ERESI ]
202642 1

KT R4

Journal of Rocket Force University of Engineering

Vol. 40 No.1l
Feb. 2026

DOI: 10.20189/j.cnki.CN/61-1527/E.202601005

JETHEBOh A HER) NEPE [l A4k 5
W 55 1 1 ALY

%):L)’LLZ, g&i‘/“hLZ, g‘Kkﬂﬂg1’2*, E;%E‘LZ’S
(1. EFRHE R 28 REBMF2BE, KV 4100735
2. KRR @GS AR 2 EE LSS, KU 410073;
3. KT RERE:, Pi4 710025)

i E. A9 KEEARTHESEMRKEYEERB (nitate ester plasticized polyether, NEPE) [ {&
HHRAWKFTRGREENR, TRTEABEMNEX THBEIAEIRR, KALUNEEEE AN NEPEE
HREHFANRZRGLIROAGE T, BEFHRGENI BN FEZIERSG . K ERKF R0 R R F G
Bw&m, METNEPEEARBHAN KT RBEERMERF T RS K24, & RKH: NEPE Bk # 2 5
ERAERAOEARTERAT2RANEARHNRTERE TR AWFERME, IHBEEREEAKIR,
RXBIHHEETITUARENERGEMLR,; K7 B0 & AL A T LUK # & AE NEPE B 1k 3% # 7| £ 18
AmBEEHNRGRBREK., REEKAWEEKINNE; WRIANLANERFRGEMLREZEER,

R R AR AR, FHEANEISEZ 2B AR RGO ERTRAEL.

KR BE@RBEHEAN; KrHly; REET; BRHEL R

FEISHES: VSI2 XEFREG: A
MEHRE: 2097-2741(2026)01-0046-10

[ 44 K i A L2 AT A B o AR rh 2 32 B R
SRR BT AR, BOAR T A FIRE RN, B
B ) 1 A FH (R AE 2 o) [ 4R 4 0 500 o bt o F
UL, IXOPER G B AT BT 2 Y B AR 5 25 Al
(e A 3 550 P S o BRI SR s o, X W )
VR AEANT] 2R Y L R R
BRI G, 0 A CPERE X A R
K B HLES #G) S B A B R R . B, SR
NEPE [& {44k 1 71 76 95 P8 28 fr 4F HF 09 4652 493 3 4L
FAF T ¥E, dES2 B NEPE [ 44 #E 378 771 0% 57 4
PR B A ROTAL , BA A

SRy P [ A A ) A 55 B e Ak #E L
WAHNF B R T IR 505k o W )2 05 vk et

Wi HE. 2025-09-15 fEE A#l: 2025-10-08

FF R FFRIRB(OSID):

J1E Tk SR I T Z A USRI 4R SR AP0 B R
GUTRT R I, A58 SN L AR i AL
] Miner BB 80Tl T 32 S 4 4840 5 5]
PR % 2 B 24 A L B B BRSO . Lopez
SRR I R g 24 07 vkl S UK T AR
i KEERBHCRZ M BB AR, B T 2R A [ [
AR e SR 0] A4 8 57 2L L0 AT o o e HE N R
S5 S s T2 B0 G R P S W
A W BE AR bR AR R T, A S 5 4 s
PEBERY, SEBL T R [ A A 2 590 8 55 i 7 95 A i A
AR R SRAE o SR, [ M HE 1E 0 75 52 2106 2 28047
W] B 7 2747 S 32 B0 G S RS O RS S e, il
JFH R R e L2 o e i ok H O 5 540 A i A

FHEH. 2025-10-21
E2WE . B2 EE S LEEMIRIETH (2024020404)

B—1EH. RJUL (2001—)>, 53, WEHFFEA, FEAFERLIPLEH BT . E-mail: 19973797956@163.com
EEIEE: KM (1989—), 5, MUz, EZNFREER L IHLEH 585t . E-mail: zhangdapeng@nudt.edu.cn

IR RIUL, 30, TRRME, 5. 3L THREMC N A5 AR (Y NEPE [ {4 fH 30 5 25 451 0 i (LA 70 [T]. O 42 TR K241, 2026,
40 (1> : 46-55. WU Fanji, ZHANG Wenqgin, ZHANG Dapeng, et al. Fatigue damage evolution model for NEPE solid propellant
based on dissipated pseudo=strain energy [J]. Journal of Rocket Force University of Engineering, 2026, 40 (1): 46-55.



2026 4

ML, AF: BT HREHC DV E AR ¥ NEPE [ (A P 50 95 55 451 15 18 AL A 78 47

17 R T AE BT S0 WL 235 0 i Ak 2 DTAR DG, A
1 M BE B A 25 SCA 1 & ok S i F 9 9 A R
(B2 Ty ¥ e 250 5h Y A T A O 50 7 07 B 48t
T b Y RE R FEHICRAPE , AR B R S LA Y
A FE IS &, R T 42 1 B 08 AT 00 e [T 4R o4 i
I 55 450 0 Al AR 5 L ) B B AL . {5 4
XS % 28 AT 5 R S BT A TR B 48 3 2R AR
(N BUN: R O A K L TS e R D o
WE N NARE R, HY i W Xia %k
TR b 5P B R 52 B0 A0 B 28k far 4 FH I ) B 1 AR HE
A LAY R G SRR HO B A AR R 2 S8 40 o

