ISME

Saingyg S (Suoliad )l 5 Sr92e A5 I
N 2l
Tl lioS i 5y wlwly FGM (gldilgon! 1558 gzl

O!o’o

p ey . . s Y .. .

FGM) Llalgd L;/‘U/EMI/L;[QM}J})LA‘;LALJJ &)@éj&)}mwu 09y M.“g)‘
ol PMol Ao S ii 6,85 Swloly golo] divoly dingy Jho SO L/ L W 1
AL )L oty Sl sl o S5 irpes it oo Sy S Ll
L] od S oola o] ool (g0 L) S b (sltilain] glo diwgyg Koo o
il oolizl s MathieU-Hill Yol & 50 4 05T SYoleo oo b o izan | 42
Sogo sylis g U cond lodiing 9,0 S0l s lul Bolotin 73
ol ey o Jsb wlio yialyl o SColind Jb o iyl ol 0l o o fsom.: gy
9 ‘f““"w)bj_’ Ceolre S LY J}.é M} 5&....4 LY J}.é Coonds woolo Ls"b"’bf

Lol LT 18 e 50 (Sl (slodigg Koo Kol 510l

" sbail L,

)5 gzl

G (6555 o Saalind (6l (s e (kS wiegn (slalginl sladiuwg g,Sun Lasal, (slo i
o)‘_)..a\ u‘y‘ O C}Lp‘ ‘;_,55

doddo -
oolaiwl 9,8 dlal ;o obpivgw ¢ b)lpl o a5 bbaiug 5 baxio « b, wiles obbojle culbrs
5 Pk lp & atien Sl (S bty Son aitlie g 5 5,5ee olaie 5 logas ipdige
Sl syl o IV L5 g Meschet iges olgic 4 g oo ookl 3,500 (sbapiamn colo
9 Mescher «yozmen Slools &Il luyold ol jguiwgn b p oS, 0 coln 4 2Lb
Do & dpaz (SilSag Sy s s S 2Blol @l 5 Cle (b an] B Y] o iSen
1o Byarly 5 @I58 10 Laojlus S (gl diuly il ailos S a1 1, Sigol s Sy xSl g5 dusgy g Sone
4 S5 a4l g base Jglote slags, 925 [Y-0] wloads samlice aBile;l zls
s &y 1y lie ( Sg (nl oiinsd golul atusly onsoy medgi 4y 0B sk slo ulide plads J)o

rahebgholami@gmail.com 8 olfils «Klo _oakigue oSl 255 ggmmils |
adarvizeh@guilan.ac.ir LS olKails «SilSo  cwdigeo 0aKzsls cobiw] ¢ Jgus odinas g5 '
LS o8l (Sl | mdigee 008l ¢ Ll ¥

OIS oA Sl gige 0SS s gl 5 sl |



va ey 5,80 (Sealins (gl 5 (55570 SRS

B3 so g wdiind SLol sole slo ol el a5 gy basee oYL a0 sl e 5l oolinl
Cwgn Lo b oo ol Al o oo b anslio LB 5 580 mls &l o Slawlre el Loy
boe slags )95 adlioo Wojlug oo 5 U 18, (o) Sl 63,05 oy, 5l (S el LA
ogaly oy yskite 4 il | o3lal Sl 31 18,5 s s culls a5 it sl ataly dtwgy
i (6,555 e oa oolitul o3Il Sl 18,8 LA s slaie 4y a5 YL ag,e slags,ss onl 5l (o
obie el e Jels a5 ol [VE] Koiter ¢ [VY] Tiersten s Mindlin lawg oais a1, LoS
SlRl (omyp ssbiie 4 (egiite Dlidod ol (oo (LI )l g0 9 SIS Jull 90) gole Jobo
5 ogdle a5 wiadime [YY] 5 5 Yang [VO-YY] coul oads plowl LsS 5 5,55 (olulp ol
ws S s Wb sole lagloll sl 6,50 Jobss (salolas il jslicd o bag s SedS ol ¥oles
Jobss alslae ol 45 b 38,5 ae ¢ g 3L o hioS (sba,gliad Jolas o BLol salolee ol 35
(hoS 55 695 s il E¥slee ol b einlply oyl (oS 55 e o, L <Y Lol
6955 a5 0l &) el Lol sole Job elidie el b Ky Jold s 45 sauas g ksl &Y sles
5 g0 0dwal (MCST) 'ous Mol LysS 23

w55 O ygo by iy Sen Seolins )18, oy sl MCST Luolulyy ilises oliiss o3 by Lo o
MCST _ulolp solal aanly oSiigens i Joao o [YY] o) Ken g Ma ¢l ylgze a0 [YE-YY ]l
5 Ke Lawgs MCST ) oolial U 5,10 Laee 5o b ,uis Koo LileS 5 ol5T clisles | ailos S atl)|
@bl atang Jow o olulp daie 359 o1 Sliles )l copimmen ol 0dds cnyp [YA] o ISan
el 4235 108 anlllae 3,50 [YA] L Se0 5 Ke lawss 3, by, S 43 s MCST ulul

o9hie ad 09b so (o) FOM glaaiingys Soe (Sonlas (5lk 5 (559700 (2ileS 01> anlllas o
winaly Joo S aiog Jol ape (Shp JSE 5SS 598 9 0ud ol (ysS 25 6598 sab 2
- oo Bl s 1 ol 31 288 ais colls g el gole Job lie yielly el 4 atugy (ol
S w Jodis BB ooole Job wlbidie yiol)b ols )18 jho b ool Canss oS 1 gy Joo 090
3 odd gon 4>,9 5 Mori-Tanaka eS| 5 abal, Lawgs sols oles ol SodlS atug Jo
D5l oo LBy Cualies gl

Sy bl o5 Slilie ply Oy 4 4l mens sl obulr Gl 0 45 psl > by, 5l eslil
SYolee la b sl &b o Djg0 4 (gy97e g5l L 18T Sl 0 b iares Sedi o (o)
waie Sawelios 6 )lubl 3ble Bolotin g, ;| colawl ¢ Mathieu-Hill &¥oles & g0 4 (oS>

Jsb oliie yial)ly «csysme S3e o kot o Saslinl [l o yo L3l ols (Les sl goae gl s o

! Modified couple stress theory
? First-order shear deformation shell theory
3 Mori-Tanaka scheme



