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Tém tit

Bai béo phan tich dao dong riéng cua tdm sandwich véi 10p 16 1a vat liéu ¢6 hé sé Poisson 4m (auxetic), hai
16p bé mat 1a vat liéu ap dién c6 co tinh bién thién. Cac phuong trinh can bang cua tim sandwich chit nhét bon
bién tira khép duogc thiét 1ap trén co so 1y thuyét bién dang cit bac cao bon an chuyén vi va nguyén Iy Hamilton.
Su bién ddi cuia dién thé theo phuong chiéu day 16p ap dién dugc gia thiét tuan theo quy luat ham bac nhat.
Nghiém giai tich cho bai toan dugc xay dung bang cach sir dung dang nghiém Navier. Do tin cdy cia mo hinh
va chuong trinh tinh dugc kiém ching qua cac vi du so sanh két qua tinh véi cac két qua da cong bd. Cac khao
st sb thuc hién nhadm dénh gia su anh hudng cua cac thudc tinh vat li€u, kich thude hinh hoc va hiéu ung ap
dién dén tan sé dao dong cua tim sandwich auxetic 4p dién c6 co tinh bién thién.

Tw khod: dao dong tu do; tAm sandwich; vat liéu auxetic; vat liéu ap dién c6 co tinh bién thién; ly thuyét tAm
bac cao bon an chuyén vi.

FREE VIBRATION ANALYSIS OF SANDWICH PLATE WITH AUXETIC HONEYCOMB CORE AND
FUNCTIONALLY GRADED PIEZOELECTRIC FACE SHEETS

Abstract

The article analyzes the free vibration of sandwich plates with honeycomb auxetic core and face sheets of func-
tionally graded piezoelectric material. Based on the high-order shear deformation with four-variable refined
plate theory, the motion equations of the simply supported rectangular sandwich plate are derived by using
Hamilton’s principle. The variation of electric potential in the thickness direction of the piezoelectric layer is
assumed to follow a linear function. The analytical solution is constructed by using the Navier’s solution. The
reliability of the model is verified by comparing with the published results. Numerical investigations are con-
ducted to assess the effects of material properties, geometrical dimensions, and piezoelectric boundary condition
on the vibration frequency of the piezoelectric auxetic sandwich plates.

Keywords: free vibration; sandwich plate; negative Poisson’s ratio; functionally graded piezoelectric; four-
variable plate theory.
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1. Gi6i thiéu

Vat liéu ¢6 co tinh bién thién FGM (Functionally Graded Material) 1a loai vat liéu composite thé
hé m&i duge ciu tao tir hai hodc nhiéu hon cac loai vat liéu khac nhau. Do ¢6 co tinh bién ddi tron va
lién tyc theo mot phuong wu tién nén FGM tranh dugc su tip trung ing suat va khong xay ra su bong
tach 1op [1]. Vat liéu ap dién (piezoelectric) 1a loai vat liéu c6 kha nang thay d6i hinh dang, kich thudc
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dudi tdc dong cua dién trudng hodc ty sinh ra dién trudong khi bi bién dang [2]. Gém 4p dién co6 do
clmg cao, co hiéu tmg kich thich manh va c6 kha ning twong tac v6i cac hé thdng dong ¢ dai tan sd
rong tir khoang 1 Hz dén MHz [3]. Tuy nhién, do ban chit gion ciia gém khién chung d& bi hu hong
trong qua trinh lién két, ciing nhu khé phut hop v6i két cau c6 bé mit cong. Mt khac, vat liéu ap dién
theo kiéu polymer duoc san xut phd bién, vi du nhu polyvinylidene fluoride (PVDF), nhung lai c¢6
hiéu ung kich thich yéu. Lay ¥ tudng tir vét lidu FGM, vat liéu ap dién co co tinh bién thién (FGPie)
ra doi s€ vira mang dic tinh cia vat liéu ap dién lai co cac kha nang wu viét cia vat liéu FGM. Thoi
gian gan day da c6 nhidu nghién ctru vé phan tich tinh va dao dong riéng cia két cdu tim ap dién.
Wu va cs. [4] da phan tich tinh két cAu vo hai d6 cong lam bang vat liéu ap dién c6 co tinh bién thién
theo 1y thuyét bac cao. Két qua thu dugc cho thdy, ca hai trang thai cam bién va kich thich, vat liéu ap
dién ¢6 co tinh bién thién té ra vuot trdi hon so véi vat lidu ap dién déng chét déng hudng. Sedighi
va Shakeri [5] di tinh toan va phan tich d6 vong, ing suét ctia vo panel tru FGPie chiu tac dung dong
thoi cua tai trong co hoc va dién thé ap dit theo 1y thuyét dan hoi ba chiéu. Askari Farsangi va Saidi
[6] da xay dung giai tich, phuong phap nghiém Levy dé phén tich dao dong tu do tim FGM c6 gin
cac 16p ap dién tai bé mit. Behjat va cs. [7] dd phan tich udn, dao dong tu do va phan tmg dong cua
tam FGPie bang phuong phap phan tir hitu han dudi tac dong cta tai co, nhiét va dién khac nhau sir
dung 1y thuyét bién dang cét bac nhat (FSDT).

Mot s loai vat liéu tién tién hién nay cé thé ké dén nhu vat liéu composite, vat liéu FGM, vat
liéu r5ng, vat li¢u &p dién. Vé co ban, nhiing vat liéu nay déu co hé sb Poisson duong, nghia la vat
lidu ¢6 chiéu ngang bi co lai khi chiu kéo va no ra khi chiu nén. Khac véi cac loai vt licu ké trén,
mot loai vat liéu tién tién c6 hé sd Poisson 4m véi tén thuong goi 1a vat liéu auxetic [8] da dugc Gng
dung rong rai trong nhiéu linh vue do sé hiru nhitng déc tinh vu viét nhu si€u nhe, ty 1€ do ciing trén
trong luong cao, cach am, cach nhiét va kha ning hap thu ning lugng vuot trdi [9]. Vi vay, thoi gian
gﬁn day, vat li€u auxetic da dugc rat nhiéu nha khoa hoc trén thé gidi dac biét quan tdm nghién ctru.
Wan va cs. [10] d& nghién ctru hé s Poisson 4m trong to ong auxetic dua trén mé hinh bién dang 16n.
Zhang va cs. [11] da nghién ctru thuc nghiém vé tinh chat nhiét dong - co hoc va tac dong cua soi
auxetic xodn dc. Whitty va cs. [12] da trinh bay cac déc tinh co va nhiét cua ca vat liéu t6 ong truyén
théng va t6 ong auxetic dya trén mo hinh phan tir hitu han. Tran Huu Quoc [13] va cs. dd phan tich
dao dong va dap ung chuyén vi theo thoi gian cta tim sandwich véi 16p 161 auxetic, 16p bé mat 1a vat
lidu dang huéng bang phuong phap phéan tir hiru han tron (smoothed finite element).