BET U, AR SRR R RE AN R R Y 2B R E (ni-
trate ester plasticized polyether, NEPE) [& {4 it
FAEA B[] 23 % 3 i o) 2 v 09 98 55 400 03 VP Ak X AL
T 7 R A A 7 fof 42 36 00 1 T R A 4 0
TERU 127 07 B i B Al b 255 AR RO 0 AE REFRIE
G3 M T AN TR de R NE g a4 B 9 NEPE [& {4 4k
HE A 57 45 O s AL R AR, T e A ST 57 450 v Ak
B, S BES HE 57 450 40 1A BRGR AR, [ 1 4
HE AP 57 451 03 53 A B RS o B AL nO BB HE SR, JF
AR A B 0 T T AR HE SRR 4 57 B A TE AN S
AR PRI AL R AL 2%

1 EFEREIRt

1.1 R H=*

RIEGIB 770B—2005 (k255 )5ik) ', A
SCRHANE T Cad Fir s 08 o WL 28 2 12X I e 916
PRI, IR ARG E 1 (b) B, TEJEIR L
il B Ry b e, NREMAEEEZEY, @
I 5 S AR A E ST e o ) i 0 A 2R 1 g 4 A
AE A% R 1 8 B RE 1Y, JF R M IR R 540
AR FE I o B b B PR IR B E o DU B K
IV F7 0 e = 0.3 MPa R i, AR SCHE BRI 2 G B -
i 18] #h 2k XF NEPE [ 444 2 R RE S A7 2%,
F NEPE [ (4 #3557 A B, 0 T s G 7 i 2%
AR AR, AR R R
1.2 REAHE

R GIB 150.16A—2009 { %2 JH 24 4% 52 36 %8 B4
BBk B 163 4 IRahikm) 1, Gt
BEAE N [ 32 Wiy 3 R v 2 ) AR 2 1 Ty R 5 R AE A
FRS5S~10 Hz Ju B N8R, P A 30— il 5
TNEEA % B o 5 Hz, [RIF2 % S0k (201, 6 2R3
TR FE R B 20 °C o AR R I Y T 06 25 RO X L
Hoft 24 BRI 5 %8, BEBUAE AU 55 IR I T K

W IR e KBS o BEE N 0.3~0.5 MPa, IILHT,
NEPE [ {4 i 77 180 R B8 0% 76 7 18 19 B[] Py b7 24
PR, FEARIEIR G 25 0 X 43 B 04[] B 6 98 45 0 3k
5 A

R(12.0£0.2) mm

0.5) mm

i
|
|
|
|

Ik
K(io.o+

5
(70.0£0.5) mm |
120.0 mm

(10.0£0.5) mm (25.0%+0.5) mm

PA-10
P 7 (A AR S5

(b) (R R RS
1 RS
Fig.1 Testing system

AT
o 10

0.40
g % 0.50
035 - R
e MEE  HEB 0.45
0.301753 N A
' AN\ 0.40
1 e .
it i
) 0352
0.30
025

0 100 200 3(/)0 400 500 600
U/s

2 MBEEMEASHEHE

Fig. 2 Stress- and strain-time curves in loading

NEPE [ 44 550 35 2 b BaoBr . w8 SA R B
KL, BB B R LA KR 5 R S AR AF AR, i —
ol i TR0 ) SR 3 55 525 A ORE AR B2 B B A N
A LR o0 52 2%, 95 B B ASURL/ L 1A BT 1Y K
JEE FHE AR 73 1B W) 2% B 878 o oA d s 01 B 48
it v NEPE [ 74 4fi 2F 77 ) 82 55 #5100 3 fe LER, 7
TR R RO I Jim 2R FH A5 4 F 3 8 R 8 W Ik Ay
AR AT



18 K TR AR

55 40 %55 1 1)

2 EFEFHRGEFT

AR 2 R TR HCH AR R BRI 43 A I FR
X5 P NEPE [ A 37 51 19 98 55 153497 16 10 KL
FFAE HE TRl L 25 A 1URE T 1T TR 30K 48 7R L% 55 #5
Pl
21 EHTA

Xif L Pl 2 R g — s [ i 5 A 7 A8 — s i) gy 2 mT
PL& B, NEPE [8 {74 4 it 7] 1€ 32 2106 20 28 o 8] 119
IO AR W 1 55 1 7 i A\ Z TR AEFEARAL 25 6 Ciif I A B¢
PAAES D, X B0 547 A A I AEA6 20 80 F v iy
IV = A8 G FR 2 B AR LA 4R . 3 ROR
TAHER AT, A HE R R 6% i 1] A il 2k
Bit Jin 28 S B N i At B . NIRRT RLE
I 25 176 A0 ) 0T 5 A 184 i, i T B b 2RO I 1) A RS
3, HARVRZUEAE/N, R U NEPE [ 44 H#E #5778
6 I 0 22k B vp A7 A B S 0 B A 7 AR B SRR Bl A
T RS S5 1T M.

