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Abstract

Expansion Fracture Devices, which utilize grooved bolts and NiTi alloy as key components, are in-
creasingly being employed for the connection and separation of various spacecraft components.
The fracture force of grooved bolts is influenced by multiple factors, thereby affecting the load-bear-
ing capacity of the expandable separation device. With grooved bolts as the research object, finite
element analysis (FEA) was performed using the ANSYS Workbench platform. Initially, a three-
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dimensional geometric model of the grooved bolt was developed using SolidWorks software. An or-
thogonal experiment was designed to evaluate the effects of groove depth, groove width, and pre-
load torque on the load-bearing performance of the expandable separation device, and to investi-
gate the load-bearing capacity of the grooved bolt under various combinations. Finally, by leverag-
ing the restoring force of the NiTi alloy tube, the optimal grooved bolt parameter combination was
identified, achieving a maximum load-bearing capacity of 42.34 kg with a groove depth of 0.9 mm,
a groove width of 3 mm, and a preload torque of 6 Nm.
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Figure 1. 3D schematic diagram of the expansion fracture device and full sectional view
of the expansion fracture device
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Figure 2. Simplified diagram of the expansion fracture device and simplified diagram
of the slotted bolt
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Table 1. Material and physical property parameters of components (at 20°C)

® 1 FRRET AR R MR IR RES B (20°C)

B Py i (g/em®) AR 2 (Gpa) FRALL
LY 2 TC4 443 110 0.34
BERf TC4 4.43 110 0.34
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Figure 3. Preprocessing for finite element analysis
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Figure 4. Post-processing for finite element analysis
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Table 2. Orthogonal experimental factor level design for slotted bolts

= 2. YIRS IE A KB E RAKFIRIT

FIES
K
ISR E (mm) DR 98 5 (mm) % 73%E (Nm)
1 0.3 1 0.3
2 0.6 2 0.6
3 0.9 3 0.9
4 12 4 12
f8 ] spssau AT IEAZ IR0 7 ST, 16 HSTT A1 N 4 3 i
Table 3. Orthogonal experimental design for slotted bolts
=3 VIEBRERIR AR
ETAS) DIHER FE Imm DI 58 fmm THE J15E/Nm
1 1 1 1
2 1 2 2
3 1 3 3
4 1 4 4
5 2 1 2
6 2 2 1
7 2 3 4
8 2 4 3
9 3 1 3
10 3 2 4
11 3 3 1
12 3 4 2
13 4 1 4
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14 4 2 3
15 4 3 2
16 4 4 1
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Table 4. Orthogonal experimental design and results for slotted bolts
F 4 VEBRERIRHERER

Gy VIR R DIME 98 TE S ) HREKAE 73
(mm) (mm) (Nm) (N) (N) (kg)

1 0.3 1 6 14154.34 9154.34 62.27
2 0.3 2 7 16271.13 10437.80 71.01
3 0.3 3 8 18434.00 11767.33 80.05
4 0.3 4 9 19295.68 11795.68 80.24
5 0.6 1 7 10298.96 4465.63 30.38
6 0.6 2 6 12127.40 7127.40 48.49
7 0.6 3 9 14672.00 7172.00 48.79
8 0.6 4 8 14813.93 8147.26 55.42
9 0.9 1 8 8145.70 1479.03 10.06
10 0.9 2 9 10383.58 2883.58 19.62
11 0.9 3 6 11223.85 6223.85 42.34
12 0.9 4 7 11499.10 5665.77 38.54
13 1.2 1 9 6694.97 —805.03 —5.48
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14 1.2 2 8 7823.20 1156.53 7.87
15 1.2 3 7 8202.64 2369.31 16.12
16 1.2 4 6 7687.24 2687.24 18.28
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DR 98 FEANTIUR SR I Z 0 T, K BUKF 13X —ATH) 3 ML 70 Bl2 IR A By C IS — /K TfESE
6 rROus LSBT R K UK 23X —47 60 3 ML il 2 R AL By C B3 —KCP FITfE S8t rhoxt
LSRR s R R K 5K 3 A0 4 4TS e A3 4 MR RORE I SN E TS 2N
e Re MM R W T RIZRACE ARG, IR PR BN . BZEME RABOR, TR 200 1006
FRPR MR . R SRR HIIR — 51 B PR il 2 X R AR s i i R 3R, R BBV AR R
AFKF 25 ST R b, — ORI BN R . RAT UG e X R U, A DIREIRIE
XERIE R AH 64.19 Bk, SEMARERE 5 KT B UIMBTE AN C B 00, NI L 2N R B U
TERERZ s C TR TN N RAE 7.06 Fe/s, WHIHOMRENER, Bk, =400 S 1) 3008
N AUIREIRRE >B VIR > C TR Ju%E.

