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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
1.5 10 11.5 9.0 -60 9.5
3.5 10 13.5 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'™”!

RS E A samples M, n/Pas(25°C) T,/°C AH?/k-mo-'
N S N, — 2000 4.5 =50 118.88
T B — AU £ B, L ECH ALH At 35 5 GAP o 100

PR Ay 36 R (PEEC) Jy JURE, 153 3] T BGAP 9 ZJ0 il = 2200 i s oo

— } E=YANG'< B Tl e BGAP 176.64

JCIR Yy, I H AL R Y b GAP [ it 1= 43 B 51 1] 3k 2| 7400 10.0 -60

950/0[28] y é}]&:éﬁ% JI_L], %:2 3 ° 5 PECH *H Hﬁ , %/I I/J PEEC Note: 7 is the viscosity. AHZS s the heat of formation.

F3 OA[EFRH R X BGAP A AL 52 i 2

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

epoxide m(epoxide monomer) m(PECH) m(PEEC) m(NaN,) M, of BGAP  w, T, y

monomer /g /g /g /g /10° / % /°C
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.
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Table 4 Properties of BGAP prepared at 120 °C without cata-

|yst[%1]

reactant reaction » T
solvent . product 5 8

rubber time / h /10 /°C
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.

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, O T 4R A5 35 00 B AR R $5 8 N AL
L 7E BGAP 194 38 38 FH = A (DMSO) |
N, N-— H % B 5 iz (DMF) F1 N, N-— 1 3 2, 1k i
(DMA) S5 M M 5 1), (P2 33k 0 37 591 2 PRI L W0 i v
T BGAP 7 i 1 R 5 B R (A5 i 2 R 24 R
S A AL T S e L S A R AR
U, ME R BUIV TSR FARBL LA 101 0 F -4k
KR AW W AE R BOR , 2 0d 4 W BUS £ 77 6
DMSO 5% B AU 0.9% (3 6) , HAH X 43 F i 4t 43 1
ARAE, B R FHZRIRL DR VR R P i B EE T ]
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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
st 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 weight 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 0.1 1.5 3.0
60 0.05 5.0 3.4
60 0.32 8.5 3.4
60 0.02 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.

R8RS A BGAP & LI 5 i 25 5

Table 8 Effect of reaction conditions on the results of BGAP synthesis'*"!

samples temperature / °C time / h M,/ 10° D hydroxyl number / mgKkOH-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 10.4
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-
36]

m(NaOH)/m(PECH) hydroxyl number
/m(EG) " / mgKOH-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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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.
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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.

75 R E T, X 5 Sk [ 28 ] B BIF 5T 45— 3, % AT
5% TAE S BGAP 4 F 590 9 fic 77 1 11 42 it T 45 5 A
R

KT T e BRI A LT 1) e T A R P A AR
b2 BE 58 TS 2 4R %519 LU BGAP A JE 1K, IR — %
IR (DDD K B, B i & B T — Fpodr RS
fit 25 & 7 , BGAP/DDI 1 GAP/5 & R Fs £ B 1k
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(N-100) B4k )5 15+ PERESS R WL % 13, B T BGAP &
AR 53 T EE A TR SR L AR EROR A
LI H Z %505, BGAP/DDI B F7 Ad 14 GE it RE AT &
LK W 2 h ¥4 T GAP/N-100, A B0 #E: GAP R T
e B [ AR H 2 70 e 7

%13 BGAP/DDIFI GAP/N-100 [ fk 1A 5 1 B A 4 B 1A [7]
T T (1 it RS

Table 13 Tensile mechanical performance and storage mod-
ulus at various temperatures of BGAP/DDI and GAP/N-100"*"

E/ MPa
-20°C 0C 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: Jode is the fracture work. E' is the storage modulus under 1 Hz.

2.3 FEHEEE

T FE I BGAP I 7= b oA, HE T LA & R AR Y
TIE A 5 e 2R 500w A 13, 28 i Y R SIS B 5
s (GPC) 5 2 £ I 25 B¢ FH 4+ R, X BGAP 1Y A1 X 43
JhE A FIE AR SOk A T A A DA R g AR T g
T T W58 . R 22 A8 60 1% A 356 FH 19 07 125 43 25 BGAP i
ZE AR WO AT, I HIE 52 2 A A AT 43 7 I 4R
P GAPVERRAE , SR FRE 1 B 8500 3R AE 1 S AR B o 1
B T 07 bl AR . AR ERESS K BGAP
B S AR B o EL IR ARSI | 2R R X B A
DL K B D) A6 BE 2 i AR M RE#R A 2 , H BGAP 32
s B 5 H T S5 AR K 43 5 2 R R, Xt L 9 A
RERZ MM R 2 . ALY, X T BGAP (il Sz 4b 2680 | 37
A R B0 R AR SOk RO LB I R HEA T 5

