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Tém tit

Bai bdo st dung ly thuyét bac cao bdn 4n chuyén vi cai tién (HSDT-4) va dang nghiém Navier (chudi Fourie
kép) dé phén tich dao dong riéng ctia tim composite 16p gia cudng bang éng nano carbon don vach (single-
walled carbon nanotube - SWNT), tich hgp 16p vat liéu ap dién. Cac phuong trinh cin bang dong cho tim chit
nhat bdn bién tua khdp dugc thiét 1ap tif nguyén ly Hamilton va phuong trinh Maxwell. D6 tin cdy ctia thuat
todn va chuong trinh tinh dugc ki€ém ching qua so sanh véi cc két qua di cong bd. Cac khéo sit sb dudc trinh
bay dé€ danh gia su anh hudng clia dic trung vt liéu, kich thudc tAm va do day 16p 4p dién dén tan sb dao dong
riéng ctia két ciu tim tong thé xét cho ca trudng hdp md mach va ngat mach.

Tir khod: 1y thuyét bén 4n chuyén vi; phan tich dao dong riéng; vat liéu 4p dién; 6ng nano carbon; composite
16p.

FREE VIBRATION ANALYSIS OF SMART LAMINATED FUNCTIONALLY GRADED CARBON NAN-
OTUBE REINFORCED COMPOSITE PLATES USING FOUR-VARIABLE REFINED PLATE THEORY

Abstract

In this paper, a four-variable refined plate theory (HSDT4) and Navier solution are used to analyze the free vi-
bration characteristics of functionally graded carbon nanotube reinforced laminated composite plates integrated
with piezoelectric. Equations of motion are derived by using both the Maxwell’s equation and Hamilton’s prin-
ciple. Comparison studies have been carried out to verify accuracy of present model. New parametric studies
regarding the influence of volume fraction of CNTs, distribution type of CNTs, number of layers, CNT fiber
orientation and piezoelectric layer’s thickness on the natural frequency are performed in detail with two types
of electrical boundary conditions, namely, closed circuit and opened circuit.

Keywords: four-variable refined plate theory; free vibration; piezoelectric material; carbon nanotube; compos-
ite.
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1. Gidi thiéu

6ng nano carbon (Carbon NanoTube - CNT) dudc phat hién vio nim 1991 bdi Iijima [1]. V6i cau
triic tinh thé dic biét va cic tinh chit co hoc ndi troi nhu c6 d bén, do ciing riéng cao (cting hon ca
kim cuong va gip khoang 200 1an thép) trong khi khdi lugng riéng nhd, tinh dan dién, dan nhiét tot,
do d6 dng nano carbon ngly cang dudc quan tAm nghién ciiu va dng dung rong rii trong nhiéu linh
vuc khoa hoc va cong nghé.
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Vit liéu c6 co tinh bién thién dudc gia cudng bdi cic dng nano (functionally graded carbon nan-
otube reinforced composites carbon FG-CNTRC) la mét loai composite thé hé mdéi 1an dau tién dudc
dé xuit bdi Shen [1]. Loai vat liéu composite nay c6 cc dng nano carbon phan bd trén nén 12 vat liéu
déng huéng theo mot quy lut nhat dinh doc theo cic hudng nhit dinh nhiam cai thién cdc tinh chit
cd hoc mong muén. Sau nghién ctu nay, hang loat cac khao sit vé dam, tAm va vo gia cuong CNT
da dugc nghién ctiu. Zhu [2] st dung 1y thuyét bién dang cit bac nhit dé phan tich tinh va dao dong
riéng ctia tim composite don 16p dugc gia cudng bdi CNT bing phuong phap phan ti hitu han. Lei
va cs. [3] da nghién cifu bai todn 6n dinh ctia tim composite dudc gia cudng CNT chiu céc tii trong
cd hoc khac nhau bang phuong phap kp-Ritz. Theo hudng tiép can giai tich, Huang va cs. [4] di tién
hanh phan tich tinh va dao dong riéng ctia két cAu tim composite nhiéu 16p gia cudng CNT theo ly
thuyét bién dang cit bac nhét don gian.

Vit liéu 4p dién 12 loai vat liéu c6 kha ning ty thay d6i hinh dang, kich thuéc khi dit ching dudi
tac dong cua dién trudng (trang thai kich thich - actuator) hodc tu sinh ra dién trudng khi chiing bi
bién dang (trang thai cAm bién - sensor) [5]. Két cAu composite c6 gan 16p ap dién 1a mot dang két ciu
"théng minh"dudc st dung rong rii trong cong nghiép hang khong, giao thong van tai va nhiéu linh
vuc ky thuat khic. Céc cong bd vé phan tich dao dong riéng két cAu composite ap dién gia cudng dng
nano carbon da dudc mot s tic gia cong bd trong thoi gian gan day. Kiani [6] st dung phuong phap
Ritz v6i ham dang da thiic Chebyshev d€ phan tich dao dong tu do clia tim FG-CNTRC c6 gén cdc
16p 4p dién. Selim [7] va cic cong su nghién cifu va kiém soat dao dong ctia két cAu tAm composite
4p dién gia cuong CNT st dung phuong phap phan tif tu do IMLS-Ritz méi dua trén ly thuyét bién
dang cit bac ba Reddy. Trong nghién citu ctia Nguyen va cs. [8] da st dung phuong phap dang hinh
hoc, ly thuyét bién dang cit bac ba dé€ nghién ctiu ddp ting dong ctia cic tim FG-CNTRC nhiéu 16p
c6 gan céc 16p ap dién.

