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Fig.1 The pH evolution with time for 5% boron/water slurries
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Table 1 The heating value of boron-based propellants
system mass fraction " M i
y /g-cm™  /MJ-kg™ /MJ-dm”
40:30:30 1.52 37.35 56.88
B/HTPB/AP
45:25:30 1.61 38.02 61.08
45:25:30 1.80 32.81 59.07
B/PBT/AP
50:20:30 1.87 34.52 64.57
45:25:30 1.86 31.88 59.29
B/GAP/AP
50:20:30 1.92 33.78 64.90

Note: p, is theoretical density. H, is theoretical gravimetric heating value.

H,, is theoretical volumetric heating value.
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Gl BT ARG A 0 o R R A M B 25 S, SR
e J5t S5 w7 B i 8 A 1% M AN [, DA T TR A 38 3K 1) s g
RO P 2200, E'/umg/\/tbn RIW A A
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R BRI B, 20 TR A R & B 38 B0BE IR
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Fig.2 The n,-t curves for B/HTPB with 25% boron under dif-

ferent shear rate at 50 °C
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Fig.4 The n,-t curves for B/PBT with different boron content
at 355.56 s' and 35 °C
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M5 AT UL, B/PBT & & 1Y m, B 2 L B (4 T & 1
TR X R R PBT A4, B A IR B A LTI R L TR
BRI BY B, HH TR IR R 58 A R R =2 ]
PR W A R A B I A 1 35 e R G, R 4
108N T LA, B R A B R) A4 B8 i A s BE B TR A

CHINESE JOURNAL OF ENERGETIC MATERIALS

] B934 1, 4% W58 T 89 B/PBT IR R il m, 248 10 . 5
YI# %64 355.56 s ik B 55 CHE, % 6l 40% 1Y
B/PBT /K R IR A 420 min J5 H: n, 1 3.63 Pa-s B F+ =
10.6 Pa-s, LA R AF (9 i s ML fig . %t b B/HTPB 7£ []
BT Y] aR T A AR AL A, R B/PBT MR R Y il
OB, R AL SR R 4 Y RN R AR
420 min N 5N FE AR .

XFF B/GAP IR Z KU, il % it Ry 25% ), KW
FEALTF 0.3 Pars, Ik T MK B . B ok, X
TN 45%,50%, 55% [ B/GAP 1k R k47 T i 5%,
K 6 Fr R, K 6 W] A, B/GAP 4 & 1) 5 B Fifi
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Fig.6 The 7,-t curves for B/GAP with different boron content
at 355.56 s and 35 °C
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Fig.7 The n,-t curves for B/GAP with 55% boron at different
temperatures at 355.56 s
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B/PBT {4 & Ay B J& -1sf [] il £& X} b, B fif 7 355.56 s
= BT V)RR, B/GAP R & rf iR M 24 i 5 o % ik 22 [
JUF A R AR .

M F R 4B AL, & Bl 25% B9 B/HTPB 1k %& 15
355.56 s By I AN R EE 57 5 D A R EE Y 5 R
B, 35 B BE IR A 1 B 1) B 2 BT 1) 3 2% 0 B Y 3
P /N o X T B/PBT 4 F K Ul , RIS 6 25 ik 4% fin %)
40% , & A 420 min f2 N A& BE AT A, 10 % W 55% 19
B/GAP & R A 420 min WJL-F- %A EA B . 7Lk
0 45 4 W, 5 R 1 2% I S 1V R PBT T G AP b 346 3 18 12
N 36 ML AIR T HTPB S R 3 0 e B i o o T i —
A TN 5 TR M 2% Jo S N I iy 8 R s T M B R /N L
BN IR A i R b R A B AR AR R AT /A

3.4 BEMKREATEPLLIMLIGIFE

IR FEGE M KT F  HTPB W R 3 £ 8 G TN
FAA R 2 F AR 5L PBT o 2 3 WA 2 3,
GAP b J2 5L AR R R s 2 3k 2 it . Wik 3%
T TR M 2% 0T = 2 Sy W R A SRR I o Ok 5 o kAR
i £k 5= WA B R e L S 2 a0 Scheme 1. 3% W A4S
i C—O—H# ¥4 C—O—Bik., WL, M&H
J R I HEAT L 43 F B vh B—O Bl i1 1 B W i, C—O
SO AR 1 & BTN . TELLANERE T, B—O
B — B AE 1350~1310 cm™ 4b A PR s & Y g, c—O
A1) F C—O S (P ) 3 9 7 1080~1030 cm™
M 1125~1100 em™ 4b A5 4% sh W e i, 3+ B—O
BEF C—O B (1) 7E 1500~1000 cm™ N A £L A5 4E
W, SR 2T A6 1 J7 2 T DASR AR 45 IR A 1R & IO 2ot
T Ak 2F B A AR B B . X B/HTPB. B/PBT 7 Al
B/GAP 1A Z i A8 M 32 1 A8 v BUORE I E 47 T 2040 R AE
FF A5 LT A8 63 & (1500~1000 cm™) WL IE] 8.,