Két ciu sandwich 12 mot trong nhiing két cAu nhe, duge lya chon cho muc dich giam dn, cach
nhi¢t hay chiu tai trong va cham. Do dac tinh hép thu nang luong, 16p 161 cuia tdm sandwich thuong
st dung cac loai vat li¢u xép va nhe, chu yéu chiu luc cit. Trong khi lop bé mat chiu tai trong udn
1a chi yéu nén thudng sir dung cac loai vat liéu c6 d bén déo va do cing cao. Véi dic diém ciu tao
nhu vay, két ciu sandwich véi 16p 161 auxetic d thu hut duoc sy quan tim nghién ciru cua déng déo
céc nha khoa hoc. Wang va cs. [14] d4 nghién ciru 1y thuyét va thuc nghiém dé phan tich dap tng
dong cua tAm sandwich 18i dang t6 ong kim loai khong dbi ximg vé mat hinh hoc duéi tic dung cua
tai trong nd. Qi va cs. [15] dd nghién ctru tic dong va g xUr ciia tim sandwich c6 15i t6 ong auxetic
khi chiu tai trong nd gan. Trung va cs. [16] dd phan tich dap timg dong ciia tim composite sandwich
v6i 18i t6 ong auxetic dt trén nén dan hdi va chiu dang tai trong di dong. Pap tmg dong phi tuyén ciia
tam sandwich ap dién khong hoan hao dugc danh gia boi Quan va cs. trong nghién ctru [17]. C6 thé
n6i ddy 1a mot trong sb rét it cac nghién ctru di cong bd & thoi diém hién tai cho ddi twong 1a két cau
tdm sandwich Auxetic ap dién.

Qua céac nghién ctru ké trén va danh gia tong quan cua nhom tac gia, hién chua thdy nghién ciru
nao cho bai toan phan tich dao dong riéng cua két cdu tim sandwich 15i to ong auxetic, 16p bé mat
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1a vat liéu 4p dién c6 co tinh bién thién (A-FGPie). C6 nhiéu phuong phap tiép can dé giai quyét bai
toan nay nhu phuong phap giai tich, phuong phap s6 hodc phuong phap ban giai tich. Phwong phap
s6 hodc ban giai tich co loi thé 1a giai quyét dwoc nhitng bai toan véi dbi tuong két cdu ¢ hinh dang
phtre tap hodc diéu kién bién khac nhau. Phuong phap giai tich mic du chi giai quyét nhitng bai toan
dic thu nhung phuong phap nay van 1a mot trong nhiing lyra chon tin cay do c6 thé du doan duoc quy
luat Gmg xir cling nhu ¢6 thé kiém soat dugc két qua trén toan mién két cau. Két qua cua 10i giai giai
tich sir dung dang nghiém Navier 14 co s tot dé kiém ching d6 chinh x4c ciia cac phuong phap sb.
Trong bai bao nay, 1y thuyét bién dang cit bac cao bon an cai tién duoc sir dung dé phan tich dao dong
riéng két cau tim sandwich A-FGPie. So sanh két qua ctia bai bao véi cac két qua da cong bd cho thay
do tin cdy cua mo hinh dé xuat. Tu do, bai bao nghién ctru anh hudng cua céc dac trung vat li€u, kich
thude hinh hoc va hig¢u ung ap dién dén tan sb dao dong riéng cla tam A-FGPie.

2. Mo hinh tAim sandwich auxetic ap dién c6 co tinh bién thién

2.1. M0 hinh tam

Xét tAm sandwich véi 16p 161 t6 ong auxetic co hé s6 Poisson 4m, hai 16p bé mat 1a vat liéu ap dién
(A-FGPie). Tam sandwich A-FGPie c6 kich thudc a X b x h nhu thé hién trén Hinh 1(a).

Yy
4

Lép ép dién
(FGPie)

: Al Ldp 16i t6 ong - Auxetic

a g
= FGPie

(a) TAm sandwich (b) Cu trac don vi cua 16i t6 ong luc gic

Hinh 1. TAm sandwich 15i auxetic, bé mit ap dién c6 co tinh bién thién

2.2. Lép I6i té ong Auxetic

Thong s6 kich thudc hinh hoc ctia mot 6 don vi 16p 161 t6 ong auxetic duoc thé hién trong Hinh 1(b).
Céc tinh chat hiéu dung duoc tinh theo (1).

3 (1 — sin6) 3
EC=E LA . GG =FE—
cos36 [1 + (tan?0 + nsec?6) ng] nicos @ (1 +2m)
3
Ezc - K m ) G% g cosfd
cos @ (n — sin6) (tanZH + 77%) ni —sinf
GC - M [m=sing m + 2sin%0 | Co, MmO+ (1)
B7 " 2cos0| 142 2@y —sind) |’ 2cos (1 — sin6)
c sin@[l - 77%] (1 — sin 6) c sin@[l - 77%]
v, = — ;oS = —
2T cos20 [1 + (tan26 + 1y sec26) ng] 2! [tanze + ng] (171 — sin )
d t
m= 7; n = 7
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trong d6 1, d, 6, ¢ 1a chiéu dai canh nghiéng, canh ndm ngang, goc nghiéng va chiéu day mdi phan tur
dac trung [16].
2.3. Lép bé mat FGPie
Ddi véi vat lieu FGPie hai thanh phﬁn tao thanh tir su két hop cuda hai loai vat liéu &p dién khac
nhau. Céc déc trung co hoc vit li€u gia thiét bién ddi theo quy luat ham ldy thtra nhu sau:
C@=C+(C,—C)Ve(2)
e(z) = e +(ep—e) Ve(2)
k(2) = ki + (kp — k1) Ve(2)
pP@) = pr+ (op = pr) Ve(2)

2

trong d6 C(z), e(z), k(z), p(2) va p(z) lan luot chi d6 cung, hé sO ung sudt ap dién, hﬁng s6 dién moi va
khéi luong riéng. Cac chi s6 7 va b 1an lugt twong Gmg voi vat liéu ¢ bé mit phia trén va phia dudi
tam. Ham ty 18 thé tich thanh phan gbm V,(z) dugc tinh theo (3).

z—hy \P )
7 € [h3,h4] Lop ap dién phia trén

Ity —ha
Ve(2) =4 0 z € [hy,h3] Lop 16i Auxetic 3)
—h p
ST ) e ALkl Lop 4p dién phia dudi
I —

trong d6 p la chi ) ty 1€ thé tich (0 < p < o); iy, ho, h3, hs 14 toa d6 cac 16p vat ligu, dugc xac dinh
theo Hinh 1.

