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Abstract: Three-dimensional static stress intensity factors were analyzed for a curved crack by
using a second order perturbation method. The method was extended to obtain an approximate
representation of a three-dimensional static stress intensity factors at the tip of a curved crack.

The criterion of elastic bending crack propagation the three-dimensional body was summarized.

The shape parameters of three-dimensional linear elastic bending crack propagation were figured
out. A static energy release rate due to three-dimensional curved crack growth could be calculated
by using Irwin’s formula. Considerations were made for a three-dimensional static curved crack
in materials with inhomogeneous fracture toughness. As far as homogeneous matter was
concerned, in the framework of the second-order perturbation analysis theory, the two criteria
indicated the same three-dimensional static load bending crack propagation path. However, the
energy criterion was superior to the stress criterion in materials with non-uniform fracture
toughness. Three-dimensional static curved crack path destabilizing factors were compared and
analyzed. Critical relations between the material degradation and the static applied stress or the
outer static stress for various initial three-dimensional crack lengths have been studied.
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0 Introduction

Perturbation analyses for a quasi-static
slightly curved crack were first performed by
Banichuk!, and Goldstein and Salganik™®, in
which they satisfied the boundary conditions
approximately along the slightly curved crack
surfaces with the use of Muskhelishvili’s complex
potentials. Having obtained a rather simple
expression of stress intensity factors by using the
same method, Cotterell and Rice'" examined the
crack growth path of a semi-infinite crack in an
infinitely extended plane. A second order
perturbation solution was calculated by Karihaloo
et al. ', in which they considered a straight crack
slightly  kinked-curved

of finite length with

extension in an unbounded plane that was
subjected to uniaxial tensile stress at infinity. First
order perturbation analyses were also performed by
Sumi et al. "7 for a straight crack in a finite body
with a slightly branched and curved extension.
The shape of branched and curved extension is
approximated by a continuous function with three
shape parameters, and the approximate stress
intensity factors at the extended crack tip are
obtained in terms of these parameters and the near
tip stress field parameters ahead of the crack tip
prior to its extension, where the effects of the
geometry of the domain are also taken into

account. Yang et al. ' have obtained approximate

descriptions of the stress intensity factors at the

where the
[9] ,

two dimensional curved crack tip,
cracked body is subjected to dynamic loads. Wu
Amestoy and Leblond"'®' have acquired the exact
asymptotic results of the path of a crack warp
ramification and of the stress intensity factors
existing in the crack warp ramification tip. But as
far as the application of second order perturbation
solution is concerned, the research productions
were all localized in those of two-dimensional crack
warp developments in weldment while enduring
linear elasticity

loads of static state on

131 So far, little attempt has been made

conditions
to study the problem of a three-dimensional,
curved and elastic crack developing under static
load by means of second order perturbation
analysis.

In this paper, static stress intensity factors of
three-dimensional curved crack tips have been
analyzed and calculated on the basis of the research
production of Refs. [ 6-7]. Furthermore, the shape
of a three-dimensional curved crack has been
predicted when the crack body is under static load.
When enduring multidirectional static loads, the
original three-dimensional straight crack will curve
because of uneven fracture toughness or material
inhomogeneity such as a local degradation zone.
Using a second order perturbation analysis
solution, fracture behaviors of a three-dimensional

brittle curved crack will be studied on.
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1 Approximate description of a three-
dimensional curved crack in a finite
body receiving static load

1.1 Modification of the second order perturbation
solution to a three-dimensional curved crack
According to subsistent research productst®'%-'1,
approximate description of the three-dimensional
static stress intensity factor amplitudes, K7’ and

K7 . are calculated and given as:
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And the finite body corrections of the static stress
intensity factors at the three-dimensional curved

crack tip are given by:
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Fig.1 A three-dimensional curved crack

in a finite body enduring static load
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Therefore, the three-dimensional static stress
intensity factor amplitudes K;; and K, at the
three-dimensional curved crack tip are respectively

given by

Ky, =J/F(T)K,=
JETHK + K] +0@?)  (5)
Ky, =J/F(T ) Ky =
JETHIKS +KPT+0w (6

K zand K ;;; are the three-dimensional static stress
three axis stress

intensity factors containing

constraint.