Viéc phat trién va hoan thién cac mo hinh tAm ludn 12 muc tiéu ctia cdc nha nghién cifu. Ly thuyét
tAm c& dién chip nhan gia thiét Kirchhoff, bd qua bién dang cit ngang, do viy chi phit hgp vé6i tAim
mong. Ly thuyét bién dang cit bac nhit c6 ké dén bién dang cit ngang, phut hop véi tim c6 chiéu day
trung binh nhung phai st dung dén hé s6 hiéu chinh cat. D€ sat hon quy luat phan b ctia ting sut cat
ngang doc theo chiéu day tim, cic ly thuyét bién dang cit bic cao da dugc dé xuit, tuy nhién viéc sit
dung cic ly thuyét ndy dan dén 16i gidi cong kénh, phiic tap do s6 4n chuyén vi 16n.

Nghién cifu d€ xay dung dudc mo hinh tinh toan chinh x4c va hiéu qua cho céc két ciu néi chung
va két cAu tAm vo composite néi riéng ludn thu hiit dudge su quan tAm clia cac nha khoa hoc. Ly thuyét
tAm véi boén an s6 chuyén vi (HSDT-4) dudc phit trién trén co s phan tich do vong 1am hai thanh
phan: thanh phan d6 vong do m6 men udn va thanh phan do véng do luc cat giy nén. Ly thuyét nay c6
cdc uu diém nhu it 4n s6, khong can sit dung dén hé s6 hiéu chinh cit va théa man diéu kién triét tiéu
ting suat cit ngang tai mit trén va dudi tim. Trong nghién ctiu nay, nhém tic gia st dung ly thuyét
bdn 4n ci tién ctia Shimpi va Patel [9] véi nghiém gidi tich dang chudi Fourie kép dé phan tich dao
dong tu do ciia cdc tAim composite nhiéu 16p gia cudng 6ng CNT c¢6 gin céc 16p ap dién tai mit trén
va dudi tim.

2. Céc cong thite Iy thuyét

2.1. Tdm composite I6p dp dién gia cuong éng nano carbon

Xét tAm composite 16p c6 chiéu dai a, chidu rong b, do day 4 (Hinh 1). Céc 16p dp dién dudc gin
tai mit trén va dudi ctia tim, chiéu day ctia mdi 16p dp dién 1a Ap. Méi 16p 1a vat liéu FG-CNTR véi
bdn kiéu phan b CNT theo phuong chiéu day cia tiing 16p composite (UD, FG-X, FG-V, FG-0). Ty
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phan thé tich x4c dinh theo [2]:
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Hinh 1. TAm composite 16p 4p dién gia cudng dng nano carbon

Céc tinh chat hiéu dung ctia vat liéu composite gia cudng dng nano carbon don vach (SWCNT)
trong ting 16p dudc tinh nhu sau [2]:
Venr Vi 3 Venr Vi
Ei = mVenrESNT 4 v, gm, 122 ZONT Tme T3 YONT Y
11 =M YCNTE m Eoy EzczNT Em G G?ZNT G" 2)

DV p = Venrp™N + V™

vi2 = Veyrvi
trong 46 ESM ESNT va GSMT 1a mo dun dan hdi Young va mo dun dan hdi trugt cia CNT; E,, va
G, lamo dun dan h01 Young va mo dun dan hoi trudt cta vat liéu nén dzemg huéng; n1, 12 vans la cac
tham s6 hiéu chinh ctia CNT; Veyr va V,, 1an luct 13 ty phan thé tich ctia CNT va clia vat liéu nén
(Vent + Vi = 1); vCN T pNT yay™ p™ 1a hé s6 Poisson va khéi luong riéng 1an ludt cia CNT va ctia
vat liéu nén.

2.2. Ly thuyét bon dn chuyén vi
Theo Shimpi va Patel [9], trudng chuyén vi dugc biéu dién dudi dang:

v(x’y’x’t):v()(x’y’”‘z%y’y’t) G )M 3)

w(x,y, X, 1) = wp(x,y,1) + we(x,y,1)

trong d6 ug, vo 1an lugt 1 cdc thanh phan chuyén vi mang ctia di€ém bat ky trén mit trung binh theo
phuong x,y; wp, va wy la cac thanh phan do vong do moémen ubn va do luc cat giy ra; f (z) 1a ham

44



Thém, V. V. va cs. / Tap chi Khoa hoc Cong nghé Xay dung

dic trung cho quy luat bién thién cta ting sult cat ngang theo chiéu day tim. Theo [9] ham: f(z) =