WAl ol o)l eaoyls Jlo Ol SilSe kige b &y A

95,5 o a5l Canlies &y Job o g glas & Jsb ole Comd coole Lol 5 asls wamy o

budpo g0 byl g o5l Y Oleo (gusy Jgo 8 -

545 R eSlgiSy calis g R ol glad L Jsb & FGM  glablyins] atugys S Sy o)) S illas
So el oud osls Lot JSb )8 oS wigSSlen 1S e ,0 1y 008 LB Ny (5950 5L S o e
95 e g 5 slacgr Sl cdf 4 a5z gy o Slate b badl s Slaise i
D9 go iy 25 glaslginl diwgy Sl mha (g9) 2 etenl ol

Ceramic surface

hfz

Metal surface

zZw

Sl sl 1ol )b g dwaid (Slate g FOM glailgin! diug g, Koo o Seilods JSi =Y IS

Lo jgze Sliowl) ;o alug olg?ds ahads Sy albmle iwgy Jsl 4l ye (00 IS8 5esS (6,95 (bl 2
5,5 Ol 2y Syge 4 Bl 0,2 5y X

u = u(t,x,y) +zyY,(t,x,y), u, =v(txy)+zy,(xYy),
u, = w(t, x,y). )
Ohsd Wy 9 X jeme Jo> Sl s g Wy oSl gl plmlr Slow sV @ (b Slatas
il Y o7 Joo (Sl haw

(MCST) o 2okl g8 i (539%5 —)-Y

Py cload a8 5l o S 1l s a4 (2355 655 B (S Slags 95 0
255 6551 Olgise iyS pbslS (28,5 5 5o b a8 cul oud ol (s i) lalllae
(VY] g o5 g 8 4 0 3ol (ysS (05 bl Sig sl 5 s lse sl

1
Um = Ef (O-ijgij + mf])(f])dv (Y)
Q



A ey 5,80 (Sealins (gl 5 (55570 SRS

1

&j =3 (wij + ) (Y)
1 1
X5 =50 +6,0; 0= [curlW)] (%)

Gl dlioe ohgs Jlon GlolS 5l (ol oS semis 2 odle (22555 655 (JB 6555 cnl ol
dsb b sl oy Sgpisnl 5 b Sl slse sl S gole ol g0 L e jges

"0 0 Ohsd Sl g U almlr Sl sleaddse Kby iy 4 O 5 Ui cizren aillioe ol )0

VY] 08 ol 25 0% & plgien |y Spginl g (das SVl olge (sl (s il ¥olas
0;j = Atr(€)8;; + 2ue;;, mi; = 2ul?xf;. ()

Spbol S a4 bgyye Slol Jiuw ol Jsb b yiol)ly Lo lite lyg0 Gbol )5 jgmis m® sl )y

FGM (glailguiun! svasiwgs g Swo dlgo (plgs -V-Y

GUd> )0 diwgy Sl liwl) ;0 FOM diug 9,500 olge cawl ool lis (V) JSK& ,0 oS jghilen
Al Sl 9 58 5l g 4 (z=h/2) & maw s (z=—h/2) b zhu 5 Lol
g D0 & wddjle dlge ez S 2o 8 ks bl 4 FGM SUKG plss Sleads asslu
slge 5o olem Mori-Tanaka sl 5 (55lu Ken SuST ol aisS co yudd Cwoles linly o
Mori- o8l (bl e (o202 Jgde 9 Ko 55 (oo Jgoo 3,5 dbne plgi oo | FGM atogyg So
[Yf]s,5 anlne o & y90 4 o5 oo |, Tanaka

Ke_Km Vc

Kc - Km B 1+ Vm (Kc - Km)/(Kc + 4 Km/B)’ (?)
He — Um — VC
e = tm 1+ Vi (e = pin)/ |tm + tim (9K + 81n) / (6 (Ko, + 21t,)) ]
(v)

C 4 C M Slamgl (Grized il (oo (o> S g (o> Jode Sk iS4V K &S
ilios (Sealp 5 58 slajls KL

oz S xi] jo ols 18 solatul 050 g so |y caliSre milgd wlge cozxm S Ol o Gl
(YOl wigdr s iy o5 o5 S j90 4 00les Sl @l 31 oolistnl b (Sialpos 5 (5318 (slaylé



VWAY s e sl oyl comols Jls ol SlSe pasige gl &y AY

1 z\F 1 z\F
W@ =(3+3) @ =1-(3+3) *)
V Ogler cnpo B SOl Jose ol e S5 g3l (2lgS 09 cal Sladlioe ge S el koS
3,5 Ol pj g @ plgise P 0 JBs s

9K, e 3K, — 2u

e e M ()= p Vet po W q
K +p P T ek g, PP T PeVetpm ®)

Siyo kol yd g o5l Y olro -Y-Y
"ol O Olygs QLolS e 5 (25,5 Heed glaadlse ((F) 5 (7) Laly) 5o (V) el 6 L L
oS el gl (5,8 ol [Y2] Donnell awg (5,55 a5 a5 ol 38,5 ,as ,o Loyl coway olgs
s /R << 1,55 Sile a silos SzeS Lo Lol gled b amglio 5 atwg cuwlks
yio e sbbadie (V) sdlolae ;0 (V) akal, ol 3L (1+2z/R)=1 o, Lglz/R|<<1

L s ply 26,5 jgmais

ou oY, v w oy, 1 ow
exx=a+2g, Eyy = 6y+R+Zay sz—§< x+a),

C1du dv oy, oY\ 1gdw v ()
Exy‘i(@J’&)JrE(EJFW ’gyZ‘§<E+‘/’y_E)

9 _l/Jy (1+z)—1(v 8W+z ) g _1<8W )
=5 3 R R dy g¥y) O =3\5; ~¥x) o)
1 z\~1 0u oY, 1(dv azpy
=_(1+= — (==
6. 2( +R) (6y+zay) 2<6x+ 0x

sleadye Donnell 6,55 glp ooy SO slaco @ Jleel g (F) galal, o 348 polie 5,35 L

g sh Azl py O)ge 4 (ylyss HLolS Hea

. 1(oyp, 10v d*w . 1 0u ov\ 1(03*w 0y,

Xicx 5(%*@‘%)' Xw=ﬁ(a—‘a>+§<axa B )
y y y y

s _1foy, 0y, 10u . 1ov 0*w 0d*w 0dy, 0y,

Xzz =5\ "oy _W_an) Xy = <R6y ax2 9y?  ox | By)'

s _1(0%u 0*v v 1ow 1, 0%, 0%y,

Yoz =g axay_ﬁ__ R dy )+4(6x6y dx2 )'

