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Abstract: The effect of strength mismatch (ratio between the yield stress of weld metal and base
metal, My) on the ductile crack growth resistance of welding pipe was numerically analyzed. The
ductile fracture behavior of welding pipe was determined while using the single edge notched
bending (SENB) and single edge notched tension (SENT) specimens, as well as axisymmetric models
of circumferentially cracked pipes for comparison. Crack growth resistance curves (as denoted by
crack tip opening displacement-resistance (CTOD-R curve) have been computed using the complete
Gurson model. A so-called CTOD-Q-M formulation was proposed to calculate the weld mismatch
constraint M. It has been shown that the fracture resistance curves significantly increase with the
increase of the mismatch ratio. As for SENT and pipe, the larger My causes the lower mismatch
constraint M, which leads to the higher fracture toughness and crack growth resistance curves. When
compared with the standard SENB, the SENT specimen and the cracked pipe have a more similar
fracture resistance behavior. The results present grounds for justification of usage of SENT specimens
in fracture assessment of welding cracked pipes as an alternative to the traditional conservative
SENB specimens.

Keywords: weld strength mismatch; ductile tearing; pipelines; mismatch constraint

1. Introduction

The original idea of application of conventional fracture mechanics was that a single parameter,
such as crack tip opening displacement (CTOD) and J-integral, could well characterize the crack-tip
stress filed. Additionally, the unique fracture resistance curve, J-R or CTOD-R, was enough to reflect
the material behavior. The shortages of such idealized one-parameter theory, however, become
increasingly clear by studying the diversified crack-tip fields [1–3]. Thus, two-parameter fracture
theory (i.e., elastic T-stress [4] and J-Q theory [5,6]) has been developed to characterize the crack-tip
stress field and measure the constraint levels for various geometries and loading configurations in
elastic-plastic materials.

Crack-like defects always produce during in-service operation or fabrication for pipelines. The
single edge notched bending (SENB) specimen is usually treated as an experimental standard. While the
researches make it clear that the standard SENB has certain conservatism due to its remarkably higher
geometry constraint than actual pipes with circumferential surface cracks. The single edge notched
tension (SENT) specimen has been frequently suggested for its more similar geometry constraint as the
cracks in pipes in front of the crack tip [7–10].
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Weldments commonly exist in engineering structures and they tend to be the most critical part
of welded structures for the instability of fracture. Weld strength mismatch plays a crucial role in
structural integrity assessment. For this known reason, researches focused on characterizing the local
stress fields of weldment and heat affected zone (HAZ) [11–13] were carried out in recent decades. For
such a mismatched weldment, there are two types of constraints consisting of geometric constraint
induced by specimen dimensions, loading modes and crack size, and the material constraint induced
by inhomogeneous material properties [14,15]. Zhang et al. [14] proposed the mismatch constraint
parameter M to describe the influence of material mismatch on the crack tip stress field. Furthermore, a
so-called J-Q-M theory (see e.g., Zhang et al. [14,16,17]), where both constraint effects were considered
to characterize the local stress field near the crack tip was developed by SINTEF/NTNU. Recently,
Zerbst reviewed the fracture results of inhomogeneous microstructure for materials testing and failure
assessment [18]. The Claudio Ruggieri group examined the effect of weld strength mismatch and crack
sizes (a/W ratios) on J and CTOD ductile fracture parameters while using SENT specimens based on
plastic η-factors and load separation analysis [19,20]. On the other hand, the similar investigation about
strength mismatch effect on fracture mechanical behavior for SA 508-Alloy 52 narrow gap dissimilar
metal weld was conducted by microstructural and fracture resistance characterizations [21]. The results
showed that the mismatch state caused the crack to propagate towards the fusion boundary. When the
crack initiated from HAZ, the crack propagation occurred towards the weld zone for the undermatched
condition [22]. Recently, Qiang Bin et al. studied ductile crack growth behaviors at different locations
of a weld joint for an X80 pipeline steel by experimental and numerical methods, it demonstrated that
the Gurson-Tvergaard-Needleman (GTN) model can differentiate the constraint conditions and predict
the J-R curves at different joint locations for SENB and SENT specimens accurately [23].