0.35
——N=100
0.30F ——N=500
——N=1000
0.25F ——N~=10000
§ 0.20f
<
R 0.15
&l
0.10F
0.05F p .
s HABAEE
0 | O N 1
0.05 0.10 0.15 0.20 0.25 0.30

B3 FEIFpMEMEMSAHRNTL
Fig.3 Variations of hysteresis loop curves with

loading cycles

UL Ak, [ 3R il 34 S e NEPE [ {4 #k f
FUAEE I 28 72 A RE B FE LI T N o X T A4
RPN NEPE [ A8 7], — UG 25 0 28 1 1)
MU 6 i A AT A3 o Xof 322 YR A 20 v 14 12 g 5 )3 72
PEAT RS SR T R, Al R A s 1 AR B T RE I AR
ZOR, HURAT IR RN, A e B 2R S Y AR
FE 1T DA AE 0 28 0 R v A5 3 s A R, BT LA B O
A NEPE [ 14 4 15 55 (1 € #5066 B A 3% U A6 2R
[ B il 2 T L4 T
22 WHMGETF

Al FEHIUA T I 2 0 14 (8] 0% 41 X6 32 3 fn b
F PN 7 A R B A A S R A O 2 A Y A ) £
B BRG] LA RAF B4 i A R . AR R

ot FEh, FEHURE JC AR Ab ) ) N i o A2 Bk
PR, T DA 2 FOE A AR N R T B A
FERC S A, RICVMRRFER. AL fEEER
Pif BRI, H R REAE B A oK
28, BRSO RIS, MRS B
Py B B A

FET R 2 vk, A R N AR fE (dis—
sipated pseudo-strain energy, DPSE) A9 i fb i &
FE SCHG R, AT DL 2 AR HERE X 2 5 M AR
55 1403 B S A A RO B NEPE [ 44 4 i 741
TEVG IR INEES W8 55 B0 AL RR AR, o SR
Dyse.,
Dese.y,

AP NOBEERR AR Nk 2R R Y ] B
D (N)F/R G 1 NG 5 NEPE [ 44 4 5 570 fir
SR 5 Dosen, 2 A7 AR FR T 44 $ 37F 550 7 265
NRAE I S B FE BN L ZEBE 5 Dosrw, T 2L
A5 R FEHICPA N AR fE -

TESS N YA BR80T A st 8] TP, B A A
AR ) B FEHICDR N AR B8 33RO

Diss = [ 1,0 () de" (1) (2)

K: o ()ARTr; &% o) MR AE, hspdE-Zh
ST N R e R IA U

8“(t>:ELRJ:Eo(t—T)88(T)dT 3

Jr

K Ex WS EWE; Eo KR il e A& 2 WA
A & (7)) HIAE,
23 WiGEANE

A= (1) W45 NEPE [ 44 #5078 32 2 i
T4 A I A VR T A A0 AL R, AniE 4
Fras o I a] DL B, 450 B 28 ) 300 250 5
A, S WA = R B AR R, i
WG BB R ARG Hr B A0 B 1S K B B

D (N.)= (D

1.1

0.8
0.7
=06
2 05¢ f2 m
0.4 & i
' 1 1
0.3 S &
k b B
020 B! B B
015 |
0 1} 1 1 1 1 1 1 1
200 400 600° 8001000 1200 14001600 1800
4 RHGBEUME (0..50.45 MPa)

Fig. 4 Damage evolution law (0 ...,=0.45 MPa)



2026 4%

RIUIL, F: FETHERUDL ) AS AE (1) NEPE [E {4 Hi 0t 7095 55 451 13 3 A A5 10 19

HY P4 TN, R K B B o 55 B 5 4 A
BIAR/N—FB 2y, —JAE 200 N JEI A2 4, BB
I i NEPE [ 4 4 328 77 A % 28 %500 1 5 | 2 A 461
Pt H R RN B, IS mE R, NEPE [E /4
P T 00 B R %) G AR Ak R B B, N AR ARG K T
NEPE [& {4 i 1 7] v i) [ 44 50k 5 56 1k 22 (8] iy
A1 5 B /N T 5 26 300 S A 22 (R A R, A
15 32 B B Sy el IO AR 8 AT 5 | A A O A Ak AL
T[] o0, B B R4, b 8 A gk
FINEBL S LR R W= A o 48— B )
J5 B AR B AR T2, WG AR AN B AT A
A7, PR s AR, o RIS KB

R AR B A B B oy 5 A 4 a0 500 9 55 75 4 1) 70%
DL b, B BT NEPE [ 44 iF 70 46 45 72 3 7 £
W, LRGP E . TERRSI KB B,
BEE AR ALk LE, OB B LI A SO T 7= A
“RETRT A E AR BORL T IR 2 R AR Ty, R AT
A A A R A R R R T [, L
IR S S0 25 R 4 K 0 v G TR e T 0 % 4k 8
Wiy e I A B

FENG PR N5 1A, 45 Ak & R ) in g K
BrBe, Z2Wari i, NEPE [ #5857 J 24 v
AEHVE 451k, 45 AR B ARG I, R 7R e Y
JEA I RR sk . (R, 762 W80 3R iR
IE RS ZIWT 2405 5k, 1 4k 96 2 10~100 4 &
W, RS IR, 80 b i 9
PEIX 2 BB A 30, MR RGP R,
FE— B BRI IR T R A 9 55 A A

15 R AN TR 5 KM 288 1 o ™ NEPE [ {4 4
E 5 B 9 57 40 AR KL . X L Ll 2T A
0 e X HE SR A A4 150 47 AL R AR LA B 558 0, o
B, 495 Y Ak B B PR, NEPE [ 4 i i 57 76
BDPEA BN SR RE R B S B RE B . BB
o U/ BERESSTE 05 (1 TE AR E ARSI K
Bric, Hi0s 4w o8 F 22 . NEPE [8 {4 #i 32 57
(14 9% 55 49 18T ok P S B R LB AL TR
FLIR F I WS TH AR 280 . LR 3 R R 2
O i RTX — 5 30 T A — 5 I 50