. _1(0%u 9*v 1ow Y, 2P, 0%,

Xyz =74 dy? 09xdy R ox * >+_<8y2 _E)xay>'

(Ov)



AY ey 5,80 (Sealins (gl 5 (55570 SRS

O g g SIS 15 jgunid slodd)ie (B) (5 Ll DYoo 0 (YY) 5 (V0) Lailg, (6 IO L
il o Canwdy (oS

Obol (hyS 15 5 SdlS slags;95 b Jblite (o255 lass sl w4 ye o e &Sl (558 L
g lls = Mle + e ©jpe 4 Gl |y dmgrgySon S5 (o255 6551 il oas

1 —1J YRR YR (av+W)+M My <6u+6v>
CT2), 1 ™ax T ™ ax Y \ay R Yooy T \gy | oox

5 ) D)o
(OY)

j YVix awy lc’)_v_azw +Yy 1au_la_v azw_asz
4 R dx axay 2 \Rdy ROx axay dy
12

YZZ<6 . a¢y 16u> <1 E)v 0*w  0%w 0y l,l))
i -2 )+ = +
2 2

Y,

ay dx ROy Rdy 0x? 0dy? o0dx 0dy
Xz &_1_'_ 10w +sz azlpx_azwy
2 axay axz R dy 2 \0xdy 0x?

(%)

4>l dLm)st_Mj ‘(Qxi Qy) Lr”")" 4> GLQBJ.A.} (Nxx, Nyy,N y) (EOg—E Al LSLQBJ'“"
a4 po doiin sl ,glsS 5 (Yers Yy Yoz Yay Yazo Vyz) YU 4 10 aiiie slog s oMoy, My, My,
ooy iy a5 (N Cawg 4o (Hyg yz) N8

b ol plp NRx (699w b 5l 36 > ,15 8

1 0 w2
Hp ZELNxx (a) dA (Vo)

85 ole i Shge w4 ol oo [, FOM aitng 9,800 i (65 5] ¢ uimo

1 (M2 (ou ay,\° (dv Oy, 2
=5 — \$
I ZLJ_h/Z {(at“ at> +<at+z 6t> +(at> dzdA  (\F)




WAl Jsl o let quaails JLu el Sl e gy &y AF

1 ou\ ou 0y, 0P\ 2 ov\> v Y,
== | (=) +2L—=—"F+ L (=) +1 (=) +2I,—==
2L{°(6t> Tehg 6t+2<6t) +0(6t) HEFTaT

vy \* ow 2}
+'k3<—52—> +'L)(7§E> dA
h/2

{Io, 11,1 } = f p{1,2,2%}dz (V)
—h/2

= G5 SIS e s Wy s Py WU U Ol s (6 anle b g oilan Lol 5l oslasul b ¢S]
5o le oS c¥olae .0 ,5] Casds (g oo |y (650 sl p g @S> EVolas 2 4

10Yyy, 10Y, 0°Y, 0* Yy2> 0% u 0% P

ONyy ONyy 1
+ +=(= — = =lo=— + I, ===,
0x dy 2\R dy R dy  0xdy dy? at? ot?
(\A)
+1(16(Yxx —-Y,y) N 10Yyy 0%V, R azyyz> 0N,y N ON,,
2\R 0x R 0y d0x? R? 0xdy dx dy (14)

2 2
* % =lo aat: th aatl/;y’
+1<azyxy N 10Y, 10Y, 0%(Yex + Yyy) ~ aZny> N 90, N 2Q,
2\ dy? R dy R 0x d0xdy 0x? dx 0y (Y-)
— h + NO 62_W =] az_w
R *oxz 0 at2’
+1<_ G) A s 0(Y,, — Yyy) Yy, 0%Hy 62Hyz> N M, N M,
0x dy R  0xdy dy? 0x dy (Y1)
04, 0%u
Oc=hL—75+thas

1(6(1/” —Yi) Oy Ve 0%H,, s 62Hyz>
(Yv)

oM,, oM,
ax T dy —Ot

2 0x dy R dx? 0x0y
0%y, d%v
=LkGe thae

A lon Sy g Sjgo 4550 Ll g

~Y,, 10Y, 10Y,,

1Y, Y,
Su=0L(Ny ———Z)n, + [ Ny, + -2 - =0,
4 dy Y 2R 4 0x 20y )7 (YY)

Y,

Y, Y,




AD ey 5,80 (Sealins (gl 5 (55570 SRS

Yex =Yy 10Y,, 10Y,,
sv=01 (N - -
v "<"y+ 2R 20y ‘2ox )™

10Y,, Yy
(M3 g ra =0 x")
Y, Y Y.

ow Y, 10Yy, 10(Yyy —Yey)
sw=0 L (N&%— e s
v - ( XX 0x O 2R 2 ox 4 dy T
Yo 10Y 10(Ye —Yyy)
—_— —_— :0’
+<Qy+2R+2 dy *7 0x My

(Yo)

Sw,=01_ (%)nx + (W)ny =0,

Sw, =0 (W) n, + (%) n, =0,

=0 4 (Mo =22 = 30,
s (Mxy R ; Yy % G;I; _ % aglyy> n, =0, (¥9)
Ser =0 L (Hf) n,=0, 8P, =01 (Hf) n, + (%) n, =0,
I

(i ) o

H H H
6Py =01 (;Z>nx+(%)ny=o, Sy, =0 | ( f)n,C:o.

SMlstal digys e 5y golal il WSl SVolre o ol LS 25 Laluly (ol ol
Sime Ll 5 SKblS Nolas o b iy sole Jsbo mlie ol olb L L ol sl oy
Dl oo Cawds Donnell aiwg (5,985 wlolp o1 b bl
g S s Lulh S lacdls plai Ggb odal Cowds (ipe buld 45 Cenl SO L3
Gy 1y B9 sonal sy SVoles 05l @l 8 1) (glailgl (sladiungys S (sl SeudlS yd
Ll 00l 0351 () Cawgms ;0 a5 0,5 Lo oo slbmls sleadlse

ool olFasT cxi FGM (sbdvaiwg 95w gl p ol Jo -V

Golaul 5 (leS cwyp lp Wgd oo Jo YU ad e oS SVolee (gl o by cond cpl o
ol 6“‘5; 4 asb PUPRY} L;Lm‘sobub ol old 455 o Lglc\.ﬂ}’:.w] dbwﬁij)&& é..,obo