%2 HTPB.PBTfl GAP Hiit ¥ 3L 4544 Table 2 The hydroxyl structures of HTPB, PBT and GAP

binder hydroxyl group structure
wrCH,
allyl primary hydroxyl \CH=CH waCH, CH,—OH CH,~Cw
HTPB H—OH,  ‘checli CH—CH,—OH
HO—CH—CHon
vinyl primary hydroxyl CH=CH,
CHN,
PBT primary hydroxyl H—(-O—CHZ—(I)—CH,-]m—[O—CHz—CHZ—CHZ—CHZ-L—OH
CH.N,
HO—CH,—CH-~ 0—CH,—~CH—OH
GAP primary hydroxyl, secondary hydroxyl CHA, CHN,
0—R—0—B—0—R—0~r
B.0,(or HBOJ+HO—R—OH > b H3.54% M 2.00%. "] UL, KEH n, BT, B—O Y
; R 5 W O LR A3 T C— O (1 B ) B R 0 6
9 W8 o T B A TR IR ) BB, 23 6 B—O B
Scheme 1 Schematic reaction between the acid impurity on O BRI, 1 C—O (P B ) B8 W) 25 328 M 0/ ) o

the surface of boron particles and the prepolymer
(R represents the molecular chain of the polymer except the

terminal hydroxyl groups)

Kl 8aH,B—OHELE 1331 cm™ AbAg 47 3 W i i
C—O(Am) BEAE 1077 em™ Ab A IR 3 W e . 454
K 3R TR IR G 1K &R 0,28 0.3 Pa-s, Htif B-O
I C—O (182 ) el Wi 5 0 19 A %o e 3 X T 06 43 ) 4
B4 2.36% Fl 2.54%; A 90 min It , 7,4 76.5 Pa-s,
WM B P W £ R X 5 3 43 33 R 3.51% F12.33% IR & &
150 min i}, n, 358 252.5 Pa-s, ¥ I (14 AH X 52 2 43 51
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Xt F B/PBT F1 B/GAP 14 R K it , W5 & 1Y m, 225 1L
BTN DN 4L 4153 (& 8b ATIE] 8¢) AT
VL& B, BE IR A B B, W AR &R 7E 1350~
1310 cm™ W& A B—O #E ¥k sl W i i , B/PBT 1K &
C—O (AT ) B i 4 20 W ic g o J3 L0 A kAR AR A
[ B, B/GAP R & i) C—O (i) B Fl C—O (A 8 )
1A I 3y W AT 0 1) e B A Ve A D Sl 1 e BE AR Ak . AT DL,
¥ 5 PBT 5 GAP IR & B R 5 I 6 56 o 1o 2 B 341K

i# 53 B/HTPB . B/PBT Fll B/GAP 1A R IR & i 12
B 2T HNRRAE I 9 20 B, 1T AT I, 5 R 1 2% I 2 g 1
At

www.energetic-materials.org.cn



0TI 2 R W5 HTPB . PBT FI GAP 3 % JL 19 )2 I 1% 1

627

PBT Al GAP 1 3% L 76 4 2 i (K F HTPB S 5% 3L (19 1%
P, X5 3.3 1 AR gE 45 R — 32

100

954
90

TI%

70T
65-
60-

":‘ '
551 11331 cm”’

1077 cm )

1500 1400 1300 1200 1100 1000
olem’

a. B/HTPB(25/75)

i
1
80 !
1

60

T1%

404—=—PBT

—o— 0 min

09 . 140 min |
. 1331 cm ™1 1096 cm ™}
1500 1400 1300 1200 1100 1000

b. B/PBT(40/60)

T1%

4 |
2 —— 140 min :—4—420m|n .
0 1331 om”’ ! 1109cm” 1177 om |
1500 1400 1300 1200 1100 1000
olem’

c. B/GAP(55/45)

& 8 B/HTPB.B/PBT A B/GAP & Z A [Ali & i ] A 21 41t
Fig.8 The FTIR spectrums for B/HTPB, B/PBT and B/GAP
after different mixing time at 55 °C and 355.56 s™'

4 4

(1) 2 4fE 3 500 i S J7 301 S i1k, PBT F GAP
FEEC 0 H KT 64.50 M)-dm™, & T HTPB L At
T WA, 2 BT PBT R GAP 1 A &5 B H 2 570) 114 K 245 77 2L
it — BT E L
(2) B/HTPB 14 & 57 5 U] 18 2 F1 ik B 19 5% i 5K
TR B B Jie R A Y s [ (i 5 170 S A R0 R R Y 1 i gk

CHINESE JOURNAL OF ENERGETIC MATERIALS

/N3 B/PBT M4 3= 76 1R A o A8 v IS £k 2 3K 1) 5 17 348 38 A
fi% T A 420 min J & B A5 3K 5 11 B/GAP AR R AE
[ 851 & 2 N WL A B A RO .

