Chapter 5

Analysis of multiple parallel cracks in a
functionally graded magneto-electro-
elastic plane using boundary collocation

method

5.1 Introduction

Intelligent materials made of piezoelectric and piezomagnetic materials have been
widely used in medical ultrasonic imaging, chips of magnetic sensors, magnetic-
field probes, acoustic, hydrophones, sensors, electric packaging, and actuators in the
smart structures and components of energy harvesters [81]. The coupled proper-
ties of piezoclectric and piezomagnetic composites offer the scope to engineers to
create intelligent structures, composite materials, and devices those are capable of
responding to internal and/or environmental changes. One such composite mate-
rial is magneto-electro-elastic material having the combined effects of piezoelectric,

piezomagnetic, and magneto-electric. Magneto-electro-elastic materials are used in

143



Chapter 5. Analysis of multiple parallel cracks... 144

electronic instrumentations and microwave and optoelectronics. Nowadays, the use
of functionally graded materials (FGMs) in the engineering field is unavoidable due
to their capability of reducing the concentration of stress and increasing fracture

toughness.

Eventually, the concept of FGMs is extended to magneto-clectro-elastic
materials to enhance the reliability of composites. These materials have contin-
uously varying properties which are considered as functionally graded magneto-
electro-elastic (FGMEE) materials. These materials have the advantage that they
have neither internal seams nor desirable boundaries. However owing to the brittle-
ness, cracks inevitably exist in FGMEE materials. For such types of materials hav-
ing cracks subjected to magneto-electro-mechanical loadings, the magneto-electro-
elastic field is concentrated near cracks, which causes the advancement of cracks and
as a result, the degradation of the performance of magneto-electro-clastic materials
found to occur. Also during the manufacturing process, unavoidable initiations of
cracks, holes, inclusions, dislocation, and other defects occur. These defects cause
premature failure of composites or structures at any moment that finally leads to
failure. Therefore, it is very much important to study the fracture behavior of

FGMEE materials.

An anti-plane problem for an embedded and edge crack in a functionally
graded magneto-electro-elastic strip is studied in [71] by using the integral transform
and dislocation density functions. A similar problem for an embedded crack in a
functionally graded piezoelectric/piezomagnetic plate was investigated in [13] using
the boundary collocation method. In [21], an anti-plane internal crack normal to the
edge of a functionally graded piezoelectric/piezomagnetic half-plane was considered
in which the theory of energy density is applied to know the fracture behavior. A

discussion on the kinking phenomena of impermeable and permeable moving cracks
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in an FGMEE strip under anti-plane mechanical loading and in-plane electric and

also magnetic loadings was presented in [40].

Since FGMEE materials are brittle in nature, they can usually contain mul-
tiple cracks with an extremely high crack density. The interaction between these
cracks may significantly affect their fracture behavior. However less number of arti-
cles are available in the literature on such multi-crack problems in composites made
of piezoelectric and piezomagnetic materials, and only a few studies are conducted
[6, 43, 1207 |. Moreover, due to the vulnerability, edge cracks are more catastrophic
in comparison to embedded cracks. The problem of periodic surface cracks under

thermal loading in a functionally graded composite was studied in [39, 60].

In general, the finite element method is used to calculate the crack tip SIF
for cracked structures [78, 86]. However, due to various difficulties including the de-
termination of a large number of unknowns, and consideration of a large number of
node points, this method is sometimes complex to calculate crack tip SIF. To over-
come this, the method of the integral equation and others [102, 103, 104, 105] are
used. One of them is the boundary collocation method (BCM). In BCM the exact
solutions of governing partial differential equations are used and approximations are
restricted only to the boundaries. For approximation, the discretization of bound-
aries is accomplished. For BCM it is not required to discretize the domain of the
problem and therefore the method is applied to problems with arbitrary boundary
conditions and irregular domains. Therefore, BCM is an advantageous method to
study crack problems due to its simplicity, accuracy, and less computational time.
Muskhelishvili [80] has formulated some basic equations for solving the elasticity
problem by using the complex variable function. An initiative has been taken by

Williams [116] and Isida [56] in their works during solutions of the finite cracked
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plane problems. If the crack surface is subjected to some loading in a finite cracked

plane, then the complex potentials must satisfy the following conditions [74]:

1. The equilibrium and compatibility conditions in the occupied region of the

crack plane.
2. Stress condition on the crack surface.