F(T,) :%(1+v) +

%(1—V><1+TZ>2/<1—2TZ>2 %6

T, is off surface confinement factor!'*'”), See Ref.
[18] for the meaning of the remaining parameter

symbols.



726 ¥ EAFEARARFFIR

%49 %

1. 2 Criterion of the three-dimensional curved static
crack unsteady extending

Let static fracture toughness of the three-
dimensional crack body be K¢, . type one static
fracture toughness of the three-dimensional crack
body be K ;7 and type two static fracture toughness
of the three-dimensional crack body be Ky .
Thereinto: K ;¢z» K ¢z are material constants.

Steady condition or criterion of the three-
dimensional static curved crack:

(K 12) max < Kz and (K 117 max << Kpiez (8D
Condition or criterion of three-dimensional static
curved crack unsteady extending:

(KIZ)max 2 K¢, or <K”Z)max 2 Kz (9

Combining (5), (6), (7), (8) and (9), we
can know the extending state of the three-

dimensional static curved crack.

2 Discussion on static crack path criteria

2.1 Static energy release rate
Based on the research production of Bilby and

[, the static elastic energy release rate

Cardew
G, , due to the slightly branched and curved crack
extension in homogeneous materials under static

load can be calculated as
1

Y (K3, + Ky a1
2y

in which ¢ and v are shear modulus and Poisson’s

GZ:

ratio respectively, and K, and K ;; are the three-
dimensional static stress intensity factors at the
extended subsistent

crack tip. According to

research products™®!f

1, G,is given by
Gz :Goz[az Rz Jenz] +
G%Z [az ’Bz ;/312 ’kuz ,szayz +
Gz [az BzsVzikizskuzs Tz
bizsbuzskylas +0y) (1D

The three-dimensional static energy release
rate of the three-dimensional curved crack is
initially governed by the first term Gy, which is
written as
1 a’

Goz[az?kzz vkuz] :%[(1 *i)/ﬁz —
1t 2

202k12k112+(1+%)k%121 a2

The first and second variations of G,, are
calculated as
1

aaz (Goz) =— ;v[(k%z — ki az + 2k izk 117 J6ay

2
(13)
1—v
2y
As far as the condition (&z)max > (Briz ) max
holds, Egs. (13) and (14) indicate that the branch
angle a, is given by

2k 17k 11 2k 11 2k 11;
_ ZRizRnz _fkuz | op— SRz

2 2
kiy — ki ki 1 3%

0:, (Goy) =— (kY —khy) Bay)? (14)

Ay —

3
)]
(15)

three-dimensional

which gives rise to the
maximum static elastic energy release rate of the
crack body.

One of the criteria often used in crack path
prediction is the condition of local symmetry,
which requires that kA, vanish along curved
crack™. When the crack body is receiving static

108d9

discretionary kj; due to static loads all vanish

these criteria will demand that the

along curved crack extension. This means that in
homogeneous materials both criteria designate
equivalent crack paths within the second order
approximation theory.
2.2 The effects of inhomogeneous distribution of
three-dimensional static fracture toughness
Here a crack under pure static loading
condition is considered, whose tip intersects a
specially oriented line degradation zone at angle a
(see Fig. 2), and where the critical static energy
release rates for the base material and the degraded
material are Go, and G, » respectively. The three-
dimensional static stress intensity factor at the
instance of fracture is calculated from Eq. (12) and

given by

en
ki =/F(T) kb =/F(T) [T a6

By comparison, if the crack extends in the

degraded zone., the kink angle is a7 and the static
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Fig. 2 A mathematical modeling of three-dimensional curved

crack propagation along a welded joint under static load

stress intensity factor prior to the crack extension

is also calculated from Eq. (12) as

ki; =VFE(T ) k[ =
2uG ¢

JE(T2) Juum(a;)zm

The three-dimensional static curved crack can

an

extend in the degraded zone under the condition
k17 max << (R 1z ) max (18
Substitution of Egs. (16) and (17) into (18)
results in the following relation between the angle

of inclination and the material properties.

(ay)?