(3) B4R A B E A 3G, B/HTPB AR R VL1 4G
T o B—O i o1y W WA 32 7 38 5, C— O (A1 12 ) S
Wi W 2% 9T Rk 55 T AE B/PBT 1 B/GAP 1K £ 1 2L 48
i, B—O R C—O (A s i ) 5 4ig ) W i g 14
948 5 it 2 TR A IF ) £ 385 fin 41 T Yt 1 A Ak

SENH:

[1] Daolun Liang, Jianzhou Liu, Binghong Chen, et al. Improve-
ment in energy release properties of boron-based propellant by
oxidant coating [J]. Thermochimica Acta, 2016, 638: 58-68.

[2] Brain Van Devener, Jesus Paulo L Perez , Scott Anderson.
Air-stable, hydrocarbon-dispersible  boron
nanoparticles[)J]. Materials Research Society, 2009 24 (11) :
3462-3464.

(3] &KW, FMHER, H R, 5. S A RO 7E HTPB thifi 42
PEREM BT FE L) ], AR HETH AR, 2014, 37(3): 369-375.

HU Xiu-li, ZHOU Wei-liang, XIAO le-qin, et al. Effect of bo-

ron powder and agglomerated boron particles on the rheogical

unoxidized,

property of HTPB [J]. Journal of Solid Rocket Technology,
2014, 37(3): 369-375.

[4] Liu Yunfei, Chen Yu, Shi Liang, et al. Preparation of BAP
composite particals and their effects on rheological properties
of HTPB/B/AP slurries [J]. Journal of Energetic Materials,
2014, 32: 2.

(5] B35, A=4La, GRLT By . DRRLH 7 xh o il s 2k 1 4 4 2 70 25 ¢
WL AR E R R ()], 78 b Tl K A AR L 2004, 22(1)
100-103.

WEI Qing, LI Bao-xuan, TAIl Hong-qin. On adjusting function
components for optimizing rheological properties of slurry of
boron-based fuel-rich solid propellant[]]. Journal of Northwest-
ern Polytechnical University, 2004, 22(1): 100-103.

(6] #H, e, ARLLS) . AP G R I XT & 428 4k 8 50 25 0 i A2 45 1k
MgmaL) ], e AR, 2003, 24(5): 467-469.

WEI Qing, LI Bao-xuan, TAl Hong-qin. Effect of boron coated
with AP on the rheological properties of slurry of fuel-rich pro-
pellant[)]. Juornal of Propulsion Technology, 2003, 24(5) :
467-469.

(7] Fart BRGE, R MR A Xt B/HTPB i & ) i A2

PERERZ AW ], FREM AL, 2007, 15(4): 341-344.
XU Hui-xiang, ZHAO Feng-qi, LI Yong-hong. Effecct of neu-
tralised boron powder on rheological characteristic of B/HTPB
[J]. Chinese Journal of Energetic Materials(Hanneng Cailiao) ,
2007, 15(4): 341-344.

(8] JEDURE, BRIT, RAE, A 000 A B X Hf 2 550 T 22 4% 8 1y 52 i

). &gtk 2005,13(2): 69-73.
TANG Han-xiang, CHEN Jiang, WU Qiang, et al. Effect of
modified boron powder on propellant processing characteris-
tics[J]. Chinese Journal of Energetic Materials(Hanneng Cail-
iao), 2005, 13(2): 69-73.

[9] Weigiang Pang, Xuezhong Fan, Wei Zhang, et al. Applica-
tion of amorphous boron granulated with hydroxyl-terminated

polybutadiene in fuel-rich solid propellant[J]. Propellans, Ex-

N XK 2019 % %27 % %748 (622-628)