T A% 5 BGAP JeAf 3 77 25 3K i A 06 T2 R hE 4
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F (E 1a) , 19 2 A [5)  BE / [ 10 R -5k B il 26
(P b)), HES7 T M6 32 265 v 1) 24 0K 1 Ak 3l g 2 A
. BGAP HE 4l 35 57 25 3¢ J@ 1 {8 28 1 Al A i gt 4%, 3L
[ £k ]2 1 2 F1 2 R F AR R, I L1 Ak R 5% 6 BE
R 55K, 7E 55~65 CIA), [ 4k 5¢ 1 A 1] e £ A1 22
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Fig.1 Storage modulus-time curve and curing rate-curing de-

gree curve of BGAP propellant at different temperatures**’

HESEFIBC I L BGAP 2 & BERL A4 77 XL (2, 2- A
L) 45 W OE/AE OO T (A3) S B 8RR R AR R i TR
(PSAN) R S AL, IPDI Ay [ A 500 20 1%, 76 A8 Jin 5 511
it BGAP Je 4k 7] [E b J5 BA B i) g 2 52 M i
KRR SR B N 0.3~0.6 MPa, W 2L K 3 H 16%~
47% , B AT U 880k TC S AR T R B (AND AR &
SR B (AP) JE 51 ) FL v (B T BB AN 2 o

FRAE B A 700 Ak RN ) B AR bR 2 —
TR AR 1 U Bl 2 7 R W HE SRR Y 2 A T A R AR
S T ST WERA P R A M A BGAP R AE K
ft R ABE T4 10U A+ 75 e S0 A 2540 R D) 2 40 A 1k
2 A PRBE LA A ST T BGAP MR 5 1L
REMERLR, BA —E Ml fEd . AF BGAP
A B R AR 3R 4 SR UL R 140 KRS BB REE AE 2.47~
4.65 Z[a] AN [F]FE ol (0 F2 0 R B0 0 W1 & 22 e Pk R HL
FRAE 5 B AR R 43 0 AR Ak R L L 3X 5 R Tk AR
R—E . %R L T BGAP & 15 A A Oy B3
{4 T 2R, Sk JHL 7 A R 500 TR AR S O T AR AR T R S
P A AT A B R XA (21 h) AT — 2 Ak .
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F 14 A[A BGAP B i 1 (i 0 5 2 1
Table 14 Meaured hydroxyl number for different BGAP'™*!

hydroxyl number M,
absorbance f

t
entry m/g / mgKOH-g”' /10°

0.2995 0.165 4.94 34.5 3.04
0.3191 0.199 5.61 31.1 3.11
0.3203 0.192 5.38 29.1 2.79
0.3099 0.239 7.01 25.7 3.21
0.3606 0.245 6.17 27.4 3.01
0.1538 0.241 3.37 41.2 2.47
0.5193 0.195 14.25 18.3 4.65

N OO AW =

25 I, 54 A GAP ML , BGAP AAUA AR S 17 7% 1
o AR A T L AR S PR T AR I B 3 Ak A
TR RE L A B e R R R D R R B IR T A
PERE . SR, 24 AT BGAP 19 1 BB 0F 5% A2 il 48 5 Ml
AT 350 S8 AR A B BB LA R R AR S T 2% i AR P g 4
SEmh P AR 5T, X L T 2 7 v ) R AU
FEH D R — 2 BT B BGAP 5 HAt & AE 20 43 i A 45
PE N R 5 R 3 072 ke LA B Rg o 4 18 1 B 5,
PR BGAP 7E 52 bR 7 55 & sl AL 1 0L .
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4, AT A5 KR [R) A G 43 F 0 VR AR E Y BGAP, 1 2
TSR 3 5075 5K, FF FLR U i 30 50 s A i HL A o
A R L (2) PR RE R T 45 RAE S, 5 GAP A L,
A A 25 478 BGAP B A= iU 55 1 48.6% A0 fiff T
T RE T B 249 18% o A o B 117 224 i K S5 43 B4R T T
41.2% F190.6% , 3 H BGAP Ji & J1 2% 1K FL A1 43 14k
PR AL, B E AR AR ERE . BGAP SRERN &
TR ER I T T 4 ey [ 44 4 3 7 8 K K R T g
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Research Progress and Prospect 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 (), 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.

Key words: branched glycidyl azide polymer (BGAP) ;solid propellant; performance research; energetic binder;synthesis
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This paper fully reviews the synthesis and performance research of branched glycidyl azide polymer (BGAP) energetic binder
from 1989~2023. The reaction mechanisms from different methods are proposed, and the development prospect of BGAP is

presented.
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