&1 6 S NEPE [& {4 4 32 77 1) W7 17 A, 456 41 4 45
Fo WEIRAT LB, Y o, KA, Wk
K75 /NIRRT Y A EAS TR R BE A M B4,
HRBURLR <" TR, BEE TR AL,
TR AR REYRE . LR, HEHRRE N
Lo MY o B/NEE, IR BGIEARWI N, X
TE K ORL (4 J8 FELAE AR SN B B, 3 2 PR 35/

B 0o MELL IR B /NEURL “BERR” B9 S 1R, AL
B KR GAWT Y . B, 2 W R
HEUJ5 AR MR AL

1.1
1.0+ A
0.9 A Ao aha » «t
0.8 VvV v v v
%07 ot
= o Omax=0.30 MPa
0.65 v Gu—0.35 MPa
i 4 Opax=0.40 MPa
0578 o G045 MPa
0 4§ = Opax=0.50 MPa
2
0.3 0

1 1 1 1 1 1 1
400 800 1200 116\?0 2000 2400 2800 3200

BS5 FREOo. THRRGELRE

Fig.5 Damage evolution laws at different o ..«

(b) Gma=0.4 MPa

TM4000“zukvx100_BE ; Jmax:o a A&
B6 TEOo.. THRHHERRFEHMER

Fig. 6 Electron microscope scanning images of the

specimen fracture surface at different o ..

3 ETHRMMNTEMNEFTRGEE

Y B TN g 5 R B U NEPE [ 4 $ 33t 551



50 KE TR

w10 B 1

95 57 10405 AR, O 48 5 T A 4 Dy I AR 483443
PRI 95 53405 R T 4988 405 3 A TR0 i B b A, JF
R AN [ [ B3 114 483 405 AL B S N7 98 55 453 405 T A AR AR
3.1 HipEs
B2 1E % 14 R s AR B8 Boltzmann & i i B
o N E RN ) 5 28 AR R S &N, LR NEPE
6] A 4 298 0] 40453 403 16 L T LA 4 S s A R R 9 5 2
AN EE R R AR RS PR, k2
A58 405 0 AR A9 B o T LA i S Bl A 4 R ) 5 495 T
fhid
96 B I 28k 72 v 1y % A2 B4 D. (V) J& NEPE
[F] A i 5 ) P G 4 O Bk B P A 5 R YA
W L B0 Weibull 2015 BLAE, A0 45 80 5 0
BRI KRR
P ) e
Kb n HEBISEG m AERSE; D.(0)=0;
D.(N)=Do Hrr, Dy I 2% i 51 i 458 405 10
AE . X204 7 B 5RAF BB T LIAS 2 0 AR
P v AR, |
D.(N)=D[1—e"™""] (5
$ir 95 95 4495 Do (N S 403475 52 o & J 13 4
LH ISP 361 4 i 32 5510 PR 0 ol 200 O S5k o S T e . PRI
BT e R, R 9 S5 45 1R
Jon 282 J 31 1 A8 Ak 2 R R P RN 2R N ) 1 RE
SR, R
dszw>::< S 20
dN; 2ES: " B [1—D(N) T+
Heoa Bukyry Sy SORMRNE B E R AR
L, A, Xt 6 FEHBH D(0)=0.
Di(N:)= D, LRV AT LAAS B 47 R 9% 55 3475 45 70 A
Di(N)=D,[1—(1—N./N,)] @)
Kb y NS, i S E S D L
FE 98 57 5 | 1 5 495 1 L
AR FH AR R 9 57 5407 10 E A pR B
e T [ R P 1 BFL R L B BOE B
TRAE R I RECIE O0 .  2: MALL BUAY, Rt 7
e v b FE AR, AR TR AR A 5 40 A
EARFAIE . 25D Bl R AE 4 Ik R
FIH Paris 22 20 2 2480 8L 18405 D. (N2 iF
ik, Fikh
D.(N)=Ds(N:/N)" (8)
Kb n WSS D Ry W 2454
5 | 1 48 5 1 B
NEPE [& {4 # 1 75 458 475 8 fb 2 82 0] LA R R 2k

4

n

6)

S

R34S, B
D (N)=D.(N)+D:(N)+ D.,(N:))=
Dil1—e™ 1+ D[ 1= (1= N:/NY' 1+ D5 (N./No)
C))

X Dy+ D2+ D= 10 MRS E L4
TR LEN, Mo<D (N)<1, Hi, D=0
7 [ A R LR IR AL TR HUR A s D=1k
RERFE IR R
32 BHIRESHRANIE

AN 0 o T 1URE IR 55 40847 78 A A58 70 ) 405 445
RME TR, RBIZEANER R, hE T,
AT X8 AN (] e R L 3 A A5 AT NEPE [8 44 4 it
FRE 55 5 O AL B 3 A B Be L5 ROR RAF o TR
MR TRRTLLE 1, A o N 1) P E R
BRHTE 0.99 LA L, SR WA AT 5 i 14 HE 1
PR, AR 2E F ORI T A0 RUEE B BORE 1 B AL 53
A RS I B AN 5 P o AS SORE TS 5873 5 )8
T NEPE [#] {4 35 70 Gl 20 WA S5 B s pL) , 4%
NSHEY IR L, WA SEBRd RE, BEA
B Wl AN TR) 48 RN T B R R 55 45 3 7 A
SO

