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Abstract: The Griffith crack problem and the interaction between screw dislocation and semi-infinite
crack in cubic quasicrystal piezoelectric materials are studied by using the complex variable function
method. The stress intensity factors and electric displacement intensity factors are obtained. The
effects of the linear force and coupling elastic coefficient on the stress intensity factor of phonon field
and phason fields are discussed in detail. By numerical examples, it is found that the linear force and
the coupling elastic constant have a significant effect on the stress intensity factor.

Keywords: cubic quasicrystal piezoelectric materials; crack; screw dislocation; complex variable
function method

1. Introduction

Since solid quasicrystals were reported in 1984, their physical properties have at-
tracted extensive attention. In terms of the piezoelectric effect of quasicrystals, researchers
have also done a lot of research. Hu et al. [1] derived the piezoelectric constants of two-
dimensional (2D) and three-dimensional (3D) quasicrystals using thermodynamics and
group representation theory. Altay and Dokmeci [2] studied the basic equation of qua-
sicrystal piezoelectricity and gave the basic equation of the quasi-static electric effect of
3D quasicrystal elastic materials through differential and variational forms. Li et al. [3]
studied the basic solution of the one-dimensional (1D) hexagonal quasicrystal piezoelectric
problem, and expressed the basic solution by five quasi-harmonic functions using operator
theory and generalized Almansi theorem. Yu et al. [4] derived the governing equations
of each crystal system of 1D quasicrystal piezoelectric materials, and gave the general
solutions of the governing equations by using the operator method and complex method.

Since the establishment of the elastic theory of quasicrystal piezoelectric materials,
although many achievements have been made, most of the research has been focused on
1D and 2D quasicrystal piezoelectric materials [5-13]; there have been few studies on the
fracture of 3D quasicrystal piezoelectric materials. Because the elasticity of quasicrystal
piezoelectric materials is similar to that of quasicrystal materials, the defect problem of 3D
cubic quasicrystal piezoelectric materials can be studied by means of the defect problem
of 3D cubic quasicrystal materials. However, due to the piezoelectric effect, the defects of
quasicrystal piezoelectric materials are more complicated. For cubic quasicrystal materials,
some research results have focused on the defects problem. Zhou et al. [14] studied the
anti-plane problem and mode m crack problem of cubic quasicrystals, resulting in new
developments in the elastic theory of cubic quasicrystals. Zhang [15] studied the anti-
plane conjugate crack problem; general solutions for the stress and strain of conjugate
cracks in cubic quasicrystal were obtained. Gao et al. [16] studied the elliptical hole or
crack problem, and obtained analytical expressions for both entire and asymptotic fields.
Suo et al. [17] studied the effect of T stress on the cross-type cracks in cubic quasicrystals.
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These studies focused on cubic quasicrystal materials, and the methods involved can
be used to solve the defect problems of cubic quasicrystal piezoelectric materials. For
cubic quasicrystal piezoelectric materials, Zhang et al. [18] studied the free vibration of
plates, producing one of the few research studies focusing on the defect problem of cubic
quasicrystal piezoelectric materials. In this paper, the Griffith crack problem and the
interaction between screw dislocation and semi-infinite crack in 3D cubic quasicrystal
piezoelectric materials are studied. The main factors affecting the stress intensity factor will
be discussed.

2. Basic Equations of Cubic Quasicrystal Piezoelectric Material

In the spatial rectangular coordinate system x;(i = 1,2, 3), the basic equations of the
anti-plane elasticity problem for cubic quasicrystal piezoelectric materials can be expressed
as follows:

The constitutive equation [19]

Oyz C44 0 R3 0 —€14 0 25yz

Ozx 0 Cyuq 0 Rs 0 —e14 | | 2€zx

Hyz _ R3 0 K44 0 —d123 0 Zwyz (1)
Hy 0 Ry 0 Ky 0 —dps| |2wa]|’

Dy ey 0 dpz 0 A 0 Ey

Dy 0 €14 0 d123 0 )L11 Ey

the equilibrium equation (regardless of body force) [20]
0izi =0,Hiz; =0,D;; =0 (i = x,y,2), 2

and the geometric equation

1du __19du _ 1low

€yz = 39y €x = 29y Wyz = 35,/ 3)
w low, p . _9® p _ 00
zx — 2 x / X — ox’ y_ ay/

where u, represents phonon field displacement, w, represents phason field displacement,
and @ represents electric potential. The 0;;, ¢;; represent the stress and strain of phonon
field, respectively; Hj;, wj; represent the stress and strain of phason field, respectively;
Dl-]- represents electric displacement; E; represents electric field strength; Cy4 is the elastic
coefficient of the phonon field; K44 is the elastic coefficient of the phason field; Rj3 is
the coupling coefficient between the phonon field and phason field; e14 and d1y3 are the
piezoelectric constant; and Aj; is the dielectric constant.