3. For multiply connected cracked plane, the single-valued condition of displace-

ment around the crack.

4. The boundary conditions.

In most cases, the first three conditions are automatically satisfied. Only
the boundary conditions need to be checked. Along with that for better accuracy,
the least square method is used. The least-square technique is used to minimize the

resultant force and also the displacement residuals along the boundary [85].

In light of the above discussion, the authors of the current chapter have
concentrated on the issue of multiple parallel cracks in a finite FGMEE plane. Ac-
cording to [13, 40, 71], the material properties are assumed to vary exponentially
along the z-axis. Both magneto-electrically impermeable and magneto-electrically
permeable crack surface conditions are adopted in this study. Additionally, three
distinct crack configuration cases are taken into account. In the first case, mul-
tiple parallel embedded cracks of the same length are considered, in the second,
multiple parallel edge cracks of the same length are considered, and in the third,
multiple parallel edge cracks of alternating lengths are taken into consideration. The
problem is then reduced to power series form as per the considered case which is
subsequently solved numerically with the aid of BCM and the least square approach.

The semi-analytical forms of crack tip SIF's are obtained that help to determine the
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expressions of crack tip SMFs. The outcome of the current study is also supported
by an existing result for a specific case. The shielding and amplification phenomena
of cracks can be identified using the semi-analytical forms of SMFs, which can be
used to determine the likelihood of crack arrest. Through visual presentations for
the three different crack configurations under consideration, an effort has been made
to illustrate the effects of the gradient parameter, the distance between the cracks,

and the electric and magnetic loadings on SMFs.

5.2 Mathematical formulation of the problem

5.2.1 Schematic description

Consider a finite number (2N + 1) of parallel cracks having length b, — a,, (m =
0,+£1,...,£N) in a finite magneto-clectro-clastic plane of width w and height 2h as
shown in Fig. 5.2.1a. Any two parallel cracks are separated by a distance of hg.
The magneto-electro-elastic plane exhibits transversely isotropic behaviour and is
poled in the z—direction. The surfaces of the cracks are subjected to anti-plane
mechanical 7, in-plane electric Dy, and magnetic By loadings, as shown in Fig.
5.2.1b. Therefore, this article addresses the problem of an anti-plane elastic field
coupled with in-plane electric and magnetic fields and the model is based on the

framework of magneto-electrostatics.

The mechanical displacement, electric and magnetic potentials are denoted
by Wi, Om, and 1,,, respectively. cy, €15, fis, €11, 911, p11 are the material constants

viz., shear modulus, magnetic permeability, dielectric, piezoelectric, piezomagnetic
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Figure 5.2.1: Schematic diagram of the problem.

and magneto-electric constants, respectively and expressed as

C44(1’) = C440€ﬁx7 615(95) = 6150€ﬁx, fls(f) = flSOeﬂxa (5-2~1)

E11(95) = 61106/ma 911(55) = gnoeﬁx, N11($) = Muoe’ﬁz, (5.2.2)

where /3 is the functionally graded parameter and 49, ft110, €110, €150, f1505 9110 T€D-
resent the material constants at x = 0. Throughout the chapter m =0, +1,...,£N

denote the 2N + 1 number of parallel edge cracks.
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5.2.2 Governing equations and boundary conditions

The constitutive equations for infinitely small deformations are given by

8’wm 8¢m 8(¢)m

Tmzk = C44W + 615@ + f15W, (5.2.3)
o Owy DO, M,

Dy = 615W - 611@ — g1 ET (5.2.4)
_, Owy, Obm, O

By, = flSW T T Ry (5.2.5)

where 7.6, Dk, Bk (K = x,y) are the anti-plane shear stress, in-plane electric

displacement, and magnetic inductions, respectively.