3. Phwong trinh co ban

Dé phan tich dao dong riéng ctia tim sandwich A-FGPie, bai bao sir dung 1y thuyét tim bac cao
bbn an chuyén vi cai tién (HSDT-4).
3.1. Truong chuyén vi

Truong chuyén vi ciia mot diém bt ky thudc tim sandwich A-FGPie duoc gia thiét theo 1y thuyét
béc cao bdn an chuyén vi cai tién [18-21]:

9 Yt ows(x,y,t
Uy 2 1) = tig(ry, 1) — gDy P2,
o0x Ox
a i ’t 8 S ’ at
0220 = ol = S ) PR @
Y y

w(X,y,2,1) = wp(x, y, 1) + ws(x, y,1)
trong d6 wy va wy la cac thanh phﬁn do vong do mémen udn va do luc cat gy ra; f(z) 1a ham dac

trung cho quy luat bién thién ciia img suit cit ngang theo chidu day tim. Theo [21] ham f(z) =
z (—1/ 8+3/2(z/ ht)z) thoa mén diéu kién triét tiéu (mg sudt cit ngang tai mat trén va dudi tim.
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3.2. Truwong bién dang

Truong bién dang dugc suy ra tir truong chuyén vi:

&y 82 Kﬁ f(Z)Kfc
&y 8(?, e S (Z)K;
Yy =\ Yo tz Ky + f(Z)K;y (5)
Yyz 0 0 8@y,
Vz 0 0 g(z)’Y;Z
trong do
80:%- goz%- 0:% %' sz—azﬂ' sz—@
Tax YTy Ty T T e BT T
, 32WS azws b 32W1,
g(Z) — [1 — f (Z)] ; K; = — axz . K; = — ayz ; ny = —Zaxay (6)
FPw 5 R owy s owg

S

Ko =7 Oxdy’ Ve = E; Yye = B_y

3.3. Su bién doi dién thé va dién trwong trong I6p dp dién

Cac két qua thu dugc khi phan tich két cAu tAm 1am tur vat liéu ap dién co6 co tinh bién thién da
chi ra rang d6 thi bién d6i ctia dién thé theo chiéu day bién thién theo dudng parabol hodc tuyén tinh
[5, 22, 23]. Do vay mot sb nghién ciru trude ddy di gia dinh sy bién ddi cua dién thé theo chiéu day
ctia 16p 4p dién tuan theo quy ludt bac nhat [24-26] hodc bac hai [6, 27, 28]. Trong nghién ctru nay,
nhém tac gia st dung dang ham bac nhit cho sy bién thién cua dién thé theo phuong chiéu day [24].

h\ 1
D'(x,y,z,1) = (z - E) h—gbt(x,y, 1) h/2<z<h/2+h,
p

(7
D’ (x,y,2.1) = - (z + ;) hitzbb(x,y, 1) —h/2—h,<z<-h/2
p

trong d6 @' (x,y,z,7) va ob (x,9,2,1) lan luot 1a dién thé tai diém bat ky trong 16p ap di€n & mit trén
va 16p ap dién & mat dudi; ¢ (x, y, ) va ¢° (x, v, 1) 1an luot 1a dién thé tai mat trung binh 16p ap dién &
mit trén va 16p ap dién & mat dudi; . 1a chidu day 16p 16i; /, 1 chiéu day cua mdi 16p ap dién.

Khi do, dién truong trong 16p ap dién phia trén (E;) va phia dudi (Ej) duoc tinh nhu sau:

o' 2z-he , £ 00" 2z—h,

Et:——__ ; - = _ 1‘1;
* Ox 2h, Y dy 2h,, &
oD 1 oob 2z+h
El=__=__ l; Eb=__=_ C b’
z 0z hp¢ . Ox 2hp ¢’x ®)
b OV 2wk, g 90 1,
Y ay 2hp ? z 0z hp
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3.4. Truong img sudt

Quan hé giita tng suét va bién dang cua 16p 16i t6 ong Auxetic tuan theo dinh luat Hooke:

C -~
o) o 0n 00

0 Ex
Oy Qlcz ng 0 0 0 &y
Ty =l 0 0 Q6 0 0 |3y ©)
Ta 0 0 0 Q5 0 Yxz
Ty L0 0 0 0 0%l
trong dé of, yc, a‘fy va sz, Tycz lan luot 1a cac Gmg suét phép, Gng suat cit trong mat phang va Gmg

suat cat ngang; OF; v6i (i, j = 1,2,3,4,5,6) la céc hé s6 d¢ cimg duge xéc dinh theo:

c c c
0 = 1 . oS = E; . c _ vi2E;
n-4_.c,C" 27 4 _.,C,C" 2= 4 _.C,C
1=vivy 1=vivy, 1 =vivs
0C, = 0 = oF = 1
44 = Y55 = Lee = c
2(1 +v12)

Vi moi 16p ap dién tht k (k = t, b), quan hé ung suét - bién dang trong h¢ truc toa do (x, y, z) dugc
biéu dién [6, 29, 30]:

Oy ® 11 Cin 0 0 0 ® Ex 0 0 €3] ®

Ty C]z 622 0 0 0 &y 0 0 e31 E, ®

Tyy = 0 0 Ce O 0 Yy ¢~ 0 0 0 { E, } (11)
T 0 0 0 Gs 0 Yz -e;s 0 0 E;

Tyz 0 0 0 0 Cy Vyz 0 —e5 O

trong dd e;;lahé s umg sudtapdién (i, j = 1,2,3,4,5) va E, ladién truong theo phuong x (x = x, y, 2).
Dién tich xuat hién trong 16p ap dién thir “k” biéu dién theo bién dang va dién truong [6]:

DAY [0 0 0 -5 0 |Y] g pn 0 0 [9(E®
{ Dy } = 0 0 O 0 —€15 Vxy + 0 P11 0 { Ey } (12)
D, e e 00 0 Yz 0 0 ps33 E;
Yyz

trong (11) va (12), [C i j] 1a ma trén cac hing s6 dan hoi cua 16p ap dién, [ei j] 1a ma trén cac hé sb ng
suét ap dién, [pi j] 14 ma tran cac hé sb dién moi, {E} 1a véc to cuong do dién truong, {D} 1a véc to
chuyén dich dién tich trong 16p ap dién.