1 5(z\ . .y L
2= + 5(}%) } thda man diéu kién Ung suat cat ngang tai mat trén va dudi cia tam bang khong.
t
Truong bién dang:
Ex 83 K? J @Ky
Ey 88 K;’ @Ky
Yo (= v [t K () @Ry (4)
Yyz 0 0 g(Z)V;z
Yro 0 0 8@y,
trong do
Ouy oy ouy Ovy 0wy, 0wy,
0 _ L0 O b b ) _ N -
e T AL
s Pws Pws Pwp Pws o Ows . Owy
Ky = =3 Ky = =5 Ky = =2 ——i Ky = =2 ——1yy, = —— Yy, =
* ox2 ayr Y oxay v 0x0y Ox dy
Quan hé ting suét - bién dang ctia 16p vat liéu composite thi k [8]:
k = = k
o\ 1o 0w 0 0 0 |V
Ty O O» 0 0 O &y
Txy = 0 0 Oe6 _0 0 Yy (6)
Tyz 0 0 0 Qu _0 Vyz
Tz 0 0 0 0 Oss Vxz

trong d6 cac hing s vat liéu trong hé toa do tAm (Q_ij) dudc xdc dinh theo [10]. V6i mbi 16p ap dién

thif &, quan hé ting suét - bién dang trong hé truc toa do tim (x, y, z) dugc biéu dién [11]:
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trong d6 quan hé gitta dién tich xuit hién véi bién dang va dién trudng ap dit [11]:

Dy

Dy

D,

Hy

gxx
0 0 0 e5 O Eyy pn 0 O
0 0 0 O e Yo (T 0 pu 0
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Yyz
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(8)

B

trong do [C i j] 12 ma tran cdc hing s6 dan hdi ctia 16p 4p dién, [e,-.,-] 12 ma trin c4c hé sb dng suét 4p

dién, [p,' j] 12 ma trin c4c hé sd dién moi, {E} 1 véc to cudng do dién truong, {D} 1a véc to chuyén dich
dién tich trong 16p ap dién.
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Cic hing sb dan hdi cho 16p ap dién dudc xéc dinh theo:

(C13)* - _ Ci3 _ 653
;Css = Css;é31 =e31 — e p3=p3+—=— (9
Cyy 5 555 €31 = €3] Cas e33; P33 = P33 Cas )

_ Cr)? .
= ( 133) ;Cla=Cr2—

Pé thda min phuong trinh Maxwell (8) va cac diéu kién bién vé dién thé bé miit, su bién ddi clia
dién thé theo huéng chiéu day ctia 16p 4p dién dudc gia thiét 1a sy két hop clia ham bac hai va ham
tuyén tinh. Gia thiét nay dudc dé xuit 1an dau tién bdi Wu [12] c6 dang:

[ 2= h/2—hy/2\
6(x,y,0) |1~ (h—) tAC Y, 02+ By ) h/2Sz<h/2+hy
O(x,y,z,1) = 2= h/2—h,2\?
$(x,y, 1) |1 - (sz) +A'(x,y, 02+ B'(x,y,0) —h/2—h, <z<-h/2
P

(10)
trong d6 cac 4n s6 A, A’, B va B’ sé dudc x4c dinh d€ ddp ting cac diéu kién bién dién thé trén bé miit
tAm. Trudng hop ngat mach (Close — circuit), dién thé & ca bé mit trén va dudi déu bang khong, do dé:

Oz ==%h/2)=0; D(z==(h/2+h,)=0 (1D)

Truong hop mé mach (Open — circuit), dién thé tai bé mit tiép xic vdi két cu cia 16p ap dién
bing khong, trong khi bé mit tiép xiic véi mdi truong c6 do thAm thip nhu chan khong hoic khong
khi, khong c6 su dich chuyén dién tich 1én bé mit. Do d6, dbi véi mot diéu kién mé mach, né c6 thé
dudc viét:

O(z==+h/2)=0; Dy(z==(h/2+hy)=0 (12)

trong d6 D, la su dich chuyén dién tuong ting doc theo huéng z. Hon nita, quan hé giita dién truong
va dién thé nhu sau:

o o0 00

E=-VO hay Ex=—a;Ey:__ ~0

(13)
Thay thé cac mbi quan hé (8) va (10) vao cac diéu kién bién dién thé (11), (12) mang lai su bién
ddi ctia dién thé theo hudng chiéu day dugc biéu dién theo:
[ (z=h/2=h,/2\* 4(z-h/2) 231
v, D1 — c—=
I | Pc- Y
~(h/2 + hy) (Whoce + Whyy + FQ) (Wea +Wsyy))| G = 1/2) B[22 <h/2+hy

@ b 2 ’t =
(x,y,2,1) soennli- 2= b2~ hy)2 2+_4(Z+h/2) +Céi[u +y
20| 2 hy pa T
H(h)2 + ) (W ex + Wo gy + F@) (We e + Wey))| @+ 1/2) = hj2=hy <2< -h/2

(14)
trong d6 hé sb C = 0 véi trudng hop ngat mach va C = 1 trong trudng hop mé mach.
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2.3. Phuong trinh chuyén dong
Hé phuong trinh chuyén dong dudc thiét 1ap nhd nguyén ly Hamilton va c¢6 dang nhu sau [13]:

(?Nx 5ny awb 61,‘;Y
dug : + =loit — [} —2 — J—=
! 5ax aay ot =h Ox Vox
Ny 0N ey g
Vo § o IOV_Ilﬂ—Jl W‘S;
oy Ox 0 dy
My (?Zijy M M, Oii OV 2. 2.
oWy : +2 + +q—IO(Wb+Wv)+11(—+—)—12V Vi — Jo V2
0x2 O0x0y dy?
M PMS. M d0° a0’ .
0 . X+2 Xy_l_ Y XZ+ )Z+ = InCvin+w )+ (— + — _JV2.. _sz,,
Ws 9x2 0xdy ayz Ox dy q 0(Wp+Wy) l(ax 5y) 2V Wp 2V Wy

(15)
trong do (Nx, N},,ny) va (Mi, M;’, Mfy, M, M;, M;y) la cc thanh phan lyc mang vd md men udn,
xoan cua két cau tam tong thé. Céac gia tri ndi lyc nay dudgc tinh theo:

N, [ A A A | Bi1 Bz By B, Bj, Bj & NY
N, A Apn Ay Bi» By By B}, B, B & Ny
Ny | Ais Az Ass | Bis By Bes Bls By B Yy ny
M’ [ By B Bis| | Du D D | | D}, Dj, Dj | & M
M) tv=|| Bz Bn B D1y Dy Dy Di, Dy, D K bh =33 M
M, | Bis Bx Bss | | Dic D Des | | Dig Dys Di | K2, MY
M; By, Bj, Bj Dy, Dy, Dig Hy, Hj, Hig Ky My
M; B, B, By Dj, D3, D Hy, H, Hy Ky My?
My, | Bis By Bgs | | Dig Dy Dgs | | Hig Hys Hg |I Ky MY
(16)
{ )S’Z}_[Ai4 AZS]{”;Z}_{Q)[’)Z} (17)
chz - AéstS AgS yfcz Qiz
véi cac s6 hang ma tran va noi luc sinh ra do hiéu ing ap dién tinh theo (18) va (19):
N figct 1
By Dy B D) = Y [ (122 0,200 NGy = 12,6
k=1 (18)

N g1
- Zf [1- f/(Z)]Z(Qij)kdz; i,j=4,5
k=1 Y

NP M (M w30 0 2y |V E Y
Nt e b oS o0 e | B |tz
S
N2, M2 MYy k=13, 0 o 0 E. (19
Qyz f —€1s
2)| dz;
{ Z Cers £
cac m6 men quan tinh (Ip; I; Ji; Ir; Jo; K») cua 10p vat liéu thu k:
n Zk+1
(o, I1,J1, 12, J2, K3) = Z (I,Z, 2 zf, fz)P(k)dZ (20)
k=1
%
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trong d6 p® 12 khéi lugng riéng 16p vit liéu th k.
Dién thé trong 16p ap dién théa man phuong trinh Maxwell & dang tich phan sau [11]:

hthy -h h+h,, ~h
f V.Ddz + f V.Ddz = f (Dsx+ Dyy+ De;)dz + f (Dxx+ Dyy+ D:;)dz=0
h - h

h—h,, ~h—h,
1)
trong d6 dién tich cam ting D dudgc xac dinh theo (8).

2.4. Loi gidi gidi tich — nghiém Navier
a. TAm composite FG-CNTR ciu hinh phan xting vudéng géc
Diéu kién bién khép thi nhét (SS-1) [10] clia tim composite ¢6 géc phuong 6ng CNT dit phan
xtng vudng géc véi nhau c6 dang:
-Taix=0vax=a:vg=w, =w; =N, Mb Mi=0 (22a)
-Taiy=0vay=hbiug=wy=ws=N,=M, =M =0 (22b)

Céc nghiém chuyén vi tai mit trung binh ctia tAm (uo, vo, Wy, wp,) va nghiém dién thé ¢ dudc gia
thiét dusi dang chudi luong gidc kép théa man diéu kién bién SS-1:

up(x,y) = Z Z U™ cos ax sin By; vo(x, y) = Z vane sin ax cos By;

= =1 n=1
OO

wp(x,y) = Z Z w nei‘”’ sin ax sin By; wy(x, y) = Z Z wS e sin ax sin By; (23)
=1 n=

n

8

¢(x,y,1) = Z Z Gmne'" sin ax sin By

n=1,3,5m=1,3,5

trong d6 & = mrm/a, B = nrw/b VA s Vins Womn> Wsmn> @mn 12 cdc hé s6 can xac dinh.
Thay (23) vao hé cac phuong trinh cin biang dong (15) va (21), ta thu dugc phuong trinh dé giai,
biéu dién dang ma trin nhu sau:

T
[S Tsxs — W LM 1555 {thmns Vinns W Wi Sun} = 10} (24)

b. TAm composite nhiéu 16p CNT céu hinh phan xiing xién géc
Diéu kién bién khdp thd hai (SS-2) [10] cho tAm composite c6 géc phuong é6ng CNT dit phan
xung xién goc vdi nhau cé dang:
-Taix=0vax=a:ug=wp=ws=N,=M> =M =0 (25a)
-Taiy=0vay=b:vo=wy=ws=Ny,=M) =M =0 (25b)
Cac nghiém chuyén vi tai mit trung binh ctia tAm (ug, vo, Wy, wp,) va nghiém dién thé ¢ dudc gia
thiét dusi dang chudi luong gidc kép théa man diéu kién bién SS-2:

up(x,y) = Z Z Upp SIN @X COS By; vo(X,y) = Z Z Viun COS X Sin By;

m=1 n=1 m= 1 n= 1
wp(x,y) = Z Z w,}jm sin ax sin By; wg(x,y) = Z Z wi,, Sin @x sin By; (26)
m=1 n=1 m=1 n=1

é(x,y,1) = Z Z Grn€'™ sin ax sin By
13,5m=13,5

n=
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trong d6 « = mm/a, B = nx/b VA tyn, Viuns Womn> Wsmn»> Gmn 12 cdc hé s6 can xac dinh.

Thay (26) vao hé cac phuong trinh can bang dong (15) va (21), ta dugc phuong trinh d€ giai, biéu
dién dué6i dang ma tran tuong tu nhu (24). Trong d6 cic hé s6 ma tran s j va m;; tuong ung voi hai
loai diéu kién bién khdp SS-1 va SS-2 dudc biéu dién trong phu luc.

3. Két qua s6 va thao luan
3.1. Két qud kiém chiing

Xét tAm composite 16p FG-CNTR c6 ga”in 16p 4p dién tai mit trén va mit dudi ctia tim (Hinh 1).
Kich thudc tim axbx h = 0,4x 0,4 x 0,1 (m), cic thudc tinh vit liéu dudc tham khio theo nghién cifu
[8]. Vat liéu nén c6: E™ = (3,52 — 0,0034T) GPa, v,, = 0,34 va p,, = 1,15 g/cm3 tai nhiét d6 phong
300°K. Vat lidu gia cudng CNT c6: ESM = 5,64 TPa, ES)'T =7,0800 TPa, G$,'" = 1,9455 TPa, v<[y"

Bang 1. Tan s6 dao dong riéng dau tién w (Hz) clia tim vudng composite ap dién gia cuong
dng nano carbon vé6i b/h = 20

e CAu hinh composite
Kiéu Trang p

Viyr phanbd  thdi  Donldp ([p/0°/p]) [p/0°/90°/0°/p] [p/[-45°/45°]3/p]
CNT mach By bao (8] Bai bdo (8] Bai bdo [8]
UD Ngit 585,662 583,199 585,662 583,510 660,393 656,538

Mé 620,147 627,416 626,752 627,716 690,219 695,085
FG-X Ngat 624,801 622,009 590,429 588,372 662,498 658,696
Mé 656,740 662,982 624,611 632,184 692,219 697,103

0.12 FG-V Ngat 562,387 560,042 583,894 581,714 640,732 655,606
Mé 598,644 606,518 618,597 626,205 701,425 694,272

FG-O Ngit 542,966 540,558 580,992 578,737 658,425 654,510

Mé 580,569 588,764 615,783 623,343 688,357 693,196

UD Ngit 626,947 623,946 626,947 624,543 725,136 720,800

M6 658,970 665,032 658,970 665,615 751,892 755,388

FG-X Ngit 679,709 675,814 633,580 631,317 728,051 723,781

0.17 Md 708,739 713,079 665,242 671,913 754,695 758,217
’ FG-V Ngat 593,790 591,216 624,368 621914 720,494 719,594
Mé 628,068 635,182 656,674 663,359 745,022 754,324

FG-O Ngit 568,082 565,533 620,691 618,126 722,688 718,247

Mé 603,987 611,599 653,084 659,687 749,563 752,995

UD Ngit 690,027 685,587 690,027 686,852 825,372 821,713

Mé 718,318 721,919 718,318 723,150 847,721 850,524

FG-X Ngat 764,565 757,950 700,165 697,260 830,078 826,415

0.28 Mé 789,346 789,814 728,032 732,991 852,331 855,093

FG-V Ngit 640,523 637,353 686,268 682,974 822,548 820,463
Mé 671,734 677,399 714,944 719,788 844,538 849,465
FG-O Ngit 604,001 601,032 681,486 677,986 822,723 818,750
Mé 637,275 643,745 710,238 714,904 845,224 847,167

49



Thém, V. V. va cs. / Tap chi Khoa hoc Cong nghé Xay dung

=0,175 va pM = 1,4 g/cm>. Vi ba ty phin thé tich CNT, cac tham sb: n; = 0,137, 17> = 1,022 va 3
= 0,7, cho trudng hop Viyr = 12%; n1 = 0,142, o = 1,626 va nz = 0,7m, khi Vi, = 17%; van, =
0,141, > = 1,585, 3 = 0,717, cho trudng hop Vi = 28%. M6 dun cat: Gi3 = G2; G3 =1,2G15. Céc
16p ap dién dugc lam tit PZT-5A véi cac dac tinh vat liéu [6]: E = 63 GPa, G = 23,3 GPa, v = 0,35,
p=7750 kg/m>, e3; = exn = —7,209 C/m?, e33 = 15,12 C/m?, e15 = eas = 12,322 C/m?, p11 = p2
=1,53x107% F/m va p33 = 1,5%1078 F/m. K&t qua tinh todn trinh bay trong Bang 1 dudc so sanh
véi két qua ciia Nguyen va cs. [8] sit dung phucng phap dang hinh hoc, Iy thuyét tim bac cao 5 4n
chuyén vi.