The equilibrium equations of the FGMEE plane for m = 0,41,...,£N in

the absence of body force and free charge can be written as

87—mzz 87—myz

8D77L.’L‘ aD’"L’y

—0. 2.
Gt gt =0 (5.2.7)
OBy OBy

—0 2.
ra il (5.2.8)

With the aid of auxiliary functions 7,,, Xm, ¢m defined by

N = C140Wm + €1500m + f1500m, (5.2.9)
Xm = €150Wm — €110Pm — 9110Ym, (5.2.10)
Cn = J150Wim — 9110Pm — H110¥im, (5.2.11)

the following relations can be obtained employing equations (5.2.3)-(5.2.5) as

Bz OXm
ok

Bx anm
ok

O
ok

; Dmk =€ 5 Bmk =€ (5212)

Tmzk = €
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Therefore, equations (5.2.6)-(5.2.8) reduce to

In
N = = 2.1
VT/,+58:C 0, (5.2.13)
Ix
2 Am
ViXm + 85 = =0, (5.2.14)
G
*Cm = = 0. 5.2.15
Vi + 8 o 0 (5.2.15)

The considered problem is solved for two different crack boundary conditions which
are impermeable and permeable types. The boundary conditions for the magneto-

electrically impermeable cracks are given by

Yy € [=h, 1] Tz (@, y) = Dina(@im, y) = Bina(am, y)

= Tmzz(Om:> ¥) = Dine (b, ¥) = Bine (b y) = 0, (5.2.16)
T € (Am. b)) © Tinzy (T, i) = —T0, Diny(z, hiy) = —Do,

Bony (2, hin) = — B, (5.2.17)
T & (am. bm) : Wi (2, hin) = O (T, i)

= ¢m(£a hm) =0, (5218)

and for magneto-electrically permeable cracks those are given by

Y€ [_hv h] : Tmzw(am>y) = Dmx<amfy) = Bmx(ams?/)

= Tonze (b, ¥) = Dina (b, ) = B (b, y) = 0, (5.2.19)
T € (Am, bin) © Ty (X, han) = —To. (5.2.20)
T & (p,by) - Wy (2, hy,) =0, (5.2.21)
x € [0,w] : o, hn) = U, ) = 0, (5.2.22)

where hm = mh().
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5.3 Solution of magneto-electrically impermeable

cracks

Case I: Multiple parallel embedded cracks of equal length
Keeping in mind the geometry of the considered problem and the contributions of the
articles [13, 14, 113], the complex functions @,,; (j = 1, 2, 3) for magneto-electrically

impermeable parallel cracks are defined as

M

djmj = Z Z.14mjn \/{Z - (am + ihvrb)}{z - (bm + Z'hm)}(z - ih'm)n_ly (531)

n=1

where A,,;,, are the real unknowns to be determined, M is the number of summation
term and z is a complex number defined as z = x+iy for x,y € R. Since the problem
deals with the real-valued functions, therefore the mechanical displacement, electric

and magnetic potentials are given by

Wy, = Re(Drn1), O = Re(Prn2), ¥m = Re(Ps)- (5.3.2)

It is clear that the first three conditions as mentioned in section 1, the complex
function is already satisfied by the above choice. Only the boundary condition

needs to be taken care of. Using (5.3.2), the equations (5.2.3)-(5.2.5) reduce to

ORe(®P,, ORe(®,, ORe(®P,,
Tmzk = C44 (ék ) + e15 (;k‘ 2) fis (;k 3>, (5.3.3)
ORe(D,, ORe(P,, ORe(P,
Dyr = €15 ea(k 1) e ea(k 2) 911%’ (5.3.4)
o 3Re(€15m1 ) 8Re(@m2) 8R€(€pm3)
Bk = f15 T At S Tl [ Tt (5.3.5)