#1 BRHERAZSHBEHER
Table 1 Fitting results of different parameters of the
damage model

wn/MPa D, n m D vy Di 7q R>

0.50 0816 254 0.9 0.114 1.365 0.07 59.0 0.991
0.45 0.814 249 0.9 0.116 1.260 0.07 55.6 0.990
0.40  0.802 243 0.9 0.128 1.038 0.07 50.7 0.994
035 0.762 20.3 0.9 0.168 0.857 0.07 46.0 0.991
030 0.704 17.9 0.9 0.226 0.613 0.07 42.6 0.994

4 BETHRGEANEGTRBELS R

g 48 R A8 P 22 B NEPE [ 44 4 #F 551 4%
O B = ALE, K E o = 035MPa, 4
ST SR AS B A [ 458 475 1 e B A A S B 5 R
B, SR ME 8 R, FEREBIGKIE, D.(N)K
BERE R M, D (N)HKB HEE, HD.(N)
JUTPPRFEAAS 3 B gl 1 1 B B 1) B 495 s A
P £ ARSI E)S, D(N)YkEES
K, W DN, DN JLFAS Bl G 34 & 11 %k
ARk, 2 RS 1 K [y BE A 5443 e 1 9% 95 4t
i 32T M0 A Z G K B BE, B



2026 4F SUIL, . HETREROH RS A8 0 NEPE [ U HEHE R 545 05 i fl 0 51
1.OF £ 1.0 1.0f 7
I s I o L e
0.8 s 0.8—:/;‘)"»»-*"‘ 0.8'1/\
1 < o
206 Z 0.6, = 0.6H
z T = 2o |
Qo4H . \04} Q04"‘
4 SR A4 S A -5
0.24 — M 021 — Wik 0.2f] "
Oi . : : oj , . i . R
0 10000 20000 30 000 40 000 0 3000 76000 9000 0 1200 2400 3600
N; ! N;
(a) Ona=0.30 MPa (b) Om=0.35 MPa (¢) Owma=0.40 MPa
1.0F w; 1.0 Y
N M*A—*—‘MA' I Y A A
= 0.8—1/‘” A 0.8
Z 06l = 06l
0.6 S 06
~ ol 2 o4l
PR ] < A ST
L - A2z i — WAL
0.21] 02 !
(i . . ok , . .
0 600 1200 1800 0 300 600 900 1200

(d) Gue=0.45 MPa

N;
(&) Gwmx=0.50 MPa

7 TR 0w TRGEEBESHER

Fig. 7 Fitting results of da

RAZH D (N LT 51k, W% B B B2
Wi

1.0
0.9
0.8
0.7
0.6
% 0.5H
Q 044
0.3
0.2}
0.1

Oz
0 3000 N 6 000

B8 FARRGABEUME (6nn=0.35 MPa)
Fig. 8 Evolution laws of different damage processes

(Omax=0.35 MPa)

ANTR] B B i A i FE D (i = 1, 2, 3) 43 5%
F TR 0 AR A [ 2 AR X A 4 ok
Y DT R /0N o I 728 53 473 1 R {EL D 2 i 48 e KL )
O o PR, L
Di=a (0u/2)
K. a. b B HEH
MR 1A, BEE o.M, DS
A B R B, Doy B T R LA T B o e B 98/
MK, D:FEARZ .. AR, 555
it AE R R (10 HEAH, M o /D
T 0.052 MPa i, D, 76 4t i o5 Lol & T
50%, VLHATE oo BEARES, EPRINE T NEPE [ {4

9 000

(100

LS 2A
iz

mage models at different 0 ..

e R B B0 £ 5 W R E
55 P 13 e A
855 25 51405 D (N:) 0¥ Ak ik 72 H L 451 2 50 n A

RS E O m R, m NSRRI SCH
ORI, BB TR R TE S A UL A R L A R
HORBE o v AR AR AR PE o O 25 T 0 X U A5 451
5 Ak EFR A S R, 24 o BOWD U (E no = 20.3
— i, AR A AN TR S50 4 JE U fE T 2
M B 3 45 no B U 75 2265 300 400 A4S JE I A BE B T A2
FEo MR, WHISE B 0w BN
N Yo BB IR AR TSR A R A
T 40 L5 475 0] 2% B PRk B4 A, NEPE [8 44 #i i
F I AT & R T R A Bt s D Be R
100 h L aed P T hm 54K

0.9
0.8

#0572 A8 A0 1) 7 e

LA
w

0.7

0.6
205
soarli/
0.3
021
0.1

0
0

TS0 200 250 300 350 400

N,
B9 nxREMGRENLARME

Fig. 9 Influence of n on creep damage evolution

P I% 55 01405 D (N B 18 A0 3 7 o 5y

100

30



52 KR TRER A E

w10 B 1

JE Ly S ARERI T N 45 R B B A OGRS
IR AS 5, Sl A P &8 45 1 IR A 1 22 1k
BAN AT 300 1) G A 08 460 £ 0t F2 o BT 10 JB 7R T[] y
(BT P 98 57 B 47 A LA, Hirb oy = 0.857,
M 10 AT A, 4y BEARET, DN TER] b B (4 45
PR E NS, G 2R E I & B EH, y
BEE 0w BIB/N T /DN, RS o BAKES,
R BT B O SO A N SR AR R RO, T
S AE AR FE BT 22 AN 52 AT BN T B B A 4
i, SR HEBE KNS FEH TR
22 () S LAY 1 AN WY 3R L R T 5 | e S S0
PoRE, HEm S B K R F
0.18
0.16¢
0.14F
0.12f
30100
30,08-
0.06-
0.04F
0.02}