Céc hé sd trong (11) va (12) cho 16p ap dién dugc xac dinh theo [6]:

.- C)*. - Cu)’. ~
Cli=Cn=Cl——2; Cp=Chp——2; Cy=Css=Css
Cs3 Cs3 13
1 Cis e? (13)
C = — C — C ; e = - — ; D2z = + 33
66 =75 ( 1 12) €31 = e3| Crs €33, P33z = P33 Cs

47



Hung, . X., va cs. / Tap chi Khoa hoc Cong ngh¢ Xay dung
3.5. Phwong trinh chuyén dong

Thé nang bién dang dan hoi cta tam:

U= 5 f (O'xgx +OyEy + OxyYay + OyVyz + Ox¥xz — DyEx — DyE, - DZEZ)dV (14)
Vv

Thay thé (6) vao (14) va thuc hién tich phan theo chiéu day tim, ta dugc:

N.&%+ Nyl + N, yo + MPKE + MPKE + MP P+ MEKE + MEKS + MK,

1 X Yy Y/ xy tx X ); y xyRoxy bx X yby xyxy
U= _f A 0P ~ 09 A b0 ~b 0P

2 Ja +Q}’27;Z+QXZ7§CZ_DX Ox _Dy Ay -D.¢' - Dy Ox _Dy y

. dA  (15)
_ D?(pb

trong do N;, Mf’ ,M;,Q; (i =x,y,xy; j =yz,x2) 1a cac thanh phan lyc mang, luyc cit, mé men dugc
xac dinh theo (16):

N, A A 0 &) NY
Ny = A]z A22 0 80 - Nf
Nyy 0 0 Ags Yy 0
Mb Dy D 0 | & [ Dy, D, O ][ « 75
Mgb =| Dip Dy 0 Kb + DiZ D;Z 0 K; - M)l,,b
Mxy L 0 0 D66 ny 0 0 D%6 - K;y O (16)
M; (D, D}, 0 K2 H{, H, 0 K M
M, t=|Dj, D5 0 & V+| H, Hy, 0 K op—1 MP®
M3, | 0 0 Dy || &, | 0 0 Hy ||« 0
o t= s e
O 0 A5 || 7x 0%,
vOl1:
b , s
Ng Mf;b ng Al + Abieqﬁlb’ B ¢ + BbZe¢: B ¢ + B;,Ze¢z
E _ t t t 1 t 13
Ny > M,]V7 > M,Vs - Apie¢ +Apie¢ ’ Bpie¢ +Bpie¢ ’ B;ie¢ +B;ie¢
NY, M2 MY 0 0 0
K sb b
{ Q?z }: { A;Ze¢fx+A;7l§e¢,bx }
ng A;tie(pfy + A;ie¢,y
(17)
trong do
—he/2
(Aij> Dij, D}, H) = f (1,2%,2f@), f2(@)Cijdz
~he/2~h,
he /2
« [ 0250, PO (18)
—h/2

he/2+h, ~
+ f (1,2%,2f(2), f2(2)Cijdz;  i,j=1,2,3,6
he/2
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he/2 ) he/2 he/2+h, i
ay= [ w@rcus [ w@rpend s [ | G@RCuds ij=45

~he/2~hy he/2

, he/2+h, 1 |
Al B2 B —_f e —, 831 —12,831— f(2)|d
( pie> = pie ple) o (631 hp €31 hpZ €31 hpf(Z)) Z

bb  psb el 1 1 1
Apier By Byie) = = e31-—, 2312831~ f(2)|d
( pie> 2 pie ple) j:hC/Z—hp (e3lhp €3] hpZ €3] h, f(z)) <

he/2+h, 27— h ~he/2 27+ h
A%, = f dz; A%, = f d
pre he/2 (615 2h, )g(z) : pre ~he/2~h,, °1s 2h,, 8(2)dz

Céc’chuyén dich dién tich ﬁ{ (i=x,9,2; j=b,t) ciua ldp ap dién j theo phuong thu i trong hé
toa do tam duoc tinh theo:

ﬁ[ = t])’)scz + Pt2¢tx; i - 17xz + Plz)(px
Dl = Py}, + Po¢',; D’y’ Plyyz + ngsy
D’ P (8 + &) ) (
D =P (e s ) (

) + P (Kx + K;) + Pig’ (19)

by
)C
b b( s s b +b
Ky )+P5(Kx+Ky)+P6¢

Cac hé sO P,‘ji

hc/2+hp 2Z - h hc/2+hp 2Z —h 2
P :f ( C)elsg(Z)dZ; P} =f —( C) pidz
N 2hy SN/ 2hy
P} = f ( C)elsg(Z)dZ; P = f —( C) pidz
! —he/2-hy \ 2hp 2 —he/2-h, 2hy,

t he/24hy | t hel2+hy | he/2+hy |
P =f —endz; Py :f 5 €312z P =f noe1f@dz - (20)
hel2 P he/2 14 he/2 14

he/2+hy (1 \2 -h/2 ~he/2
Pg = f _(h_) P33dz; Pg = f h—€31dZ, PZ = f h_e3lZdZ
he/2 p he/2-h, he/2-h)
-hel2 ~he/2 1\?
Pl = f —&31 f(2)dz; P = f —(—) P33z
~he/2~h, ]’lp —he[2—hy hl’

Pdng nang cua tam:

T =

l\)l'—‘

[ @@+ @2 + ?) dsaac @1
\%

trong d6 p(z) 1a khdi luong riéng; (i, v, w) 1a cac thanh phﬁn van tde theo cac phuong (x, y, z).
Thay thé phuong trinh (4) vao phuong trinh (21), dong ning ctia tim c6 thé duoc viét lai thanh:

1 ow, ow, oy . Oy
T = 5 f{]o I:(l;to)z + (\'}0)2 + (Wp + Wy) ] 21 (u()a—xb + \706—;) 21 (u o By )
A

OV Doy Oy Oy o\ [ow,) s> ()
+21 — L||— — I
3(8x (9x+ Oy 8y)+4l(8x) " Oy T Ox i Oy dxdy
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trong d6 cac md men quan tinh Iy, Iy, ..., Is dugc xac dinh nhu sau:

—h./2
(ot btdnt = [ 0@ (L2 S0 @2 1R de
—he)2~h,
he/2
+ f pe@ (1,2 f@,2f (2.2, f(2)) dz (23)

—he/2
he/2+h,,

+ f pI;ie (Z) (1’ <, f(z)’ Zf(Z), Zz, f(Z)2) dz

he/2

voi: pc, p;ie, ane lan luot 1a khdi luong riéng cua 16p 15i auxetic, 16p vat liéu ap dién phia trén va 16p
ap dién phia dudi.