The following expressions can be obtained with the help of Cauchy-Riemann equa-

tions as
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0P, o, 0P,
Tmzk = cuRe ( 5k1> +esRe < 8k:2) + fisRe ( 0k3> ) (5.3.6)
D, 0P, 0P,
Dy = €15Re ( 8k:1) — en1Re ( 8k2> — guRe ( ak3) : (5.3.7)
B, = fisRe ( o ) — guRe (—k2) — pnRe ( 8k3) . (5.3.8)
Equation (5.3.1) gives
M M
0Dy , 0P, )
ax] = Z ZAmjnpmnp 01/] = Z 22147njn]Dmna (539)
n=1 © n=1
where P, = [2n(z + iy — ihy,)" — (2n — 1)(am + bm)
X (x+iy — z'hm)"*1 +2(n — Dayby,(x + iy — z’hm)"d}
2V + iy — (am + ihn) Ha + iy — (b + i) }]-
Utilizing (5.3.9), equations (5.3.6)-(5.3.8) can be expressed as
M
Tmze = Z [044Am1n + 61514771271 + f15AmSn] Re(szn), (5310)
n=1
M
Dm$ - Z [615Am1n - 61114’rr12n - gllAmBTL] Re(ipmn)-/ (5311)
n=1
M
er Z [flo mln — gllAm2n MIIAmBn] Re(iPm'n,)y (5312)
n=1
M
7-mzy Z [644Am1n + 615Am2n + f15Am3n] RG(Z Pmn) (5313)
n=1
M
Dmy = [615Am1n - 611A’4m2n - gllAmSn] Re(iQPmn)v (5314)
n=1
M
Bmy Z [f15Am1n gllAan - MllAmBn] Re(iQPmn)- (5315)

3
Il
MR
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Case II: Multiple parallel edge cracks of equal length
For this crack configuration, the complex functions @,,; (j = 1,2,3) for magneto-

electrically impermeable parallel cracks are defined as

M
By =Y iAnjn/{z = (b + ih) }(z — ihy)" (5.3.16)
n=1

Following a similar procedure as of Case I, the equations (5.3.6)-(5.3.8) can be ex-

pressed as

M

Tmzz = Z [CaaAmin + €15 Aman + fi5Aman) Re(iQmn), (5.3.17)
n=1
M

Dmm - Z [@15Am1n - 611Am2n — gllAmSn} Re(ian), (5318)
n=1
M

Bine = Z [f15Am1” — g1 Aman — MllAm?m] Re(lan)v (5319)
n=1
M

Ty = D st Aman + €15 Amn + s Amsn) Re(P Q). (5.3.20)
n=1
M

Dmy - Z [615Am1n — 11 dman — gllAmi’m} Re(iQan)y (5321)
n=1
M

By = Z [f15Amin — 911 Aman — 11 Am3n] Re(i*Qn)- (5.3.22)

n=1

where Q. =[(2n — 1)(z + iy — ih,,)" " — 2(n — )by (z + iy — ihy)" 2]

/12 {4 iy — (b + ih) }.

Case III: Multiple parallel edge cracks of alternating length

In this case the expressions of complex functions, anti-plane shear stress, in-plane
electric displacement, and magnetic inductions are the same as obtained for the case
of multiple parallel edge cracks of equal length. The only change is in the value

of b,, whose value is same for all m in Case II whereas for this case bs,, < bopmy1
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(m=0,+1,...,£N).

5.4 Solution of magneto-electrically permeable cracks

Case I: Multiple parallel embedded cracks of equal length
The complex functions @,,; (j = 1,2, 3) for magneto-electrically permeable cracks

are given by

Dy = Z i[Amin /{2 — (A + ihi) 2z — (b 4 ihm)}

— (pAman + qAman) (2 — ihy)|(z — ihpy)" L, (5.4.1)
M

@m]’ = ZiAmj7z(z - ihm)nv ] = 2, 37 (542)
n=1

where p = ey50/caa0 and ¢ = fi50/caq0. Analogous to the impermeable case, the

following expressions are obtained.

