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Abstract: The failure analysis of a non-circular hole with an inclusion layer embedded in an infinite
cracked matrix under a remote in-plane uniform load is presented. In this study, a series solution of
stress functions for both the matrix and inclusion layer is obtained using the complex variable theory
in conjunction with the method of conformal mapping. The stress intensity factor (SIF) can then be
determined numerically by solving the singular integral equation (SIE) for the interaction among
different crack sites, material properties, and geometries of irregular holes with an inclusion layer. In
particular, the failure behavior of composite structures associated with an approximately triangular
hole and an approximately square hole with inclusion layers, such as those of oxides, nitrides, and
sulfides, is examined in detail. The results demonstrate that a softer layer would enhance the SIF and
a stiffer layer would restrain the SIF when a crack is near the inclusion layer. It can be concluded that
crack propagation would be suppressed by a stiffer layer even when a micro-defect such as a hole
resides in the inclusion layer.

Keywords: stress intensity factor; inclusion layer; conformal mapping; irregular shape

1. Introduction

The research on additive and casting manufacturing will inevitably leave a defect
in the workpiece. Defects, which include holes, pores, voids, inclusions, particles, pits,
and impurities, could become initial fracture sites owing to their hazardous effect on the
mechanical strength properties and fatigue strength. Based on experimentally obtained
images, defects with different geometries such as circle [1], triangle [2], and arbitrary
shape [3] are shown in Figure 1a, Figure 1b, and Figure 2a, respectively. Different defect
geometry affects stress concentration and crack propagation differently. Many experiments
obtained original results on the crack propagation mechanism. The multilayer coating
system is observed wherein the crack existing in CrN would propagate to the next interface
Cr/CxN [4] as shown in Figure 1c. For the casting process, pores should exist inside the
workpiece. If a crack tip exists near pores subject to a mechanical loading, crack propagation
is likely and would be directed toward the pores [2] as shown in Figure 1b. Manganese
sulfide (MnS) inclusion would initiate crack evolution because the high interfacial stress
around the boundary results in a decrease of the local fracture toughness and hastens the
crack propagation [5].
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Figure 1. Micro-defects revealed by scanning electron microscopy (SEM) images (a) Reprinted with
permission from Ref. [1]. 2021 The Royal Society, (b) Reprinted from Ref. [2], (c) Reprinted with
permission from Ref. [4]. 2021 Elvesier.
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Figure 2. (a) Observation of macrostructure of hole, iron oxide, and steel matrix after the process
of whole thermal treatment. Reprinted from Ref. [3]; (b) outlined photograph for illustrating the
interaction between a line crack in the steel matrix and an irregular hole with inclusion layer under
an in-plane remote uniform tensile loading.

The fundamental studies on failure analysis of circular inclusion have been carried
out [6-8] based on linear elasticity and complex variable theory [9]. The thermoelastic
and elastic problems of an arbitrary hole with a coating layer [10-12] or without a coating
layer [13,14] have been investigated using the conformal mapping function. To obtain the
SIF, the singular integral equation could be employed to perform numerical calculation by
addressing a discrete segment of a crack. The superposition for the solution of a homo-
geneous plate under external loading and the solution of a plate under a dislocation are
applied to solve the SIE. Once the equation is established, the SIE could be solved numeri-
cally using the Gaussian—Chebyshev method. For a multilayered composite system, both
stress and displacement continuity conditions must be forcibly satisfied through analytical
continuation. It should be noted that divergent terms would exist in a stress field when
analytical continuation and conformal mapping are applied to the irregular hole problem.
It becomes tremendously difficult to identify the corrector terms in continuity equations to
prevent singularity points, particularly for problems with an irregular inclusion or hole.

The interaction problems between inclusion and crack have been studied extensively
by many researchers. For example, the interaction between a crack and a circular inclusion
or multiple circular inclusions under anti-plane shear loading has been investigated [15-18].
The studies indicated that a stiffer inclusion would have a lower SIF. This implies that a
stiffer inclusion has a shielding effect on crack propagation [19]. Wikarta observed that
the thickness of a coating layer also has a substantial influence on the SIF [20]. It is highly
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challenging to solve an in-plane crack problem because the number of undermined stress
functions is larger than that for the anti-plane problem. The problem of the interaction of
an in-plane crack with an elliptical inclusion was investigated by Chen [21]. Chao et al.
considered the problem of a crack interacting with a three-phase composite and fibrous
composite [22-24]. Based on homogenization techniques and failure criteria, Greco et al.
investigated the interaction problem between micro-crack and fiber-reinforced composite
material [25].