Hé phuong trinh chuyén dong theo 1y thuyét HSDST-4 thu dugc bang cach st dung nguyén ly
Hamilton [31]:

f (6U = 6T)dt =0 (24)
0

trong d6 U, 6T 1a bién phan thé ning bién dang dan hdi va bién phan dong nang; 7 1a thoi gian.

Thay thé cac biéu thirc (15) va (22) vao (24), sau do tich phan timg phan, nhém cac hé sb cua
cac bién phan chuyén vi Sug, v, Owp, Owy, 6, 6¢b v6i nhau; hé phuong trinh chuyén dong thu duoc
c6 dang:

aNx avay aWb 6W§
oup : — + =lii— 1, —2 — I
7 o dy 0 ey T P ax
Ny, Ny Mop O
Svg t — + ——= = Iy — [ — — [3—
"0 Ay 0x ov—a dy 3 Ay
oMy My My i i
Swp : ——~ + 22— 4 —X = [y, + Virg) + I (— + —) — LV, — 3V
Wb Ox2 dxdy 6)72 o(Wp + Wy) l(ax ay) 2V Wp 4V Wy
M 82M;, M 00’ 50" si o
Owy s ——% 42Xy X TR TR pGy ) + B(— + —) — LV, — IV
Wy (9)(2 axay ayZ Ox ay O(Wb Ws) 3(8)C ay) 4V Wp 5V Wy
oDt oD,
6 —2 4+ —24D =0
¢ Ox ay ?
opt oDb
0 b : —X 4 - + Db =0
¢ ox Oy z
(25)
0 0 _ . )
trong do: V> = ) + 2 la todn tur Laplace trong h¢ toa do Cartesian cho bai toan todn 2 chicu.
X y

Thay lién hé giita cac thanh phin ndi luc qua bién dang (16), (17) vao (25), ta dwoc hé phuong
trinh chuyén dong theo chuyén vi cua 1y thuyét bién dang cit bac cao bén an chuyén vi:

50



Hung, b. X., va cs. / Tap chi Khoa hoc Cong ngh¢ Xay dung

52 2 0 621/!0 (9¢t 6¢b 6wb ow
Sug : A O L (A +A +A —Al Yy = lii— | —2 - ==
U s Al (Arz + Ags) 5= + Ass— a2 ey T Avie gy = h—=—
0o 2u0 0*vo 8¢t 5¢b Oy, ow
Svp: A +(A1n +Agg) — + A —Al — AL = Iy - — — [—
Vo All—— 8 >+ (A 66)6 gy TA G ~ Ay ~ Ay V=1 5%y
4 4 4
*wp b by 0wy b, 0w 0wy 0"wy
Swp DH — +2(D12 +2066)(9 Ty + Db, —2 % L+ DY 3 +2(D}, + 2D prer
A*w oit  Oii
+Dj,— % = — BY V¢ — BU, V¢ = IoGivy, + ) + Iy (a_ + 5) LV, — V%,
*wyp s s d*wy ) 3*wy, 3wy s 5 O*wy
Ows : DYy~ +2(D}, + 2D5) gy " P t G +2(Hj, + 2H) prerm
. Otw Pw ’w s
#Hy S A = AT (B A7)V~ (B, A7) V= Do i
it 0
A (a—')”c + a_v) LV, — 15V,
. o [OHo | Ovo o2 f o2 o2 f
) P3E+6 = P,Vowp + (P} — P5)Vowg + P,Vo@ + Py
b. pb[OU0  Ovo b2 b by b2 b
o¢ P3a+a = P,V wy, + (P P)Vw‘+PV¢> +P6¢_

(26)

4. Loi giai giai tich — nghiém Navier
4.1. Diéu kién bién

Xét tim sandwich A-FGPie hinh chir nhat, bon bién tua khop (SSSS). Diéu kién bién cho tim
SSSS nhu sau:

vo=wp =w, =0; Nszi’zM;:W:qu:O taix=0vaix=a

b s _ i _ b : . (27)
up=wp=ws=0; Nypy=My =M, =¢ =¢"=0 taiy=0vay=>

Cac thanh ph.':fln chuyén vi tai mat trung binh cta tAm (1o, Vo, Wp, Wy, @', ¢b ) dugc gia thiét duai
dang chudi luong giac kép thoa méin diéu kién bién tya ban 1é bon canh:

up(x, y, 1) = Z Z Umne' cos axsinBy;  vo(x,y,1) = Z Z V€' sin ax cos By

m=1 n=1 m=1 n=
wp(x,y,1) = Z Z wy, e sinaxsinfBy;  wy(x,y,t) = Z Z Wome ' sinax sin By (28)
m=1 n=1 =1 n=
&' (x,y,1) = Z Z ¢, e sinaxsinBy;  ¢P(x,y,1) Z Z ¢°,,.€" sin axsin By
=1

m=1 n=1 n=

trong d6 @ = mn/a,B = nr/b, w 1a tan s6 dao ddng ri€ng (rad/s) va
t R USTY A A A ; .
{dpn) = {an, Vinns Whmns Wsmn> Pruns qﬁmn} la cac hé s0 can xac dinh.
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Thay (28) vao (26) va thuc hién bién ddi toan hoc thu dugc phuong trinh dé giai, biéu dién dang
ma tran nhu sau:

[ kin ko kiz ki ks kie | [ myy mip myz omyg 00 Upnn 0
kio kn ks ko kas  kos myy myy mpz mys 0 0 Vinn 0
ki3 kpz ksz ks kss ke | W2 | ™3 ma3 may mag 00 Womn | _ ) O
kig koa kzq kaa kas  kas " myy mps mzg mys 00 Wsmn 0
kis kps k3s kas kss  kse o o0 o0 0 00 Do 0

| k16 koo kss kas kse Koo | (0 0 0 0 0 0] Do 0

(29)
trong do, cac hé s6 ma tran do Ql'rng [K]gxe V& ma tran khdi lugng [M]eye dugc trinh bay trong Phuy
luc. Hé phuong trinh (29) c6 thé viét lai dudi dang:

(1K1 = wh,, [M]) {dmn} = {0} (30)

véi ma tran d6 cing [K] duge biéu dién nhu sau:

Kuu Ku¢ }
K = 31
[ Kou Koy @b

voi: [Ky,] 1a ma tran d6 cing co hoc cla tAm; [Ku¢] la ma tran do cliing tuong tac co — dién; [K¢¢] la

A T by A A 7 r A
ma tran do cung dién; [K¢u] = [Ku¢] 14 ma trén d¢ cung tuong tac dién — co.