WWAY ke oJsl esleds ool Jlo oln! Sl JPIRRCTOS T YT WA AS
AS Loyl ool oBaSS sl 15 gy sl i aS Ngud oo

Y, Y, H
Zu,xzvzwzﬂzMxx_%_ )Z‘yzlpx,lepyzo (YA)

Ng oo 418,85 a5 10 5 O jpe 4 S 0 Loyl 1) (598 (650 bl &5 Sl (slo adlge o9, (ol

(u(t,x,y)) ( U(t) cos(a,x) cos(Bmy) )
v(t, x,y) o oo | V(t)sin(a,x) sin(B,y)

Jwtxy) b= 3N L W) sin(anx) cosBny) ¢ (¥9)
\Vx(t’ x,y) m=1n=1 | ¥, (t) cos(a,x) cos(f;,y)

v, (¢, x,y)) LW, () sin(a,x) sin(Bpny) )

oge ojlad ol i M 9N 5 il orb 58 Sl 5 By = M/R cay =nm/Las

(K+ N2(DK,)d + Md = 0. (¥+)

W;Lau_i@dmﬁgw;ugwm&mw;u‘&mwju@;g MgKg K a5
A ) D0 4 358 Sl Sle yao e slaadlse d = [U,V,W,'Px,'{’y]T § A OxO sl

1 a2+ p2
Ky, = —Anaf — AssPr — Ass* B, <ﬁ + % )

anﬁmA55l2

1
Ki; = K31 = apfm(Ass + Ap2) — (a% + ﬁrzn + ﬁ)»

4
K — K — Alzan _A55l2anﬁral
13 31 R ZR )
,32 [? 545
Ki4 = K41 = —By1af — Bssfi + YZ R Bss(az + By) |
a ﬁ lZ A55
Kis = Kg1 = afm(Bss + Byo) + — 4m < R Bss(az + Br) |,

kAss Acsl? 1\/1
Kpp = —Assah — =52 = Ay — =2 (ak + B + ) (77 + @3,

4
Bm(ksAss + A11)  AssPml? (1
Koo =Ky = — — — 2 3 2),
BSSZ (04 B l B55
K4 = K4y = anfm(Bss + B12) — 4 (af + Ba) + n4;en (2455 + T)»



AV ey 5,80 (Sealins (gl 5 (55570 SRS

ksAss Assl? (Br + ap)l? (Ass
Kjs = K5 = SR — BBi1 — a;Bss + e = 1 = (R +355“121>
1?a? (B
1= - 245),
4R \ R , , ,
Ay Assl (az + Bin)
K33 = —ksAss(as, + B, TRz T 1 (B — ap)? +—nR2 = )

B12 A55a lZ 1
K3y = Ky3 = ay (T - ksA55> + Tn (arzl + B + ﬁ)l

Bi1\  BmAssl? 1
)+ - <3a,21—,8,2,1+ﬁ>.

K35 = Ks3 = B (ksAss -

R
(*Y)
n?m?
- _ Yy
K933 B 12’ (1)
My, = M3y = M35 = —1,
(YY)

My = Myy = Mys = Mgy, = —1I;, My, = Mss = —1I5.

970 puiles V-

lolas el Slion 2ileS Jb Gyne Py aS Ny (8) = =P (58 5 oyl slap s 5 s By b
ab oo 28 FGM sls atugys Koo  Sesbin (2ileS” alians Jolss &¥oleo 4 (F)
{K-P,K;}d=0. (¥f)

3o atmgy 1y Apy Jlie ApygaS Sges iy pai Pop = Py /Aryg Oy50 4 plgien |y v 2 Sl b
il oo (Ken

Sl g lwly -Y-¥

Sglsn 485 N 13 5 Djge a4 gsliie (5)LE8 425 L (Sl 5ll o) 2 Sl

N2.(t) = —(a + Bcos(Q2t))P,, (Yo)

Sl iz oo s (Seoliys 5 (Sl gla)l culpe Bpme iy 4 B s @ loyalily
Ol © = QLyTgp/Ar1g &9 4 am o o205 GlS 3 a8 ol 55 BB ol Sy o5 uilS 3
Bl (oo e (318 alugy sl Tp jlade Tgg a5 058 oL

Sdbien Jol> nj s akaly () galalas )0 (V) gk, ool 13 0

(K + (a + Bcos(2t))P..K,)d + Md = 0. (v#)

ol Mathieu—Hill 55 51 _oolis el b 30 40 o il s dolas g 5o Sl alobre oy

a5 958 o0 S8 2Ty 5Ty Sloj 0,99 b ,lbl 5 Il slogewly (o 50 (sl SYslan (5,95 ol
Sls; 0,90 L Mathieu-Hill adsles slacls> a5 cawl 03,5 culs [Y¥V] Bolotin .cel Ty = 21/Q



WAl Jsl o let quaails JLu el Sl e gy &y AN

05 ol ry et e ol ly Jgl 4 pe mess L 2T

QZ
det |K — P., (aié>Kg——M‘ = 0. (*V)

2 4

isSI5) eslil b ] Camsy b e o 51 Q Sl o565 el jp CenndlS s > (sl
) @7 3l 5L cod FOM gladingg Se (Sealn jlaubl 3blie f— 0O axio jo &l poss

Goue o -¥

Ep =70 GPa 03s _ply 5 L (SIC) ol s 5 (AD) pas T 5l 00 L5235 FGM aiusgy 5,500
v, =017 3p, = 3100 kg/m® E, = 427 GPa 4 Al &,V = 0.3 3p = 2702 kg/m’
Al Soal oo 5 318 5 4 agy Se (2 )55 (S sk [WF] g o a8 5 ks 10 SIC (4
Dyl oo 48,5 a5 )

Ol aS 058 4 S Jlaips is iz Jgde olsie 4wl ge oS Canl Vb ad e Jooe o 2p0% el )l
sl by polodio 53Ls (6l ol o glaglall iz 2 (Lol Sl 50 slse (55l (seaias
S 555 st Sl 5 9,80 e St wiile plaghile] FGM aigy 9 Soa b (S0 (oS5
by 2Bialejl j5b ay Sy T (San 15,5 o ok pobeiio el [T 0 YAl sl
Sl aBilesl ools gd y9iST gy ol b vl ool ey L = 17.6um [¥Al 1,5 5 Lam
oolaiie 7oyl essae Jolod 6l cnlpli 0,005 092 FGM gladingy g Soo Jsbo (oliiie yial)ly (s
Ded oo 2,3 1 =15um Jsb