The failure analysis of an irregular hole with an inclusion layer embedded in a cracked
matrix is a challenging problem that has not been investigated analytically. The aim of the
present study is to analyze the failure of a flawed material with different geometries and
elastic mismatch between the inclusion layer and the matrix using the conformal mapping
and analytical continuation theorem. To comprehensively examine the theoretical failure
analysis, some practical experiments such as steel and titanium matrix are introduced.
Initially, a steel matrix subject to a hot cross-wedge-rolled loading wherein an oxide layer
would be formed around the hole during the metal composite preparation process [3]
as shown in Figure 2a. In this study, the steel matrix with a non-circular geometry of
inclusion layer and hole under the tensile loads is considered. However, the effects of
heat treatment and time are ignored due to the limitation of the theoretical method. An
outlined photograph for illustrating the interaction between a line crack in the steel matrix
and irregular holes with inclusion layers under an in-plane remote uniform tensile loading
is displayed in Figure 2b. To obtain the solution, in this study, either an approximately
triangular hole or an approximately square hole is used to replicate an irregular hole
with inclusion layers embedded in an infinite cracked plate using the corresponding
mapping function (see Figure 3). Based on the continuation theorem in conjunction with
the method of conformal mapping, a series solution of stress functions for a non-circular
hole embedded in a cracked matrix with an inclusion layer under a remote uniform load is
obtained. Moreover, the Mode-I SIF at the crack tip is determined numerically by solving
the singular integration equation for the interaction among different crack sites, material
properties, and geometries of irregular holes with inclusion layer. The results of the fracture
behavior of an irregular hole with an inclusion layer are presented for different shear
moduli and shape factors.
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Figure 3. (a) Approximately triangular hole with inclusion layer on physical plane (z-plane); (b) ap-

—

proximately square hole with inclusion layer on physical plane (z-plane); (c) irregular hole with
inclusion layer on mathematical plane ({-plane).

2. Problem Formulation

The interaction between a line crack in a steel matrix and an irregular hole with an
inclusion layer under a remote uniform tensile load is shown in Figure 2b. To simplify
this complex problem, an approximately triangular hole and an approximately square hole
are used to replicate an irregular hole with an inclusion layer embedded in an infinite
cracked plate subject to a remote mechanical tensile load parallel to the y-axis. This is



Aerospace 2022, 9,17

40f17

illustrated schematically in Figure 3. Let () ; and (), represent the matrix and inclusion
layer, respectively. The interface between the inclusion layer and the matrix is denoted
by I'1, whereas the interface between the inclusion layer and a hole is denoted by I'; (see
Figure 3). Note that the inclusion layer is assumed to be perfectly bonded to the matrix
and that the hole is under traction-free condition. According to the two-dimensional
elasticity theory, the components of the displacement and resultant force in the physical
plane (z-plane) can be expressed in terms of the two stress functions ¢(z) and ¢(z). The
mapping function is used as follows to solve an irregular hole problem:

O<w< ) 0
where w is the shape factor. The integer n represents the number of corners of a hole.
For example, n = 2, n = 3, and n = 4 for a triangle, square, and pentagon, respectively.
The conformal mapping function can map an irregular hole with an inclusion layer in the
z-plane as shown in Figure 3a,b, onto two circles with a common origin. In addition, the
inner and outer radii are unity and 1, respectively, in the {-plane (see Figure 3c). In the
{-plane, S, and S, represent the matrix and inclusion layer, respectively. L; represents
the interface between these, and L, represents the interface between S;, and a hole (see
Figure 3c). The geometric configurations of an approximately triangular hole with an
inclusion layer (n = 2) and an approximately square hole with an inclusion layer (n = 3)
for different values of w are shown in Figures 4 and 5, respectively.

z=m(g) = (C+

w=02 w=0.15 w=0.1

Figure 5. Configuration of approximately square holes with different shape factors.

The components of the displacement, resultant force, and stress can be defined as

follows:
26 (ux + ity) = x(7) — Z,((ng(@) ) @
[e@ 90
e [m’@ " m’(C)] ¥
A m(@) d D), Y(©)
Ty T+ 20y =2 [m,@ i) M’(C)] @
— Fy+iF = ¢({) + m(f) ¢'(0) +9(0) (5)
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where G is the shear modulus. ¥ = (3 —v)/(1 + v) for the plane stress condition, and
k = (3 —4v) for the plane strain condition. v is Poisson’s ratio. The prime symbol ()
represents the derivative with respect to ¢, and the bar () denotes the complex conjugate.