kit ki ki3 ki kis ke
| ko ko ks kog | | kas kx|, | kss kse
K] = ki3 koz k33 kag |’ [Kw] | kss k3 |’ [Ku¢] | kse koo (32)
kia kos k3g  kug kas  kae

Xem xét hi€u ung ap dién voi hai trang thai mach 1a mach dong (closed-circuit) va mach mo
(open-circuit). Trudng hop mach dong dich chuyén dién tich trong cac 16p ap dién bang khong, khi
d6 ma tran d0 ciing trong (29) chi 1a ma tran d6 ctiing co hoc cua tam:

K = [Kyu] (33)
Diéu kién dé phuong trinh (29) c6 nghiém chuyén vi khong tam thuong 1a:
det ([K] - wh,, [M]) =0 (34)

Nghiém ctia phuong trinh dac trung nay la a),z,m, tir d6 suy ra w,,; voi modi gia tri dic trung ta
tim duoc mdt mode (dang) dao dong ri€ng; tan s6 goc dao dong riéng co ban duoc xac dinh boi:

w = min{wy,,}.
5. Két qua s0 va thao luan

5.1. Cdc vi du kiém chirng

Ba vi du so sanh dugc thuc hién dé kiém chirng d6 chinh xac ctia md hinh hién tai. So sanh dau tién
duoc thuc hién vdi tam don 16p bang vat liéu FGPie cau thanh tir hai loai vat li€u ap dién 1a PZT-4b
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Bang 1. Cac thong s vat lidu

Théng s6 PZT-4a [6] PZT-5Ha [27] PZT-4b [32] PZT-5Hb [32]
C11 (GPa) 132,000 126,000 138,449 99,201
C12 (GPa) 71,000 79,100 77,371 54,016
C13 (GPa) 115,000 83,900 73,643 50,778
C33 (GPa) 73,000 117,000 114,745 86,856
Css (GPa) 26,000 23,000 25,600 21,100
p (kg/m?) 7500 7500 7600 7750
e31 (Cm™2) —4,100 -6,500 -5,200 -7,209
e33 (Cm™2) 14,100 23,300 15,080 15,118
e1s (Cm™2) 10,500 17,000 12,720 12,322
e (C2m™N7h 7,124x107° 15,050x107° 1,306x107° 1,530x107°
e33 (C2m™N7h 5,841x107° 13,200x107° 1,115x107° 1,500x107°
, , AL £ N A A , A A a® Pu . X .
Bang 2. So sanh tan so dao dong riéng khong thur nguyén @ = W= i cua tam don 16p

bing vat liéu FGPie PZT-4b/PZT-5Hb (a = b = 100h)

Chi s ti 18 thé tich p

p=02 p=1 p=>5
Barati va cs. [32] 6,03027 5,81787 5,66120
Bai bao 5,98948 5,82217 5,80363

[32] va PZT-5Hb [32] v6i cac théng s6 vat lidu dugc 1dy theo Bang 1. Bang 2 trinh bay két qua tinh
va so sanh tan s6 dao dong riéng co ban khong thir nguyén cia tim don 16p bang vat liéu FGPie voi
két qua ctia Barati va cs. [32] dua trén 1y thuyét bién dang cit bac cao HSDT-4 va sy bién d6i cua dién
thé theo quy luat ham cosin.

So sanh thir 2 dugc thyc hién cho tim sandwich auxetic. Bang 3 trinh bay két qua tinh va so sanh
tan s6 dao dong riéng co ban cua tim sandwich 16i t ong auxetic (E = 69 (GPa); v = 0,33; p = 2700
kg/m?), 16p bé mit ding hudng (E = 69 (GPa); v = 0,33; p = 2700 kg/m?) két qua ciia Thanh Trung
va cs. [16] st dung mé hinh phan tir hitu han (PTHH) trén co s6 1y thuyét bién dang cat bac nhat. So
sanh tht ba duoc thuc hién véi tAm sandwich ap dién.

Béng 3. So sanh tin s dao dong riéng co ban f (Hz) ciia tim sandwich v&i 16p bé mit 13 vat liéu dang hudng
va lop 161 Auxetic (h=0,1 m; a = b = 20h; 3 = 0,01385)

m=20,5 m =1 m=2 m=4
Bai bao [16] Bai bao [16] Bai bao [16] Bai bao [16]
6=10 148,627 150,087 150,087 151,609 150,622 152,165 150,856 152,407
6=35 170,221 172,323 148,287 149,783 150,173 151,706 150,664 152,196

0=55 156958 158,642 141,453 142,858 149,257 150,768 150,247 151,753
0=80 164,299 166,087 58,406 58,716 143,488 144,853 147,375 148,721
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Bang 4 trinh bay két qua tinh va so sanh tan sé dao dong riéng khong thir nguyén ciia tim sandwich
16i ddng huéng (AL Os: E = 380 (GPa); v = 0,3; p = 3800 kg/m?), bé& mat ap dién PZT-4a [6] voi két
qua giai tich ctia Farsangi va Saidi [6] sir dung 1y thuyét tim béc nhét.

Béng 4. So sanh tan s6 dao dong riéng f (Hz) clia tim sandwich véi 16p 16i ddng hudng Al,Os, 16p bé mit 1a
vat li¢u ap dién (h = 0,05 m; a = b = 20h)

, hy/h=0,1 hylh =02
Ly thuyét  Mach
fa.n Jao foo Ja.n Jao feo
(n=1, (n=1, (n=2, (n=1, (n=1, (n=2,

m=1) m=72) m=72) m=1) m=72) m=72)

FSDT[6] Closed 426,662 1049,356 1652,929 408,475 1001,133  1572,036
Open 433,747 1066,390 1679,191 421,983  1033,381  1621,445

Bai bao Closed 427,134  1052,193  1659,797 409,002  1004,602  1580,511
Open 434,275 1069,553 1686,848 422,647 1037,628 1631,776

Két qua tinh toan trong cac Bang 2, Bang 3, Bang 4 cho thiy su sai khéc gitra két qua bai bao véi
két qua di cong b 1a nho, diéu nay khang dinh do tin cdy ctia mé hinh va chuwong trinh tinh ma nhém
tac gia da thiét lap. Trén co s& do, cac vi du khao sat dugc thuc hién dé danh gia sy anh huong cia
dac trung vat liéu, cac kich thudc hinh hoc, hidu ing ap dién (trang thai mach) dén tan s6 dao dong
riéng ctia tim sandwich auxetic 4p dién c6 co tinh bién thién.