2

3 The three-dimensional curved crack
path prediction of brittle fracture in
weldment under static load

3.1 An analytical model of a linear elasticity crack

in weldment

Based on the aforementioned static crack
analysis, researches have been made on a
transverse welded joint in an infinite plate under a
uniaxial tensile stress o, and the longitudinal
component of welding static residual stress o,
which is acting parallel to the welded joint, the
stresses are accordingly static in the region. As
shown in Fig. 2 the initial crack of length 2H. is
assumed to be parallel to the welding line. Material
deterioration is observed along the heat affected
zone, which is modeled as a line degradation being

also parallel to the welded joint with the distance

Ls, from the initial crack line. The resistance
forces of three-dimensional static curved crack
propagation can be denoted by G¢, for base and
weld metals, and G, for the heat affected zones
respectively. Brittle static crack propagation is
assumed to occur from the right hand side of the
crack tip where the origin of the Cartesian
coordinate system O-X, X, X is established. Since
a slightly warp ramification extension under static
stresses may be expected, the static crack
intersects the degradation line at anglea,; withx, =

The stress field parameters at the original

crack tip are obtained as

k]z :«/F(Tz)kl —0, «/KHF(Tz) ’
T,=JF(T,)T=JF(T,) (¢ .—05.)
bIZ :«/F(Tz)bI :%6(1 «/KF(Tz)/HZ ’

(kIIZ)m'Ax = (bIIZ)max =0, (kIIZ)min = (bIIZ)min =0,
1
8H,

En :Em =

’ EIZ :Em =0

(200
3.2 Three-dimensional static crack path prediction
As was discussed in the previous subsection,
in the case where the initial crack tip is contained
in a homogeneous material under static load, a
static crack path can be determined by the local
symmetry criterion, which is equivalent to the
condition K ;; =0 along the curved trajectory. The
three-dimensional static curved crack path is
approximated by Eq. (22), and the shearing mode
of stress intensity factor can be approximated by
the first order terms of Eq. (6). Putting the
equation to be identically zero and disregarding the
second order terms, the shape parameters of the
static curved crack path are determined as
72k 11z
kiz

78 /2 O(ZTZ
BZ*?) T k[Z ’

Ay — ’

- _ b 1
Yz =—C(kuzks +kle21+ﬂ) — +
2 k]Z
— — bIZ 1 TZ 2
{I:kIZ(ZkZZ kn)"‘ 2 ]2k12+4(/z12) }012

2D
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Substituting (20) into (21), ay =8, =7, =0
will be obtained.

This three-dimensional straight static crack
extension could occur only in the perfect system,
which means that the loading condition and the
geometry have the perfect symmetry with respect
to the crack line . Let us study the case in which
non-collinear crack propagation is caused by some
load induced disturbances in the system with a
small initial three-dimensional kink angle a, at the
original crack tip wused as the imperfection
parameter of the system.

The shape of the three-dimensional static
crack growth is acquired in the following form™ .
Az(x) =azxy + Pzl +r21 +OGV) s 2y =0

22
whereay, 8, and ¥, are the shape parameters.

The three-dimensional static crack path
stability is then examined by considering the
second and third terms of (22). The effect of static
crack path stability should be examined by means
of the rest of the terms being proportional to ay.
So the three-dimensional static crack path stability
should be evaluated by the quantity range Dg, that

is expressed as:
Dsz :Bsz +CSZ «/hz/Lsz <0,

stable; }
Ds; =Bs; +Cs;/h,/Ls; >0,

unstable
(23)

Bg, and Cg, are the three-dimensional parameters

representing the destabilizing effect against the

static curved crack:

8 (2 TLY
leig - k[Z ’ ;

_ _ b 1 4T
Csz:{[klz(2k22*/€11)+%] + Z}LSZJ
©29)

2ki; ki
Fig. 3 shows the crack path destabilizing

factors B, and Cs; for the present analysis model,
where the ratios of applied static stress and the
sum of the outer static stress and the residual
stress are chosen as 0. 25 and 0. 5. In the case

where the applied static stress level is relatively

%49 A
C‘SZ
5
4 0,70,70.25
N3
D, 0.70,7=0.50
i>l)
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1
0 Csz
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Fig. 3 Three-dimensional static curved crack

path destabilizing factors

low compared with the sum of the outer static
stress and the residual stress,and where the size of
the initial crack is relatively small, these
parameters have large values. This means that
static crack paths of low stress brittle fracture
initiated from a small initial crack at weldment can
most probably be branched into the base metal
approximately when the static crack path
destabilizing factors get up to maximum .

