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ABSTRACT: The work aims to study the creep characteristics of long-term vertically stored solid engine grain under the influ-
ence of aging and knocking, and establish a creep constitutive model considering aging and damage factors based on the gener-
alized Kelvin model. The creep test accelerated by temperature and stress, high temperature accelerated aging test and recipro-
cating tensile damage test were carried out to obtain the influence law of aging and damage on creep. The creep prediction
model was established, the model parameters were obtained and embedded into the finite element software. The stress and strain
of the engine grain creep after 15 years of vertical storage were calculated by the obtained creep constitutive model. The simula-
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tion results showed that the maximum effective stress of the engine grain increased by 96.84% and the maximum effective strain

decreased by 4.07% after considering the aging factor. After considering both the aging and damage factors, the maximum ef-
fective stress increased by 82.77% and the maximum effective strain decreased by 3.62%. Compared with the simulation results
under different conditions, aging and damage have great influence on the creep state of the engine. The use of this model can

better reflect the aging hardening and damage softening of solid engine grain. The established model and the method used can

provide reference for the structural integrity analysis of long-term vertically stored engines.

KEY WORDS: solid engine; vertica storage; time-temperature-stress equivalence principle; creep prediction model; finite
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Fig.2 Flow chart of deformation prediction method for engine grain

El 3 ImiE
Fig.3 Testing device
0.03. 0.09. 0.12 MPa i J3 7K~ A [F] i B 1 i
TR MEME 4 Fros. FTLLLRIL, FE R T
o, HEE A A G AR R AR R K, IF HXRP S R
AN R L PERY, R, 0 A 2 Y 5 I AR
BEL B
25, 50, 70 ‘CAN[RIN J7 7K T i i 0 0 A X
R nE 5 Frn . ATLAKR I, BEE R TR, iEAR
Fir R, RUTEIE BRI N KR T, 4
HEF G AR AT Ry IRl R AE L Ry . 7E 70 °C L 0.12 MPa

3.0

AT R PRURAR 5, B ) B 1] B & A B Y
DA MR 6 R RE SR AT 1% T 00 A I AR K0dls , (o F % vk
I B AT TS .

e E TN () FEARAE S — Bl ok, B B
FHPATERRAE o MRS =520 1 0 RN B 5 B AR SC AR AT
AL, B TR IR T oy R R LR B iz B, D
K ARGE SRR IE I K, SEURM R A FARELE 5 A 1
Ko B, FERBAMET, WHAR SR s, N
T ) A 0 A A R R B S TR R AR LRV, TR
R Ao 2k X e 30 1) 05 72 P R 114 52 ) LR R o 3 A
1 R SE A

R 4l et 00 0 A 6 25 R ARASF B B L RS R 7 DL &
WL i E MR R 2 8. — DR E AT
Fa R0 AR S b 2 2R, B R[] R KSR Y 3l £k
WATFR, 1533 % 0 HKF T RGAS 2 ik
I LAR I A5 B PR I A S e R R, AT
TR B M T VR, SRS T s AR
HEML . BRI AL, AR
KA 2 8P, DL 25 CCRYURAS Hh<k R, X ik AR 2 i
T 88 178 B ) A1 A BBOGE 250, P56 A5 58] 0 e 5 s i) - A
Fa R T RS, MEIE 6a, B AR B A F
HRE 3 BRI A, ARAIA R R0 BT R

2.5
2.0
1.5
1.0
0.5

J/MPa™!

1
0 0.5 1.0 1.5 20 25 0 0.5
t/(10%s)
a0.03 MPa

1
1.0

#(10°5)
b 0.09 MPa

1 1 1 1
1.5 20 25 0 05 1.0 1.5 20 25

t/(10°%s)
c0.12 MPa

Pl 4 ARTE B KA TR E T B i A2 1 45 2R

Fig.4 Creep test results at different temperature with the same stress level
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1 10 000 s I 22 i i A2 R AR A 2B R RE , 195115 5,
#£5 10000 s HZIETRE
Tab.5 Creep compliance at 10 000 s
ZAkmtE] 50 'CFAYERAE 60 CF RYEEAS 70 'CF Ayl AR

/d ZR/MPat  FH/MPal  FHEI/MPat
15 0.922 0.820 0.634
30 0.987 1.184 0.618
40 0.866 0.998 0.626
50 0.885 0.931 0.521
60 0.954 0.776 0.464

XF e 5 HEE R /D e A, SRk R s
LH B K, W5k 6 i,

*6 AEEETHAKE
Tab.6 K value at different temperature

AL EIC PEREAE 2L
50 0.002
60 0.001 5
70 0.014 3

PR e/ D Ak AU A K Y Arrhenius 5 F# rh
M2, 14 7 =e®%9? £,=8.948 2x10" Jmol. *% &
HIEAFIREE g 25 °C, 135055 1B Ak 10 i A8 A4 J i
(EACET ] ¢ () B 503 BLFD )

10 [Eiz%[l ]

3) MR SR, WRAREIE AT AR P, B
15 a Bt pER B . RIS S5 5L, Bi)E
AR S 10 000 s B 21 5 A8 22 B A AN il in A 458 4773k
FEREIN T 7.2%, #5328 A7RfE A 473 040 000 s
(15a) HFxF R 4 F Dok 0.072, B4 H ¥
fRAS (9) ., 15347 15 a iyt .

