]. Chemical Propellants & Polymeric Materials, 2010,
8(5): 15-19.

FW, BEs, 5 9l, & RS R AR e 5 RS ST
FEAEJRL)]. K411k T, 2009, 26(8): 813-817.

WANG Xu-peng, LUO Yun-jun, GUO Kai, et al. Research ad-
vances in synthesis and modification of glycidyl azide polymer
[J] .Fine Chemicals, 2009, 26(8): 813-817.

BYOUNG S M. Characterization of the plasticized GAP/PEG
and GAP/PCL block copolyurethane binder matrices and its
propellants [J]. Propellants, Explosives, Pyrotechnics, 2008,
33(2): 131-138.

A, BRuik, BI0F), . GAP LRI R F A T Re )]
KKEZ 24T, 2000, 23(2): 23-25.

LI Ping, CHEN Qiang, LI Xu-li, et al. Research on the me-
chanical property of GAP copolymer elastomer [J]. Chinese
Journal of Explosives and Propellants, 2000, 23(2): 23-25.
Kb, B %E, . GAP HEME SRR 5 500 [ A0 1 R ) 24 1 Rk
MwrsE[) ] K dnfk 12, 2007, 24(10): 1128-1131.

LIU Jing-ru, LUO Yun-jun, YANG Yin. Study of mechanical
properties of GAP propellant binder curing system [J].
Chemicals, 2007, 24(10): 1128-1131.

EW, Bz, B, 4. GAP/HTPB K4 I ALK i 71 %
PEREBESEL)]. AL TR AR, 2009, 37(7): 66-68.

WANG Xu-peng, LUO Yun-jun, ZHAO Yi-bo, et al. Study on
the mechanical properties of GAP/HTPB binder films[]]. New
Chemical Materials, 2009, 37(7): 66-68.

BAYAT Y, CHIZARI
PCL-GAP-PCL tri-block copolymer[J]. Central European jour-
nal of Energetic Materials, 2018, 15(2): 243-257.

HAFNER S, KEICHER T, KLAPOTKE T M. Copolymers based

on GAP and 1, 2-epoxyhexane as promising prepolymers for

Fine

M. Synthesis and kinetic study of

energetic binder systems[]]. Propellants, Explosives, Pyrotech-
nics, 2017, 43(2): 126-135.

XU M, GE Z, LU X, et al. Structure and mechanical properties
of fluorine-containing glycidyl azide polymer-based energetic
binders[)].Polymer International, 2017, 66(9): 1318-1323.
SUKHANOV G T, BOSOV K K, SUKHANOVA A G, et al.
Synthesis and properties of glycidyl polymers bearing 1, 2,
4-triazol-5-one, 3-nitro-1, 2, 4-triazol-5-one and glycidyl

azide units [J]. Propellants, Explosives, Pyrotechnics, 2021,

2024 4 H 324K H 78 (761-771)