By Equations (1)—(3), the governing equations expressed by displacement and electric
potential can be obtained as follows:

CKJLAIVZMZ + R3V2wz + 2614% =0,

R3V2u, + Kgy V2w, + 2d123§§—§; =0, (4)
2 2
2614% + 211123% - )\HVZCD =0,

where V2 = aa—; + aa—yzz is the Laplace operator.

Thus, the anti-plane elasticity problem of cubic quasicrystal piezoelectric materials
is reduced to solving the system of partial differential Equation (4) under appropriate
boundary conditions.
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3. Basic Solution for the Fracture Problem of Cubic Quasicrystal
Piezoelectric Materials

Equation (4) can be rewritten [4] as follows:
AU=0 (5)
where U = (uz, wy, CID)T and A is a matrix of differential operators
CuV?  RsVZ  2ep45% axazy

A= | R3V? Ky V2 deaxay. (6)

2 2
26143,% 2d123a§73y —A11 V2
From Equation (6), the determinant of A can be given as follows:

90 0% ot 0t 92 90

a5 ooy @)

in which
a=An (R§ - C44K44), b=4 (2614d123R3 — d753Ca4 — €%4K44> +3A1 (Ré - C44K44>~
Now, we introduce a function F that satisfies the equation
V3V3V3F =0 8)

2 . . .
where V2 = aaxZ + ?ﬁ(l =1,2,3) and t2 are the three characteristic roots of equation

6 — bt* + b2 —a = 0.
According to the operator theory, the general solution of Equation (5) can be expressed
as follows:
u, = ApF,w, = ApF,® = A3F, (i =1,2,3). )

Let i = 2, then the cofactor of the matrix A can be expressed as follows:

4 4 4
Ay = /\11R3aa? +2(A11R3 + 261411123)3,37@2 + /\11R3§7/
4 4 4
A22 = 7/\11(:4488? — 2()\11C44 + 23%4) ﬁ - /\11C44aa?/ (10)
4 4
Az = 2(e1aR3 — d123Ca) (axsay + axaay )

Substituting Equation (10) into Equation (9), one has the following:

o*F 9*F 0*F
Uy = )\nRsﬁ +2(A11R3 + 2614[1123)W + AHRSE)T/‘*’ (11)
0*F 9*F o*F
W, = —/\11(:44@ - 2(/\11C44 + Ze%4> Prer T )\11C44W, (12)
o*F o*F
D = 2(e14R3 — d123Cu4) (E)x38y + axay3> (13)

Assuming that the form of the complex function F(x, y) is F(x, uy), then p must satisfy
the following characteristic equation [7]:

ap® + byt + byp? +a=0 (14)
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Equation (14) has six pure imaginary roots

Vb+a++vb—3a ) \/b+a—\/b 3a
P =isy =i, pp =isp =1 2a s H3 =153 = 2a ’

Ha = —H1, U5 = —H2, He = —Vs,(i =V —=1,51 =1, upuz = —1(or sps3 = 1))

According to the properties of the analytic function and Equation (8), the complex
representation of the displacement function F can be given as follows:

F =2Re i Fk(zk)/ (15)
k=1

where Re represents the real part and Fi(z;) represents three arbitrary analytic functions
with the argument z;, = x + iy (k =1,2,3).

By Equations (1), (3), (11)—=(13), and (15), the complex representations of the stresses
and electric potential can be obtained as follows:

3
Oyz = —4de14(d123Cyy — e14R3)R Z (ﬂk - ﬂk) )(Zk)r (16)
Oy = 4e14(d123Cqqa — e14R 32—4(5)
ox = 4e14(d123Cas — eaR3)Re Y (g — i ) F (zk), (17)
k=1
3
Hy: =Re) (lyk + mpud + nyf)Fk(S) (zk), (18)
k=1
3
Hew = Re ) (e +13id ) ) (21, (19)
k=1
- (5)
Dy = 2A11(d123Cas — e14R3)Re ) (Vk - Vg)Fk (zx), (20)
k=1
3 4\ p(5)
Dy = —2A11(d123Cas — €14R3)Re ) (1 - Vk)Fk (zx), (1)
k=1

in which
I =2A11 (RE — CyaKas) — 4d3,;Cas + de14d123Rs,
m = 4A11 (R% — C44K44) - 411%23(:44 - 86%4K44 + 12614d123R3,
n = 2)\11 (R% - C44K44).