5.2. Cdc vi du khdo sat

Trong myc nay, bai bao trinh bay vi du khao sat tinh tan s dao dong riéng cua tAm sandwich hinh
chit nhat kich thudc a x b X h voi 16p 161 td ong auxetic, hai 16p bé mat 1a vat liéu ap dién co co tinh
bién thién. Cac thong s vt liéu cua 16p auxetic [16] (E = 69 (GPa); v = 0,33; p = 2700 kg/m>) va vt
lidu ap dién co co tinh bién thién PZT-5Ha/PZT-4a liy theo Bang 1.

a. Anh hudng cua cac dac trung vat liéu FGPie

D4 thi Hinh 2 biéu dién anh hudng cua chi sb ty 16 thé tich p dén tin sb dao dong riéng co ban cia
tam sandwich 15i Auxetic, 16p bé mat ap dién co co tinh bién thién PZT-5Ha/PZT-4a cho hai truong
hop mach déng va mach mé. Két qua cho thiy khi p ting, tin sé dao dong riéng cua tim sandwich
giam xubng. Piéu nay 1a hoan toan phi hop vi theo Bang 1, cac thong sb vat liéu cho thay PZT-5Ha
¢6 d6 ctrmg nhé hon PZT-4a nén khi ty phan thé tich ciia PZT-5Ha tang 1én (p ting) din dén tim bi
mém hon (tan s6 dao dong riéng cua tam giam xudng). Do thi Hinh 2 ciing cho thay tan s6 dao dong
riéng khi mach mé 16n hon khi mach dong. Ngoai ra duong db thi khi mach déng c6 @6 déc 16n hon
mach mé cho thay trong hai trang thai mach thi gia tri tan s6 khi mach déng giam nhanh hon khi p
tang. V& y nghia vat 1y, do c6 hiéu tng 4p dién nén khi mach mé, ning lugng dién duoc chuyén hoa
thanh ning lugng co hoc nén tim c6 do cimg 16n hon (tin s 16n hon), trong khi v6i mach dong thi
dién thé da b trung hoa do ndi dat nén khong xay ra hién tugng chuyén hoa dién ning thanh co ning.
Mat khac, so sanh giita Hinh 2(a) goc 6 nho (6 = 10°, 30°) va Hinh 2(b) véi goc 8 16n (6 = 60°, 80°)
cho thay khi 6 16n, tan s6 dao dong riéng thay ddi it hon khi ting 6 trong ca trudng hop mach mo va
mach dong.
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Bang 5. Tén sé dao dong riéng co ban f (Hz) cua tAim sandwich 15i Auxetic, 16p bé mat ap dién c6 co tinh
bién thién PZT-5Ha/PZT-4a [32] (@ = b = 0,5 m, a/h. =50, n; = 1, 73 = 0,01385)

Cell angle 6
0 =5° 0 =15° 6 =25° 0 = 45° 6 = 60° 0 = 80°

0 0,1 Closed 228,807 227,521 225,404 214,679 186,923 60,010
Open 252,414 251,697 250,500 244,144 225,489 89,925

0,2 Closed 256,777 255,353 252,998 240,996 209,868 67,407

Open 283,085 282,291 280,958 273,850 252,952 100,935

1 0,1 Closed 215,507 214,286 212,283 202,169 176,023 56,504
Open 237,002 236,324 235,195 229,221 211,703 84,416

0,2 Closed 249,241 247,856 245,566 233,913 203,701 65,424

Open 274,588 273,816 272,521 = 265,627 245,360 97,905

5 0,1 Closed 206,759 205,580 203,652 193,939 168,853 54,197
Open 227,537 226,883 225,796 220,056 203,235 81,032

0,2 Closed 244,940 243,577 241,325 229,871 200,183 64,294

Open 269,840 269,081 267,808 261,032 241,119 96,214

10 0,1 Closed 204,870 203,700 201,788 192,162 167,304 53,699
Open 225,640 224,991 223912 218,219 201,538 80,353

0,2 Closed 244,031 242,672 240,428 229,017 199,440 64,055

Open 268,868 268,111 266,842 260,091 240,251 95,868

p hy/he Mach

250 %? ] 340 \F
230f @

240 F 2y @ -
220 —\r

§230 L (1) = = —¢=10°,machdéng - ; (4) (},) - -0:602 machdéflg
- @ (-10° machmd Tar0p o O & oo macm
(3) = = =§=30°, machdéng -~ - 9 ii':SDn machdc?lg
220 ey #=30°, machmé o --o_F _( ) #=80°, machms
L 1) i
K~ 3
S s . (. )/(l) L (3)
) == Jd
210 S S ook ~..__ph/_
200 " L L " " " L L 180 L
1 2 3 4 5 6 7 3 9 10 1 2 3 4 6 7 3 9 10
P P
(2) 6=10°, 30° (b) 6=60°, 80°

Hinh 2. Anh hudng cua chi sb ty 18 thé tich p dén tin s6 dao dong riéng co ban f (Hz) cua tim A-FGPie
(@a=b=0,5m;a/h=50;h,/h. =0,1;m =2;13 = 0,01385)

b. Anh huong cua cac dic trung vat li€u Auxetic
Hinh 3(a) thé hién két qua tinh tan s6 dao dong riéng cta tim sandwich A-FGPie. Tir két qua cho

thdy khi tham s 1, = 1;2;3;5 va 6 thay d6i tir 10° dén 35°, tan s6 dao dong riéng cua tim sandwich
gan nhu khong thay d6i nhung khi goc nghiéng 6 > 30°, tan sé dao dong riéng co ban f (Hz) ciia tim
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giam va giam rat nhanh khi n; = 1.

—
240 L ﬁ
220 F

O @6 @

250

240

Mach m&

= 160 o —. 230
= () " T
140 2 ——n=2 = 220
3) =3
120 @ "f* 210
100 200
01
80 F
60 L
0 10 20 30 40 50 60 70 80
@
(a) 73 =0,01385 (b) 6=30°

Hinh 3. Anh hudng ciia 6 va cac tham s6 5, va i3 dén tan s6 dao dong riéng co ban f (Hz) cua tim sandwich
A-FGPie (a = b =0,5m; a/h = 50;h,/h. = 0,1; p = 5; mach mo)

Dé nghién ctru sdu hon anh hudng cia hai tham sé hinh hoc ctia phén tir ddc trung auxetic,
Hinh 3(b) biéu dién anh hudng ciia cac tham s6 77y va i3 dén tan sé dao dong riéng co ban f (Hz). Vi
s lidu khao sat, co thé thiy rang tin sb dao dong riéng cua tim sandwich A-FGPie giam khi tham s6
hinh hoc 73 tang tir 0,01 1én 0,09 va n; < 2,0 (dac biét khi ; = 1). Tuy nhién, chung tang nhe khi 7,
>2,0. Cac két qua khao sat khac ciing cho thiy rang su két hop dong thoi ctia hai tham sb 77y, 73 4nh
huong dén tan sé dao dong riéng cua tim sandwich A-FGPie 1a twong d6i phirc tap.