770 =] i, NI I XUAZ i B, AR
46(10): 1526-1536. [37] Tk, 8RR, PG, % 526 AR R Iy 2 Pk RE I 437 15
[22] BODAGHI A, SHAHIDZADEH M. Synthesis and characteriza- WRgT k)], ER K HiHR , 2022, 45(5): 729-740.
tion of new PGN based reactive oligomeric plasticizers for gly- WANG Dao-lin, QIAN Xu, SUN Xiao-fei, et al. Research
cidyl azide polymer [J]. Propellants, Explosives, Pyrotech- progress on regulation method in mechanical properties of
nics, 2018, 43(4): 364-370. composite solid propellantlJ]. Journal of Solid Rocket Technol-
[23] AHAD E. Direct conversion of epichlorohydrin to glycidyl ogy, 2022, 45(5): 729-740.
azide polymer: US4891438[P]J. 1990. [38] # X 3C . BT 8 ZUMG G 0 B s e A4 1B 500 g 2 M BB SE (D ).
[24] Z=/N 4, B AT ¢ . 1604 8 500 RS & R0 BF e 0k e (). K 3 WAt M TR, 2018,
2012, 33(11): 67-71. HU Yi-wen. Research on the mechanical properties of azide
LI Xiao-huan, CAO Fu-qgi. Research progress of binders for sol- polyurethane elastomers and its propellant[ D]. Nanjing: Nan-
id propellants[J]. Adhesion, 2012, 33(11): 67-71. jing University of Science & Technology, 2018.
[25] Feme &, A/ e, XVWT . [ 0 S 2 500 RS & 590 ) 24 B 5 e [39] k&%, FEM, PEZ R . GAP/CL-20 [E A HE k5 /Y ) 2 PEREL) ].
U] AR TH AR L, 2015, 43(1): 2-6. RREHEA, 2019, 42(4): 476-482.
QI Xiao-fei, FU Xiao-long, LIU Meng. Research progress in ZHANG Xin, TANG Gen, PANG Ai-min. Mechanical proper-
modification of polymers in solid propellants[J]. New Chemi- ties of GAP/CL-20 solid propellant[]]. Journal of Solid Rocket
cal Materials, 2015, 43(1): 2-6. Technology, 2019, 42(4): 476-482.
[26] Zrss. 4L GAP > 745 S A PERENTSE (D). dbat: AT K3 [40] EFAE, SmitIe, TAH . & & 1Ak 70 40 0 77 =% B 5 30k i
TSR, 2020. ()] Bk k@i A, 2020, 43(6): 788-798.
AN Bai-giang. Study on molecular structure and rheological WANG Jia-xiang, QIANG Hong-fu, WANG Zhe-jun. Re-
properties of branched GAP[D]. Beijing: China Academy of search progress on mesomechanics of composite solid propel-
Aerospace Aerodynamics, 2020. lants [J]. Journal of Solid Rocket Technology, 2020, 43(6) :
[27] AHAD E. Branched hydroxyl-terminated aliphatic polyethers: 788-798.
US4882395[PJ. 1989. [41] FENG H T, MINTZ K J, AUGSTEN R A, et al. Thermal analy-
[28] AHAD E. Branched azido copolymers: US5214110[P]. 1993. sis of branched GAP [J]. Thermochimica Acta, 1998, 311:
29] FF, By, EBI, AF L SOH R E AR K H I R S0 105-111.

[30]

[34]

[36]

). S HEM KL, 1998, 6(2): 54-58.

WANG Ping, XIA Zhong-jun, WANG Xiao-chuan, et al. Syn-
thesis of branched glycidyl azide polymer[]]. Chinese Journal
of Energetic Materials( Hanneng Cailiao), 1998, 6(2): 54-58.
FEAGHT, W, TR, AF L PR & R B A K H i
F % 77 . CN114196007A[P]. 2022.

Ql  Yong-xin, HU WANG
low-temperature preparation method for the synthesis of
branched azido-glycidyl ether: CN114196007A[P]. 2022.

Pan, Jian-sheng, et al. A

AHAD E. Branched energetic polyether elastomers:
US5130381[P]. 1992.
AHAD E. Branched energetic polyether elastomers:
US5191034[P]. 1993.
BUI V T, AHAD E, RHEAUME D, et al. Evaluation of

branched glycidyl azide polymer purified by solvent extraction
[J]. Industrial & Engineering Chemistry Research, 1997, 36
(6), 2219-2224.

b, SRIUER L A T 2 R SR U KT B ) A )],
TrREM R, 1997, 5(4): 179-183.

CAO Yi-lin, ZHANG Jiu-xuan. Preparation of high molecular
weight poly-hydroxy-terminated glycidyl azide polymer [J].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
1997, 5(4): 179-183.

I, B, BATAR . SR S R LK H g (B-GAP) i il
W), = LAAR, 1999, 20(1): 32-35.

FENG Zeng-guo, ZHAO Da-qing, HOU Zhu-lin. A prepara-
tive study on branched glycidyl azide polymer (B-GAP) []].
Acta Armamentarii, 1999, 20(1): 32-35.

FE BRI K, XA SO S R KT i R R 04 ) A )]
Ffight kL, 2008, 16(4): 395-397.

