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CHIU TAI TRONG CO NHIET BANG PHAN TU CS-MITC3+
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TOM TAT

Trong ludn van thac si nay, phwong phdp phan tir hitu han tron trén mién phan tr (CS-
FEM) dwoc phdt trién cho phan tir MITC3+ ding daé phdn tich img xir cua két cdu tam vt
liéu phan lop chirc nang sir dung Iy thuyét bién dang cdt bdc cao. Két cdau dwoc mé ) phong
bang cdc phan tir tam gidc ba niit voi bay bdc tw do cho méi nit. Trong phan tir dé xudt
CS-MITC3+, bién dang mang vd uon cia ma trin dé cieng dwoc tinh todn boi ky thudt tron
héa trén mién tron dwa trén mién con cia phan tr duoc dinh nghia bang cach néi 2 nit
dinh voi nut n(;z (buble ‘node) cua phdn tr. Bé gidi quyét hién tuwong khéa cdt “shear
locking” khi tam cé chiéu day mong dan, ky thudt néi suy cdc thanh phan ten xo (mixed
interpolation tensorial components) MITC3+ dwoc siv dung dé xdp xi lai bién dang cdt
ngoadi mat phdang.

Tir khéa: FGM; phan tir CS-MITC3+; 1y thuyét bién dang ct bdc cao.

ABSTRACT

In this thesis, the cell-based smoothed finite element method (CS-FEM) has been
developed for the MITC3+ elements to analyze static behaviors of functionally graded
materials (FGM) plates based on the high order shear deformation theory (HSDT). The
plates are modeled by 3-node triangular elements with seven degrees of freedom for each
node. In the proposed element CS-MITC3+, the membrane and bending strains of the
element stiffness matrix are smoothed on smoothing domains which are the subtriangular
domains defined by connecting the element nodes with the bubble node. To remove the
shear-locking phenomenon which occurs when the plate thickness becomes thin, the mixed
interpolation tensorial components (MITC3+) technique is employed to independently
interpolate the transverse shear strains.

Keywords: FGM; element CS-MITC3+; the high order shear deformation theory.

1. GIOI THIEU.

Phit trién bén ving, it anh huong
dén mai truong va cac ngudn nguyén lidu
hoa thach dang 1a thach thirc trong nhiéu
nganh cong nghiép ché tao néi chung va
linh vyc xay dung noi riéng. Cac két ciu
c6 kha nang chiu lyc tdt, bén nhe va dap
mg nhu cau sir dung nhung it tiéu hao

nhién lidu hay it anh huong dén mong
cong trinh doi hoi phai ¢ tim ra nhiing
loai vét liéu méi thay thé cac vat lidu
truyen théng. Nhitng loai vat liéu moi
nay can co cac dic tinh co hoc bén hon,
déo dai hon va nhe¢ hon. Trong do, vat
liéu composite nhiéu 16p 14 mot trong
nhimg loai vat liéu dap tmg tét cac yéu



clu trén. Tuy nhién, do duogc clu tao tur
nhiing 16p vat liéu composite c6 hudng
soi khac nhau, tuc l1a cac dac trung vat
liéu trong ting 16p khac nhau, vat liu
composite nhiéu 16p thudng bi pha hoai
do sy tap trung tmg sut tai mit tiép xuc
gilta cac 16p, dan toi giam tudi tho hay
pha hoai do bong tach giita cac 16p. Dé
khic phuc nhitng nhuoc diém nay, khai
niém vat liu phan 16p chuc nédng
(Functionally Graded Materials - FGM)
[1] lan d4u tién dugc cac nha khoa hoc
Nhat Ban dé xuit nam 1984 trong mot du
an nghién cuu tau khong gian. Vat liéu
FGM la mot vat liéu két hop gitta hai vat
liéu khac nhau 1a gém & mat trén, kim
loai & mat dudi va co cac dac tinh vt liéu
bién thién lién tuc theo phuong chiéu
day. Nho su thay ddi lién tuc céc dic tinh
vat liéu theo mot phuong nén vat li¢u
FGM tranh dugc sy tép trung ung sut.
Vit lieu FGM két hop uu dlem cach
nhiét, chong hao mon tot cia gébm v&i
tinh bén, déo, chong moi cua kim loai.
Chinh vi sy két hop nhiing dic tinh wu
viét nay, vat licu FGM ngay cang dugc
g dung trong nhiéu linh vyc khac nhau.

Viéc tinh toan céac két cdu tim hay
v6 bang vat liéu FGM tuong t6i phc tap,
doi hoi phai phat trién cac 1y thuyét phan
tich cling nhu phuong phap giai thich hop
nham dua ra nhiing két qua c6 kha ning
du doan chinh xac cac tng xir ciia két cau
lam tor vat liéu nay c6 hinh dang, diéu
kién bién va chiu tdc dung cua cac tai
trong khac nhau.

Ung xir cla tam FGM c6 thé ap
dung ly thuyet tam ¢ dlen Kirchhoff hoac
ly thuyet tam bién dang cit [2]. Ly thuyét
tam c¢d dién Kirchhoff bo qua bién dang
cit ngoai mat phing nén chi phu hop cho
cac loai tAm mong. Ly thuyet tdm bién
dang cét ké dén bién dang cit ngoai mat
phang nén phu hgp cho Umg xtr cta cac
tam day. Reissner [3] va Mindlin [4] da dé
xuit 1y thuyét tim bién dang cit bac nhat
(FSDT). Tuy nhién, 1y thuyét FSDT lai gia

dinh Ung sudt cit ngoai mat phiang bt
bién nén can nhimg hé s6 didu chinh dé
thoa man cac diéu kién bién tu do tai bé
mit trén va dudi cua tim. Do do, viéc cai
thién 1y thuyét FSDT la can thiét. Tt do,
ly thuyét tim bién dang cit bac cao
(HSDT) duoc hinh thanh va phat trién.
Theo cac ly thuyet nay, yeu t6 diéu chinh
bién dang cat ngoai mat phang c6 thé bo
qua nhung van cho ra két qua tinh toan
g suat cat ngoai mat phang 6n dinh va
chinh x4c hon. Dén nay, 1y thuyét HSDT
van duoc didu chinh va phat trién khong
ngung trong cac nghién ctru [5]-{7].