c. Khao sat anh hudng cua cac kich thudc hinh hoc

2500 — 2300 ~ 23200

2000
2000
2000

2000 ~ 1800

1600

1500 1500 1300 o

1400

f(Hz)
f(Hz)

1200

1000 + 1000 1000

1000

500 500

Hinh 4. Anh huéng cia ty s6 h./a va b/a dén tan sé dao dong riéng co ban f (Hz) ciia tim sandwich A-FGPie
(@a=b=0,5m; h,/h. =0,1;60=30%n, =1; n3 = 0,01385; mach m&)

Hinh 4 biéu dién anh hudng cua ty s6 he/a va b/a d&n tan sé dao dong riéng dau tién cia tim
sandwich A-FGPie. Két qua cho thy khi p = 0, 16p 4p dién 1a PZT-5Ha s& c6 tan s6 dao dong riéng
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co ban f (Hz) 16n hon khi 16p ap dién 1a FGPie (PZT-5Ha/PZT-4a) c6 p = 5. Vi ca hai chi s6 p xem
xét thi khi ty s6 4. /a ting, tan s6 dao dong riéng co ban f (Hz) ting 1én. Két qua nay phu hop véi thuc
té 1a khi ting chiéu day tim, d6 cimg tam sé& ting theo. Mit khac theo d thi khi ¢ dinh kich thudc
a =0,5m, ty s6 b/a ting 1én cho két qua tan s6 dao dong riéng co ban f (Hz) giam 1a phu hop véi Iy
do khi b/a ting, dién tich tim ting 1én din dén do cirmg nho hon tim ban dau (b = a).
d. Khdo sat anh hudng cua hiéu tng &p dién

Hinh 5 xem xét anh hudng ctia chiéu day 16p ap dién (ty s6 &, /h.) va gbéc nghiéng 6 dén tan sb
dao dong riéng cua tAm day (a/h. = 10) sandwich A-FGPie p = 0 va p = 5, mach mo. Tu dd thi cho
thay khi chiéu day 16p 4p dién ting 1én (tang /,/h.) tan s6 dao dong cua tim s& tang theo hay noi cach
khac 1a c6 thé ting d6 cimg cua tim sandwich A-FGPie bang cach ting chiéu day 16p ap dién FGPie.

1200
1200 1500

1000
1000

800
800

600
600
400 400
200 - 100 200

1500

[
(@ p=0 b p=5

Hinh 5. Anh huéng cua ty s6 h,/h. va 6 dén tin sé dao dong riéng co ban f (Hz) cia tim sandwich A-FGPie
(a=b=0,5m;a/h. =10; hy/h. = 0,1 = 1; 73 = 0,01385; mach mo)

1100
2 1200
1200 Mach ms 1000 1500 Mach mé
1000 900 1000
800 800 1000
= ™
¥ s00 S
400 500 500
200 Mach déng 500 Mach dong
0. 0
10 400 10
6
100

800

600

400

200
60

p Uuzug 0 o

(a) PZT5-Ha/PZT-4a (b) PZT-5Hb/PZT-4b

Hinh 6. Anh hudng cia trang thai mach va thugc tinh vat liéu dén tan sé co ban f (Hz) cia tdm sandwich
A-FGPie (a =b =0,5m; a/h. = 10;h,/he = 0,1; 71 = 15173 = 0,01385)
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Theo céc khao sat & trén thi véi trang thai mach déng (tin s6 fcic) va mach mo (tan s6 fop.) s&
cho phén tram chénh 1éch tan so: B = max [( feiel fo pc) 100%] la dang Ké. Trong muc nay bai bao xem
x€ét vai hai cdp vat li€u khac nhau cAu thanh 1én 16p FGPie dé nhan xét vé do 16n cua B. Cap th nhét
PZT-4a/PZT5-Ha, cip thir hai PZT-4b/PZT-5b, cac thong s6 vat liéu dugc 1y theo Bang 1.

Két qua trén dd thi Hinh 6 cho th:?iy 2 cap vat liéu FGPie khac nhau cho gia tri 8 1a khac biét vé
d6 16n. Cap thtr 2 cho gié tri 8 khi p va 6 thay d6i 1a 16n hon kha nhiéu so véi cap thir nhat. S¢ di co
hién twgng nay 1a do trang thai mach phu thudc vao cac héng sb ap dién cua vat li€u thanh phﬁn. Theo
cac s6 liéu khao sat thi vét liéu ap dién thanh phan trong cap thir 2 ngoai cac thong sé vat liéu nhur
Cij, eij, p tuong duong vai cap thur nhét thi cac hing sb dién moi «; ;nho hon nhiéu so v&i cap thir nhat
dan dén két qua vé tan sb dao dong riéng co ban f (Hz) chénh léch 16n giira hai trang thai mach. Cu
thé cap thu nhat 8, = 19,19%, cap tht 8, = 37,17%.

6. Két luan

Bai bao da thiét 1ap nghiém giai tich cho bai toan phan tich dao dong riéng két cau tim sandwich
16p bé mit 1a vat lidu ap dién co6 co tinh bién thién, 16p 161 auxetic dang td ong (hexagonal) c6 hé sb
Poisson 4m lién két khép trén cac canh. Trén co so 1y thuyét bién bac cao bdn an chuyén vi cai tién,
céc phuong trinh chuyén dong nhan dugc dua trén nguyén ly Hamilton 13 co s& dé xac dinh tan s6
dao dong riéng cua tim sandwich A-FGPie theo dang nghiém Navier. Tan s dao dong riéng ctia tim
sandwich A-FGPie d3 dugc tinh toan véi cac tham sb vat liéu, kich thude tAm va hai trang thai mach
khac nhau. Két qua s6 cho thiy tan sé dao dong riéng cuia tim sandwich A-FGPie phu thudc vao cac
dic trung hinh hoc cua cdu trac don vi 161 auxetic, chi s ty 1é thé tich p cua 16p FGPie, chiéu day 16p
ap dién va trang thai mach dién. Pay s€ 1a co so t6t dé 61 wu hoa thiét ké va tinh toan cho cac két cdu
tam sandwich A-FGPie trong nhitng nghién ctru tiép theo.

Loi cam on

Nghién ctru ndy duoc tai trg boi Bo Giao duc va DPao tao trong dé tai ma s6 B2022-XDA-06.
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