8000 10000

10y ERE R 4R B R0

Fig. 10 Influence of y on tensile-compressive fatigue

Ok 1 1 1
0 2000 4000 v 6 000

damage evolution

W 4 A AL R E B g P . I T
WA a0 B NEPE [ 78 #i 15 750 P4 358 64 6 43 8
FEARBE o 11285 H T o X6F Mr 4468 05 1 5% o L A
Hrn, =460, HE 11AT#, nillk, #i1dhk
TEJG W BRI, B0 BRI T T W3
o BB, B, U8B 25 UL 2L 801 BLIS 1 HE N
WY RIIKEN IR, MECE S RAEY R,

0.075
—0.75 n,
.
0.0601 ————— 125 7o
1.50 %,
0.045¢
zZ
<0.030f
0.015¢
0 . - _,__.;,—.;,;:-:?i’
6 300 6 900 7 ]5\5)0 8100 8 700

11 3BT 55 5 3R 4L B R

Fig. 11 Influence of 7 on fracture damage evolution

A SCEE X NEPE [ 44 #E 3 71 19 9% 55 451 45 R AR
[, T J T 06 I A 06 0 T T P A G
BEF RN AR REH IS K4S T NEPE [ 444 if 71
RO 55 B O U AL A, 25 AU A LB, A3 i
PG HLE] &, HESL T 9% 97 B AL IR TT
P55 P AL A BT, AR B AN 458

1) NEPE [ 444k 32F 570 76 96 8 4 fr 4 FH T 2 30
N - AR IR IS, IR ERE A RE R AR, 0
P AT R Z R MR K H S B E 4k, R
FHFE PR 72 R e S 43 R 1) 4 3 A S AR
RENS 70 B B o pE S R I BE R AE B Z i, A 2L
FNEIE 55 P M AL

2) NEPE [ 443 3 70 7 07 77 2 i 1) 4 493 3
FEAT Ao Ry g . RRAS R R K 3 A B
Bro Hob, s p B R AR T
TR K B B LARL R 55 8400 o0 2, s 1 4 By
B 5405 5 72 ) ey W 24 i 405 32 =

3) BT B, B AR5 45 3 Ak i 7
PRAE R UG A 05 . 7 98 57 3475 0 DRy 24 483 403 1) &
Jn, AT RAAR G b %416 B4 0 285 72 v NEPE [8] {4 4
HE T 4143 A R AT A

4) TN R K 7% 9 55 101 403 v b e R LA
ES 2k SN L VAN E R IPOR S T
A3 Ak 3k T ) T Rt /D R 9 55 A0 1 BT
Mk, I L3 A A A0 30 A R U 3 Ak R e
FEH I R 2%

AR SCHE ST N 45 B M2 T NEPE [# 44 i #5771 76 A
[Fi) IO 3 0 L P A0 B 00 28175 100 458 40 3 Ak AL B % G
RAETTiL, B HBIBRRGL, W A 5 22 0 F
gk — 285 A RBUEN, XS S
& Sh WL AT B DAL, 38 i A PR o %6 7
T SR 25 2 A A HT o

SE

(1] ak3cin, sKRMS, %, . NEPE [ AR 8
IRAT I 55 1k (7). B BB R 2 22 4, 2025, 47
(1): 31-41.
ZHANG W Q, ZHANG D P, LEI Y J, et al.
Low—frequency fatigue characteristics of NEPE sol-
id propellant[J]. Journal of National University of
Defense Technology, 2025, 47(1): 31-41.

(2] peme, skid, xVmBd, 5. BEEKETRSIPLE L5
SEREPERT LU [T]. FiAl, 2023, 44(4): 566~
579.



2026 4%

ML, A5 BT REHCDNE BE ) NEPE [&] (A ik 57 95

55 T 5 AL R 53

HOU X, ZHANG X, LIU X Y, et al.

progress on structural integrity of solid rocket mo-—

Research
tor grain[J]. Journal of Astronautics, 2023, 44
(4): 566-579.

EVR, SRk, EREE, % ZEERMEDL R
T2 R R L], S ReEM R, 2024, 32
(4): 435-464.

WANG Z J, QIANG H F, WANG J X, et al.
Multiscale research progress on damage behaviors
of composite solid propellants[J]. Chinese Journal
of Energetic Materials, 2024, 32(4): 435-464.
REAE, MR, AT, L CHEAE-RET 2B R
B kAL G RO B LI KR TR R 2R
2024, 38(6): 91-98.

QU H, SUN Z S, HU Y, et al.

solid rocket motor ignition process with conical col-

Simulation of
umn-groove propellant[J]. Journal of Rocket Force
University of Engineering, 2024, 38(6): 91-98.
kR, EBAE, EWAR, . BG BRI R
BE b 1 5 T R R Y R R (U] ROHE 2
2023, 46(7): 561-588.