Trong nhfmg thap ky qua, céac
phuong phéap giai tich va cac phuong
phap s6 khac nhau da dugc dé xuat nham
gidi quyét bai toan tim FGM. Trong do,
phuong phép phan tor hiru han (PTHH)
duoc sur dung nhleu nhat va uu thé nhat
do co thé giai quyét bai toan tim FGM c6
hinh dang, diéu kién bién va tai trong bat
ky. Phuong phap PTHH duoc bit ngudn
tir nhitng yéu ciu giai cac bai toan phirc
tap vé ly thuyét dan hoi, phan tich két cau
trong xay dung va ky thudt hang khong.
Nhitng nam 1940, Hrennikoff, McHenry
va Courant 13 nhimg nguoi khoi dau sy
phat trién cta phuong phap PTHH. Sy
phat trién chinh thic ciia phuong phap
PTHH dugc bat dau vao nira sau nhiing
nam 1950 trong viéc phan tich két cdu
khung may bay va cong trinh xay dung
[8]. Mic di c¢6 nhitng wu diém nhung
hiéu qua tinh toan bang phwong phap
PTHH phu thudc vao nhiéu yéu t6 nhu
md hinh todn hoc, ludi phan t, ... Do
do, viéc tim ra cac cbng thirc PTHH méi
c6 kha ning tinh toan két cau véi do
chinh xéc cao va chi phi tinh toan thap
lubn 1a yéu cau can thiét va tap trung
nhiéu su quan tdm nghién ctu.

Nam 1970, Ahmad, Irons va
Zienkiewicz [9] da gi¢i thiéu mot phan tir
tor gidc dang tham s co xip xi truong
chuyén vi va goc xoay doc 1ap. Phan tur
nay c6 thé giai quyét tot bai toan tdm vo
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day theo ly thuyét FSDT. Tuy nhién, khi
phan tich cac két cau tam vO mong,
chuyén vi va gbc xoay can ham xap xi
bac cao. Pidu nay dan dén so nat cua
phan tir 16n. Noi cach khac, néu st dung
ham xép xi dang CO thi truong xap xi cia
chuyén vi va goc xoay khong thé biéu
dién duoc bién dang cit ngoai mat phang
bang 0 nhu trong ng xu thuc té cua két
céu tim vo mong. Dleu nay dan dén ning
luong bién dang cét cua phan tr nay vuot
troi niang luong bién dang cat thyc té va
bién dang udn khi chiéu day tdim mong
dan. Pay chinh 1a hién tugng khoa cit
xay ra khi cac phan tir hitu han ding ham
xdp xi dang C° dé phan tich tim vo
mong.

Pé khic phuc hién tuwong khoa
cit, nhiéu phuong phap di duoc dé xuat
cho cac phan tr tim, vo tam giac 3 nat
hodc tir gidc 4 nut nhu phuong phép tich
phan giam (RI) [10], tich phan chon lgya
(S1) [11], phuong phép gia st bién dang
tu nhién (ANS) [12], gia st bién dang
nang cao (EAS) [13], phuong phap gia st
bién dang phan to tdm Mindlin 3 nut
(MIN3) [14], phuong phap khac biét bién
dang cat roi rac (DSG3) [15] hoic
phuong phéap ndi suy cac thanh phan ten-
x0 hon hgp (MITC3, MITC3+, MITC4,
MITC4+, ...) [16]-[21].

Coéng thitc PTHH tron cho phan
tor tim tam giac 3 ndt s dung cac ky
thuat khtr khoa cat MIN3, DSG3, MITC3
dé phan tich tim FGM da phét trién va
cdng b trong cac nghién cau [29], [32],
[36], [37], [38], [42], [46].

Nghién cau nay sé xay dung
cong thiec PTHH tron trén mién phan tir
cho phan tir MITC3+ dung dé phan tich
tam FGM chiu tai trong co va nhiét. So
sanh danh gia do chinh xac ctia phan tir
dé xuét véi cac phan tir cung loai trong
viéc phan tich tam FGM chiu tai trong
co va nhiét.

2. COSOLY THUYET.
2.1 TAm phén 16p chirc ning (FGM)
Trong ludn van ndy, tim vat liéu
phan 16p chirc ning (FGM) duoc ciu tao
tur 2 loai vat liéu kim loai va gém sao cho
dac tinh vat liéu thay ddi lién tuc theo
chiéu day tAm tir mat dudi bang kim loai
dén mait trén bang gém nhu Hinh 2.1.
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Hinh 2.1: Tam vat liéu FGM
(Functionally Graded Materials)

Sy thay ddi lién tuc cia cac dic
trung vat liéu theo chiéu day tam dugc
thé hién qua ham dic trung vat liéu P(z)
theo qui luat ham mi nhu sau [32]
P(z):(F’C—Pm)VC+Pm (2.1)

Trong 6, Pc, Py, 1an luot dai dién
cho déc trung vat liéu cua gém va kim
loai; va gid st ham phan phéi vat liéu

_(L,z2Y 2.2
v~(3+2) @2

O day, z theo phuong chiéu day
tdim thay doi tr -h/2 dén h/2 véi h la
chiéu day tam; n > 0 1a s6 mii phan phdi
vat liéu.

Gia sir mat trén va mat dudi cua
tam chiu nhiét do khong doi. Do d6, nhiét
d6 T(z) chi thay ddi theo chiéu day cua
tam thoa phuong trinh dan nhiét & trang
thai 6n dinh mét chiéu [32]

d dT
—E(k(z)EJ:O (233)

Trong @6, T(z =-h/2) = T, va T(z
= h/2) = T, lan luot 13 nhiét d6 mat duéi
va mit trén cua tim; k(z) 1a hé sb dan
nhiét c¢6 qui luat thay doi theo chiéu day
cho bai (2.1)

Loi giai (2.3) cho bdi [32] ¢ dang da thic
nhu sau

Bé mat ceramic

Bé mit kim loai



Xxoay quanh truc y va

—k “ truc X; &, é:y, Sx Ly la
" ™1 /(nk+1) cic ham s6 dugc xac

m dinh dua vao diéu kién

O day, km, ke 1an Iuot 13 hé sé dan
nhiét cua kim loai va gém.