4. Griffith Crack Problem

Now, we study the Griffith crack problem with a crack length of 2a, which is subjected
to a pair of linear forces and charges at the distancefrom the origin of the coordinates. The
linear force intensity of the phonon field and the phason field per unit length are Q; and
Q», respectively, and the linear charge density is g, as shown in Figure 1.
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Figure 1. Griffith crack in cubic quasicrystal piezoelectric materials.

The complex function F (%) (z;) is assumed as follows:
Ak
(zk —c)\/22 — a2

the constants Ay = ay + Bxi (k = 1,2,3) can be determined by the boundary conditions.
Wheny =0, |x| > a, itis required to u; = 0,w, = 0,® = 0, then

F®) (z) = (22)

3 3 3
2)\11R3R€ 2 Ak + 4()\11R3 + 2614d123)R€ Z V%Ak + 2)\11R3R€ 2 ‘M%Ak =0, (23)
k=1 k=1 k=1
> 2 > 2 2 4

—2A11Cyg4Re Z A — 4(/\11C44 + 2614> Re 2 U Ak — 2A11C44Re 2 UpAr =0, (24)

k=1 k=1 k=1

3 3 3
— 4(d123C44 — 614R3) Re Z urAr + Re Z ,”kAk =0. (25)
k=1 k=1

and then we can deduce the following;:

3
k21 (2A11R3 — 4(A11R3 + 2e14d123)s% + 2A11 Ras ) a = 0,
3
kgl(—2A11C44 + 4(/\11C44 + 26%4)5% — 2)\11C44S%)06k =0, (26)
3
2 (Sg — Sk>‘Bk =0.

x-
I
—

The integration along a small semi-circle around the point of action of a linear force
and charge on x = ¢, one has

2__ 2
Y3 (sk+57) B = g

k = Zrer, (Coudizs—e1aRs)’

3
7tA11 (R — CaaKas) X (—i + s+ 53 — Si?)ﬁk

k=1
3 (27)
—‘,—471'614 (d123R3 - 314K44) kzl (Sk + Sz)ﬁk = sz’
X -
4 - gvar—c2
) (Sk 1>lxk T 2mA1 (Cygdiz—e1qRs)

k=1

Combining Equations (26) and (27), the expressions of the complex constant Ay can be
obtained as follows:

in Va2 —c? (4514(314K44*d123R3)5§* (CaaKys—R3) (71+5§)2/\11>

7
87e14(—Caadios+e14Rs) (CuuKag—RE) (—1453) "Ap
Qov/a2—c2s2

1
27T(C44K44*R§) (*1+5§)2/\]1 ’

A =
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A — qva2—cZs}
2 47‘[(C44d1237€]4R3)(*1+S§)(l+S§)/\11
i Va2 —c2(Q1 (e14Kas—d123R3) + Q2 (Caadins —e14R3))s3
2 7
27T(C44d1237€14R3)(C44K447R%)(*l“rS%) (1+S%)/\]1
Ay = Weo
471(Cyqd1p3—e€14R3) (—1+s5)A
(Caad1z3—e14Rs3) $)An (28)

; \/a27c2(Q1(e14K44fd123R3)+Q2(C44d123;€14R3))53
27'((C44d1237€14R3)(C44K447R%)(*l“rS%) (1+S§)/\11

Thus, the complete elastic field can be obtained. After derivation, the corresponding
stress and electrical displacement intensity factors can be expressed as follows:

Q1va+c

Ke= Jacsma @9
_ Dva+c

Ku = Va—cy/ma’ G0

Ky — VAT 1)

NN

Now take a = 5 x 1073 m to analyze the influence of linear force Q; on the phonon
field stress intensity factor K, (both the phason field stress intensity factor and the electric
displacement intensity factor have similar variation rules with the phonon field stress
intensity factor).

It can be seen from Figure 2 that the stress intensity factor of the phonon field increases
with the increase of c, indicating that the farther the action point is from the origin, the
greater the stress intensity factor. Furthermore, the stress intensity factor increases with the
increase of linear force Q, and the farther the action point is from the origin, the greater
the influence of the linear force.

8000 — 11
7000 | —— Q,=5Nm’ i

- — - Q,=15Nm"
6000 | 0, =30 Nar' |

Q,=100 Nm!
5000 | |

b

2 4000 | |
3000 | |
2000 | |
1000
obsasce oo o - - - P =TT

0.0 05 1.0 15 20 25 3.0 35 40 45 5.0
¢ (mm)

Figure 2. Influence of linear force Q; on the phonon field stress intensity factor K.

5. Interaction between Screw Dislocation and Semi-Infinite Crack

In this section, the interaction between a semi-infinite crack and a screw dislocation
with the Burgers vector B = (by, by) is studied. Suppose that the dislocationi s located at
the distance ¢ from the semi-infinite crack tip, as shown in Figure 3.
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Figure 3. A screw dislocation near a semi-infinite crack.

