786

Rk 3 IR SR R I

XEHS:1006-9941(2019)09-0786-06

TE R 2T hn iE

MR, A B XREK %

(HFEIEAFERERRK, T4 FXEE 050003)

W OE. NTXEN
5% 10% 15% & N A K- HTPB 4 2 159 il

37, I AR 8 1E A SR A AL ST BEAR B 1 HTPB 412 A9 S 1Bk 2 i

FEWEZGETHIPBHERBEEE

2R

ARWAF B SR v R R T s (HTPB ) ff J2 8 1) it 752 40 20 0 50 16 5 188 110 248 Ak A A R AT BF 58, 83T T 0%
AL, R Y TH NMR CPMG 7 8 % HTPB 46 J2 114 J5T i 1) sth 742 5 ik il 2%

AP ACHE Y AR A LA [N 2 A S AL

2 AL R 3R Y SS I0k L S A B, Xof 2 A AR B 2 B s i TR 3R S AL LR AT T PO . SRR B A B AL AR HTPB A
):Eﬁxﬁf&T“azﬂf‘ﬁi'éjt}ﬁﬁ%ﬁﬂ‘lﬁﬂ,mﬁﬁﬂﬁﬁfégﬁﬁHTPBN)?:—'E@KEJJM?&EQLI‘WJJ[IJE' X HTPB 4] 2 1938 Ak 5 i 42

BB AT W I . ST I SR JE S AL 1 BARTE S v (25 0) = v (
6 45 SR A A 52 2B R>0.9500( 5% <& M A8 I A ¢ 22 %X R>0.9000) , AT LU A Hili ik 5 I 28 4544 F HTPB %) )2 &S BR R i

= k() t %M i
e

()1 - exp( = iz ()] + v,

KB IR T R (HTPB) A2 5 2 VAR 5 18 1] ot 2 4 2 5 S B % 3 5 S AL i Y

FESEES: V512 XHARAERD : A

DOI:10.11943/CJEM2018262

1 315§

HHT, R KCH & SALAT R AT 2 K 2 o D
FRHERT A (HTPB) Al 55 50 2 B 2 A iy 24 8] 4k {4
R R R WA i R v R Z AR A R VA B
1 % ShHIL A R ) PR 3 e DA R TR AT IS e B S T
PR ST, S B A R T 2 RE R B LB R A
R AWM AETE BT B S AR KT & sl
e E LR A 2 —  HTPB A 2 e b & B
$2 5 35002 A 1R A 2 00 A 0 P Ao A v b B ok i 3
L RN A AL R [E AR K R S AIL A E

A, 1™ Y A 4 2R ]

rﬂ%ﬁﬁx%aﬁm*wAﬁ%%mMﬂm%
P BT SE FE | SE A R R R B A5 DAL AT DL Gk 28 K
JERAE HTPB 4 2 19 Ty 2# P i A% e I il b ek 22

Yim B 2018-09-17; & E HH#: 2018-10-30

P 4% AR B #5 : 2019-03-05

EE&TH: MEAKRPAREEI(51575523)

fEER A KR (1991-), 95 LR A, FENFELS
T )2 YRR FSY . e-mail : dygangus@163.com
BREBRA: BR1962-), 5, B8, &S00, 32\ F K
J1% W98 . e-mail : 539923671@qq.com

IE A #f

E1i: N i & S 29 R

A E NS N AR ST HTPB def J2 58 Bk %5 & AR S 7 )]

E 2 B 1 v R A T R AN A vk R
JE I AR R R 2 KA . RS R
(NMR) J& —Fi il 5 HTPB #f J2 58 Bk 2% i (1 A %0 F Bt
HRAE 'H NMR 3t 72 2 5000 ok 28 115345 20 b4 R G 32 Bk 2%
LA A 0 e R 22 /N R0 B A A A
Gennes” F 1971 4F f Je i3 17 3 F NMR (19 58 BE %
BE K D7 ¥, Kuhn 'O 3R F Gennes ff 3L At 8 AR
9 8 L N 1k G 114 0 285 235 k) R 22 K % BE AT T TE A
FIBIF T, 45 S A0E B NMR H A 1) 5t 7 2 B0 4% B2 11 3=
TR AL IS 28 3K 5 3 7 T 2 RV LA A A e . V4l
e SRR K PG I R R S T A K T e 2 R
A AR SR A AH 1, 40~130 °CF NMR 5 25 °CFF
7 75 B I A T 3 Bk R R R OC R B IX |] S 0.952~
0.998. Howse % A" fifi F| NMR 32 43 51 % oK % 1k An
AR IRAZ S 1) Ak 27 58 6 2 B 0 AT T D0, 2 Bk
LA T ECT MR P RE AL TR R T I 4% B R
GHZE P . ARSI NMR 7 ik I A7 & 4k
of B2 o HTPB & 4 [ A 4 3 7] 1) 3¢ 36 %% B2 i 47 1 0
B, IR BT 7 AR AR AL R O A A AL EE . HTPB
T 2B T 32 B0 A 0 R MR U A R v AR A
HMERE LM BN R AR NN &FTiE
FH'H NMR J5 3200 58 HTPB 4 2 38 B 2% i 2 A A5 A0 38