Do thi thé hién su thay ddi cua
nhiét d6 theo chiéu day tdm ung véi cac
gia tri khac nhau cta hé s6 mii phan phdi
n dugc minh hoa trong Hinh 2.2,

X khéng c6 bién dang cit
(nk +1)

ngodi mit phing tai
clia tAm.

mat trén va mat dudi

2.4)

Tai mat trén va mat dudi cua tam, ta co
diéu kién
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Hinh 2.2: D6 thi thé hién ham phan phdi nhiét do doc theo

chiéu day tam
2.2 Ly thuyét bién dang cit bac cao
cho tim FGM
2.2.1 Truwong chuyén vi

Trudong chuyén vi theo 1y thuyét
bién dang cit bac cao duoc Reddy [47]
xdy dung dya trén ham xap xi da thic
bac 3 nhu sau
U=uy+26,+2°5, (X, y) + 2°¢, (%, Y)

V=V, +20, + 226, (X, Y) + 2°¢, (x,y) (2:5)
W =W, (X, Y)

Trong do, u, v, w la cac chuyén Vi
theo phuong X, y, Z; Ug, Vo, Wp la cac
chuyén vi theo phuong X, Y, z tai mit trung
binh ciia tim; 6, 6 lan luot 1a cic goc

=0 (2.6)

yxz\z:ihlz =0; yyz\z:ihlz

L ( au @j -0
XZjy—shi2 oz OX 7=+h/2 (27)
o oW
S el B
[z=xh/2 0z ay z=+h/2




Thé truong chuyén vi cho béi chuyén vi theo 1y thuyét bién dang cit

(2.5) vao (2.7), diéu kién (2.6) duogc viét béc 3 cia Reddy c6 dang
lai 47°
u=u,+ 26, —?( +5,)
h hY ow
—0,+2| = |& +3| = -0 _ Az’ .
yXZ‘z:h/Z X + (2j§x+ (zj gx+ X V_VO +ZHy 3h2 (9 ﬂ ) (2 17)
(2.8) W=W,
) Truong chuyén vi (2.17) chaa 7
Ve :gx_,_g(__jgtx +3(__j gx+%:o ham sd doc 1ap ug, Vo, Wo, &, &, B By
e 2 2 OX can xac dinh. Cac ham sd nay chi phu
(2.9) thudc toa do X, y, khong phu thudce toa do
h h\? oW, z. Trong d6, Ug, Vo la cac chuyén vi mang;
Vvt =0y+2(zj§y+3(§) gﬁE:O Wo 1a do vong; &, 6 la cac gdéc xoay
(2.10) quanh truc y va truc X; S, £ la cac ham
vénh (warping).
h Y ow 2.2.2 Truong bien dang
Voo, .. =0+ 2(——)@ +3(——j g, +—=>=0 ) Tu truong chuyén vi (2.17), céc
- 2 2 oy bién dang dqqc xac dinh nhu sau:
) (2.11) + Bién dang trong mat phang
Lay (2.8) trr (2.9), ta duoc
& =0(212) g, au/x
Ehe (2.128)V\\I/ao (2.8), suy ra g,=1¢, = ov/dy g, + 2K, + 2K,
R I R (2.13) ou/oy + ov/ox
so=a( 0+ r loweyo
Tuong tw, ldy (2.10) trr (2.11), o de (2.18)
suy ra ¢, =0 (2.14) rong €o,
Va thé (2.14) vao (2.10), ta duge Y
4 M 2.15 9
6y = ‘W(Hv *Ej @15) =) o (2.19)
Thay cic ham & G &, & vira %
tim duoc ¢ (2.12), (2.13), (2.14), (2.15) ANy, Ny
vao (2.5), xap xi chuyén vi theo ly thuyét oy oXx
bién dang cit bac 3 duoc viét lai
3 89)(
4z oW,
U=u,+26, ——| 6, +— OX
3h OX
4y . S (2.20)
V=V, + 126, _#Lﬁy +—°J (2.16) ' oy
i o0, 26,
W =W, (X, ) oy ox

Dé co thé xép xi chuyén vi bang
xap xi PTHH dang C° 1an luot thay
OWo/OX va Owg/oy béng cac ham sb doc
lap B« va B, [48]. Do d6, ham x4p xi



99, , 9y
OX OX
00, ©
26, , %,
oy oy
00, 0
aex + y + aﬂx + ﬁy
oy oX oy  OX
(2.21)
Véice b

h2
ot Bién dang cat ngoai mit phing
(bién dang truot)

« 0u/0z + oW/ ox
y:{y }:{ / / }:85+22KS

Vv ov/0z + ow/ oy
(2.22)
Trong do,
o, + My
£ = a?;/( (2.23)
0, +—=
oy
0 +
K, =30{ " ﬂx} (2.24)
0, +’ B, ‘
+ Bién dang trong di€u ki¢n nhiét
do
el 1
gy =16, (=, AT(2)41 (2.25)
Ve 0

Trong d6, AT(z) 1a chénh 1éch
nhiét d6 tir bé mat dén diém can tinh; o
12 hé s dan nd nhiét duge tinh theo qui
luat phan phdi ham mii cho boi (2.1).
2.2.3 Trudng ng suit

+ Ung suat trong mit phang

T

o= |:O'X o, z'xy] = E(ap —sth)

(2.26)
= E(sO + 7K, + 2°K, —ath)
+ Ung suét cit ngoai mat phang
T= [TXZ 7, ]T = G(sS + ZZKS) (2.27)
+ Ung suét do nhiét do

o, =0l ol o] =Eg, (2.28)

y Txy

Trong do,

I ]
1 v(2) 0
-_E@ gy 0
1=v(2) 1-v(2)
0 o0
i 2
(2.29)
__E@®» |10 (2.30)
2(1+v(2))|0 1