AQ ey 5,80 (Sealins (gl 5 (55570 SRS

0
10 \

_
o 1

____________

— Classical theory ||

—
S
I

Dimensionless critical buckling load
3,

10" e e
0 1

10 10 10°
L/nR

(k =0.6,R/h = 25) ax o Jsb wlio ol )l

e Job S ez G 4 dm e Sl @3S 5L (1) 9 (V) la Sy )0 ead o) slo)loges
S (izren a3 oo (LS 1) a2 Job wbide Jially i polie sl cwls 4 Jsb g glad
bgi ol (i Gl e 5L Sl odd sy SO 0 dslie sl SIS (55555 L Bl (g0
Sl 0l ooy lis ol atngy SGST Jow bl ool cs i Slade 51 585 solal aing Juw
"ot s5leS Gyl e o3l sl el sk ulidie jelly 350 )0 dingy Culis a5 (oaBlge o
Golml dly gy g S Joo 45 el ool Silo ga50 cpl 010 3529 Joo 90 Jawgd onds
Sl i MCST jo a5 el ool el ol Jdo 0)ls SeeadlST Joe s s (6 jin sdo> Cenglie
S ) 4 Saon ol al31 b iy ol Bl S g ool sl sl s
&L ojlal SLL/mh g L/NR S )5 polie sl a5 09800 <8L Guizrpes 0,5 Sl 0 (g5 o0
/1 polie s sl dniar Gl y97me LS 5l ool 5 0,15 laangy Seo (5900 GaileS ,3,

Ll o] sleS ole daseiie § S o o i o aile & gy > ls3 ol o a5 Lz sl (LS




WWAY e Jsl oyl cpmozles Jlo

10

Olpl Sl (cwiige (chpghy & pid

[

[ ™
R 4
oy
-

107

i

LT

SRS LT e e
i

— Classical theory

Y u..___.rl"-‘ ~
P -

- o

"o
J'l‘:.."

]

10"

Dimensionl ess critical buckling load

107

10"

;ﬂ&éu_ﬂbuﬂ(sbgC;Abib
k

0355 03l Ol—"‘“ ] )

ax ;0 g Col (Sl j atiogy

107
L/mR

4 Job i pd oz p a0 Sl 697 sleS b Sl s =Y S
= 0.6,R/h = 25) ax o Jsb ol 5ol

S s ysme S L eole SLolS asli il saxmslas (F) JSs
Sy oo 1S5S Gl SailaS L oole Slol,S ety Al L a8 e
5 oS s Al 38 L atugs cied Cooglie a5 el ol ol ol o

boe IRl (Sl )9



N ey 5,80 (Sealins (gl 5 (55570 SRS

Ceramic |

—_
=)
S

—_
o 1
w

—
)
A

Dimensionless critical buckling load

—_
S,
—_
()
<}

1

2 3
10 10 10
L/nR

M/l =2,R/h =25) s o S0 9o 8leS )L poole Lol asls 5t —F S

K alie lade 9o (gl a5 ol atgyg)Se (55l0b0 » Jsb wlbide ol )l 1 (goaimalias (0) S
S5 iS58 s o Job liite bl Gl b pasmine (Solad b capo S 50wl 0l o

b oo als (Il adlaie g om0
L =550 Jsb ool yel)lh LFGM gy g Sie S5 a8 (cdiad Congliio Lo 4 457 090 g0 donl
Sla iS850 yiSas S Job wlade el b baatugygSoe b analie )0 SedlS dingy S S



VAT ke oJsl o)l @aoles Jlo Ol SlSe cwiipe gl & i Qv

Dynamic load factor (B )

2.5

Dimensionless excitation frequency ( © )
(b)k=2.0

=
~

e
B

Dynamic load factor ()

(=]
)

Dimensionless excitation frequency ( © )

gy S S 5L 2 dm Jsb (el sl 5T =B S5

k = 0.6,R/h = 25,L/R = 10,a = 0.5) FGM

Lol ool ools lis (7) U 0 FOM slading 5,500 (Soolios sll pooole SLol,S asli Sl
SLitg 5 O5disn 0310 Gom 23S a0 (sl S o 4 (55l B Tae k2ol
Db so el atiie (Soelos )b o e SO o bl il

Slambl adlhie gy lm oYU Cawd S i SedlS diwgy Jow 45 04 oo 0adlive o yuiored
Byl eole SLol S aslis S>o5 polie gly ok



- gleaieg 9w (Sl )b 5 6 se kS

ay

3

1.2
2.0

k

k=
=== Metal

2.5

(b) Modified couple stress theory

(a) Classical theory
1.5

0.5
Dimensionless excitation frequency ( © )

0

S ® & Y ¥ @ aqa =
S 8 I S S I S S I
( ¢) 10308} prOJ O1WRUA(

0

Dimensionless excitation frequency ( © )

5 s 1 -7 Y8

@ = 0.5) oos Pdlol LsS 25 5,55 (o)

WSS (5,555 () FGM aigys So S Saliys (5,lsly 52 oole Lo

)

(R/h =20,L/R = 10,h/l = 2

(b) Modified couple stress theory

(a) Classical theory

S o S S o
( ¢) 10308} peO] OTWRUA(Q

\n
ol
e
N
ol
o
v
=
—
‘n
—
v
A
—
—
e
o =
S o
Il g
3 S
'e)
i a
. S
i
1 1 1 1 1 O
- e v ¥ o - <
S S o o o o S
( ¢) 10308] peO] OTWRUA(
T T T T T 2
v
r 1=
—
‘1
—
Vel
N
Ta iy —
-'-’--u‘ln"
el
g]
=
S
\n
S
Vel
a
S
o
~ © n <t o o

Dimensionless excitation frequency ( © )

Dimensionless excitation frequency ( © )

(S (5,95 (W) FGM gy g ,See S0 (Scalios (6)lul 5 (SSbial b co o 31 =V 5B

(k =0.6,R/h =20,L/R = 10,h/l = 1) cois Dol LoS i (5,5 (<)



WA e eJsl ojlest o yilss Jlo el Sl e gy &y a¥

3Y 0ol e Fow Slatses Tos oo 43 9395 0 yiiry 6 lLL Bblis ( Sbiwl Jb cu e Lil3l
3,5 39y Sl (5950 ,b a5 cenl > Silo @ = 0.0 a5 cul S 4