L HHEMRE,2019,27(9):786-791.

DU Yong-qgiang, ZHENG Jian, ZHI Jian-zhuang,et al. Cross-linking Density Aging Model of HTPB Liner under the Accelerated Aging Condition with Constant
Strain[J]. Chinese Journal of Energetic Materials( Hanneng Cailiao),2019,27(9):786-791.

Chinese Journal of Energetic Materials, Vol.27, No.9, 2019 (786=791)

Sttt

www.energetic-materials.org.cn



SE AR N Ak A5 T HTPB 4 2 58 Bk 2 i S Ak i Ay

787

DA R GG

R, ABESE L HTPB w2 AE R BF 5 4T 4, 58 i A
[Fi] 07 A% 4% 1 1) in 8 & A K 5, 32 T 'H NMR CPMG
J¥ B % HTPB fof J22 ) 5T 8% 1] ith 1 5 000 28 3k 4% 3
AT 700K, ST T AR B P AR R X I A AT
FE e HTPB #of J2 58 B 2% B 1) A8 AR WL B E AT T 40 M7 o

2 K

2.1 KR

HTPB #f )2 : % i 40 S HTPB ., H K — 57 55 2 ik
(TDD) 2 R~ H ¥ lE(DOS) VA b sr . — A AL iE R 7
T A [ AR R R A BRI FEALIZ B Q) 916-85 1
U o ) R R
2.2 EMTMEENRE

HTPB 4 )2 14 % 07 A% Jin 33 2 Ak 3 56 76 i 20 v e
T AE R AT e IR R R R 70 °C R I Bl [
Jp£1 °Co SCHR[ 1617 JHF5E 2 B 76 5 7 25 o A1 b
o R 178 B A L[] R TR, 2 50 24 A 19 i R 45 R0
AE R 15% , 245 FE LA 43 19 B AR (H 29 10% , A 1
A K HTPB fof 2 3 [ 28 7E Je 152k B b, 43 5l i
% 0% .5% . 10% . 15% PO Ff 5 Ji AF 7K X HTPB 4
JEHEAT R —A A B 2 Ak, BB 5 R X HTPB
o J2 1 2 AR A T I, A il i 5 A AT IR L 4
I H41H -
2.3 "H NMR # [0 5t 7& S #1035 BX 25 S 5K

HTPB 4 2 () J5 8 1) 3t 1 2 B50OR 22 B 2 1 0 3k
7E VIMR20-010V-T #% 4 3 4z 52 B¢ % B2 I ol A% |- gk
15 SRR 22.35 MHz, BEIRSRE 0.5 T, H 18K
10 mm, 861 6 B H 32.00 °C. X 5 16 &4k 5 1)
HTPB #f 2 il JH A4 8 6l #E AL U0 1 8 29 10 mmx
6 mmx2 mm FJFEIE &, 2 A 10mm #h 5 2R /Y IR
WL AEAL R PR 30 min, R 5 7E 30 CE& M HE AT
o HTPB % 2 i A I ik R H CPMG J¥ %1, SFO1=
22.3488 MHz,P90=2.8 ps,P180=6 ps,SW=250 KHz,
TW=3000 ms, TE=0.3 ms, RG1=10.0 db, DRG1=3,
PRG=1,NECH=1000,NS=64. % %l ik 5 4 F 171k
FE 85 R BOT 418

3 #ER5iE

3.1 'HNMR CPMG FE 3R FiEm &N iX 4 R
83 TH O NMR B [ B2 Ak ot #5845 R AT L R
HTPB % 2 il keSS B M 48 554 . — i 5 . B oW