Véi E(z) 12 mdé dun dan hoi va
Uz) 1a hé sd Poisson thay d6i theo qui
luat ham phan phbi (2.1).
2.2.4 Noi hre trong tim

Céc thanh phan ndi lyc trong tAm
duge x4c dinh bang cich lay tich phan
Cac Umg suat theo chiéu day tdm nhu sau:
+ Trong mit phang

Nx h/2 Gx
N=N, t= [ {0, dz (2.31)
—-h/2
Ny | ™7y
Mx h/2 O-x
M={M, = _[ 240, tdz (2.32)
-h/2
My ™ |7y
Px h/2 O-x
P=:P, = _[ *{ 0, pdz (2.33)
-h/2
) RV
+ Ngoai mat phiang

QX h/z TXZ
Qz{Qy}z_hJ'/Z{Tyz}dz (2.34)

R h/2
R={ X}= | ZZ{TXZ}dz (2.35)
Ry “hy2 Ty



Thé cac quan hé giita tng suit va
bién dang cho boi (2.26) va (2.27) vao
cac phuong trinh noi luc trén va ldy tich
phan theo chiéu day tim, ta c6
N = Ag, + Bk, + Ex, —N"

M =Beg, + Dk, + Fx, -M" (2.36)
P =Eg, +Fk, + Hk, — P"

=A% +B°
Q g, + Bk, (2.37)

R =B’ + Dk,

Trong do,
h/2

(A By, Dy By FyHy )= [ (Lz.2°,2% 2%, 2°)Edz

i T g e

-h/2

(2.38)
h/2
(A.B;.D;)= [ (12%2")Gaz (2.39)
—hy2
h/2
N = [ @,AT(2)E{1 dz (2.40)
“hy2
b2 1
M" = [ &,AT(z)Ez{1 dz (2.41)
“hy2 0
b2 1
= [ a,AT(2)Ez’{1}dz (2.42)
“h/2 0

Cong thirc (2.36) va (2.37) duoc
lai & dang ma trdn nhu sau
A B El(g] [N"

vibt
N
M!=|B D F
P

K - M (2.43)
E F Hl|k, P"
QI_|A" B % (2.44)
R| [B* D°||xk,
3. CONG THUC PTHH CS-

MITC3+CHO TAM FGM THEO
HSDT
3.1 Cong thiwc PTHH
MITC3+ cho tim FGM
Roi rac tim FGM bang cac phan
tir tam giac 3 nut. Truong chuyén vi dugce
xap xi théng qua chuyén vi tai nat phan

tam giac

tr va tai nit noi c6 toa do tai trong tam
phan tfr nhu sau [20]

u, —ZNUO,, 0=ZA“NivOi; WO=ZS:NW

i=1 i=1

6, = iN,axi; 9y=z4:N9
b= zNiﬂxi;ﬂyZZNiﬂyi

i=1
Trong do, Uoi, Voi, Woi, &, a/l) Biis
Syi 1a cac bac tu do tai nat i. Chu y, tai nat
4 (nut ndi) khong cé gia tri dd vdng, tirc
la wos = 0. Nj 1a cac ham dang lién tuc
duogc dinh nghia trong hé toa d tu nhién

& nvol

(3.1)

1
N1:1_5_7_5N4
1
N, :§_§N4 (3.2)
1
N, :77_§N4
N, =27én(1-¢-n)

Thé xdp xi PTHH (3.1) vao cé4c
bién dang trong mit phang (2.19), (2.20),
(2.21) va cac bién dang ngoai miat phang
(2.23), (2.24), ta c6 quan hé giita bién
dang va chuyén vi niit phan tir nhu sau

= 241:Bimdi; K, = iBf’ldi; K, = iB?Zdi
1= 1= 1=

(3.3)
e, = Bd (3.4)
K, =Bl (35)

Trong d6, di = [Uoi Voi Woi &i &i S
ﬂyi]T, i =1,2,3,4 vawy =0, 1a chuyén vi
nat phan tr va



N, 00000
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000N o oo
OX
B'=lo 00 0o M g oG
oy
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OX OX
B2-clo 00 o0 N o M
oy oy
00 0 N AN N N,
I oy ox oy ox
(3.8)
00 N N 0 0o
B _ OX (3.9)
00 M o N 0o
oy

gi_ge0 00 N O N0
"“7lo oo 0 N 0 N

(3 10)

Bién dang cat ngoai mat phang &

¢ (3.4) tinh truc tiép tir xap xi (3.1) s&
khong tién dén 0. Do d6, bién dang cit
nay khong thé bicu dlen chinh xéc tmg xtr
cit khi chiéu day tdm mong. Ngugc lai,
khi tAm cang mong thi x4p xi bién dang
cit nay cang 16n, vuot xa bién dang udn,
lam cho 151 giai chuyén vi bang PTHH
nhoé hon rit nhiéu so véi tng xur thuc té.

Hién tuong Khi tam cang mong, bién
dang cat hay nang luong cit cang 1on do
stt dung ham x4p xi chuyén vi béc thap
duoc goi 1a hién tuong khoa cit.

Trong luan vin nay, dé khic phuc
hién twong khoa cit ciia phan tir tam giac
3 nut c6 1 nat ndi, phwong phap khtr khoa
cit MITC3+ dugc sir dung [20]. Theo
phuong phap MITC3+, blen dang cit
ngoai mat phang dugc xap xi lai thdng
qua gia tri bién dang tinh tr xdp xi
chuyén vi (3.1) tai cac diém budc nhu sau

. 2 1 1 1.
Ve :3£7;B: P :¢j+3(7§4 +7'7C§)+§C(377_1)

A 2 1 1 1,
Ve = 3(754 2772j+3(7§4+7§;)+30(35—1)

(3.11)
Véi 6=(r —r2) (v +72)

Trong do, 7,,,7,1a bién dang cat
ngoai mat phang trong hé toa do ty nhién
va
Ve Voo Vo Ve Ve Vg Ve Voo Ve Vo Ve g
la cac bién dang cat ngoai mit phang
trong hé toa do tu nhién tinh tai cac diém
budc A, B, C, D, E, F ¢c6 vi tri va toa do
nhu Hinh 3.1 va Bang 3.1.