G5 4 -0

39— 0 ol (LsS 55 (6,55 ululp FOM gladingy o Soo (Soolas (s )Imiky 5 55970 (2LeS
B Jsb el olide S Jolts golal anly (o8 Jsl 4 pe diwgy Joo S 285 8 o)
Seebzd 6lnl 5 65 WLeS Slogas p SaeS whie Sl Sjge 4 b ud &)l oole
i Ll 5 YU 4 o oS> ¥oles oiypilaan ol (68,54 b amo i |, FGM (slaatugys See
Sl 5 s (LS sly (8L (sl a5l U 3l e el s & ST i 5 SIS als
s oolitl ool _aEAST Lyl L FGM (gladigs Sae Senolizo

Seeld slanl 5 (BleS JLE) o (Aol Doli SsST Job elide layel)ly jo a5 0l ala>de
AS 0l atic ouiired 3,0 352 SIS Juw g 0ad Mol LS s Jow Lawgi oald o i
My Bo S 5S S 20 Gl puilS B o 4y (6)LL 3Bl las cosle SLol5 (a3l alidl L
Ol L cmizmen il o0 (RS et (Salnd [l cape SO0 (glubl Bble sl 9 S o
WS oo g g SlaBue fose o 45 g 00l Sy (Sl 64l gblee ( Soliwl [L o o

& yo

[1] Meschet, M.J., Brown, J.Q., Guice, K.B., and Lvov, Y.M., "Polyelectrolyte Microshells as
Carriers for Fluorescent Sensors: Loading and Sensing Properties of a Ruthenium-based

Oxygen Indicator", Journal of Nanoscience and Nanotechnology, Vol. 2, pp. 411-416,
(2002).

[2] Mescher, M.J., Houston, K., Bernstein, J.J., Kirkos, G.A., Cheng, J., and Cross, L.E.,
"Novel MEMS Microshell Transducer Arrays for High-resolution Underwater Acoustic
Imaging Applications", Sensors, Vol. 1, pp. 541-546, (2002).

[3] Chong, A.C.M., and Lam, D.C.C., "Strain Gradient Plasticity Effect in Indentation
Hardness of Polymers", Journal of Materials Research, Vol. 14, pp. 4103-4110, (1999).

[4] Fleck, N.A., Muller, G.M., Ashby, M.F., and Hutchinson, J.W., "Strain Gradient
Plasticity: Theory and Experiment", Acta Metallurgica et Materialia, Vol. 42, pp. 475-
487, (1994).

[5] Stolken, J.S., and Evans, A.G., "Microbend Test Method for Measuring the Plasticity
Length Scale", Acta Metallurgical Materialia, Vol. 46, pp. 5109-5115, (1998).

[6] Ansari, R., Sahmani, S., and Arash, B., "Nonlocal Plate Model for Free Vibrations of
Single-layered Graphene Sheets", Physics Letters A, Vol. 375, pp. 53-62, (2010).



0 ey 5,80 (Sealins (gl 5 (55570 SRS

[7] Ansari, R., Sahmani, S., and Rouhi, H., "Axial Buckling Analysis of Single-walled
Carbon Nanotubes in Thermal Environments via Rayleigh-Ritz Technique",
Computational Materials Science, Vol. 50, pp. 3050-3055, (2011).

[8] Ansari, R., Rouhi, H., and Sahmani, S., "Calibration of the Analytical Nonlocal Shell
Model for Vibrations of Double-walled Carbon Nanotubes with Arbitrary Boundary
Conditions using Molecular Dynamics", International Journal of Mechanical Sciences,
Vol. 53, pp. 786-792, (2011).

[9] Ansari, R., Gholami, R., and Darabi, M. A., "A Nonlinear Timoshenko Beam Formulation
Based on Strain Gradient Theory", Journal of Mechanics of Materials and Structures, Vol.
7, pp- 195-211, (2012).

[10] Ansari, R., Rouhi, H., and Sahmani, S., "Thermal Effect on Axial Buckling Behavior of
Multi-walled Carbon Nanotubes Based on Nonlocal Shell Model", Physica E, Vol. 44,
pp. 373-378, (2011).

[11] Ansari, R., Gholami, R., and Sahmani, S., "Free Vibration of Size-dependent
Functionally Graded Microbeams Based on a Strain Gradient Theory", Composite
Structures, Vol. 94, pp. 221-228, (2011).

[12] Sahmani, S., and Ansari, R., "On the Free Vibration Response of Functionally Graded
Higher-order Shear Deformable Microplates Based on the Strain Gradient Elasticity
Theory", Composite Structures, Vol. 95, pp. 430-442, (2013).

[13] Mindlin, R.D., and Tiersten, H.F., "Effects of Couple-stresses in Linear Elasticity",
Archive for Rational Mechanics and Analysis, Vol. 11, pp. 415-448, (1962).

[14] Koiter, W.T., "Couple Stresses in the Theory of Elasticity I and II", Proceedings of the
Koninklijke Nederlandse Akademie van Wetenschappen, B, Vol. 67, pp. 17-44, (1964).

[15] Eringen, A.C., and Suhubi, E.S., "Nonlinear Theory of Simple Microelastic Solid-I",
International Journal of Engineering Science, Vol. 2, pp. 189-203, (1964).

[16] Eringen, A.C., and Suhubi, E.S., "Nonlinear Theory of Simple Microelastic Solid-I1",
International Journal of Engineering Science, Vol. 2, pp. 389-404, (1964).

[17] Mindlin, R.D., "Micro-Structure in Linear Elasticity", Archive for Rational Mechanics
and Analysis, Vol. 16, pp. 51-78, (1964).

[18] Toupin, R.A., "Theory of Elasticity with Couple Stresses", Archive for Rational
Mechanics and Analysis, Vol. 17, pp. 85-112, (1964).

[19] Mindlin, R.D., "Second Gradient of Strain and Surface Tension in Linear Elasticity",
International Journal of Solids and Structures, Vol. 1, pp. 417-438, (1965).

[20] Mindlin, R.D., and Eshel, N.N., "On First Strain-gradient Theories in Linear Elasticity",
International Journal of Solids and Structures, Vol. 4, pp. 109-124, (1968).



VAY s oJsl o lets paozils L Al SlSe ot syl & 23 a5

[21] Eringen, A.C., "On Differential Equations of Nonlocal Elasticity and Solutions of Screw
Dislocation and Surface Waves", Journal of Applied Physics, Vol. 54, pp. 4703-4710,
(1983).

[22] Vardoulaksi, I., Exadaktylos, G., and Kourkoulis, S.K., "Bending of Marble with
Intrinsic Length Scales: A Gradient Theory with Surface Energy and Size Effects",
Journal De Physique, Vol. 8, pp. 399-406, (1998).