Table 5. Range analysis

5 REDH

I K A VIR B DI 58 1% C M
1 293.57 97.23 171.38
2 183.08 147 156.04

: 3 110.56 186.3 153.44
4 36.79 193.47 143.14
1 73.39 24.31 42.85

_ 2 45.77 36.75 39.01

« 3 27.64 46.58 38.36
4 9.2 48.37 35.79

R 64.19 24.06 7.06

e3P0 IE A SRR I 45 BT 75 2204, IRA A FE R A m 2 B R %, 495K WE 6 .
TR T EAN R3O0 R A B (S BE R, AN FELRT p {ERE, VIREVR R F =45.67, p<0.001 &%
PEAR R, R VIR O PR AR A AR B8 s . MRS 98 EEfYT F=9.51, p=0.002 & MEEGs, &M
DA 55 B R AR B B R . T U4 F=7.02, p=0.006 &M s, RO R0t N AR B
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&, VIRRZES VIR EERARERN F=1.26, p=0.352, ZHAEAAEE . FFESHTH AR 22 H 122
HAEH, RIA L HAERBARER R ZVEAK(p > 0.05), RUIRZH A F P EBNA L E . XHLEE
IR Z21- 75 A1y 1.80E+06, RMJIRZERUN, FIAEELT .
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R AR )OS RS Ah T

Table 6. Variance analysis

6. HBESH
ESE P77 FI(SS) H H % (DF) 177 (MS) F1H p fE
IR 1.23E+08 3 4.10E+07 45.67 <0.001
YIRS 55 g 2.56E+07 3 8.53E+06 9.51 0.002
TRE S156 1.89E+07 3 6.30E+06 7.02 0.006

IR :
1.02E+07 9 1.13E+06 1.26 0.352

VI 55 g

DIRETR FE -
8.76E+06 9 9.73E+05 1.08 0.432

TRE 156

DI 5 FiE -
6.54E+06 9 7.27E+05 0.81 0.621

& 156

VIR -
VIR 55 7 - 5.43E+06 27 2.01E+05 0.22 0.999

TR Si5E

R 1.80E+06 16 1.12E+05

MR A S S 4 07, o 4 AYIRSIEE 8 0.3 mm, YIMESE A 4mm, TE /1459 9Nm, iX
—HSH T EE K 80.24 kg 1A 13 LHYMEVREE R 1.2 mm, YIRETE R 1 mm, TS 7558 9Nm
N, WIS /e R Ui g & kA TR, VR . BRibz 4heR 13 RS
12 mm, UIRETEREN 2 mm, TE AN 8 Nm kMR 7.87 kg HRIE I FIEIRAS, 1H5 NiTi
BEEREE NI EAX 3 W R

F=PxS (3)

FAJ1, P RNIE, SAZITHM.

AL NiTi G&E NS5, R R /4 350 Mpa, H5[FIE /724 12010.5N, ArbAs 1. 2.
3. 4. 6. 7. 8 A TIRERZMEBL I It K, IKEE NITi &85 1B /1o Bk, ASReszil B .
AR A USR] DR EE NITI & 48 1 B S U g e i . RIE % 11 HUIMERES 0.9 mm, 1)
FEEE N 3mm, T UAEDY 6 Nm )8k sl 42.34 kg, X —HSHOERNLE R

5. &g

A48 A SolidWorks F1 ANSYS Workbench % NiTi FER 10472 4 K W7 2% fog )b kg 14047 2 DA K2 £
BT EERHIREVRE, R 5E R DL T %R = A0 R R A A M B S M K I R T 1R A S
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HHEAT W ZE RN T7 Z2 5301 - B S5 275 NiTi & Wk 5 7118 BAH N RSV Re I DR IR A S HUH & I A S5 R T -

1) DIREVRBERG I 2> WP R B B RE,  UIRE TR BEROR 0 V) RE MR A 1 W 0B RT3 /s o DA i 8
BN S A AT BN 5], WS EAR N SR R UIRESE B /INmT R SOV s B, VIS 5
ANFRT I RE AR R T 388/

2) AR ZE ST, AR RIS G E RO R UIREIREE R T VIR 58 TP 6 . s
Ji 2250, REVEHE T VIR R BE R T VIR 58 B R TP J%E . BURILET A 28 AR R38R 3 B 35 MK
F(p >0.05), R =AEERZ A RN A B2,

3) M NiTi &4 RIE R /774 350 Mpa B, MIEAZSEEE 1) 16 4240 -& ik a6 11 A UIERE R
0.9 mm, VIHETERESY 3 mm, T RN 6 Nm KIZHU & . o DUORIEDIRERR A4 NITi & K I A
e I U 42.34 kg
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