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Abstract

In this paper, the mechanical properties and nonlinear vibration control of variable thickness
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FGMs combined beams with NiTi-ST under elastic boundary and thermal environment are inves-
tigated. According to the Euler-Bernoulli hypothesis, the energy expression of the variable thick-
ness FGMs combined beam with NiTi-ST is established. Based on the Rayleigh-Ritz method, the
modal function and natural frequency of the variable thickness FGMs combined beams under elas-
tic boundary and thermal environment is solved. The correctness and convergence of the theoret-
ical method are verified by the comparison of FEM and theoretical results, and discussed the in-
fluence of thickness parameters and temperature on the natural characteristics of the system.
Furthermore, utilizing the Lagrange equation, the dynamics differential equation of the system is
obtained. The amplitude-frequency curve of system is solved by the harmonic balance method,
and investigated the nonlinear damping performance of the NiTi-ST.
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1. 51§

SEGHA FFTERRALE, DHRERS AR DR AL R A 022 Re, i T2 RAF IO Ak sE AN
PUBPERE, EMTEHIRGUSA T Z R . A5 TR DR LR A5, HE R AL UM T
. SRTIHTHIR SO A ol AT IR, ML 28 A & — 2R3, 4 /AT
LAPEAMBIRE, WE8 A FIRSE RS BEAE AR, P AL A A RS T 5 R
HAEZEREL.

HAT, SRR EONINE, 8 7 BHSG Braeds WHLR SOy & E 22 it iG] [2] 3],
AR ARG AFAE TR AT e, W RHLIONLER . AL S S5 WA b f SR b N Y e, B
RENIN RN, BT AW IE 51 22 AT IR . BRBE[413R ) 1 SRR G & SR B2 1) — e ik
fERTITI%, JERETT T A A A R B ) SN A R FKIN[STRIL T — FhEF ISR S & AR
H IR I RIE T T79%, R0 T RS B A AN - IRA S R ah i Etheg. A EAESE N [o]FE
T MR T H SR BINR S MARS R T 57575, AT T A SRR B RS R 73 HT . Zhang
(7100 THERIIRSNEE, I =R SRR EMREAT IR, Cao % N[ S R SE5) )4
B, BIEFL T TUITAR SRR 2 e A AR B AR S o =R S e s RE R AR R GBI RE L
PERISENT . A _EIRSCHORE, KT AR Ih BB B R AL & R B T R IR A EIE T, 41 A R M
RIRE. (AT, A3 B3 ST i) By WA P A2 J5 2 S RE R E A R AL ) F7 A A Y, RN i i) TR
W

XA FIRB IR 7, A AR A7 SCT TR . (LA 2% 8 3 45 4 Jo B At P AE A AR
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MBIk TERE, SIHEIH 2 = I)RTE . Carboni S8 N[9LR IR AR 22 p B SIAAR S /55 0 =R 2k
YRGB 1220 REFEAT R0 . Brewick 5 A [10]13 18 1 5 T 2808 i SRR & BP9 22 28 1 A Ze itk RUn Al A
WAL . Zang S8 N[11HES 1A 8RS SN L L8 K DhRERL BRI 2 J1 AR, JFEAT 1 ARZe PR
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23 HT. Zheng F N[12]8f5E T LS @24 5 R EM B & I IRShINHI BCRAAELNEAT v . TR I SCEE
N[BT —Flopr P e 3 B ER 5 N 2228, JFWETT 1 RHB B T DU Rers LRI IREh Iz M. 25 L1,
B S A R R A AR LR BIRIR T T, BAT RN AT St I HLZ DhRERR AR IR (1)
AT

R AT TAE T, WA 2 AL BRI AR, HEdEsimsgE, 25
FETHRERE EEM BHAL & RARLRNE IR FEATE 058 . ASCE W BUA T LA L, fER IR A PR 5T T i A 8
BB AN L2 B8 10 R R I RERs FE AT RHA & R AR LR 77 TREAT 7 WFFE 047 o 5 %6t Euler-Bernoulli
s, #OL T RGNS ReRRIAN . B EH - BIRKGORM RGBS REL IRk & e 22 48,
BRSBTS B AR GBI 058, IR BT IRE SR 5h 122 07 RE R AT A, foc ) A
HI Ansys S50 BT, X RGREATRS M, SEIREAA SRS, UEN T ASCOTE RS AT H
ko HA BT MR HE 1A RS B Bk i 22 48 I AR e PR BR RS VE (52, RS g .