3. Stress Field
To simplify the derivation process, we introduce an auxiliary stress function w({) as

follows: ,
(%)

where r is the radius of a mapped circle of an inclusion layer.

3.1. Homogeneous Solution

The homogeneous solutions of an isotropic infinite plate under a remote tensile load
T at an inclined angle y between the x-axis and direction of tensile loading can be given
as [9]:

T
‘POZZZ (7)
T  Te %7
wo ZZ_ 5 z (8)

3.2. Stress Functions for the Triangular and Square Hole with Inclusion Layer

To solve the two-phase composite system, the stress functions are assumed to be of
the following forms:

00(0) + ¥ ¢m(@) T ESs
P(0) =1 o =l )
L @)+ L 0al0) TSy

W@+ L wml@) (€S,
w(@) = 0 n:1oo (10)
T w0+ L w,@) £e8,

With regard to an approximately triangular hole with an inclusion layer, the mapping
function in Equation (1) becomes:

w 1

- < —

gz)(0_w<2) (11)
The homogenous solutions for the problem of an approximately triangular hole with

an inclusion layer under an edge dislocation at { = { can be obtained as follows using the

above mapping function:

z=m(g) = ({+

#oa(£) = Qog(C — o) 12)
pu() = Qlog(1 - UG L) (13)

_ ngz Q(76+2wz) 1 1
woa(£) = ’4(§ o) + §3g4(§ ) ((CO*tl) + (Co—t2) T (CO t3 > + Qlog(g )
Qo+ N Tmirw

_ _ Qwy+wi) wg? 202 (1 1 1
“’%E@ e 2 g { o3 (At et ) )
Q(r®+2w? 1 1 1 1 1
+2S (e t Er e T ey i) (15)

e w(Zo+0) (2wZo®+wgo®)
+Q(L = =5) + Qo + 25) G wicer ot —5w)

(14)
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#u(0) = QoglZ ~20) ~ Qo+ 5 2 () (16)
A w(Go+7) = (2wCCO + wlo®)
0 =00~ =52+ 0G0+ S Er o
where
t = (Zw)%, tr = St \fi)(Zw)él ts = S \/2§i><2w)§f $o = Poa + Pob, Yo = Poa + Pop, Wo = woa + wWoy

and Q = (3%:%) . by and b, are the components of the Burgers vector for the dislocation.

The analytical continuation would be used to determine the remaining stress functions
in Equations (9) and (10). First, the stress functions at the interface L; need to satisfy
the perfectly bonded condition such that both resultant force and displacement must be
continuous at L1. Second, the traction-free condition must be satisfied at the hole boundary
Ly. After performing the analytical continuation in conjunction with the alternation method,
the final expressions of the stress functions for the problem of an approximately triangular
hole with an inclusion layer under an edge dislocation at { = (¢ can be obtained as follows:

() = ~ @) + () (18)
W1 (§) = Apaoa(F) — @y (Q)
(1+H{1b){ E ,zgu) ] [€+(1+f§$fz2<zzu>l/3] - [%+ (18322(210)1/3} } (19)
P (0) = (1+ Ay )poa(©)

—I1,, Ciy _ Cio _ Ci3 (20)
B NGRS CEE) R PR

W (0) = (1+Tlye)woa ()

_ Cn [on 1
|7 1w + M N ) @b
¢ g é+ 2

¢ﬂl‘l<§) = (1 +Aah)q)ﬂ 1( )
(€)= Mapror () (7 )Con + ()G + ()50 i—2sas.. (22)
q>17n(§) Ty, — 1( ) + Hab[ (g)cnl + llz(@)cnz + M3(€)C713]

(€)= (14 Tha)n1(0) + (1+ T [~ (F ot + () Coa + (7 )

) = (0)Chy +ha(0)Chp + h3(0)Crs
)= In(1)Cy + ()T, + ()T, " VA B

where

Gp—Gy Gp— o Ka—GuK Gy —Gypxy
My = ity Moo = Gty Boa = et and Mg, = L
m(z)-m(z
wZﬂ(C):ig P 1( ) +wn1(2),
2
m( ) m()
1 1 _ 1
up(g) = =2 (2w) 1/3,7/12@) R 1/3/743(@) = §+(1+\/§i>72(2w)71/3
7 oz