Két qua tinh toan trong Bang 1 cho thiy su sai khéc so v6i nghién cifu trong [8] 12 nhd (sai khac
16p nhat 6 = (Whai bio — W[71)/Wi7] = 2,269% cho trudng hgp tAm cAu hinh [p/—-45°/45°/-45°],,, FG-V,
Vinr = 0,12, trang thdi mach ngat), diéu nay khing dinh d6 tin ciy ctia ly thuyét HSDT-4 va chuong
trinh tinh ma nhém tdc gia da thiét 14p. Vi cac thong s6 vt liéu nhu trong muc 3.1, cdc khdo sét sb
sé dudc thuc hién dé€ ddnh gid su anh hudng clia cac tham s6 vt liéu, tham s6 kich thudc tim va do
day 16p 4p dién dén tan sb dao dong riéng ctia két cAu tdng thé xét cho ca truong hop diéu kién bién
dién thé 12 m3 mach va ngat mach.

3.2. Khdo sdt dnh hudng ciia su phdn b6 CNT

Két qua khio sat anh hudng ctia st phan b6 CNT dén tan s6 dao dong riéng clia tim vudng FG-
CNTR nhiéu 16p c6 gén 16p composite dp dién [p/6°/—6°/p], ty sb a/h = 20, Viyy = 17% v6i cac gbe
phuong éng (6 = 5°,10°,15°,...,90°) dudc thé hién trong Hinh 2. Xét bon ki€u phan b CNT theo
chidu day 16p composite (UD, FG-X, FG-V, FG-0), c6 thé thiy ring cic tim FG-X c6 gi tri tan sd
cao nhét (tAm ciing nhit) va cac tim FG-O c6 gid tri tn s6 thip nhit (tim mém nhat). Piéu nay c6
thé rit ra két luan khi ng nano carbon dugc gia cudng v6i mat do nhiéu hon tai mit trén va mit duéi
ctia céc 16p sé& lam cho tAm c6 dd ciing 16n hon so véi khi dng nano carbon dudc gia cudng nhiéu &
miit gitta m&i 16p. Trén dd thi Hinh 2 ciing cho thiy ring khi thay ddi cac gia tri ctia géc 6 thi khi 6 =
45° tan s6 dao dong riéng clia tAm 13 16n nhat.

780 : : . : - - . - 900
760 850 F
740 |
/N\ g 800
T o} =
3 3 750 |
“Q 700 2
r(% '(E 700 |
= o8t F FG-X
—D—V’ =0,12
660 050 ot
) —H— V* =017
—O0— V¥ enr0.28
640 . . . . . . . : 600 . . . 0 : . .
0 10 20 30 40 50 60 70 80 90 0 100 20 3 40 50 60 70 80 90
Goc phuong ong CNT (6) Goc phuong ong CNT (6)

Hinh 2. Tan s w theo géc phuong 6ng CNT (0) khi ~ Hinh 3. Tan s6 w theo géc phuong 6ng CNT (6) khi
kiéu phan bd CNT thay ddi Vinr thay doi

3.3. Khdo sdt dnh hudng ciia su phdn bé CNT

Hinh 3 biéu dién sy anh hudng cla ty phan thé tich (V{,y;) dén tan sé dao dong riéng cla tim
composite dp dién gia cudng CNT cAu hinh [p/6°/—6°/p], ty sb a/h = 20. Véi ba gid tri clia Vi,
dudng dd thi thé hién khi Ve yr tang 1én thi tan sd dao dong clia tAim ting theo (tAim cing hon).
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3.4. Khdo sdt dnh hudng cua trang thdi mach

Do thi cac Hinh 4 va Hinh 5 biéu dién tin s6 dao dong riéng ctia thm composite 4p dién gia cudng
CNT céc kiéu phan b FG-X (tAm ciing nhit) va FG-O (tim mém nhAt) trong hai trudng hgp mé mach
va ngit mach (Vi = 17%). Két qua cho thiy khi mé mach (Open — circuit) tan s6 dao dong riéng
clia tAm 16n hon khi ngat mach (Close — circuit). V& ¥ nghia vat 1y, do c6 hiéu tng 4p dién nén khi mé
mach, ning luong dién dudc chuyén héa thanh ning luong co hoc nén tim cé do ciing 16n hon (tan sb
16n hon), trong khi v6i mach ngét thi dién thé da bi trung hoa do nbi dit nén khong xay ra hién tugng
chuyén héa dién ning thanh co ning.