Tur quan hé gitta bién dang va
chuyén vi tinh tai cic diém budc vao
(3.11) va chuyén gi4 tri bién dang tir hé
toa do tu nhién (& 7,4) sang hé toa do
(X,y,2), ta co thé rut ra quan h¢ gitra bién
dang cit ngoai mat phang va toa do nat
phan tir nhu sau

& =[70 7y ]T = iﬁfodi (3.12)
i=1



U X Diém budc n 5 ={As BS} (3.15)
: ~1/10000 B* D’
2/3 | A Va Q Ia dién tich mat
i trung binh cua tam.
! Thé cac quan h¢ gita
! B bién dang va chuyen Vi vao
1/6 |- Koo . £ phuong trinh dang yéu (3.13), ta
i ! dugc phuong trinh can bang roi
0 1/6 23] 01/3-2d 1/3+d 1| rac
Hinh 3.1: Vi tri cac didm budc ciia phan tir MITC3+ [20] Kd=F (3.16)
Trong d6, K 1a ma tran
d6 cung két cu duoc lap ghép
Bang 3.1: Toa do cac diém budc cua tr cac ma trén d¢ cimg phén tir
phan tir MITC3+ véi d = 1/10000 [20] k, - [ BIDB g+ [ B DBl (3.17)
Diém budc 3 n o
A U6 213 Véi Qe 1a dTién tich phan tir Tva
B,=|B B B | ;B =|B” B |
B 2/3 1/6
(3.18)
F la véc-to luc do tai trong cua
¢ 1/6 1/6 két cAu dugc ldp ghép tr véc-to tai
D 13 + d 13 2d trong cua phan to ]
f.=[[00N,0000] pdQ
E 1/3 - 2d 1/3+d * ) (3.19)
+[BI[N" M7 P | do
F 1/3 +d 1/3 +d By
d 1a véc-to nut cia toan bod két

Dang yéu cua diéu kién can bang
trén mat trung binh tim FGM chiu tac
dung cua tai trong phan bd p va nhiét do
duoc viét [49]

cu. Néu nut i 1a dinh tam giac cia phén
tu thi di = [Uoi Voi Woi &i &i L ,By] va
néu nut i 1a nat ndi & trong tam tam glac

phan tu thi di = [Uoj Voi 0 & 8 b ﬂy]
_ thure phan tir hitu han tron

Jolss s ID[ed o L]t il 210" B MITESS aho im FGM

e Trong phan nay, bién dang trong
= J 5Wde+.[5 8; K KZ:H:NthT M pt qjg)hang cla phan tor MITC3+ duoc
o o Am tron trén mién lam tron Q¢. Mién 1am

(3.13) tron Q¢ 12 cdc mién con A;, Ay, Az cla

A B E phan tir duoc tao ra biang cach ndi cac nut

Trongdd, D=|B D F |(3.14) dinh v6i nit ndi cia phan tor nhu Hinh
EF H 3.2.

Theo phwong phap PTHH tron trén mién
phan tu (CS), cac truong bién dang duoc
lam tron nhu sau [22]



Q,

JB?ZdQ:icO 00 0
k=1

g = £l £,dQ; Kk, =

A o,
K, = 1 I K,dQ
QC

i j K,dQ;
Aa, (3.20)

Trong do, Ac 1a dién tich cta mién
lam tron Q..

000 [Nndr 0  [Nndr 0
I e

jNinde 0
I

Mién tromn trén phan t Jl

tai trong tAm ctia phan tir tam giac
Thé cic quan hé giita bién dang
va chuyén vi cho bai (3.3) vao bién dang
tron (3.20), ta dugc

1.3 13

g =—[>Brade=—> [Brdod,
CalBeey R

R = iB“ddQ:iijB“dm
1 A\:QC — i i A i:ch i i
R, =~ [ Y B dd0 =Y [ B dod
2 A\:QC — i i A — o i i

(3.21)

Theo dinh 1y Green, ta c6

N, ey = [ N;n,dr; N, 4oy = [ N;n,dr
a, OX F a oy F
(3.22)
Trong do, I'¢ 1a bién ctia mién lam
tron Q¢; Ny VA Ny lan lugt 1a hinh chiéu

INinde
I

0 00O JNinde INinXdF jNinde JNinxdF
I I I Ik

N1t néi tai trong tAim

Hinh 3.2: Mién lam tron 12 c&c mién con (A1, Az, A3) ciia
phan tur dugc tao ra bang cach ndi 2 nat dinh va nat noi
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theo phuong X va y cua véc-to n phap
tuyén vé6i bién I..

Ap dung (3.22) vao (3.6), (3.7) va
(3.8), ta duoc

[Nindr 0 00000
I

_[B[”dQ:i 0

Q. k=1

[Nndr 0 00 0 0
Ik

000O0O

jNinde INinxdl“
I I,

(3.23)

N;n, oI’ 0 00
J- X
I

000

Rb2

i.sC 3
[Brda=310 00 0

Q,

=~
I
N

[Nindr 0 0
lk

[Nin,dr [Nindr 0 0
I, I,

(3.24)

Céc tich phan trong (3.23),
(3.24) va (3.25) duoc xac dinh chinh
x4c bang cach dung tich phan Gauss
2 diém Gauss.