1 _ 1 _ 1
m(¢) = g-(zw)*m’hZ(g) e 75 h3(0) = PV TE
2 2
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It should be noted that the corrected terms in Equations (19)—(23) should be introduced
to remove singularity points. The coefficients of the corrected terms in Equations (19)—(23)

are (see Appendix A).
w Nowh? N (ow)l/3
Cn =200 (1 4 Wmm [(20)'7?], € = BB (g 4 2w2>¢bn ””“]
— T ; 1/3 —
— (=vaeu!) (1+2f;)%n{< 1) (20) }C,’il— uy” (1+ﬁ)¢,§n[(zw)”3]
A (2wt /3 N (ow)l/3
Cry = %( v %

. 1/3 P .
iy = (17\/51)6(271;4) (1+ﬁ)4’z’m 71+ﬂé)(2w)1/3

With regard to an approximately square hole with an inclusion layer, the mapping
function in Equation (1) becomes:

w 1

F0<w<y) 24
The homogenous solution pertaining to the problem of an approximately square hole

with an inclusion layer under an edge dislocation at { = {( can be obtained as follows:

z=m(g) = (+

$0a() = Qlog(Z — o) (25)

(o + 4l +87),
73208
_ Qug Qu?z*
“’Ogéi) 3‘;)6(&@) T Pt —wi = all)
r°+3w 1 1 1 1
+ 4r°(2—-0) ((Eo—fl) (Go—t2) + (Co—t3) + (Co— f4))

+Qlog (¢ — o) _Q@O‘F (W)

 QuA(3L2L02+20300)
wop(8) = y6(§3§037w§027w€2*2‘7§§0)

$ov () = Qlog(1 - (26)

(27)

Bsw? (1 1, 1 1) QGwi+wiA42wily)
s (ﬁ tretre T é—t4) C(C3Co3*WCoLW§2*wg’§o)
+Q(r8+3w2) ( 1 1 1 1 1 1,1 1 )
470 ((C—zfl) (t1— éo) (C—t2) (¢ *C) (C—f3)3(t§*60) . (C—f45) (ts—Co)
A — w(Zo®+80l+T%) 3wgo°C +2wlp " f+wlp
+Qlog(1 oo ) TRG+ 5 )(;% 3 w(Go?+200+22)) (Go?—3w)

(28)

— Bloo(t — ) — Zo
(D) = D1o8(€ )~ 00+ 25) (=g 5y )

30
+Q(%o + 0

_ 2 2
Yo, (§) = Qlog(1 — “OHEE)
L) 3wgp P2 +2wipt+wy®
037 (£3¢o*—w(Go?+¢Co+¢?)) (Go* —3w)

where t; = (3w)it, = (3w)¥its = —(3w)ity = — (Bw) i

The analytical continuation would be used to determine the remaining stress functions
in Equations (9) and (10). Similar to the previous approach, the final expressions of the
stress functions for the problem of a square hole with an inclusion layer under an edge
dislocation at { = { can be obtained as follows:

2

$a1(0) = oy Q) + %m(%

) 31)

Wy (g) i(l + Ipg) woq (gL L L

_ Cn Cip _ Ci3 Cia (32)
[%772(3?11)71/4] {%Jrrz(.%w)*l/‘*i} [%+r2(3w)71/4] {%42(&”)71/41}
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¢b1(€) = (1 =+ Aba)‘POu(é)

. . c c (33)
~Hay [Cfrz(;ul))‘“‘*] - [§7r2<3zf>‘”4i} " [C+rz<3i>‘” T [5+’2(3$>_1/4i]}

W1(2) = Apaoa(F) — wgy (0)

14T TR < SRR -7
1+ ab){ {%_72(3?0)—1/4] [%-&-rz(?aw)*l/‘li] + {%+r2(3w)71/4] [%—r2(3w)71/4i]
(34)
(Pan(g) 7(1+Alb)¢” 1( )
Wyn(©) = At () = T2 )Cot +73( 2 )Gz — (2 )T + 15( 2 )Tt n=2345. (35)
Gy (0) = Hap@n—1 1(%)‘”1@[ u1(§)Cont + 12(8)Crz — u3(8) Cruz + 1a(Z) Cra] o
Wi (€) = (1 Ta)awa-1(8) + (1 + Tlay) [~T5(F)Con +72( 72 )Coz — (7 )Coa + 757 ) ot
o x (1 _ C* * *
{ () =~y (0) = Q)G +Ia(OCp = IE)Co + 1Oy 55, (36)
wn(Q) = =@ou(}) =M (})Ciy +ha2(3)Crpy = B3 (1)Cry + ha(2)C4
where
_ 1 — - 1
ul(g) = g_r2(3w);1/4/7«12(€) - 72(3w> 17%; U 3(@ €+72(3w) 1/4/7«14@) §+r12(3w)’1/4i
h(Z) = W'hZ(O o (3w> ) 5 h3(Z) = thd@ = T ow) TE