(Hz)

780

760

740

720

700

FG-X
= P = Close-circuit |

—O— Open-circuit

an so ®

T
f=2)
]

10 2‘0 3.0 4‘0 i 5‘0 ().O 7‘0 80 90
Goc phuong ong CNT (6)

Hinh 4. Tan sb w theo 6 cda tAm ciu hinh FG-X khi
trang thai mach thay ddi

3.5. Khdo sdt dnh hudng ciia chiéu day 16p dp dién

740 .
FG-O
720 | = P = Close-circuit | J
—O— Open-circuit
700
~
N
E 680
3
<
Q660
640 F , N ]
> |3
> \>
620F <
L P > _T
600 L L L L 1 1 L N
0 10 20 30 40 50 60 70 80 90

Goc phuong éng CNT (6)

Hinh 5. Tan sb w theo 6 cta tAm ciu hinh FG-O khi
trang thai mach thay ddi

DO thi cdc Hinh 6 biéu dién &nh hudng cla ty s /,/h dén tan sd dao dong riéng cla tim (FG-X)

v6i ba gid tri khdc nhau cta V., va mach & trang thai mé (Open — circuit). Pudng do thi cho thay ¢6
thé tim dugc diém cyc ti€u cta tan s6 khi i,/h thay d6i va sau gid tri cyc tiéu d6 néu ting ty sb h,/h

950 ==V nr012(
V017
900 —#— V=028
~~
=
~ 850
3
9 800 -
r(g
[ L 2

1000,

FG-X

0,02 0,04 006 008 01 012 0,14 0,16 018 02

Ty s6 hy/h

Hinh 6. Tan s6 w cla tAm [p/45°/-45°/p] theo ty sb
hy/h khi Vi thay doi

1600 T T T T T T T T T
L
1400 - LiC.S
—P—b/h=10
K = b/h=20

1200 —O— b/h=50

1000 |

800 F

Tan s © (Hz)

600

0 0,02 0,04 006 008 0,1 0,12 0,14 0,16 0,18 0.2
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Hinh 7. Tan s6 w cla tAm [p/45°/-45°/p] theo ty sb
hy,/h khi b/h thay doi
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thi tAn s6 dao dong ctia tAm ting dan. Trong trudng hdp mé mach, véi tim day b/h = 10 (Hinh 7) khi
ting chiéu day 16p 4p dién (ting ty sb h,/h) s& 1am tin s6 dao dong riéng cta két cAu téng thé ting
1én, ngudc lai véi tim mong, do khdi lugng riéng ctia vat liéu dp dién 16n nén viéc gan thém cic 16p
vt liéu nay c6 thé 1am gidm tan s6 dao dong ctia tAm.

4. Két luan

Bai bdo xay dung 15i giai giai tich theo 1y thuyét bén 4n chuyén vi tinh todn tin s6 dao dong riéng
ctia két cAu tim composite 16p gia cudng bdi 6ng nano carbon c6 gan cac 16p dp dién tai mit trén va
mit dudi. Nghién ctiu so sanh cho thay ly thuyét bon 4n chuyén vi 1a don gidn va hiéu qua trong phan
tich dao dong ctia két cAu tAm. Két qua s6 ciing chi ra 4nh hudng clia ty phan thé tich, kiéu phan b
dng nano carbon, géc dit dng nano carbon, chiéu day 16p dp dién va diéu kién bién vé dién tich anh
hudng dang ké dén tan sb hay do ciing ctia tim composite 16p gia cuong bang éng nano carbon cé gan
cac 16p 4p dién. Cu thé, tAim FG-X CNTRC c6 tan s6 dao dong 16n nhét trong khi tim FG-O CNTRC
c6 tan s6 dao dong nho nhat. Khi géc dit dng nano carbon bang 45° cho két qua tan sé dao dong 16n
nhét. Do c6 su chuyén héa tii ning lugng dién sang ning ludng co hoc nén trudng hop mach mé cho
tan s6 16n hon trudng hop mach ngit.

Ldi cam on

Tac gia chan thanh cam on sy hd trg tai chinh ctia Dé tai thudc chuong trinh khoa hoc va cong
nghé cip Bo Gido duc va dao tao “Nghién ctiu gidi phdp tng dung vt liéu thong minh, than thién
moi trudng trong két cAu cong trinh thich ting bdi canh cudc cach mang cong nghiép 4.0”, ma sb:
CT.2019.03.04.
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Phu luc

Cac hé Sé Sij va mj;:
+ TH1: SS-1; ngét mach (closed circuit):

si1 = =2C11hya* = (Cry = Cio)hppB? —14_110/2 — AgeS; 512 = —(C11 + Cr2)aBh, — (Arz + Ass)ap:
s13 = Bii@® + (Bia + 2Bge)ap’s sia = 20110 f(hy + 2C11af f(hy + B} @ + (B, + 2Bg)ap’;
s15 = 05522 = =(C11 — CIZ_)azhp —2C118%h, — Ass@® — A 523 = B + (Bia + 2Bee)a’B;
524 = 2C11@°Bf(@)hy + 2C11B° f(D)hy + B3, B + (B}, + 2Big)a’B: 525 = 0;

3 2 —
533 = =D11@* — Dyf* — (2D1a + 4Dgs )’ B — (2/3(hp) + he(hp) +1 /2(hc)2hp)C11a'4