8@ M
P M
5y = 2ot Amin P = (Anin + ¢Anan) B (5.4.4)
n=1
3¢m] a . a@m] M ) .
or = ; ZAmjann, ay = ; 2 Amjanna J = 27 37 (545)

where Ry, =n(z + iy — ihy,)" "t

Using (5.3.18)-(5.3.20), the equations (5.3.6)-(5.3.8) for permeable type cracks can

be expressed as
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M
Tmze = Z C44Am1nRe(iPmn) - [044pAm2n + C44qu3n - 615Am2n - fISAmBn}Re(iRmn)a
n=1
(5.4.6)
M
Dma: = Z 615AAmln]Re(iPmn) - [615PAan + 615qu3n + 611147)1271 + gllAm3n]Re(7;Rmn)’
n=1
(5.4.7)
M
Bmx = Z flSAmlnRe(7Pmn) - [lepAmZn + flS(ZAm?m + gllAan + ,UllAm3n]Re(7;Rmn)7
n=1
(5.4.8)
M
Tmzy = Z C44Am1nRe(’i2Pmn) - [044])Am2n + 044(1Am3n — e15Amon — f15Am3n]Re(7:2Rmn)a
n=1
(5.4.9)
M
Dmy = Z 615*’4'rn1'nI{C(ll.zpmn) - [615PAan + 615qu3n + 611"4m2'n + gllATrL3TL]RC(i2R7rL7L)7
n=1
(5.4.10)
M
Bmy = Z f15Am1ane(Z'2Pmn) - [flSpAmZn + f15QAm3n + gllAan -+ MllAmSn]Rfe(iQRmn)-
n=1
(5.4.11)

Case II: Multiple parallel edge cracks of equal length
For this case the complex functions @,,; (j = 1,2, 3) for magneto-electrically perme-

able cracks are given by

M

D1 = Z i[Amin V{2 — (b + i)} — (PAman + qAman) (2 — ihy)] (2 — i)"Y,

n=1

(5.4.12)

M
Py = ZiA"lj'rz(z —thy)", §=2,3. (5.4.13)
n=1
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Thus, the equations (5.3.6)-(5.3.8) reduce to

M

Tmzz = Z C44*’4m1n1%6(2'6277171) - [644pAm2n + C44qu3n - e15A’4m2n - f15Am3n]Re<iRmn)?

n=1

(5.4.14)

M
me = Z CISA’mlnRC(ian) - [615pAm2n + C1SQAAm3n + fllAan + gllA’rrLSn]RC(iRmn)?

n=1

(5.4.15)

M
Bing = Z Fi5AminRe(iQmn) — [f150Aman + [150Am3n + 911 Aman + 111 Amzn] Re(i Rin ),

n=1

(5.4.16)

M
Tmzy = Z C44Am1nRe(i2an> - [044])Am2n + C44qu3n - elSAan - f15Am3n]Re<i2Rmn)7

n=1
(5.4.17)
M
-Dmy = Z 615fqmlnR/e(Z.ZCan) - [615pAm2n + elSqu3n + 611"4m2n + gllAm3n}Re<i2Rmn)>
n=1
(5.4.18)

M
Bmy = Z flSAmlnRe(ﬁan) - [flSpAan + flSquiin + gllAan + /I/HAm?m}Re(j/QRmn)-

n=1

(5.4.19)

Case III: Multiple parallel edge cracks of alternating length
Again, in this case, the expressions of complex functions, anti-plane shear stress,
in-plane electric displacement, and magnetic inductions are the same as of Case II

with only a change in the value of b,),.