The coefficients of the corrected terms in Equations (31)-(36) are obtained as (see

Appendix A).
3,1/2 g — 3032 y
G = O (1 5500 [ 00)'"], G = OG— (14 ) [~(0) ™
3031/ 5\ 3w)'? ]
Cra = COI (14 ), [~ (3u) 4], Ca = Zri (1+ 22)9],, | (30) /1]
* 3 31/ vl * 3 /]
Ci, = ( w4) 1+ 3zl7>¢2n (3w)1/4}, cr, %(1 + 3wz)%n[ (3w)l/4z
. 332 N . 3y1/2 1/4.]
Cia = O (14 gLy, [~ (3w 4], Gy = B (1 + 310007, (30) /44

It should be noted that the stress functions of an irregular hole with n > 4 can be
obtained in a similar manner. Owing to the limitation of space, only the stress functions
with n = 2 associated with an approximately triangular hole and the stress functions with
n = 3 associated with an approximately square hole are presented.

4. Singular Integral Equations
Consider a crack in an infinite matrix where the corresponding complex potentials are
given by
$(8) = ¢o(C) + Pa1(0) + Pa2(§) G € Sa (37)
w(8) = wo(§) +wan(l) +wa(l) §€Sa (38)

The resultant force along the crack surface can be calculated by substituting ¢(¢) and
w(Q) from Equations (37) and (38) into Equation (5) and integrating along the crack surface.
The singular integral equation with logarithmic kernels can be obtained as follows by
employing the superposition method:

/ K(Z,T,20,20)Q(s)ds + / Keon(8,C,00,80)Q(s)ds + ¢y +icy = —F, +iFy  (39)
2a

where

K(gr zr Co, %) = Lo (gr Zr Co, %) +Ln (gl Zr o, @) + Lo (gr ZI Co, g) (40)
KCD?! (g/ z/ gO/ %) = LOcon (gl Z/ CO/ %) + Lalcon (gl Z/ gO/ @) + LaZcon (gz Z/ CO; %) (41)
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m(Z)

LoQ + LoconQ = o + —=2=¢"(Z) + 10 (C) (42)
m/(Z)

LalQ + Lalcon@ = (Pzzl =+ ﬂ¢/ﬂl(g) + ¢a1 (g) (43)
m/(g)

LaZQ + La2con@ = 47a2 + ﬂqj/ﬂ(g) + ¢u2(€) (44)
m!({)

with Lo,Ls1,Lz2 and Locon,Latcon, Lazcon are the coefficients of Q and Q, respectively, from
Equations (42)—(44).

For the problem of an infinite matrix under a remote uniform tensile load, the re-
sultant force —F, + iFy can be calculated by substituting the homogeneous solution from
Equations (7) and (8) into Equations (22) and (23) as well as Equations (35) and (36) for an
approximately triangular hole and approximately square hole, respectively:

~Fy(0) +iFe(2) = g0 + 2 g0/ (D) + 9o (0)

=== Pn1/(C) + Ya1 () (45)

The single-value condition of the dislocation density function along the crack border
must be satisfied such that:

/ [b1(s) + iby(s)] ds = 0 (46)
2a

By separating the singular integral equation (Equation (39)) into real and imaginary
parts, we obtain the following two singular integral equations:

J Re [K(g,Z, goL%) ‘I;Kcon@/Z/ gOLg)]kl(s)ds
+ [ Im[—K(Z, 2,20, C0) + Keon(Z, 2,20, C0)] b2(s)ds + C1 = —F, (o)

f Im [K(QZIEOI%l‘F KCOl’l(g/Z/gO/%l] bl (s)ds (48)
+ [ Re[K(Z,Z,20,C0) — Keon(Z, T, C0, C0)] ba(s)ds + Ca = Fx(Zo)

The coefficients of the dislocation density function b;(s) can then be solved numerically
by Equations (45)-(48).