2. AFER
2.1. REHHR

K1 s IR B & e N 22 48 1R A2 )T L D RERR FE M RHL a5 . 1 2 NBRER & AN L2 48 1R i
Ko AR5 BB AR & R P sl 1 — AN ks ko ks g BOFRSETESREE, PIARGEIE L A 1]
FATE ks ko lERK . FANIRR o-xz, JRU o BIERR | LT Eo FF5 Ly by by by by 23 AR
B TERENE . A/ BEH xo RUMB RIS EEUD Fo fETHRERE T, 20 1 AR x5 3
W R 520 o
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Figure 1. The model of variable thickness FGMs combined beams

E 1. TEENEREEARRE

NiTi-ST Steel wire ropes

Figure 2. NiTi-ST diagram
2. WA ENLBIEE

Wil 1 R, ThEeb A R & ARSI AL, ARHR (RIS B, AR v, B o A
K R o, ) SUREEARDG, RARWRPR:
P(T)=FR/(P,T" +14+RT+ BT’ + PT*) (1)
Py Py P Py SUREA RIMRL R, HIREREE RIA LR IR R 77 1 22 Ak -
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P(T,2)=[ B (1)~ R(T)]((22 + B)/2h) + B (7) @)
s n AMRIIEREETR AL
22. TEEINGEGEMRASRNER
22.1. BEERTR

2.1 FHR, RREEREHEHERAG PAEPIRE, PR — RN LHEERE. @i
FErR, RTINS MRS, ek T RE AT AN . SIS RE R LIS N

1. pen2 ¢l
U= Eb_[ih  Jyoedndz 3)
4% von Karmén B it, i/ o FIRAE &
o=0¢ 4)
&=—z(ow/ox) (5)
A w R T DI RERE EEA RHA SRR 6288 . O RRIERE, FoxA:
0=E(z1)/(1-V") (6)
K ECORMIRERE, v 2MEIERALL . 2T Buler-Bernoulli #1112, AU :
u, =—z(owfox), u, =w (7

e u M o, FOR7AE B LA AT (0 L i 1 AR RO 18
MRAESCHR[14], IRBEFTLLS Y-

1
U, =Ebjf’2j2 [0, (owfox) dedz )
RAIVAE
o, =0¢; )
A BN &, ATLLRIRN:
& =a, AT (10)
A, Wx TRREIKRE, AT RIREE.
RIS C e, AR
1 2 1 bV
U, =5k5 (ch _WZC) +5k6 (ch _WZC) (11)

e ks ke AORILMAHIR NI . Thx 1 M2 ARG 1 A1 2. Fhs ¢ AREEHEE .
A, WA, R RAVBC A o S AT e, RYE I e, MU B  RE

1 1, 1 1,
Uz :Eklwlzn +5k2W102’ Uy :5k3w221 +5k4W212 (12)

s U U AR PSSR (3 RE S ki ks A s ey AR BLARAIH AL SRR E o w' AR w 3 x (00 7 5
oA 10712, RFBER 1 A0SRV 2 10473
AR JEFE DI REBE FEA L& R BN RE -
1 2 SN2 e \2
T:Ebj_hz/zj;(p((ux) +(3,) ) )dxdz (13)
Refte p IBMERE, o Fla, T x VA 2 7GR T ¢ 1S3

2.2.2. [RINFRR
SRR NI R SRR, ARSI SRR, RO — AU F
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F = Af sin(at) (14)
Xt @ RAMIE. J1 F i o
W, = .[(j Af sin (@) wdx (15)
B RA RN LA ] LEIE N EERMEIRE /1. 2248 i & Rk A [12]:
S = Kw+ KW' +c oty wiv+ n,wi” (16)
b K Ky oo 70 0N ERIERIE 280, 3277 NI R BN ZMERLE REL ray ro ARRGBTHJE BB N4
A Th
W, = [~y f,wdx (17)

Ay NEER S SN 22 48 AR RSTE IE R 4L
2.3. HEAKBEE
R FHIALAE BT DS

w(s:t)=z(£)a(t) (18)
Kofe &=/l RIRMKIE, (&) RBIAHE AT UE I 2 AR5 s
2(8)=24,6,(S) (19)

fiTH Schmidt 1EZZ 45 1) 2 TR B R I R, AR %A, 2B B A 1)
[15]o ASCHEM M N E HLR, ZHAEHN 1. &
T =(U+U, +U,+U.+U, ) (20)

i M) e B A A«
(K+K, +K. +K, +K, -&’M)X =0 21)

Xt K. Krv K KA K 0 3PS e AERE . FABRAEPE . 10 SRS S SE B A B 3 0, MO &
HRE, Xz[an]T RRMERE, WK EARQ2L), BIAI1S RS E A SR A R 2L
2.4. BTHEAERHEKR