5.5 Driving force parameters

The stress intensity factors at the crack tips are determined by
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I((Il}n[,(m) = xl_i{;}n 27“-(0/777/ - I) Tmzy(xy hm)7 (551)
K™ = lim /270 = bu) Tonzy (2, ) (5.5.2)

In terms of A,,;», the crack tip stress intensity factors for multiple parallel embedded

cracks of equal length for magneto-electrically impermeable cracks are given by

M
am,(m a ™ bm — am n—
K™ = efon \/ % Z ap (CaaoAmin + €150Aman + [150Amsn) ,
n=1

(5.5.3)

M
m [7(b,, —a e
K;’}n]( : - _eﬂbm w Z bm ! (6440Am1n + 6150A’4m2n + f15OAm3n) )
n=1

(5.5.4)

and for magneto-electrically permeable cracks those are given by

[T (b — @) M
f&’?["}’(m) — efam % ; a?n,_lc44OAm1n7 (5.5.5)
[7(by — @) —
KI;}VLIv(m) — _e[))bm % Z bz71044014m1n. (556)

n=1

The crack tip stress intensity factors for multiple parallel edge cracks of equal as well
as alternating lengths for magneto-electrically impermeable cracks are determined

by

M
m ™ n—
K?[rlf( ) = _eﬂbm \/; Z bm ! (0440Amln + 615014m2n + f150Am3n) ) (557)
n=1

and for magneto-electrically permeable cracks those are determined by
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M
n=1

The stress magnification factors at the crack tips [102, 103] are determined by

. - K(I,my(?’n) bm m Kbm(m)
M) iil,(m)*’ M) — %’ (5.5.9)
Ky Koy

where K" and K2 U™* are the crack tip SIFs of the m crack in the absence

of remaining cracks for the concerned case.

5.6 Results and discussion

The boundary collocation method is used to solve the equations (5.3.9)-(5.3.14),
(5.3.17)-(5.3.22), (5.4.2)-(5.4.3). It is sufficient to take into account only the positive
portion of the y-axis due to geometric symmetry. For numerical computation, some
points on the external boundaries of the plane and crack surfaces are chosen. Here
Apmjn’s are the unknowns to be determined. If the number of equations is equal
to the total number of unknowns then the unknowns can be determined by using
the concept of matrix inversion [113]. Usually, to improve the accuracy more points
are to be taken so that the number of equations is greater than the total number
of unknowns, and the least square method is employed to obtain the coefficients
[85]. The parameters are assumed to be cyq0 = 54 GPA, e50 = 7.8 C/rr127 €110 =
3.64 x 107° C? /Nm®, fiso = 175 N JAm, py50 = —1.97 x 1074 Ns? /C%, gy39 =
0.8 x 107 Ns /(VC), 70 = 4.2 x 105 N /m?® [120]. While determining A,,;,,’s, M is

chosen in such a way that three decimal digit accurate values of crack tip SMF's are
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Figure 5.6.1: Comparison between obtained and existing results [71] of
normalized SIFs at the crack tip (a) ag and (b) by as a function of
normalized crack length (by — ag)/(2h) for distinct values of normalized
functionally graded parameter Sh for a single embedded crack in a
functionally graded magneto-electro-elastic strip.
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Figure 5.6.2: Comparison between obtained and existing results [71] of
normalized SIFs at the crack tip by as a function of normalized crack tip
b/h for distinct values of normalized functionally graded parameter Sh for
a single edge crack in a functionally graded magneto-electro-elastic strip.

0.40

acquired. For Case I, a,,/h = 0.2, b,,/h = 0.4; Case 11, b,,/h = 0.4 and Case I1I,

bom/h = bor = 0.2, bayi1/h = boa = 0.4 have been taken.

5.6.1 Validation

This section of the chapter presents a validation to compare the obtained results with

the results provided in [71]. The integral transform and dislocation density functions
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have been used in [71] to tackle the problem of a magneto-electrically impermeable or
permeable embedded and edge crack perpendicular to the boundary of a functionally

graded magneto-electro-elastic strip.