Thé (3.23), (3.24) va (3.25)
vao (3.21), quan h¢ gilra bien dang
tron va chuyén vi nit phan to duogc

viét lai
- 1 &an ~ 1 &Gam ~ 1 &
SO:K;Bi,SCdI Kl:K;:Bi,SCdl KZZK;B' d
(3.26)

_ Do do, dang yéu cua phuong trinh
can bang (3.13) dugc viet dudi dang bién
dang tron nhu sau

[o[& & & |p[& & & ] do
Q
+[o[el wI]p[el k! ] do

Q

= [swpdQ+ [ 5] 2] «] K;:H:NmT M P ]T do
Q Q

(3.27)
Hodc phuong trinh can bang roi

rac PTHH c6 dang
Kd=F (3.28)

=B

i,SC

— B

- Fi.sc

i,SC™i



Trong d6, K 13 ma tran do ctng
két cau xac dinh tr ma tran do cirng phan
tor duoc la‘lm tron

k, =A Z BDB; + [ B D°BjdQ
QS

sc=1
(3.29)
Trong do,
~ ~ T o~ T o~ T
Bi,SC :[Bin,]sc Bib,lsc B?éc} (3.30)

Ma tran d6 cimg phan tir cho boi
(3.29) lién quan cdc bac tw do cua nut
dinh va nit n61 phan ttr, trong d6 do vong
tai nat ndi Wos = 0. Dé thuan tién cho viéc
lap ghép ma tran d6 cting phan tir vao ma
tran do cling két cAu, cac chuyén vi cua
nat ndi s& dugc tinh theo cac chuyén vi
ctia nut dinh bang phuong phap nén tinh
nhu sau

(11 (12 ) F
aneff LG
k2 k2 d.] (o] 33

o[k to
kZd, +k#d, =0 (**)
Tir (**) suy ra d, = —(k? )71 k?'d,
Va thé vao (*), ta co

(R -k (k) ke |, =, < kd, =,
(3.33)
Trong do, k, =K% —Kk?(k?) "k (3.34)
véi kI
tran Ke lién quan bac tu do tai nat dinh
tam gidc clia phan ti d, =[dI dl d] ]T
voi d; = [uoi Voi Woi 6 &i Bi Bil', i =
1,2,3; k¥ lién quan céc bac ty do cua nit

n61 d4 = [U04 Vo4 0)(4 9y4 ,Bx4 ,By4]T sau khi
da loai bo hang va cot ung véi bac tu do

Wos; K2 = (k”) 1a cic thanh phin do

cung lién quan tuong tac gitra bac ty do
nut & dinh va nuat noi.

(3.32)

1a cac thanh phan cta ma
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f=[[00N,0000] pd
Va %
+[ B[N M Pt“T] dQ, =123
Q
(3.35)
Vay ma tran do cung ke ctia phan
tir CS-MITC3+ cho bdi cong thie (3.34)
c¢6 kich thuéc 21x21 chi lién quan dén
cac bac ty do tai nat dinh tam gidc cua
phan tir.
4, CACVIDU SO
Phan tor dé xuat CS-MITC3+ dugc sir
dung dé tim d6 vdng va tmg suat ciia mot
sO bai toan tim phan 16p chirc nang chiu
tai trong co nhi¢t. Cac dac tinh vat li¢u
thanh phﬁn cua vat liéu FGM duoc cho
trong Bang 4.1, voi gia thiét 1a dic tinh
vat liéu khong phu thudc vao nhiét do.

4.1 Tam vudng AV/Zr0O2-1 chju tii
trong phan bo déu

Xét tAm vuong Al/ZrO2-1 cé
chiéu dai canh L, day h. Tam chiu tai
trong phan bd déu p va co 4 bién tya don
hoic ngam. Khao sat tng xir ctia tim voi
gi tri chi s6 phan b6 vat licun =0, 0,5,
1,2.

Tam duge 101 rac béng 2xNxN
phan tir tam gidc CS-MITC3+ véi N 1a s6
phan tir trén mdi canh cua tAm. Khi ti s6
L/h = 5, két qua do vong khong thi

oy 3 2 4
nguyen W, =100w_E_h®/12(1—-v") pL

tai tAm tdm tng voi N = 8, 12, 16 va 20
duogc cho trong Bang 4.2 va Hinh 4.1 Gng
v6i cac chi s phan bd vat lidu n khéc
nhau.



ia thm

B4 ving khéng thir nguyén tai tam o

0,060

88 12x12 16x16 20x20
S& phian tir

(a) Bién tya
don

cila tm

D ving khing thir nguyén tai tim

8 12x12 16x16
S8 phan tr

(b) Bién ngam

Hinh 4.1: Do vong khong thir nguyén tai tim tim
Al/ZrO2-1 khi L/h =5 véi céc cach chia ludi van
khac nhau

Tir Bang 4.2, ta nhan thiy rang,
két qua do vong tai tAm tdm d6i voi bai
toan tdm vuéng FGM Al/ZrO2-1 chiu tai
trong phan bd déu khi L/h = 5 cia phan
tir CS-MITC3+ ciing twong ty voi két qua
tham khao cho bdi cic phan tir hoic
phuong phap khac, tuy nhién khong t6t
bang phan t& ES-MITC3. Tir Hinh 4.1
cho thiy do vong tai tdm tdm thay do6i
kha nhiéu khi chi s6 phan bd vat liéu n
thay doi.

Pé danh gia kha ning khic phuc
hién tuong khoa cit cua phén td CS-
MITC3+, ching ta s€ giai bai toan voi
chiéu day ciia tAm giam dan Gmg véi L/h
=5, 100, 500 va 1000. Két qua thu dugc
trinh bay trong Bang 4.1 va Hinh 4.2 véi
hé ludi 2xNxN = 2x16x16.