QIANG H F, WANG J X, WANG Z J, et al.
Research progress on strength, damage and frac-
ture failure of composite solid propellants[J]. Chi-
nese Journal of Explosives &. Propellants, 2023, 46
(7): 561-588.

B, ik, e, . Akish
A K e S WL 2 A i SRR 5 37 05 3% [T].
WA, 2024, 47(2): 222-230.

CUI J Y, QIANG H F, WANG X R, et al.

Cumulative damage assessment method for solid

o A e
I 4

rocket motor grain during highway transportation
[JJ. Journal of Solid Rocket Technology, 2024,
47(2): 222-230.

INETR, SERF, UhEiAk, AL MRASIREE T AR K
KR AL RS HLBRAT 5 [T]. A IR HOR
2023, 46(4): 551-556.

SUN X Z, HE J X, SHA B L, et al.

mechanism of shipborne SRM grain in sea environ—

Damage

ment[J].
2023, 46(4): 551-556.
LOPEZ R, SALAZAR A, RODRIGUEZ J. Fa-

tigue crack propagation behaviour of carboxyl-termi-

Journal of Solid Rocket Technology,

nated polybutadiene solid rocket propellants[J]. In—
ternational Journal of Fracture, 2020, 223(1): 3-
15.

[ l%cf’r? WA, AF. 57 0 NEPE H i
A Evefense e 1. s 5 Sk, 2014, 34
(2): 90-93.

GAO Y B, CHEN X, HU S Q, et al. The ef-

[15] XBxk, 7]

[18] ZHANG W Q, ZHANG D P,

fect of fatigue damage on mechanical property of
NEPE propellant[J].
ets, Missiles and Guidance, 2014, 34(2): 90-93.

Journal of Projectiles, Rock-

1 GREE, VEEETE, BEME. N 1K SEXF HTPB i ik 7] 5%
FHEPERYE g [J]. IhEest kL, 2018, 49(2): 2157-
2162.

LIANG W, XU J S, CHEN X. Effect of stress
loading on fatigue properties of HTPB propellant
[J]. Journal of Functional Materials, 2018, 49(2):
2157-2162.

(L1 wfass, VRETh, BRME, 4. BRI T NEPE ffi it

AR LAk 5% 57 44005 (7). Wi == s f“# 4, 2015, 30
(6): 1486-1491.

GAO Y B, XU J S, CHEN X, et al. Nonlinear
fatigue damage of nitrate ester plasticized polyether
propellant for strain-control[J]. Journal of Aero-

space Power, 2015, 30(6): 1486-1491.

[12] Exug, FEallE, msl, 5. &5 B Ik 5

P2 5745 FEURR R AT [J]. DUIIE T2 4R, 2015,
36(11): 23-25.

WANG Y F, DONG K H, QU K, et al. Re-
search on dissipation characteristic of vibration fa—
tigue damage for composite solid propellant[J].
Journal of Sichuan Ordnance, 2015, 36(11): 23-

25.

[13] TONG X, XU J S, DOGHRI I, et al. A non-

linear viscoelastic constitutive model for cyclically
loaded solid composite propellant[J]. International
Journal of Solids and Structures, 2020, 198: 126-

135.

[14] MAHMOUDI A, KHONSARI M M. Rapid eval-

uation of fatigue limit using energy dissipation[J].
Fatigue &. Fracture of Engineering Materials &
Structures, 2023, 46(6): 2156-2167.

o WAL B TRR I AR ALY 25 R B
SR I]. El@?ﬂ?’i’ij(””ﬁ 2013, 35(1):
24-27.

DENG B, DONG K H, XIE Y. Viscoelastic cu-
mulative damage of solid propellant grain based on
energy dissipation[J]. Journal of National Universi-

ty of Defense Technology, 2013, 35(1): 24-27.

16] XIA Y, JIANG H, YAO C B, et al. Revealing

the shear fatigue damage mechanism of soft adhe-
sive: coexistence of viscoelastic and damage dissi—
pation[J]. Journal of the Mechanics and Physics of

Solids, 2024, 185: 105556.

7] WRRF AR T &R 2. KGR ITk: GIB

770B—2005[S]. dbat: [ B R T2 bR M E AT
¥B,1997.

LEL Y J, et al.



54 KR TRER A E 540 BE 1Y

Research on the low—frequency fatigue behavior of
NEPE solid composite propellant based on fraction-
al derivative constitutive model[J]. International Jo-
urnal of Solids and Structures, 2024, 300: 112931.

[19] B N R R4 & . R 3 A S 0 = R 0
Jrik H 16 S RIS GIB 150. 16A—2009[S].
dbmt: hERE AL, 2009.

[20] ¥FHETE, HHeer, BpME, 4%. HTPBHEZERIE 57 Rk
WIAFTT ). KHEZ2:4, 2021, 44(3): 372-378.
XU I S, YANG X H, CHEN X, et al. Experi-
mental investigation on fatigue properties of HTPB
propellant[J]. Chinese Journal of Explosives &.
Propellants, 2021, 44(3): 372-378.

[21] WhAwIL, /e, DA, TS5 s i T
R BFIE (T] . HULBRGREE, 2004(S1): 278-281.
YAO L J, TONG X Y, LYU S L. Discussion
on several questions about the fatigue energy theory
[J]. Journal of Mechanical Strength, 2004 (S1) :
278-281.