By taking into consideration a single crack, N = 0 in the direction of x-
axis, and for h >> by, the current problem is reduced to [71]. For cuy9 = 44 GPA,
e150 = 5.8 C/m?, €119 = 6.46 x 1079 C2 /Nm®, fis0 = 275 N /Am, ju10 = —2.97 x
10~* Ns? /CQ, g110 = 0.5 x 107" Ns /(VC), 70 = 4.2x 106 N /m* Ay = 0 and A, = 0
[120], the findings of both the studies are compared for both embedded and edge
crack configurations. It can be scen from Figures 5.6.1 and 5.6.2 that the results
obtained by our proposed method are in good agreement with the existing results
provided in [71], when the normalized SIFs at the cracks’ tips ag and by are denoted

by k52 and k20 respectively and normalizing factor of SIFs for embedded and

edge crack is taken into account as 1o/ 7(bo — ag)/2 and 79/7by, respectively.

5.6.2 Significance of functionally graded parameter

1.5F - 1\/[;‘1*1('0) 15F - ]Wﬁ{(o)
rof~ Mii” 10f ~ Mii®

- M@ - Mg®

s Mo o "~ Mg
éE 0.0} - M@ :§ 00F o Mo

ST T i
() (b)

Figure 5.6.3: Variations in SMFs at the crack tip a as a function of
normalized functionally graded parameter §/h under magneto-electrically
(a) impermeable condition and (b) permeable condition for Case I.
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Figure 5.6.4: Variations in SMF's at the crack tip b as a function of
normalized functionally graded parameter §/h under magneto-electrically
(a) impermeable condition and (b) permeable condition for Case I.

T T b, 0) 1
- M{©® - Mj©
af ~ My ] ’ ~ M0 ]
b.(2) 1
- Mj® z - M

- MO - ME®

MG
o

,th
(a) (b)

Figure 5.6.5: Variations in SMFs at the crack tip b as a function of
normalized functionally graded parameter 8/h under magneto-electrically
(a) impermeable condition and (b) permeable condition for Case II.

Figures 5.6.3, 5.6.4, 5.6.5, and 5.6.6 illustrate how functionally graded pa-
rameters affect crack tip SMF's in both magneto-electrically impermeable and per-
meable conditions. As §/h increases, SMF increases at the left crack tips in Case I,
as shown in Figure 5.6.3. In contrast, it decreases at the right crack tips with the
increasing value of /h for all three cases as demonstrated from Figures 5.6.4, 5.6.5
and 5.6.6. This shows that the likelihood of crack amplification increases at the left
crack tip as the value of the functionally graded parameter increases, whereas the

likelihood of crack shielding increases at the right crack tip.
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Figure 5.6.6: Variations in SMF's at the crack tip by as a function of
normalized functionally graded parameter §/h under magneto-electrically
(a) impermeable condition and (b) permeable condition for Case III.

Upon examination of the results, it is evident that for the negative value
of B/h the possibility of crack shielding is high for inner cracks in comparison to the
outer ones whereas for the positive value of 5/h the possibility of crack amplification
is high for outer cracks in comparison to the inner ones at the left crack tips under
Case I. On the other hand at the right crack tip for the negative value of 5/h the
possibility of crack amplification is high for inner cracks while for the positive value
of B/h the possibility of crack shielding is high for outer cracks for the Cases I
and II. In Case III, it is noted that for negative values of the functionally graded
parameter, the crack amplification phenomenon is high for longer cracks, while for

positive values, the shielding phenomenon is high for shorter cracks.

Additionally, under magneto-electrically impermeable and permeable con-
ditions, the magnitude of the SMF's at the crack tips varies in all cases. This indicates
that the crack arrest tendency differs between magneto-electrically impermeable and

permeable conditions.
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Figure 5.6.7: Plots of SMFs at the crack tip a as a function of
normalized crack spacing hg/h under magneto-electrically (a) impermeable
condition and (b) permeable condition for Case I.
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Figure 5.6.8: Plots of SMFs at the crack tip b as a function of normalized
crack spacing ho/h under magneto-electrically (a) impermeable condition
and (b) permeable condition for Case I.