As the static crack further extends, it begins
to intersect the line degradation zone. Here the
question presents itself of whether the static crack
intersects the zone and penetrates into the base
metal, or whether it branches to the heat affected
zone, where the fracture toughness is lower than
that of the base metal. For the sake of solving the
question, the angle a; is calculated, which is
shaped by the static crack and the degradation line
by means of (22) ~(24). The condition of three-
dimensional static crack extension along the
degradation line could be acquired by using (21) .
3.3 Results and discussions

In this subsection static crack paths of brittle
fracture in weldments are analyzed based on the
numerical results. Numerical calculations are
performed for the cases in which the initial half
crack length is chosen as H, = 50, 100, 150, 200,
250,300, 350, and 400 mm. Since the distance
Ls, » between the initial crack line and the
degradation line is of the order of the bead widths,

it is chosen as 25 or 50 mm . The imperfection
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parameter a, is selected as 0. 5, 1. 0, 1.5, 2.0,
2.5, and 3. 0 degrees .

Based on the theory presented in the previous
subsection, the critical curves could be determined.
which distinguish the static crack propagation in
the base metal and in the degraded zone
respectively. Fig. 4 represents such curves for the
casesay = 2.5 degrees and Lg; = 25 and 50 mm.
Ando,; is very small, that is to say, 6,7 < 0.7 .
The figure illustrates that if the ratio of the applied
static stress and the sum of the outer static stress
and the residual stresss o,,/6,,” » and the ratio of
the critical static energy release rate of degraded
zone and base metal, G * /Gey » fall on the lower
right hand side of the respective curves, a static
brittle crack can probably propagate along the
degradation line. From Fig. 4, it can be concluded
that if the sum of the outer welding static stress
and the welding residual stress acting parallel to
the welded joint is relatively small, and if the
decrease of critical static energy release rate in the
degraded zone is comparatively large, three-
dimensional static curved cracks can probably
propagate in the degraded zone. These results
qualitatively interpret the difference of static linear
elasticity fracture behavior observed in welded mild
steel plates and high tensile steel plates. As can be
seen from Fig. 4, static linear elasticity fracture
starting from a longer straight crack has a
tendency to propagate along the degraded zone.
This means that once a static linear elasticity crack
has begun to extend in a welded joint, it could not
be expected to turn off the welding line and to

penetrate into the base metal,

4 Conclusion

In this article, three-dimensional static brittle
crack development in a finite body is analyzed by
means of a second order perturbation solution.
And it is applied to examine the relation between
the static energy criterion and the static stress
criterion for static crack path prediction. As far as
concerned, both

homogeneous materials are

1.0
@ H~=500 mm /
400 mm
09+
5
)
&) 08 H,~100 mm|
’ 200 mm
300 mm
a;=2.5°
0.7¢ Ls=25 mm
0 0.1 0.2 0.3 0.4 0.5
0470}z
1.0
®) H/~500 mm
400 mm
0.9 |
N a;=2.5°
©)
N Ls7~=50 mm
O
0.8
\—HFIOO mm
200 mm
0.7 F 300 mm
0 0.1 0.2 0.3 0.4 0.5

(TUZ/ o)z

Fig. 4 Critical relations between the material degradation
and the static applied stress or the outer static stress for

various initial three-dimensional crack lengths

criteria designate equivalent static crack paths
according to the second order approximation
theory. It should be contrasted for static crack
paths in materials with inhomogeneous fracture
which  the

predominates over the stress criterion.

criterion
As a

practical application of the method, morphological

toughness, in energy

characteristics of three-dimensional static linear
elasticity fracture in weldment are studied, and the
critical curves for the three-dimensional static
crack propagation in the degraded zone have been
acquired considering many factors such as applied
static stresses, welding residual stresses, localized
material deterioration and defect sizes.

Based on the research results of this paper,
the next research goal should focus on the
calculation of the stress intensity factor of the
three-dimensional linear elastic crack with sharp

bending, the plastic zone of the three-dimensional
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large bend elastic-plastic crack, the opening
displacement, the Jz integral and other fracture
characteristic parameters, the determination of the

shape parameters of the crack growth path, etc.
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