[22] IVAERS, BiIRiE, E48, . 5 TAEHUREAH X 22

A RRAE A AR B U 7 TR R 55 75 i T 5 32 LT
FEFAR AR, 2019, 22(1): 108-112.
SUN Y Z, FANG C Z, WANG J C, et al.
Method of fatigue life prediction for rubber asphalt
mixture based on plateau value of dissipated energy
ratiolJ]. Journal of Building Materials, 2019, 22
(1): 108-112.

(23] ZFfE, Do, KA. LT HREHOh N 28 AR (Y I 75 9%

A I RARLT]. P E A AR, 2020, 33(10):
115-124.
LT H, LUO X, ZHANG Y Q. Pseudo energy—
based kinetic characterization of fatigue in asphalt
binders[J]. China Journal of Highway and Trans-
port, 2020, 33(10): 115-124.

[24] BrlRid, ST9ME, ZWE, 2. JET o2 g i
TR B RO T (] hE A=, 2025,
38(3): 241-249.
FANG C Z, GUO N S, LI H, et al. Character-
ization of fatigue damage process for asphalt based
on kinetics theory[J]. China Journal of Highway
and Transport, 2025, 38(3): 241-249.

[25] prIcid, Ve, Ik, 5. BIEMERUCT &0 i

[26

[

[27]

(28]

[30]

FrAELe g o7 0 R E [J). TRJII%, 2024,
41(5): 68-76.

FANG C Z, LENG Z, GUO N S, et al. Inves—
tigating nonlinear fatigue damage accumulation of
asphalt binders considering loading sequence effect
[J]. Engineering Mechanics, 2024, 41(5): 68-76.
BRKEK, TRIER, g2k, 5. JETHCF R A
109 52 5 I A A A2 550 200 LA 40 A5 S E S 0] T R oK iy
B, 2022, 45(1): 83-91.

YANG Q Q, XU S L, CAI R L, et al. Meso-
scopic damage behavior of composite solid propel-
lants based on digital image processing technology
[J]. Journal of Solid Rocket Technology, 2022,
45(1): 83-91.

Fibar, sRIER, BRERE, . BARKIM T NEPE
W A 0 70 20 WL 45 # A AT S E ST (0] & REAE R
2024, 32(2): 175-182.

LI S Q, QIANG H F, CHEN T Z, et al. Me-
sostructure evolution behavior of NEPE solid pro-
pellant under uniaxial tension[J]. Chinese Journal
of Energetic Materials, 2024, 32(2): 175-182.
Rz, RN, BRAE. T 3L G 300 1 e 3
IR BN A B GE (). 1], 2019, 40(1)
64-71.

LU Y C, YANG F P, CHEN T. A modifica-
tion of overload retardation model based on crack
closure effect[J]. Chinese Quarterly of Mechanics,
2019, 40C1): 64-71.

RAdtR, HEN, mzw, 5. A ST R
R (G S TR N = BB i AR A (D] BILB
TR, 2015, 51(10): 86-95.

WU J D, CAI Z P, TANG Z N, et al. Combi-
nation analyzing method to characterize damage
variable and three stage model of fatigue damage
in low—cycle fatigue[J]. Journal of Mechanical En-
gineering, 2015, 51(10): 86-95.

Wise, Wk PR, Boide. o sy RS
Wt L], P ETRR, 2003, 5(4): 81-87.
YANG X H, YAO W X, DUAN C M. The re-
view of ascertainable fatigue cumulative damage rule
[J]. Strategic Study of CAE, 2003, 5(4): 81-87.



2026 4F: RIUL, A HETFHREWCON N ZE BE (¥) NEPE [ {4 #1550 5% 55 451 005 1 AL A5 A 55

Fatigue Damage Evolution Model for NEPE Solid Propellant Based on
Dissipated Pseudo-Strain Energy

WU Fanji"?, ZHANG Wenqin"?, ZHANG Dapeng"*, LEI Yongjun"?*®
(1. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073,
China;
2. State Key Laboratory of High-Efficiency Reusable Aerospace Transportation Technology, Changsha 410073, China;
3. Rocket Force University of Engineering, Xi’ an 710025, China)

ABSTRACT: Cyclic tensile tests were conducted under stress—controlled conditions to address the issue of
fatigue damage characterization in high—energy nitrate ester plasticized polyether (NEPE) solid propellants
after long—term highway transportation. The dissipated pseudo—strain energy was adopted as the damage
factor for the fatigue damage process of NEPE solid propellants. The fatigue damage evolution process was
regarded as a superposition of the damages from creep, tensile-compressive fatigue, and fracture. A fatigue
damage evolution model for NEPE solid propellants was constructed, and parameter analyses were con-
ducted. The results indicate that NEPE solid propellants exhibit a significant stress—strain hysteresis charac-
teristic, with strain lagging behind stress under stress—controlled cyclic loading, accompanied by energy dis-—
sipation phenomena. The defined damage factor can effectively quantify the damage evolution process. The
fatigue damage evolution model can precisely characterize the three growth stages of NEPE solid propel-
lants under cyclic loading, namely decay, steady—state, and accelerated growth. The maximum loading
stress plays a decisive role in fatigue damage evolution. When the maximum loading stress decreases, the
dominant factor in damage evolution gradually shifts from creep damage to tensile-compressive fatigue
damage.

KEYWORDS: solid propellant; fatigue damage; damage factor; dissipated pseudo—strain energy
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