Suppose the analytical formula F; has the following form:

F O (z) = ( B (k=1,2,3). (32)

zk — €)%k

the constants By = v + & (k=1,2,3).
When x < 0, make 0, = 0, H,; = 0, D, = 0, we have the following;:

3
kgl (Sk + 513()’)/]{ =0,

3
Y (Isy —ms? +nsy) 1 =0, (33)
k=1

3
Y (1—s3)é =0.
k=1

when x = ¢, we have the following:

3

Zﬂkzl [*/\111{3 + 2()\11R3 + 261461123)5% - )\HRgsﬂ 5]( = bl \ﬁ,
3
27Tk21 [A11Cas — 2(A11Cas + 2¢3,) 57 + A11Cassi| Ok = ba/c, (34)

3
Y (s3 —sk) v = 0.
=1

The following can be obtained from Equations (33) and (34):
Nn=7=7=0 (35)

Je (b1 (4e§4s§ — Cu(-1+ sg)zAn) by (4d123e14s§ —Rs(-1+ s%)z)\n))
87te14(—Caadi23 + €14R3) (—1 + 5%)2)‘11
Ve(badips 4 brers)sh
470(Caadins — e1aRs) (=1 +3) A1y
P Vc(badips + brers) — (38)
477(Caadio3 — e14R3) (14 53)"An

Substituting Equations (35)—(38) into Equations (16) and (18), the analytical expressions
of the stresses were obtained, as follows:

01 =

, (36)

by =

(37)

3 (sp+s3)0
Oyz = 4e14(d123C44 - 614R3) kz ((ka)k)xk’
=1
 (Shatmsins])o

He = 8 oovr

(39)
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Substituting Equation (39) into the expressions of the stress intensity factors for phonon
field and phason field, respectively, and introducing

Ky = lim/2mx0y,,
x—0

Ky = limv/2mxHy;.
x—0

then one has the following:

\@(bl (26%453 + Cyg(1+ 53)2/\11) + by (2d123€1453 + R3(1+ 53)27\11))
\V 7TC(1 + 53)2)\11

Ky = by <2(23%4(514K44—d123R3)53—C44d123R3(21+53)2/\11)
V27e(Cagdinz—e14R3) (1453)"Aqp
B e13(CasKag(—1+53)>—R3(1+53) ) >
V27c(Cagdrnz—e14R3)s3

by 2614R3(72d%2353+K44(1+S3)22)\11)
V27e(Cygdinz—e14Ra) (1453) A1

(dr23 (463, Kags3+(1453)* (R3(—1453)° —CayKys (1453) ) A11 ) ) >

V27c(Caading—e14R3)s3(1+53) A1y ’

Ky = — ’ (40)

(41)

+

The influence of coupled elastic coefficient on stress intensity factor will be discussed
in detail by numerical examples. To this end, the material properties have been chosen by
referring to the previous work [3], such as follows:

Caa =50 x 10° Nm ™2, R3 = 0.5 x 10° Nm 2, Ky = 0.3 x 10° Nm~2,
e1a = —0.138 Cm2,dyp3 = —0.16 Cm™2,A1; = 82.6 x 10712 C2N~"Im2.

Other parameters are x = 1 X 103m,b; =1.6 x 102 m, b, = 10.7 x 1077 m.

It can be seen from Figures 4 and 5 that the coupling elastic coefficient R3 has a
significant impact on both the phonon and phason filed stress intensity factors. When the
distance between the dislocation and the crack tip is determined, it can be found that the
stress intensity factor decreases with the increase of R3.

-2000

-4000

-6000

-8000

T

-10,000

-12,000 |; .

_14,000 1 1 1 1 1 L 1 1 1
00 05 1.0 15 2.0 25 3.0 35 40 45 50

¢ (mm)

Figure 4. Influence of coupling elastic coefficient R3 on the phonon filed stress intensity factor.
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Figure 5. Influence of coupling elastic coefficient R3 on the phason field stress intensity factor.

6. Conclusions

The Griffith crack problem and the interaction between screw dislocation and semi-
infinite crack in cubic quasicrystal piezoelectric materials were studied. With the help of
complex function theory, the analytical expression of stress intensity factor was obtained.
Numerical examples showed that for the Griffith crack problem, the magnitude of the
linear force and the distance from the crack tip have obvious effects on stress intensity
factor, while for the interaction between screw dislocation and semi-infinite crack problem,
the coupling elastic constant of the phonon and phason fields has a significant effect on the
stress intensity factor.
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