3 2\ = 3 2 _
—(2/3 (hp)” = 1721y = he(hp) )C11ﬁ4 = @/3(hp)" +2he(hp)” + (he)hp)Cri B
s = =D}, 0/‘4— (21);22 + 4Dg_6)a22/322— 0322/34; 535 = 4/3é3lhp32 + 4/3531112,7/32; X
sas = 2C11 & (f(2)*hy — 4C1 2B (f(2)*hy, — 2C11 B (F(2)*hy, — 2Cssa’g(2)h, — 2CssBg(2)h,,
~H}\ & ~2H}, 0’ — H3,B* — 4Hg o’ B° — AL — Alsa;
S45 = O; $21 = 8125831 = 813,832 = 5235841 = S14; 542 = 8245543 = 534;_351 = 5155
552 = 5253 853 = 5353 854 = $455 555 = 4/3h,p11a* +4/3h, pnf + 16%;

P
myy =my = Iy;miz = —ha;myy = —Iya;moz = —bf;mog = —I4ff;m31 = my3;map = mo3;

2 2. _ 2 2y. _ . _ . — .
ma3 =11 + (" + B7);mza = I + Is(@” + B7); may = mya;may = moa; ma3 = maa;

2 2. — — — — 0 — — — — — —
myq = 11 + Ig(a +ﬁ Ysmia = mp = mys = msy = 0;mps = msy = m3s = msz = mys = msg = 0.

+ TH2: SS-2; ngat mach: (chi dua ra céc gid tri s;j va m;; thay ddi so v6i TH1: SS-1, ngat mach)

2 3. _ 2 3.
S13 = 3B“1V6a B + Bz(,ﬂ 3814 = 3Bi6a ﬂ + B;6ﬁ )
$23 = 316(1’3 + 3Bz6aﬁ2; $24 = B“lv6a'3 + 3Bé6afﬁ2
525 = 0;m3 = myg = my3 = moy = 0;

+ TH3: SS-1; mé mach (opened circuit): (chi dua ra cdc gid tri s;; va m;; thay déi so véi TH1:
SS-1, ngat mach)

(e31)°
) — Agsf8* — Ay

s11 = hp(Cra = C11)B* = 2h,(C1y +

33
. A (@)
S| = —(A12 + A66)Q'ﬂ - (Cll + CIZ -2 ;313 aﬁhP;
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S14 = Biloz3 + Bbaﬁz + ZBgéaﬁz + ZC‘llasf(z)hp
35 3\2 h _ 20> \2 h
_,_2% +2Cy, cy,Bzf(z)h + QM;
P33 P33

2

(@31)2
522 = (C1p = C1y)ahy, - (C L+P 3331 )2hpﬂ2 — Age@® — A% 520 = BB + (BY, + 2B )a’B
(231)?
P33

)ﬁ S@hy +2(C11 + ) Bf@hy;
_of VP
h
8§33 = —D11a4 - 2(D12 + 2D66)a/2ﬁ2 — D22ﬂ4 - 2/3611(}117)3 + (631;# + Cllhc(hp)z

2
(531)2hc(hp) . 1/2(531)2(hc)2hp o

+1/2C11(he)*h, +3/2 _
P33 P33

- [4/3611(;1,,)3 ¥ 2% +2Cihe(hy) +Cii () *hy +3

2
(@31)°he(hy) , @ erhy o5
P33
2
@0he(iy) L]ﬁ

P33 P33
_ 3 (&31)
—[2/3c11(h,,)3 + # + Crihe(h ,,) +1/2C11(he)*hy +3/2———0 412
D33 P33 P33

535 = —(&31he + 4/3831hy)4a* — (31 he + 4/3é31hp)4/32;
sa = —H} a* — H5, B — (HS, + 2H:)2°B% — Alsa? + AB°

(c‘n + & 313) )2(f< Wyt - (c‘u NGD )2(f< Vi, B
(Cn L@ )4h (FQPB — 2Cs58(hpa’ — 2Cs58(hB:
555 = 16/3hpp110z +16/3hp poofB* +161”33
P

+ TH4: SS-2; m& mach: (chi dua ra cdc gia tri s;; va m;; thay doi so v6i TH3: SS-1, mé mach)
S13 =3B 6Q,B+BZ6,B S14 =3B 6Q,B+BG,B

$23 = Bl6a’ + 33260,3 $24 = B;6C¥ + 3B} 6a/ﬁ
525 = 0;m3 = myg = my3 = moy = 0;

54



	1 Giới thiệu
	2 Các công thức lý thuyết 
	2.1 Tấm composite lớp áp điện gia cường ống nano carbon
	2.2 Lý thuyết bốn ẩn chuyển vị
	2.3 Phương trình chuyển động
	2.4 Lời giải giải tích – nghiệm Navier
	a Tấm composite FG-CNTR cấu hình phản xứng vuông góc
	b Tấm composite nhiều lớp CNT cấu hình phản xứng xiên góc


	3 Kết quả số và thảo luận
	3.1 Kết quả kiểm chứng
	3.2 Khảo sát ảnh hưởng của sự phân bố CNT
	3.3 Khảo sát ảnh hưởng của sự phân bố CNT
	3.4 Khảo sát ảnh hưởng của trạng thái mạch
	3.5 Khảo sát ảnh hưởng của chiều dày lớp áp điện

	4 Kết luận