[23] Yang, F., Chong, A.C.M., Lam, D.C.C., and Tong, P., "Couple Stress Based Strain
Gradient Theory for Elasticity", International Journal of Solids and Structures, Vol. 39,
pp. 2731-2743, (2002).

[24] Xia, W., Wang, L., and Yin, L., "Nonlinear Non-classical Microscale Beams: Static
Bending, Postbuckling and Free Vibration", International Journal of Engineering
Science, Vol. 48, pp. 2044-2053, (2010).

[25] Asghari, M., Rahaeifard, M., Kahrobaiyan, M.H., and Ahmadian, M.T., "The Modified
Couple Stress Functionally Graded Timoshenko Beam Formulation", Materials and
Design, Vol. 32, pp.1435-1443, (2011).

[26] Ke, L.L., and Wang, Y.S., "Size Effect on Dynamic Stability of Functionally Graded
Microbeams Based on a Modified Couple Stress Theory", Composite Structures, Vol.
93, pp. 342-350, (2011).

[27] Ma, H.M., Gao, X. L., and Reddy, J.N., "A Microstructure-dependent Timoshenko Beam
Model Based on a Modified Couple Stress Theory", Journal of the Mechanics and
Physics of Solids, Vol. 56, pp. 3379-3391, (2008).

[28] Ke, L.L., Wang, Y.S., and Wang, Z.D., "Thermal Effect on Free Vibration and Buckling
of Size-dependent Microbeams", Physica E, Vol. 43, pp.1387-1393, (2011).

[29] Ke, L. L., Wang, Y. S., Yang, J., and Kitipornchai, S., "Free Vibration of Size-dependent
Mindlin Microplates Based on the Modified Couple Stress Theory", Journal of Sound
and Vibration, Vol. 331, pp. 94-106, (2012).

[30] Papargyri-Beskou, S., Tsinopoulos, S. V., and Beskos, D. E., "Wave Propagation in and
Free Vibrations of Gradient Elastic Circular Cylindrical Shells", Acta Mechanica, Vol.
223, pp. 1789-1807, (2012).

[31] Lazopoulos, K.A., and Lazopoulos, A.K., "Nonlinear Strain Gradient Elastic Thin
Shallow Shells", European Journal of Mechanics A/Solids, Vol. 30, pp. 286-292, (2011).

[32] Papargyri-Beskou, S., and Beskos, D.E., "Stability Analysis of Gradient Elastic Circular
Cylindrical Thin Shells", International Journal of Engineering Science, Vol. 47, pp.
1379-1385, (2009).

[33] Altenbach, J., Altenbach, H., and Eremeyev, V.A., "On Generalized Cosserat-type
Theories of Plates and Shells: A Short Review and Bibliography", Archive of Applied
Mechanics, Vol. 80, pp. 73-92, (2010).



v ey 5,80 (Sealins (gl 5 (55570 SRS

[34] Ganapathi, M., "Dynamic Stability Characteristics of Functionally Graded Materials
Shallow Spherical Shells", Composite Structures, Vol. 79, pp. 338-343, (2007).

[35] Fares, M.E., Elmarghany, M.K., and Atta, D., "An Efficient and Simple Refined Theory
for Bending and Vibration of Functionally Graded Plates", Composite Structures, Vol.
91, pp. 296-305, (2009).

[36] Donnell, L.H., "Beam, Plates and Shells", McGraw-Hill, New York, USA, (1976).

[37] Bolotin, V.V., "The Dynamic Stability of Elastic Systems", San Francisco, Holden-Day,
(1964).

[38] Lam, D.C.C., Yang, F., Chong, A.C. M., Wang, J., and Tong, P., "Experiments and
Theory in Strain Gradient Elasticity", Journal of the Mechanics and Physics of Solids,
Vol. 51, pp. 1477-1508, (2003).

eSS gladolod Cow pod

ailgiwl Job :L

soibew Sbe gleis 1R

alginl cwls th

algl 0l (55970 5k :Nix

(2o o 32 (o) Sy Jgoo 1E

! dlginl atwg cuwls th

U olul> oy glaaddgs : U;

Foe o> Jse Ko

sk goe dae N

e Fae dac IM

S3ges 4o slog i : Ny, Nyy: ny
0 axiie slog s Qy, @y

aziie sl yliiS: Moy, Myy' Mxy
Y 4 po axiie slog s Yoy, ¥y, Yoro Yayy Yaz Yy
YU a0 aziie sloysbiss : Hyp, Hyy
algiwl Job Olaizs jeoe 1X

Ly Job lml> U

gy arne ol 0

gl (e DlalZe 9o Y
Sl g 1 oz 5 1V, Vi



WWAY e Jsl oyl cpmozles Jlo

Olpl Sl (cwiige (chpghy & pid A

algiwl eled Olaizes jeo 1Z

olite olhgs (Lol 5 s i MP

gy sloolas
S 155 sladdlse : €y

0 19 slop slaailys : 0

F5e shr Joset He

sl alginl diwg (Ldl) ciws sl 16,5 1Ky, K
(Goges sbxl) (22,2 255 1Kgg

Olsy o po V

diwgy S8 P

S 5 sleadlse - Oy

X y97e Jg> Sl ghams ()90 Py

Y s Jo= (Sl el Oly90 wy

Ol (3598 HLol S jeuis (slaadlse ‘ngj

Aalgd oole cozx> S ol 1K



AR ey 5,80 (Sealins (gl 5 (55570 SRS

2 slally ($re b (A Cawgn

h/2

{A11;B11'D11} = f 4+ 2#){1;2'22}512: {A12,B13,D;5}
—-h/2
h/2 h/2
= f M1,2,z*}dz {Ass, Bss, Dss} = j u{l,z,z%}dz.
-h/2 -h/2

o LSL‘b)j‘" & ‘(QxJ Qy) 5y e LSL‘bj):f-; ‘(NxxJ Nny ny) (§Og—0s A xUis Lgl—fbgﬁi
a4 po aoiin s1,91sS 5 (Yews Yy Yoz Yays Yo Yyz) YU s o axiis sl i oMoy, My, My,