(47)

5. Stress Intensity Factors

To determine the coefficients of the dislocation density function b;(s), we divide the
crack into N line segments. The crack surface is composed of three parts: left tip, middle
segments, and right tip. To approximate the singular solution of the dislocation density
function along the crack, the dislocation density function at the right and left tips should
be treated as a square-root singularity, whereas the dislocation density function along
the middle segments would be considered as a linear interpolation relationship. The
formulations of the dislocation density function in terms of the local coordinate system
si(1 < j < N) are defined as follows [26]:

bi(s1) = biq (, /d12j~151 — 1) + b2 left tip of the crack

bi(sn) = binat (, [ — 1) + by right tip of the crack (49)
bi(sj) = bl-,jdjz%djsf + wa% middle segments

where i = 1 or 2, b; ; is the coefficient of the dislocation density function, and d;(1 < j < N)
represents half of the length of each line segment. N + 2 algebraic equations are established
for solving N + 2 coefficients of the dislocation density function by substituting the above
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relationship of the dislocation density function into the singular integral Equations (47)
and (48) and satisfying the single-value condition Equation (46). Certain exact integration
formulae are used to solve a system of algebraic equations [26]:

2d
= vad r)dr = —
L gfd ( 4 1) log(r)dr = 2d(log(2d) — 3)
L = [log(r)dr = 2d(log(2d) — 1)
0

d
I = ;/" (% - 1) log(2d — r)dr = 2d(log(2d) — 3 + 4log(2d)) (50)
I = f 24 = d(log(2d) — 1.5)

Zd
Is = { 27 log(r)dr = d(log(2d) —0.5)

and the Gauss—Chebyshev integration rule is used:

rd M (Zm —
/ 2 (sm) sin

—d —

1 . 2m —1
7r> w1thsm:dcos< M n);m:l,Z,...,M (51)

After obtaining the coefficients of the dislocation density function, the stress intensity
factors can be determined as follows [26]:

Ky = Kjpa —iKppp = —e ”(27T)211m\fb( )= (275) (2dy)e (b1 1 +iby1)

3 A 52
Kg = K — iKyjp = e~ 7(27) zllm\/ a—s)b(s) = (27)2\/(2dn11)e" ™ (b1, N1 + ibo,N41) 2
where b(s) = by (s) + iby(s). The inclined angle v is defined as the angle between the x-axis
and the direction of the tensile load.

6. Results

This study is aimed at investigating the failure behavior of a non-circular hole with an
inclusion layer embedded in an infinite crack matrix under an in-plane remote uniform
load. The SIF depends on the distance between a crack and the non-circular hole with an
inclusion layer, material properties, and geometry of the non-circular hole. To prevent
certain singular points in the continuity equations, the corrected terms, Equations (A6)
and (A10), should be introduced. The contribution of these corrected terms is displayed in
Figure 6.
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Figure 6. (a) Real parts of the constants (C,;» and C,3); (b) imaginary parts of the constants (C,» and
Cp3); (c) constants (C,;1) for a triangular hole problem (w = 0.15, G, /G, =2, r = 1.05).

Note that the coefficient of the corrected term C,;; is a real number and those of the
corrected terms C,p and C,3 are two conjugate complex numbers. It is noteworthy that
the coefficients gradually decrease to zero when the distance between the dislocation and
the non-circular hole increases, as shown in Figure 6. Furthermore, the contribution of
the corrected terms reduces with the increasing number of iterations, as shown in Table 1.

According to this Table, the contribution of the corrected terms from the first to third

iterations for a triangular hole problem is 72.7%, 18.7%, and 8.6%, respectively. The first
two terms contribute >90%, which shows the rapid convergence of the proposed method.

Table 1. Value of corrected constant (C,;1) and its contribution for a triangular hole problem.

Corrected Constant Value Contribution
Ci1 —-1.1171 72.7%
Cy1 —0.2866 18.7%
Cs1 —0.1327 8.6%

@=0.15, Gy/Ga = 2,7 = 1.05, 20 = 2.

In the first part of this section, an approximately triangular hole with an inclusion layer
(n =2) and a line crack (2a = 1) is considered. To verify the correctness of the presented
analytical results, the calculated stress intensity factors at Tip A for an approximately
triangular hole problem are compared with the results obtained using the finite element
method, as shown in Figure 7. The analytical solutions of the SIF agree well with the results
obtained using the finite element method.
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Figure 7. Stress intensity factors at Tip A for an approximately triangular hole with inclusion layer
(w=0.1, Gp/G, =4, r=1.05).