Bang 4.1: D6 vong khong thir nguyén
W, =100w_E,_h®/12(1—v?)pL" tai tim
thm Al/ZrO2-1 khi L/h =5, 100, 500 va

20020

——n=0
8005
—en=t

n=2

]
-a—n=05

—ne2

100 500

1000

——n=0
-a—n=05

=2

i viing khing thir nguyi
o v
4
3 ]
.//

0,050

0,030
5 100 500

1000 (a) Bién tya
don

(b) Bién ngam

Hinh 4.2: B¢ vong khong thir nguyén tai tim tim
Al/ZrO2-1 khi L/h = 5, 100, 500 va 1000 tng vai cac
cach chia lugi va n khac nhau
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Tir Bang 4.1 va Hinh 4.2, ta thdy két qua
vé do vong tuong ddi tai tim tAm khong
c6 sy thay ddi dot bién giam dan khi
chiéu day cua tim mong dan. Diéu nay
chtng to phan tir CS-MITC3+ d3 khéc
phuc hién tugng khoa cét.
42 Tam vudng AIAI203 chju tai
trong hinh sin
Trong vi du nay, ta xét tim vudng

vat liéu FGM loai Al/A1203 voéi luat
phan b vat liu n = 1, 2, 4, 8. Tam ¢6
kich thudc canh L, bé day tdm h véi ti sb
L/h = 10. TAm tua don 4 canh va chiu tai
trong hinh sin voi dang
psin(zx/L)sin(zy/L)véi p = 1 tac
dung & mit trén caa tim nhu Hinh 4.3,

‘ \I\\]’/\]’ P /L "J}pi:'* V

L
ERR

Hinh 4.3: Tam vuong Al/Al,O;3 tya don 4
canh va chiu tai trong hinh sin
psin(zx/L)sin(zy/L)

Pé so sanh két qua cho boi phin
tor CS-MITC3+ véi cac két qua nghién
ctru khac, cac gia tri vé do vong va tng
suat khong thtr nguyén sau dugc sir dung

100w, E,_h?
W, =——=°"n
12(1-v?)pL*

_ h LL_ ) _ h .
ax(z)=ﬁo—{§,§,zj, £y (2) =7,y 00.2)

13



040 1 ~-CS-MITC3+
0.30 r
-=ES-MITC3
£ i i i
-p T 2 3 4
Ung suat phap oxx
(@) o,
—+CS-MITC3+
=+ES-MITC3
-2l5 0.5 10
-0.20
-0.30
-0.40 r
— ﬂ_f.ﬂ
Ung sudt tiép txy
(b) 7,
04 —~-CS-MITC3+
03 |
-=ES-MITC3
0.2 |
0.1 |
< 0.0 | | |
-0.1 0j0 0.1 0.1 0.2 0.3 0|3
-0.1 F
-0.2
-0.3 |
0.4 |
i (ng suat tiép txz
(©) 7,,

Hinh 4.4: So sanh sy phan b cac thanh phan tng suit khong tht nguyén theo chiéu

day tim Al/Al,O;3 tya don chiu tai trong hinh sin khi khi L/h = 10 cho bdi phan tir CS-
MITC3+ va ES-MITC3

14



St dung ludi 2xNxN véi N = 24,
ta dugc két qua vé do vong tai tim tdm va
cac thanh phan ung suat khong tht
nguyén cho trong Bang 4.4, Bang 4.5 va
Hinh 4.4 trinh bay két qua sy phan bd céac
thanh phan tmg suit khong thir nguyén
Gy» Tyyr T, cho boi phan tir CS-MITC3+
va phan tir ES-MITC3 [46].

Trong vi du nay, ta thiy két qua
thu dugc cia phan tir CS-MITC3+ ciing
tiém can vaoi cac phﬁn tir khac. Mat khac,
qua biéu d6 mg suét cho thay sy lién tuc
xuyén sudt chiéu day tdm, diéu dé cho
thiy khong c6 hién tuong tap trung tng
suét, ddy 1a vu diém cua tim FGM so véi
vat li¢u composite thong thuong.

4.3 Tam xién Al/ZrO2-1 lién két gbi
twa don chiu tai phan b6 déu

&

Hinh 4.5: Tam xién Al/ZrO,-1 tya don 4
canh va chiu tai trong phan bd déu

Xét tdm xién hinh binh hanh
Al/ZrO,-1 ¢6 canh a = b = L, lién két gbi
tuya don 4 canh va chiu tai trong phan bd
déu p =1. TAm c6 2 canh song song truc
X, 2 canh con lai tao véi truc y mot goc
Xién a nhu Hinh 4.5. Tam c6 chiéu day h
v6i ti s6 L/h = 10.

0,800 |

0,750

15 30 45 60 75
Gocxién

—~e—ES-MITC3, n=0,5
~#-CS-MTC3+, n=05
ES-MITC3,
—=CS-MTC3+
——ES-MITC3, n=2
CS-MITC3+,

ES-MITC3,

CS-MITC3+,
n=10

ES-MITC3,

CS-MITC3+, n:

1o

n=4

Str dung ludi tam gidc 3 nut 2x12x12
phan tir, két qua vé d6 vong khong thir
nguyén w, =100w,E_h®/12(1—v?)pL* tai
tam tng voi goc xién o = 15°, 30°, 45°,
60° 75° vahé s6n=0,5, 1,2, 4, 10 dugc
trinh bay trong Error! Reference source
not found. va Error! Reference source
not found.. Hinh 4.6 biéu dién sy phan
b tng suit phap khong thir nguy?n
&,(z)=(h/pL)o,(L/2,L/2,2) theo
chiéu day tam cho béi phan tir CS-
MITC3+ va ES-MITC3 [46].

Trong bai toan tim xién Al/ZrO,-
1 lién két gbi tua don chiu tai phan bd
déu, phan tir CS-MITC3+ cho két qua vé
d6 vong va mg suit tuy khong tét bang
nhung ciing kha tiém can két qua cho boi
phan tir ES-MITC3 [46]. Ngoai ra, khi
goC Xién ¢ cta tAm tang dan thi cac thanh
phan do vong va tng suit trong tim giam
dang ké.
4.4 Tam vudng Al/ZrO,-1 chiu tai
trong nhiét

Xét tim wvubng Al/ZrO,-1 véi
kich thudc canh L = 0,2 m va chiéu day h
= 0,01 m. TAm tua don 4 canh va chiu tac
dung cua tai trong nhiét do co6 nhiét do
mit dudi Ty = 20°C (nhiét do phong) va
nhiét d6 mit trén tim T bién thién tir 0°C
+500°C.