35 ole )y Cope @ (P e |y ol slbadie cus (sz' HyZ) YL

u ayY v w Y
Nox = A11a+ Bl1a_xx+A12 (E‘FE) + B1za_yy;

v w oY ou oY
Nyy = All(_"'_)"‘Bna_yy"'Aua"‘Bma—xx;

dy R
ou 0Jv oY, 0y,
Nyy = Ass (@"'a) +355<E+W ;
ow ow %
Qx = ksAss <¢x + a_x) ) Qy = kAss (E + lpy - E)!
ou oY ov w oY
My = B11a+D11a_xx+B12 (@"‘E) +D1za_yy;
v w Y, ou oY,
My, = By, (@-I_E) +D11W'|'B1za+l)1z o’
Ju OJv P, 0P,
My, = Bss (@‘I‘a) +D55<ay +E :

oY, 1ov 09*w
_ 2|2 Y L 277
Vo = Ass ( ax | Rox axay)'
1/0u odv\ 0*w oY
_ 2|2 (%% _9Y _ 0%
Vyy = Ass! [R (ay 6x> * dxdy dy ]
oy, o, 1 6u>

Y,, = Accl?
z 55! (63} dx Rady)’
Assl?2 (10v 0%°w  d*w 0 0
ny — 55 4 _ _ lpx + l/)y ’
2 \Rdy 0dx* dy* o0x 0y




VATl Jsl oyl epmoziles Jlo

Olnl SlSe (puaige (hgs &0 Ve

Assl?(0%u  0%v v 10w )\  Bssl? (0%, 0%,
= T <6x6y a2 TR ay * _> T <6x6y  9x? )'
v Agsl? (az %v  1low N sz> B l? (azsz _ 62¢y>
2= 2 \dy? 0dxdy Rox 2 \dy? oxoy)/)
Bssl? (0%u 0%v v 1 ow P, Dssl? (9%, 0%,
= T <6x6y o RR ay * _> 2 <6x6y  x? >’
Bssl? (0% 0%v 1w )\ Dssl? (0%, 0%,
A <6y dxdy R ox * > 2 < oy 6x0y>'

62 2

u d0%v
Aqq I + Ass W + (A + Ass) %0
Asslz (33W

62
vy

el badao cans p S o OY ol 1(0) Cawgn

R ox

A55 l2 <62(V2v)

02(V?u)
4 dxdy
0*u 9%*v

2R 0x0dy? dy?

!
Aesl? Q)

B B
+(B;; + Bss) %0
4

(6

4R 0y
1 ow
126

0%y,

(22
11 y

2(77yy) 027 y)
dxdy

o

0x

+ Ass = 522 + (A2 + Ass) 5=

(4 dy? axay>

L Y 021,
TN
2

dy? 4R?

d d0%u
5_EZ =, —
dy ot?
0%v u 04,
B B
+ (B1p + 55)a 3y

ley

+B55 D2 +B11 a 2

d0xdy
kSA55 1%
* < R - E)

4

02(V?u)
dxdy

0 (17217)> N

23w

dx?2

Acsl?\ /0w
4R3>(8y+1’by
0*u  0%v
)

Agsl?
> 2y — +
dyox ()

63
4R (E)y

3 6x26y>
Py

4R?
Bssl* (0%(PP4h,)  9%(V*yy)
d0xdy dx?

ASSl2 zlpx

4R?

0%v
= IO atz +11

0y
kSA55 (VZW + a_;

Bll alpy

ay

<6x6y

9] 10
L0y _1ovy
R oy

2
0 0

4

J by
- (2 +2——2+ 72y,
A11

dx? dyox dx?
(617 N W)
R \dy R

A, 0u

(<)

w A55l

R dy

XX ax

ley
ot?
0
<|72W _ 0¥ +
0x

2 4R2



Vo) ey 5,80 (Sealins (gl 5 (55570 SRS

A 04w 1 03u 1 03 N 1 9% 0%,
>>\0y20x2 2RAy20x 4Rdydx? 4RIy3 dydx?

Ascl? (0(V? o(V? K
+ 55 ( lle) + ( lpy) _ V4W _ IO w
4 dx dy at?
0%u 0%, 0%v By, 0w 0%y, d%u

Bij=—+Dyy——+ (B B Do ———+ B —
1 6x2+ g2 T (Brp + 55)6x6y+ R 6x+ 12 6y6x+ >5 9y?2

ow azl/Jx 627,03, A55l2 2 a(VZW)
~ksAss (%4—7’0")_‘_1)55(6312 +6y6x T Vi = 0x

B55l2 (62(\7217) aZ(VZU)> A55l2 <6W ) B55l2 azwx
— -, | —

4 d0x0dy 0y? 4R? \0x 2R 0y?
L 3Assl? (0%, 0%\ | Dssl? (02(V79y) 2 (PP (.,
4 dy? 0dyodx 4 dxdy dy?
BSSZZ 6217 6217 +B55l2 64u 641]
4R? \0yox 0x? 4 \0dyox3 ox*
+D55l2 a4l/)x _(341,Dy +A5512 2 azv _ Sazu
4 \dyox3® 0x* 4R dyox dy?
021, 0%u

=1 ot2 +h ot2

B azv+1aW +D 62¢y+B 62u+62v + (D, +D )azlp"
1\ay2 " Ry 11 9y2 >5\9xdy = 0x2 12 557 9xdy

i Wy g O () Assh (aw + v)
>> )x2 12 9yax STSS T 4R2 J\ gy ¥y R
A55l2 azl/Jy 3 azll)x 1 azu 2 6217>

3 — -
4 0x? dyox * R 0yodx * R 0x?

Accl? Vv 9(V?*w)
T "y + R Oy >
Bssl? (02(V2u) 02%(V?v) 20%, 1 9%
4 oxdy  0Ox? R 9x? _ﬁﬁ>
Dssl? (02(V2y,)  0%(V2,)\ 0%, 0%
* 4 dxdy  0x? ) B IZW-F Ilﬁ




VAT Loy e sl ol cemozls Jlo ! KlSa rie gy y Yoy

Abstract

Based on the modified couple stress theory, a size-dependent first-order shear deformation
shell model is developed to investigate the axial buckling and dynamic stability of
functionally graded microshells. The newly presented shell model capable of capturing the
size effects. The higher-order governing equations and corresponding boundary conditions are
obtained by using Hamilton’s principle. Afterward, using the Navier solution and Bolotin’s
method, the axial buckling behavior and dynamic instability regions of simply-supported
microshells are determined. A parametric study is presented to study the effects of various
parameters such as the static load factor, dimensionless length scale parameter, material
property gradient index, length-to-radius and length-to-thickness aspect ratios on the axial
buckling and dynamic stability responses of microshells.