WANG Ping, YU Wei-fei, LIU Chun. Preparation of branched
glycidyl azide polymer nitrate[)]. Chinese Journal of Energetic
Materials (Hanneng Cailiao), 2008, 16(4): 395-397.

Chinese Journal of Energetic Materials, Vol.32, No.7, 2024 (761-771)

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Sttt

BUI' V T, AHAD E, RHEAUME D, et al. Energetic polyure-
thanes from branched glycidyl azide polymer and copolymer
[J]. Journal of Applied Polymer Science, 1996, 62: 27-32.

MA S, FAN H, ZHANG N,

low-toxicity energetic binder for a solid propellant: Curing,

et al. Investigation of a
microstructures, and performance[J]. ACS Omega, 2020, 5
(47): 30538-30548.

R, MY, WM. Sk GAP 4 F 454 5 U A8 1 fig SR AE
WEoEL)]. Bk KA, 2021, 44(1): 52-57.

AN Bai-giang, NIE Hai-ying, HUANG Zhi-ping. Study on mo-
lecular structure and rheological properties of branched GAP
[J]. Journal of Solid Rocket Technology, 2021, 44(1): 52-57.
P, T E s, BT, S B-GAP LI UE ) 25 0 i A FR v A
W1k s 1205 )], S REAF KL, 2022, 30(11): 1083-1089.
LU Xin-hao, YE Bao-yun, CHENG Wang-jian, et al. Research
on rheological properties and curing kinetics of B-GAP-based
propellant slurry [J].
(Hanneng Cailiao), 2022, 30(11): 1083-1089.

AHAD E. Branched-GAP properties, pilot plant and applica-
tion [ C]//24th International Annual Conference of ICT, Karl-
sruhe, Germany, 1993, 75/1-75/12.

FEEL, XILT e, Bk B, AR . GAPAE X A T R AR T A
BOEME S RAUEDT L) ], B KETHR, 2021, 44(3): 364-371.
LU Xian-ming, LIU Hong-ni, MO Hong-chang, et al. Prepara-

Chinese Journal of Energetic Materials

tion, definite value and verification of molecular weight stan-
dard reference material of GAP [J]. Journal of Solid Rocket
Technology, 2021, 44(3): 364-371.

F A, R, SR T (LM AR ST A v U E B-GAP R
(L)), AE2A A E R 5 5 5> TR, 2015, 13(4): 91-96.

GAO Ya-li, WANG Ji-giang, ZHANG Yu. Hydroxyl value of
B-GAP determined by fourier transform infrared spectroscopy
[J]. Chemical Propellants & Polymeric Materials, 2015, 13
(4): 91-96.

www.energetic-materials.org.cn



BGAP I & 1l 5 J& 2 771

Research Progress of Branched Glycidyl Azide Polymer

YAN Yi-teng', SUN Shan-hu?, LIU Shan', JI Ying-xu', BAI Sen-hu'
(1. Liming Research & Design Institute of Chemical Industry Co., Lid., Luoyang 471000, China; 2. Analysis and Test Center, Southwest University of Science
and Technology, Mianyang 621000, China)

Abstract: Branched glycidyl azide polymer (BGAP) has higher relative molecular mass, wider adjustment range of hydroxyl
functionality (1), higher heat of formation and lower viscosity than linear glycidyl azide polymer (GAP). It can increase the ener-
gy level, and improve the processing and mechanical properties of the composite solid propellant. Therefore it has become a hot
research topic in the field of the azido polyether binder. However, the essentially important key to obtain high quality BGAP en-
ergetic binder is how to control and regulate some structural parameters such as hydroxyl functionality, molecular weight and
molecular weight distribution. This paper illustrates two synthetic methods and processes of BGAP, proposes the possible reac-
tion mechanism, and summarizes the progress in performance research. Some problems and deficiencies are pointed out. Final-
ly, the development prospects of BGAP in the field of synthesis and performance research are forecasted. It is concluded that op-
timizing the extraction procedure after reaction, improving the throughput per run, and strengthening the studies in fundamental
performance and application will be the focuses in future researches.
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