020
——ES-MITC3 (n=0)

—m~CS-MITC3+ (n=0)
ES-MITC3 (n=0,5)

019
018
o ——CS-MITC3+ (n=0,5)
——ES-MITC3 (n=2)
CS-MITC3+ (n=2)

016
015
014

011
0,10
009

006
005
004

D4 viing khong thir nguyén Lai tam coa thm

=1 003
n=t 00

001
n=2 000

100 200 300 400 500

Nhiét 36 m3ttréntdm Tc
n=4

10



—+—ESMITC3-30
-=-CS-MITGC3+-30
ESMITC3-45
—=<CS-MITC3+-45
~+-ESMITC3-75

CS-MITC3+-75

Gi tri Gng suit tai thm ciia tim

@n=0,5

o5

—+ES-MITC3-30

-#-CSMITC3+-30
ES-MITC3-45

——CSMITC3+45

ol _‘ ~~ES-MITC3-75
%\ CSMITC3+75
L I on o
£ 0.0 |
0.3 0.2 0.1 4} Q 01 02
-0.1
-0.2
0.3
.\
04 h
Gid tri (rng sudt tai tm cda tdm
(oyn=2

Hinh 4.6: Su phan bd tmg suit khong tht nguyén &, (z)=(h/pL)o,(L/2,L/2,2)
theo chiéu day tdm xién Al/ZrO,-1 v&i = 30°, 45° 75°va (@) n=0,5va (b)n =2

Véi luéi tam gidc déu mdi canh
tdm chia 12 phan tir, két qua vé do vong
tai tAm tdm chiu tac dung nhiét do tai mat
trén tam thay d6i Tc = 0o, 1000, 2000,
3000, 4000, 5000 véi cac h¢ s6 n =0, 0,5,
2 cho boi phan tir CS-MITC3+ va ES-
MITC3 [46] dugc trinh bay trong Bang
4.7 va Error! Reference source not
found.. Két qua tinh toan sb ciing cho
thdy phan tir CS-MITC3+ va phan tir ES-
MITC3 cho két qua vé do vong cua tdm
FGM chiu tai trong nhiét la gﬁn nhu
nhau. Ngoai ra, ta thiy rd rang tim FGM
c6 kha nang khang nhiét do rat tot, do
vong 1én clia tAm bién thién mot cach déu
khi nhiét d6 mat trén cia tim tang dan.
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4.5 TAm vudng Al/ZrO,-1 chiu tai
trong co nhiét

Xét tam vudng vat lieu FGM
Al/ZrO2-1 véi kich thudc canh L =0,2 m
va chiéu day h = 0,01 m. Tam twa don 4
canh va nhiét o mat dudi cta tm Ty =
20°C (nhi¢t do phong) va nhiét dd mat
trén tim T, = 300°C. Ngoai ra, tim con
chiu tic dung cia tai trong phan bd déu
P=pL'/(E,h").

Vé6i ludi 2x12x12 phan tir, két
qua vé do vong khong thtr nguyén we/h
tai tdm tAm khi tdm chiju tac dung cua tai
trong co p thay doi tir -14 dén 0 duoc thé
hién trong Bang 4.8 va Hinh 4.9. So sanh
v6i két qua cho boi phan tir ES-MITC3
[46], Bang 4.8 va Hinh 4.9 cho thiy phan
tt CS-MITC3+ cho két qua khong tét
bang phan t ES-MITC3 nhung nhin



chung ciing kha tiém cén . Qua két qua
phan tich chuyén vi ciia tim FGM chiu
tai trong co nhiét, ta théy tam FGM la su
két hop tt vé kha nang chiu lyc tai trong
co cua kim loai cung kha nang chiu tai
trong nhiét do cua ceramic.

Bang 4.2: Do vong tuong dbi we/h tai
tam tAm vuong Al/ZrO,-1 tya don 4 canh
chiu tai nhiét 4o Tn, = 20°C, T, = 300°C
va tai trong co p thay d6i

——ES-MITC3 (n=0)
—=-CS-MITC3+ (n=0)
ES-MITC3 (n=05)

—=—ES-MITC3 (n=2)
CS-MITC3+ (n=2)

Taitrongcor nhigt

—=—CS-MITC3+ (n=0,5)

céc bai toan thm FGM chiu tai trong co, tai
trong nhiét hay tai trong co nhiét két hop.

Két qua phan tich mot sd bai toan
co nhiét cho thiy dugc tinh hiéu qua cia
vat licu FGM khi st dung trong céc Kkét
cAu chju nhiét do va tai trong cao.

Phin tir d& xudt CS-MITC3+ c6
thé phat trién dé phan tich cac bai toan
dong lyc hoc cua tim phan 16p chic
ning. Ngoai ra, bén canh 1y thuyét bién
dang cit bac 3, phan ti CS-MITC3+
cling ¢ thé phat trién cho cac 1y thuyét

bién dang cat
bac cao khac
nham danh gia
hiéu qua vé do
chinh xé&c va chi
phi tinh toéan
khi phan tich
céc bai toan tam
phan 16p chic
nang khac
nhau.

Hinh 4.7: Sy thay doi ctia d6 vong tuong ddi we/h tai tim tAm vuodng
Al/ZrO,-1 tya don 4 canh chiu tai trong nhiét va tai trong co p thay doi
ung véin=0,0,5,2

5. KET LUAN

Trén co s 1y thuyét bién dang cit
bac cao két hop k¥ thuat khir khoa cit
ctia phan tir MITC3+, cung k¥ thuat lam
tron trén canh ES-FEM ludn van da xay
dyng phan td CS-MITC3+ dung phan
tich tinh cho tim FGM.

Két qua s6 cho thay phan tir & xuat
c6 kha niang hoi tu dén 10i giai chinh xac
khi s6 phan tr ting dan. Phan tir dé xuét c6
kha nang khir hién tuong khoa cit tot. Do
str dung 1y thuyét bién dang cit bac 3, phan
tir CS-MITC3+ ¢6 kha ning biéu dién su
lién tuc cua cac thanh phan tng suit theo
chiéu day tim phu hop voi tmg xir thyc té
cta tim FGM. Két qua sb ciing cho thay
phan tir dé xuét cho két qua tuong ty véi
cac phuong phap tham khao khi phan tich
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