The dimensionless Mode-I SIFs at Tip A and Tip B versus the dimensionless h/2a with
different material properties are shown in Figure 8.

(b)

o~
&
=~

08

K, (4) (normalized Mode-T stress intensity factor)

K, (4) (normalized Mode-I stress intensity factor)

h/2a (dimensionless location of crack) h/2a (dimensionless location of crack)

Figure 8. SIFs with different shear moduli of an approximately triangular hole with inclusion layer
(a) at Tip A (b) at Tip B (r = 1.05, w = 0.15).

The results show that the contribution of the inclusion layer becomes significant
when the crack and inclusion layer approach each other. In addition, the stiffer inclusion
(Gb/Ga =4, 3, 2) layer would decrease the SIF when the crack approaches the inclusion
layer. In contrast, the softer inclusion layer (Gb/Ga = 0.9) would increase the SIF when
the crack approaches the inclusion layer, except when the crack is sufficiently close to the
inclusion layer. This can be explained by the fact that the presence of the inclusion layer
could suppress the crack propagation when the crack tip is adequately close to the inclusion
layer. In general, crack propagation would be enhanced when the crack is close to the softer
inclusion layer and suppressed when it is close to the stiffer inclusion layer. The Mode-I SIF
at Tip B is less affected by the inclusion layer than that at Tip A. This is because the distance
between Tip B and a triangular hole is larger than that between Tip A and a triangular hole.
It is noteworthy that the softer inclusion (Gb/Ga = 0.9) could decrease the SIF at Tip A
when a crack is adequately close to the hole as mentioned above. Meanwhile, the softer
inclusion (Gb/Ga = 0.9) increases the SIF at Tip B when the crack approaches a hole. From
the experimental observation regarding the evolution of Cr/CrN multilayer coatings on
the titanium Ti6Al4V alloy during indentation [4], it is determined that the cracks exist only
in the CrN layers after the indentation test (see Figure 1c). The micro-crack initiates at the
interface Cr/CrN and grows toward the CrN layer. This is because the shear modulus of
Cr and CrN is 115 GPa and 76.6 GPa, respectively [27]. This indicates that the Cr and CrN
could be regarded as the stiffer and softer inclusion layer, respectively. This phenomenon
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demonstrates that crack propagation occurs in the region of the CrN inclusion layer (softer),
whereas the Cr inclusion layer (stiffer) can be regarded as a blocking layer to suppress the
crack propagation (see Figure 1c). A similar phenomenon of failure behavior can also be
observed in the thermal barrier coatings produced after hot corrosion [28]. When the crack
is farther from a triangular hole with increasing the distance h/2a, the contribution of the
triangular hole to the SIF reduces [29].

The stiffer inclusion layer would exert a retardation effect on crack propagation. The
retardation effect can be explained by the trapping mechanism of the dislocation problem.
For the interaction problem associated with a coated approximately triangular hole under
an edge dislocation [10], the dislocation would be initially attracted by a hole and then
repelled by the stiffer coating layer when an edge dislocation approaches the stiffer coating
layer. This is the so-called trapping mechanism.

In the second part, an approximately square hole having an inclusion layer with n = 3
in Equation (1) is considered. The dimensionless Mode-I SIFs at Tip A and Tip B versus the
dimensionless h/2a with different material properties are shown in Figure 9.

—_~
&
=

(b)

G,/G=0.9
———- G,/G3
—— G,/G
—— G,/G=S

— G,/G0.9
———- G,/G=3

K, (4) (normalized Mode-T stress intensity factor)

K, (4) (normalized Mode-I stress intensity factor)

0.0 02 04 06 08 10 0.0 0.2 04 06 08 1.0

h/2a (dimensionless location of crack) h/2a (dimensionless location of crack)

Figure 9. The SIFs with different shear moduli of an approximately square hole with inclusion layer
(a) at Tip A (b) at Tip B (» = 1.05, w = 0.06).

The Mode-I SIF of an approximately square hole with an inclusion layer has a tendency
similar to that of an approximately triangular hole with an inclusion layer, as shown in
Figure 8. The softer inclusion layer would increase the SIF when the crack is in front of
the inclusion layer whereas the stiffer inclusion layer would decrease the SIFE. Thus, the
stiffer inclusion layer can restrict the crack propagation and generate a retardation effect.
In the second section, different configurations of an irregular hole with an inclusion layer
obtained by controlling the shape factor are shown in Figures 4 and 5. The effect of the
shape factor on the SIF for an approximately triangular hole with a stiffer inclusion layer is
shown in Figure 10. The result indicates that the retardation mechanism is stronger for an
approximately triangular hole with a stiffer inclusion layer when the shape factor is larger.
This is because the inclusion layer becomes shaper when the shape factor increases.
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Figure 10. SIFs with different shape factors of an approximately triangular hole with an inclusion
layer (a) at Tip A (b) at Tip B (r = 1.05, G;/G, = 4).