CHINESE JOURNAL OF ENERGETIC MATERIALS

A2 UG 5 R AR, R VT B R 16 st BN ) T, MUK T
T st 350 oty 24 8 0 A BPR o X T A A R A ) T
JoT 5~ 1) 5t 5 B0, Xk I A R ) b BRI R T {E AR o
FEIL & T B AL R AR I B TR R F T KRR S
14 5 iz 2 32 1) 0 265 45 19 9 B, T (8 A% DR/ 3 B Ik
Tk iz B 4% 1] S T BE B Bl B 2% 1) S 1R 52 0 2% 4
Z 18] BB A BE AR o PR AT UK TH NMR B [ 5 750
R A O T 00 265 25 4 1) £ R, SR B = [A] Y K B
Ji ik 12 2l B 4% ) S R XY TR BT R
[7] 2 AL I 5] LA KA T 5 078 25 A R HTPB 4 JZ= 3l R
F% Joi A 17 st TR R i T 2K

1.04 03 —=—0% 0d
. o e 0% 5
s 081 e 0% 10d
= o2 0% 15d
% 0.6 026
15 0z =~ —e—0% 20d
£ 04 o 6,00 0 11 ——0%30d
©
oy
= 0.2 )
0.0 =
0 1 2 3 4 5 6
t/ms
a. storage time
1.0 —=—0%
) —e—5%
© ° I
Z 06 -
8
'c_E“ 0.4 10 11 12 13 14 15 16
20 Nepgy

0.0 T r : T . .
0 1 2 3 4 5 6
t/ms
b. constant strain

1 HTPB 4218 [ ith 75 2 0 il 2%

Fig.1 Transverse relaxation decay curves of HTPB liner

5 7 N i = v A SO 1 <50 1 B8 2 F A T NS
HTPB fof J24 1 ) 9t 12 5 ok iy £ 52 A [ ) R AR, PR b
X HALLL 0% % R AE A ), an i 1a fr s . B & 1am] LA
B B A A I R 3G 0, HTPB A J2 14 6 1 ot 75 o
U 4 S B S KR T B U A /N 1
I R HTPB 4 J2 3URE 76 it & Ak 0 0, 38 106 2%
SetR G I, i iE 2 Ak b JE 9 38 B B B W /N o H
B 1b o] LA ALY B AR K R HTPB ) 2 ik
P14 A o i, P s e ol 6 ) BB AN (D . 0% S g A% RTJG
AR AE T HTPB A J2 5B A4 A i it 7 o il i 26 °F 6 el

N XK 2019 % %274 %98 (786-791)



788

ki AU, S sk I

JE S5 R Bt A I 728 7K R 3 it 4 o D 1 S JE AR TR
/N, R BT HTPB fo )2 10 FF 1 58 K %5 B2 Bt & a2 2% 7K
SR BE I AR . X 5 SEBR TR A SE H R B A
(4 3.2 75 it s ) AH ] o
3.2 TEEEMRER

53 F- N ORI 43T T8] &0 5T 7 (%) A8 A A B4 FH 7= A A%
LR B 8 1) a5, MR A s TR AW B s AL
AR EE T, I, 55 0 2% e (18 3 o 5 AR AR B AR HT B
HEMTFIZHEE . R TRGY RPN ST
B A A A AR T A B PR A, TR T DL IE 1 B
R (XLD AR ) il B SR ) 1 B )t B, A
R0 250 h B4 ) st Rt R LS 15 3

M (t)=Aexp +A, (1)

£_1 M Xt* |+ B !
- exp|—
-,- 2 q rl p T

A, MO i 20 9 R 1w 5t 35 1L 5 A S SZ K BE AR 20 15
Tl EME T I E A, % T, 08 AR SZHR G B o3 AR R
G S B SR I ], ms; g MR TEIAE L 02 i T B
e AR R T, 09 I 5 A kA I R T Y LR
P75 M W S A% 23 5 N IO AR, me 5725 gM, Dl Y
AR B AR B — B AP B 5k B R Oy, mes s BN &
R HE R o 45 5 i BAE T R B, % 5 A, TE S B ) B

Gotlib 5558 i BF 7 42 ) , 76 B IS ML e L IR T,
b AR AT 2 MBS 2 031 B M AT L B (]
B LRI T g it S AR, s (2) s

3cM,,
M, = (2)