628 SR E, E BT AR R
plosives, Pyrotechnics, 2011, 36, 360—366. [15] Glenn H Fredrickson, Ludwik Leibler. Theory of diffusion-con-
[10] Hui-xiang Xu, Wei-qiang Pang, Hong-wei Guo, et al. Com- trolled reactions in polymers under flow [J]. Macromolecules ,
bustion characteristics and mechanism of boron-based, fu- 1996, 29: 2674-2685.
el-rich propellants with agglomerated boron powder[J]. Cen- [16] Hong Zheng, Wei Yu, Chixing Zhang. Numerical simulation
tral European Journal of Energetic Materials, 2014, 11 (4) , of morphology of polymer chain coils in complex flows [J].
575-587. Chinese Journal of Polymer Science, 2005, 23(5): 453-462.
(1] P B I Rl 500 BEe 5 TR (M )L B 5T s o 20 8 R (V7] s . HUBR) A~ 20 & R D) 1. fb 2 #°%, 2008, 5:
#, 2014 202-372. 50-55.
PANG Ai-Ming. The theory and engineering of solid rocket SHI Hai-xin. Chemical effect of mechanical fore and its appli-
propellant[M]. Beijing: China Aerospace Publishing House, cation[J]. Education in Chemistry, 2008, 5: 50-55.
China, 2014; pp: 202-372. (18] LEZR, THA, AR . oL UG HUR & 28 W IE R 25 508 &
[12] 5RB07, HREGR, EFRIE, S5 AN 1Y 3, 3-00(F R L) IR PP RRBCILOS L)), A s TR S B M, 2011, 26(24)
T - Sk e SR kL BB SEL) ] A REAMLRE, 2005, 13(3) 381-386.
185-188. JIANG Ai-ming, YU Sheng-Chun, ZOU Chang-qing. Numeri-
ZHANG Qiong-fang, ZHANG Jiao-qiang, GUO Ji-ying, et al. cal simulation of the mixing of composite solid propellant slur-
Research on the surface coating of superfine boron particles ry in a kneading mixer[]]. Journal of Naval Aeronautical and
with PBT[J]. Chinese Journal of Energetic Materials(Hanneng Astronautical University, 2011, 26(24): 381-386.
Cailiao), 2005, 13(3): 185-188 . [19] R L Werner ,K G O’Brien. The infra-red spectra of the borate
[13] R Pein, S Anders. Investigation of fuel-rich boron combustion esters[)]. Australian Journal of Chemistry, 1955, 8(3): 355.
in a pressurized combustion bomb [J]. Analytica Chimica Ac- [20] EwwE. AU FCEEMBD) M. db et B4 20E s, 2005:
ta, 2002, 5(1-6): 427-437. 296-301.
[14] Ing-Ming SHYU, Tai-Kang Liu. Combustion characteristics of GAO Hong-bin. Organic chemistry (the fourth edition) [M].

GAP-coated boron particles and the fuel-rich solid propellant
[J]. Combustion and Flam, 1995,100(4): 634—-644.

Beijing:Higher Education Press, China, 2005: 296-301.

Reaction Activity of Terminal Hydroxyl Groups of HTPB, PBT and GAP with Boron at High Shear Rate

ZHANG Huai-long', WANG Yong’, ZHOU Wei-liang', XIAO Le-qin'
(1. School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094 ; 2. Shanghai Space Propulsion Technology Research
Institute, Shanghai 201109)

Abstract: The boron based fuel-rich propellant is considered as one of the ideal fuel for solid rocket ramjet owning to the high
gravimetric and volumetric heating value of boron. However, the amorphous boron powder could react with the terminal hy-
droxyl groups of the binder, causing increase of apparent viscosity and pot-life of the slurry shortening. The theoretical volumet-
ric heating values of three boron-based propellants were calculated, in which hydroxyl-terminated polybutadiene (HTPB) ,
3, 3-bis (azidomethyl) oxetane and tetrahydrofuran copolyether (PBT) and gycidyl azide polymer (GAP) was used as the bind-
er. The rheological properties and infrared characteristics of B/HTPB, B/PBT and B/GAP at high shear rate were studied by the
co-rotating twin screw rheometer and Fourier transform infrared spectrometer, respectively. The reactivity of terminal hydroxyl
groups for the three binders was analyzed. At a rational designed composition of 50:20: 30, the volumetric heating values ex-
ceeded 64.00 MJ-dm™ for B/PBT/AP and B/GAP/AP, which was higher than B/HTPB/AP system (61.08 MJ-dm™). At shear rate
of 355.56 s™' and 55 °C, the apparent viscosity for B/HTPB slurry with 25% boron rapidly increased to 260Pa-s and reached gel
state after 110 min mixing. After 7 h under same condition, the apparent viscosity increased from 3.63 Pa-s to 10.6 Pa-s for
B/PBT with 40% boron, whereas reduced from 5.96 Pa-s to 0.33 Pa-s for B/GAP with 55% boron. For B/HTPB slurry, enhanced
B—O vibration absorption and gradually weaken C—O vibration absorption were detected during mixing, which were un-
changed for B/PBT and B/GAP slurries. Therefore, considering reacting with the acidic impurities on the surface of boron parti-
cles, the reactivity of terminal hydroxyl groups of PBT and GAP were much lower than that of HTPB, which would facilitate pro-
cessing of boron-based propellant.

Key words: boron powder;hydroxyl-terminated polybutadiene (HTPB) ;azide polyether binder;rheological properties
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