5.6.3 Significance of crack spacing

Figures 5.6.7, 5.6.8, 5.6.9, and 5.6.10 illustrate how crack spacing affects the like-
lihood of crack arrest. For both the impermeable and permeable type cracks, it is
observed that as the spacing between the cracks increases the crack tip SMFs are
started to decrease which arises the possibility of cracks” arrest. In Cases I and III,
only shielding behavior is noticed while both shielding and amplification behavior is

noticed in Case II.
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Figure 5.6.9: Plots SMF's at the crack tip b as a function of normalized
crack spacing ho/h under magneto-electrically (a) impermeable condition
and (b) permeable condition for Case II.
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Figure 5.6.10: Plots of SMF's at the crack tip by as a function of
normalized crack spacing hg/h under magneto-electrically (a) impermeable
condition and (b) permeable condition for Case III.

Additionally, in Cases I and II, under both magneto-electrically imperme-

able and permeable conditions, the magnitude of the crack tip SMF's for outer cracks

is greater than that for inner cracks. For Case III, it can be shown that the shorter

cracks have an clevated magnitude of crack tip SMFs than the longer ones. The

magneto-electrically impermeable and permeable conditions significantly affect the

tendency of cracks to arrest, as shown in Figures 5.6.7, 5.6.8, 5.6.9, and 5.6.10.
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5.6.4 Significance of electric and magnetic loads

The shielding and amplification behavior of permeable type cracks are unaffected by
the electric and magnetic loads. However, the effects of both loads are depicted in
Figures 5.6.11, 5.6.12, 5.6.13 and 5.6.14 for the impermeable type cracks. As per the
figure keeping the magnetic load fixed if the electric load increases then the cracks
started to arrest at both crack tips. Whereas, for fixed electric load and increasing
magnetic load, the cracks are started to propagate. In other words, electric loads

resist the propagation of cracks whereas magnetic load enhances the propagation of

cracks.
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Figure 5.6.11: Influence of electric load Ay on SMFs for Case I at the
crack tip (a) a and (b) b.

5.7 Concluding remarks

The possibility of multiple parallel magneto-electrically impermeable and permeable
cracks being arrested for three different configurations of cracks is examined in this
chapter under the impact of gradient parameter, the distance between the cracks,
and electric and magnetic loadings. The semi-analytical forms of SIFs and SMFs

are obtained for all three crack configuration cases by expressing the displacement
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Figure 5.6.12: Influence of electric load A; on SMF's at the crack tip b for
(a) Case II and (b) Case III.
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Figure 5.6.13: Influence of magnetic load A, on SMFs for Case I at the
crack tip (a) a and (b) b.

and potential functions in terms of power series and applying boundary collocation

and least square methods. The followings are the findings of the current study:

1. The semi-analytical expressions of SIFs that aid in calculating the crack tip

SMF's for the cases under consideration.

2. In all three crack configuration scenarios, the changes in the values of the
functionally graded parameter have a considerable impact on the likelihood of

crack arrest.
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Figure 5.6.14: Influence of magnetic load A\, on SMFs at the crack tip b
for (a) Case I and (b) Case IIL.

3.

The graphical displays of SMFs as a function of crack distance show that the
interaction of cracks plays a non-negligible role in the shielding and amplifying
nature of parallel cracks of different configurations. The crack arrest is less

likely to occur as the distance between the cracks started to reduce.

. With an increase in the electric load and a decrease in the magnetic load, the

cracks have a greater tendency to be arrested.

. The distinction between parallel cracks, which are magneto-electrically im-

permeable and permeable for different cases are graphically illustrated using

SMFs.

. The innermost cracks have the smallest magnitude and the outermost cracks

have the largest magnitude when there are multiple parallel embedded and
edge cracks of equal length. The shorter edge cracks have a magnitude greater
than the longer ones when there are multiple parallel edge cracks of varying

lengths.
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