5n\/5
A, oo Kuhn 8% B 19 32 88 8500 M, o0 B8 2 BT 19 JEE
IR EE g -mol™ s n S HE A FRoTIN By EHE AL
R 45 22 Bk 25 B (1 3 3 ek o0
Ap

VNMR:V (3)

K, ABUE B R ()RR 50 MEESIHE , g-cm™;
54 3001) 0 (2) ((3), AT 13 4 R Y 22 X % 0 H 5
Tk
, _ 5pnﬁ
M 3em,
& 2 M3z "H NMR CPMG F 81 il 3t 18 15 31 1
HTPB ff J2 4 BE £ A 7] 22 1 AZ 7K F T Bl I A7 22 A6 B i)
1) 78 b i 2k
MNIE 2 AT LA MR AR 1) Bl 2 7 107 A8 7K
SER BN, HTPB o) J2 1 S8 Bk %% 4 2 I T R i 4, i &

(4)

Chinese Journal of Energetic Materials, Vol.27, No.9, 2019 (786=791)

TR O E N I AE R HTPB 4 )2 19 4 4 th % 45
ARASTETT, 7015 FHT 1) HE S, 75 1) 750 20y L 20
B AR R A SC TR B ) BB A I R, AR A2 1 5 1) B AT
B 22 (1% BT e % [ g A 2R 1 R 20 HTPB # )2
T N — 2 TR BRI 5 B HTPB 4 )2 A9 52 1k 4%
JEE It 5 R A8 7K S B B8 T A

2.80x1041 —=—0%
2.75x10* —a10%

——15%

2.70x10*

A

v / mol-cm’

2.65x107*

2.60x10*

2.55x10™ . . .
0 20 25 30

=
($]

5 10
tid

2 RIA]SE REE AT T HTPB 2 2 1k 2 1 BB I A 2 A6 I i)

4728 1 H 2%

Fig.2 Changing curves of cross-linking density of HTPB liner

with storage aging time at different constant strain levels
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Parameter fitting results of cross linking density aging model

constant strain / % v,(e)/ mol-cm™-d™! r(e)/d k(e)/mol-cm™.d™ v,/ mol-cm™ R

0 0.03785%x107* 1.57 0.004035%x107* 2.748x107* 0.9543
5 0.4028%107* 0.1036 0.003608%x107* 2.733%107* 0.9107
10 0.01571%x107* 7.35 0.006005%x107* 2.671x107* 0.9866
15 0.02965%x107* 3.455 0.005691%x107* 2.624x107* 0.9758

Note: R is the correlation coefficient.
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Fig.3 Changing curves of fitting parameters of aging model

with constant strain
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Cross-linking Density Aging Model of HTPB Liner under the Accelerated Aging Condition with Constant
Strain

DU Yong-qgiang, ZHENG Jian, ZHI Jian-zhuang, ZHANG Xiao
(Shijiazhuang Campus,Army Engineering University , Shijiazhuang 050003, China)

Abstract: To study the change rule of transverse relaxation characteristics and cross-linking density of hydroxyl-terminated poly-
butadiene (HTPB) liner under the condition of constant strain storage aging, accelerated aging tests of HTPB liner at 0%, 5%,
10% and 15% constant strain levels were designed. The proton transverse relaxation decay curves of HTPB liner were measured
by the low-field '"H NMR CPMG sequence and the cross-linking density of HTPB liner was calculated and obtained based on the
modified single chain model. The change rule of cross-linking density was analyzed. At the same time, a cross-linking density ag-
ing model considering physical stretching and chemical aging factors was established and the influence factors and changing rule
of the parameters of aging model were studied. The results show that the cross-linking density of HTPB liner shows a trend of in-
creasing firstly and then decreasing under the condition of constant strain storage aging. The existence of constant strain causes an
increase of the stress relaxation time of HTPB liner, but it has no significant effect on the aging reaction rate constant of HTPB lin-
- k(e)t.

The correlation coefficient R is more than 0.9500 (R>0.9000 at 5% constant strain) between the model and the experimental re-

er. The specific form of established cross-linking density aging model is v, (&,t) = VPO(E)T(E)[1 - exp( - t/r(g))] + v,
sults, which can be used to describe the aging law of crosslink density of HTPB liner under constant strain conditions.
Key words: hydroxyl-terminated polybutadiene (HTPB) liner; constant strain; transverse relaxation characteristics; cross-linking
density;aging model
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