B 2.3 AR SRAF OB R B, ARG B H 5 FE el 45

Mij+Cq+Kq=F (22)

X AT ETHE, C NERIFJERFE, RRN:
C=aM+bK (23)

Wt a M b R RFEAMNIE MR R 3, AT LS -
a= 2(52/6"2 _é:l/wl )/(1/6022 —1/(0,2), b= 2(9&26"2 _éla)l)/(a)zz _a’12) (24)

F IS 2R i R G B) 15207 (22),  Ho A B 8 R os

q,= iAh. cos(iwt)+ B, sin(ior) (25)
q, = i A,; cos(iwt)+ B, sin(iot) (26)

b H ONEBCPEERIp AL R — 2R =i R MO E, MIERE, JRRE0 R, Wi
TR, T DAAS S w0 S () W AR 1 2K
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3. st o4

MR B, A9 HIIEAS 2 AR R BT UG R R PRI, B A A% BR 250K At 1 [ 5 A e
HATMRGL b TRENAS, HTEFMTERER, REFEARDTIERL 20w, Fit, f
W ELIG AR 21 TR S IR M, DA & R IEAC 2 AL AL sR A . AEARETER,  THREHS A
FHFE B 428 (SUS304) R B (ALO, )il i, 728 5 FE ThAEAR BE A M & R PR R LT S35 1 fidk 2 fir
o ARIGIKRE B RE L p FRWIABEIR AR . AR v = (v, +v,)/2=03 (T=280K),

Table 1. Temperature-dependent coefficients for metal (SUS304) and ceramic (Al,03) [15]
1. R (SUS30HFBEE(ALO:) S REEXHIRE(15]

Material Property Py P, P, P, Py
E/Pa 201.04 x 10° 0 3.079 x 10°* 6.534 x 1077 0
Metal a/(Kh 1233 x 1076 0 8.086 x 107 0 0
(SUS30) Bl /kg) 5x10° 0 0 0 0
pl(kg/m®) 8166 0 0 0 0
E/Pa 349.55 x 10° 0 3.853x 107" 4.027 x 1077 1.673 x 107"°
Ceramic a/(K™) 6.8269 x 1076 0 1.838 x 107 0 0
(ALOs) Bl(m’/kg) 1x107 0 0 0 0
pl(kg/m®) 3800 0 0 0 0
Table 2. Geometrical parameters of the FGMs combined beams
2. TEEINGEHEEERN/LASH
Ay 5 ol HpL
B 1K A 0.25 m
R 2 K L 0.25 m
B 1 R I 0.005 m
R 2 SRR sy 0.003 m
i i b 0.015 m
LR R n 1

23 g TR R N AR R LD e A A R A R . AT NIEE O OR, DL E i
FRoAE . WK, BERTUND RN, BT SR IZHCEL S 15 I00ssE 2 350 AT LA A2 SEbr TR A 25K
TERE 5 BRI, v T % BT EAISi:, W NT=15.

Table 3. Convergence of with elastic supports

= 3. AR THES M o

NT=4 NT=6 NT=38 NT=10 NT=15
1 107.75 Hz 105.86 Hz 105.86 Hz 105.86 Hz 105.86 Hz
2 458.45 Hz 31430 Hz 313.75Hz 313.75Hz 313.75Hz

K APDL 844 HEAT 45 BRI, IF B BRI AR AR A IE A 14« A Shell 181 #1701 Combination 250
HITHHATES T, EHE A PR ZE 07 SO AL Th ek FE AR E B 7 R S A . BRI TSR 15
R B AR 4 fion. BICRER S0 ECRBIRE, Wk 5 for, REH -5, 46
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Table 4. Comparing the natural frequency of variable thickness FGMs combined beams
4. TEERESEMRESRIBEBMELR

T HE (Hz) i A (Hz) RE(%)
1 105.86 98.10 7.91
2 313.75 290.39 8.04
3 574.61 531.76 8.06
4 985.18 910.02 8.26

Table 5. Modal shapes of the variable thickness FGMs combined beams with the elastic boundary
5. TEEREHEEERINRSIRE