Similar results are observed for an approximately square hole with a stiffer inclusion
layer as shown in Figure 11. In this study, an approximately triangular hole with an
inclusion layer (n = 2) and an approximately square hole with an inclusion layer (n = 3) are
demonstrated as representations of an irregular hole with an inclusion layer. From these
two cases, both an approximately triangular hole and an approximately square hole, with
stiffer inclusion layers would exert a retardation effect on crack propagation depending on
the shape factor and material properties.
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Figure 11. SIFs with different shape factors of an approximately square hole with an inclusion layer
(a) at Tip A (b) at Tip B (r = 1.05, G,/G, = 4).

7. Conclusions

The failure analysis of an interaction problem of a non-circular hole with an inclu-
sion layer embedded in an infinite crack matrix under a remote in-plane uniform load
is presented in this study. The solution to the stress functions that are holomorphic in
different regions is derived in a series form by the conformal mapping method and ana-
lytical continuation with an alternating method. Based on the superposition method, a
system of singular integral equations is established. Furthermore, the coefficients of the
dislocation density functions are obtained numerically and can be related to the SIFs. The
theoretical results have a good agreement with the simulation method. In addition, the
fracture behavior of the crack is strongly influenced by a non-circular hole when the crack is
far away from the non-circular inclusion layer, whereas the contribution of the non-circular
inclusion layer becomes more significant when the crack and non-circular inclusion layer
approach each other. Owing to the larger shape factor, the effect of geometry would be
more intensified. In addition, the corrected terms and SIF would be rapidly convergent
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when the number of iterations becomes larger. It is important to note that crack propagation
would be prevented by the stiffer inclusion layer even when a defect such as a hole resides
in the inclusion layer.
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Appendix A. Determination of Corrected Constants

The potential function wy, () in Equation (21) contains certain divergent terms owing
to the presence of the mapping function as follows:

m(s) |
/(€)¢wn(€)4-4wn(é) (A1)

For an approximately triangular hole,

Whn (é) -

2w 1.6 2472
) (7+7F)  w a(®+20)
O~ 1= AT @ (42

m7) _ (T+5) e AP+ .
m' (7)) ( _%}) ot (¢* —3w)

When continuity conditions are employed, three singular terms in wy,, (%) for an

approximately triangular hole problem and four singular terms in @y, (%> ) for an approxi-
mately square hole problem are observed in Equations (A4) and (A5), respectively:
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To remove these singular terms, three corrected constants (C,;1, Cy2, and C,3) for an
approximately triangular hole case and four corrected constants (Cy;1, C2, Cy3, and Ca)
for an approximately square hole case are introduced as follows:

For an approximately triangular hole,

2 2
2 Pon(5) + 590’ (F)
wbn ( —) _ Cnl2 + C112 T + Cn3 T (A6)
g 57771 g 1+fzr (2w) -3 g (1- \fzr (2w) -3
(2w)3
where 3
(2w*) r 1/3
Cn = g — (4 5)0, | (2)') (A7)
(1+\/§i)(2w4)1/3 o ——[—(1+V3i)2w)?
1/3 6 1/3
(1 —+/3i)(2w*) r (—1+ V/3i) (2w)
Cuz = 612 ( )‘an 2 (A9)
For an approximately square hole,
— [ r2
r2 Yon(7) + 20w’ ()
Wpp ( Z) = _ Ci . + Cn2 —— Cu3 . + Cha . (AlO)
{—r2B3w)" %  (—r2(3w)” 4i  +r2(3w) 4  {+r2(3w) 4i
where »
(3w r 1/4
Con = = — (14 550, | (3w) | (A11)
1/2 8
(3w3) — 1/4.
Cuz = = 5— (14 55)9},, [~ (3w) "] (A12)
1/2 8
(3w?) r° = 1/4
Cus = g — (14 3¢}, [~ (B3w)*] (A13)
1/2 3
(3w?) e 1/4.
Cot = o — (14 55)9, [ (3)/4i] (A14)
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