D(1)=0.072—
473040 000

-8.046 7x107°¢
x@ 473040000 (11)

(12)
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IR (10) AIRILE R, SAMERE 15 a
S HE BT 1 AL R 05 1 20 A 4 )y 7

t
Zi 1-e % ||x
E
0.072¢

| 14—
( 47304ooooj
3.2 HEHEERSH

ASCLAHE HTPB e 77) & Sh UL NI % 42, 7
K sl = 4G BROCHLARY % shll i ek 254 L 5Tk
)2 . NTBEZ AN, %% shbL s 24 25 46 SR U
B RALEE W, iR B BRI 2y, SRl
6 MY LA 2GS . S T OISR, SR 1/2 5
AUJE/R, E 13 iR, AR 1.7 m, HKEH
o 0.2m, BooEE N 951484, FAICEAIN N
REIT

J@) = i+
Ey

(13)
—8.046 7x107°¢
@ 473040000

MRS ENER 7 iR, b TERSL A T, K
SIHILJC vyi fta fi0 5 [ 57 B 2 0[] EsF 5 S ] S Y
TP EE N 9.8 m/s?, WAERTIEI N 15 a, THEZE R
K 14 R .

2tk

NN 7

K13 Rahblait
Fig.13 Sketch map of SRM

x7T MHBSH
Tab.7 Material parameters

S —, . - ; WL PR Tz =55
TR ORI R A g (S0 IR st ol
MR ARIAE G S g T, T 2% A [R] PR 3R s - 186 000 03 11
. > . 1 A N . A= A N ’E . . -
A HE A5 AU [ Ak 58 B S VA A S LA T A T e 176 50 0.493 0o
>, N iy N e \ EePAYray . . .
B, R (13) FER AR 24 R Skt 76 . 0.498 66
FRERPE MR TR, S0 AR 28 R 2 (i P S AR R 5 - ' ' '
Stress/MPa = Stress/MPa = Stress/MPa
+2.182e-01 +4.295e-01 +3.988e-01
+2.001e-01 +3.938e-01 +3.656e-01
+1.819e-01 +3.580e-01 +3.324e-01
+1.637e-01 +3.223e-01 +2.992¢-01
+1.456e-01 +2.866e-01 +2.661e-01
+1.274e-01 +2.508e-01 +2.329¢e-01
+1.093e-01 +2.151e-01 +1.997e-01
+9.111e-02 +1.793e-01 +1.665e-01
+7.295e-02 +1.436e-01 +1.333e-01
+5.479e-02 +1.079¢-01 +1.001e-01
+3.663e-02 +7.212¢-02 +6.696€e-02
+1.847e-02 +3.638e-02 +3.377e-02
+3.097¢-04 +6.375e-04 +5.895¢-04
z z
I—»x f—»x I—»x
Strain Strain = Strain
+6.567¢-02 +6.300e-02 +6.329¢-02
+6.020e-02 +5.776¢-02 +5.802e-02
+5.473e-02 +5.251e-02 +5.275e-02
+4.927e-02 +4.727¢-02 +4.748e-02
+4.380e-02 +4.202¢-02 +4.221e-02
+3.833e-02 +3.678e-02 +3.694¢e-02
+3.287e-02 +3.153e-02 +3.167e-02
+2.740e-02 +2.628e-02 +2.640e-02
+2.193e-02 +2.104e-02 +2.113e-02
+1.646e-02 +1.579¢-02 +1.586€e-02
+1.100e-02 +1.055e-02 +1.060e-02
+5.529¢-03 +5.302¢-03 +5.326€e-03
+6.173e-05 +5.637e-05 +5.663e-05
z z z
T—»x Lx Lx
a R b ZALBIR ¢ ZALBIRY

K 14 E AT AR R S0 15 a 25407 BN 0 AR 7 K]
Fig.14 Simulations stress and strain diagrams of 15-year vertical storage under the action of gravity: a) unaged model;
b) aged model; c) aging damage model
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Tab.8 Maximum equivalent strain and stress of
different models

B T RAFRN F1IMPa B K AR 28 1%
KA 0.218 2 6.567
EF-S X4 04295 6.300
e it 0.398 8 6.329

MIE 14 F15k 8 [ LIF I, HIEZLNERIF,
KENHLLGHE I RAF RN IR T 96.84%, fie K55
RO/ T 4.07% 7[RI %5 18 & L5 1475 T R 1Y
BT, RGN IIIEINT 82.77%, KRN
ARSI/ T 3.62%. MITHEESRAT LR, 2 efliff
PERIREAL, BN G, BRI, T A 1 A 4
PR, BLI70N, REARSE R, I H B A A s Xt
ZURENT T BORE MR R T I, R 2R e A R g oy A8 7y
A LA RS R/

4 i

1) HTPB #EuE5 BY 8% A8 17 o0 32 BB AR ) 1Y)
SO, 3 PO HE N I BE I bR 2 R0 ) 0 AR AR L AR
] -5 B - IOy A5 B, RN SR A A v At
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