PRALF IR it FEM
Displacement Displacement
1.00 1.00
0.92
0.86
N 0.83
0.71 075
0.67
0.57 0.58
1 0.50
0.42 0.42
- 0.33
0.29 0.25
0.17
0.14 0.08
0.00 0.00
105.86 Hz 98.10Hz
Dmplacfzr;em Displacement
- 1.00
0.86 0.92
= I 0.83
0.71 il
0.67
0.57 058
2 R 0.50
0.42 0.42
x 0.33
0.29 0.25
¢ 0.17
0.14 \ 0.08
0.00 000
313.75 Hz 290.39 Hz
Displacement Displacement
1.00 100
0.92
- 083 0.86
0:78 0.71
0.67
0.58 0.57
3 0.50
0.42 0.42
x 0.33
025 0.29
< 0.17
\ peied 0.14
0.00 0.00
574.61 Hz 531.76 Hz
Displacement Displacement
1.00 1.00
0.92 0.92
My 0.83 0.83
0.75 0.75
0.67 0.67
0.58 0.58
4 0.50 0.50
0.42 0.42
< 0.33 0.33
\x 0.25 0.25
017 017
\ 0.08 0.08
0.00 0.00
985.18 Hz
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4. SHREMTHL
4.1. BESHXEEHENRN

W hy = 0.003 m i, BT ERIAETIRESET RGEAMRKRN . HE 6 nT&n, IR H
280 K ¥ hn%) 290 K I, —F[EA 52 i 105.86 Hz Ji/MF 59.27 Hz, 11 VU [EA B 4 Frig/h . 25l
FERRARIE N, R IR S RSN EE . FrbL, LR TRERE T, SRS ENREX AR E
BRI .

Table 6. The effect of temperature on the natural frequency

® 6. REXE AR

280 K (Hz) 285 K (Hz) 290 K (Hz)
1 105.86 86.25 59.27
2 313.75 293.42 271.38
3 574.61 548.69 521.33
4 985.18 960.21 934.38

4.2. BEESEXENEMERNFI
4.2.1. EESEEEMENTE

BT [ A A s e D 4 e . SR AR SCRITR J7 VA 1R 5 B S 500 [ A AR K5, 5 24
AN} [ AT ARG U2 7 iR o 2452 2 JEE hy f1.0.003 m J/N 3] 0.001 m I, 55 —Fi [ 45 4% 1 105.86
Hz Jik/NE 74.32 Hz, A5 PUBREA SR A 00N o H 05 BT SRR T S (X L 22 T e, A F A 5
SRR . )R AR, FRIR S 0 B A AR R R S R

Table 7. The effect of thickness on the natural frequency

* 7. REMEARENSM

hy =0.005 m, i, = 0.003 m hy =0.005 m, h, =0.001 m
HgHHMHz) AR (Hz) RZE(%) HgHHMHz) A (Hz) TRZE(%)
1 105.86 98.10 791 74.32 67.71 9.76
2 313.75 290.39 8.04 130.75 116.20 12.52
3 574.61 531.76 8.06 316.05 271.01 16.62
4 985.18 910.02 8.26 520.75 474.79 9.68

4.2.2. EESHXIThRES B HHE S RIRB I

wE 3 Fon, W EESECTIRBINSZI .t T ThResh FE M RLE 1t 2 B8 A 2R 16 SO 1fi A e g,
BT L2452 2 (IR SE by = 0.003 m Js/NE 2y, = 0.001 m B, AEGE 2 FORIEE 245 BT AARS, 1T 38 ARG P At 42
2 B 5 R AENREN, 5 BRI AR A A AR H AR B A Ak

4.2.3. EESEN RS IRANNE R IR0

FEAR JE LT RERE BEAT RHA & BRI B & S ML 48 )5, G E S HO IR 22 i 52
WP 4 s o W@ AR P AR SR IS B R, 2 KEEMI Pl RSB IN B AR 1 KR s i 4
AR, BEAEE by =0.003 m Jil/NE] 7y = 0.001 m I, RS 2 A MR RGN . WIS 8 20 5 PR A
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B A IR IR R Y 15.42%38 131 35.71%, 55 B MIEE IR ROR Z2 85 5 58 — AR 2 A K. BTG 1R
JEBEARIARAY,,  BRER A AN 2 S A AR I B PR IR R
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E
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Figure 3. The influence of thickness parameter on the modal shapes

3. EESHXHREEZ M0

x1073
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Figure 4. The effect of thickness on the amplitude-frequency characteristic curves: (1) #, = 0.003 m; (2) 4, =0.001 m
4. BESTIRSEF LRI (1) Ay = 0.003 m; (2) A, =0.001 m

5. &t

ASCH A - BIAE Fkg H T REANE RO AT IR0 RGUHAT T3 1T, 88T Ind
PG SN L 5 3) )T R AR AT, PR IEIE APDL B0 RGEEAT RS N 704, I 5 Ee )
AR L, R R IERTE . B TR A RS ES RGE R, RS
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