There are no reported studies so far on the ductile fracture resistance behavior for
strength-mismatched welding pipe under large scale yielding conditions to the best of our knowledge.
Thus, present work mainly investigates the effects of specimen geometry and weld strength mismatch
on the ductile fracture resistance of welding pipe. Additionally, the constraint state ahead of a
propagating crack is taken into account. The traditionally used deep-cracked SENB (with a/W = 0.5)
specimen and the shallow and deep-cracked SENT (with a/W = 0.2 and 0.5) specimens as well as the
axisymmetric models for pipes with internal circumferential cracks are selected for comparison in
order to characterize the crack tip constraint effect on the fracture toughness. In present work, only a
bi-material central crack (namely, the heat affected zone is neglected and crack is located in the center
of weld metal that is besieged by base metal) is considered. Additionally, the tri-material and interface
crack problem will be discussed in another manuscript.

2. Background and Numerical Procedures

2.1. Background and Numerical Procedures

It has been well known that the nucleation, growth, and coalescence of microvoids lead to the
ductile crack growth in metals. In recent decades, large amounts of investigations for elastic-plastic
materials incorporating void mechanisms have been made in developing the constitutive models
and the widely accepted one seems to be the Gurson-Tvergaard-Needleman (GTN) model, which is
firstly introduced by Gurson [24] and then modified by Tvergaard and Needleman [25–27]. The yield
function of the GTN model keeps to the following form:

ϕ
(
σi j, f ∗, σy

)
=

σe
2

σ2
y

+ 2q1 f ∗ cosh
(

3q2σm

2σy

)
− 1 − q1 f ∗2 (1)

in which σy is the flow stress of the matrix material, and f* is the effective void volume fraction, σe is
the von Mises stress, and σm is the mean normal stress component. Constants q1 and q2, as introduced
by Tvergaard, were used to modify the Gurson model.
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Introduced by Tvergaard and Needleman, f* follows the next form:

f ∗ = f f ≤ fc
f ∗ = fc +

f ∗u− fc
fF− fc

( f − fc) f > fc
(2)

where fu* = 1/q1. In Equation (2), f represents the void volume, fc (the so-called critical void volume
fraction criterion) assumes that the void coalescence occurs, and fF is the void volume fraction at
final failure.

Combining Thomason’s plastic limit load model [28] and the GTN model, Zhang et al. [29]
proposed a so-called “complete Gurson model (CGM)”. It should be clear that, in the CGM, an
automatically determined fc was around 2%, and fF = 0.20 + 2f 0. In this paper, q1 = 1.5, q2 = 1.0 and q3

= q1
2 are applied to the GTN model and f 0 = 0.001 for all analyses have been considered. By using a

user material subroutine UMAT that was developed by Zhang [30–32], the complete Gurson model
was implemented in Abaqus.

2.2. Crack Tip Constraint

It is well known that a combination of geometry constraint [4,5], material mismatch constraint
[14,15], prestrain history [33], and welding residual stresses constraint [34,35] affects the crack tip
stress field, which makes fracture toughness is no longer a material constant. The purpose of studying
constraint is to find an appropriate parameter(s) to characterize the crack tip stress-strain fields and
achieve the goal that the result of fracture toughness can be transferred from one test geometry
to the others. In the following, only the constraints due to geometry and material mismatch are
briefly reviewed.

2.2.1. Geometrical Constraint J-Q Formulation

For homogeneous materials, the single-parameter based approach has a limited range of validity.
The crack tip stress field is not completely controlled by J or CTOD, which is also influenced by specimen
dimensions, initial crack size, as well as loading mode. As proposed by Betegon and Hancock [4], J-T
theory is mainly used to depict the crack tip stress field of elastic material. For elastic-plastic fracture
problems, Shih and O’Dowd’ J-Q formulation [5,6] and Yang and Chao’ J-A2 [36] formulation represent
the influence of geometry constraint on the fracture toughness, in which J sets the deformation level
and the Q and A2 parameters are a direct measurement of the level of the elastic-plastic stress-fields.
It has been shown that the Q parameter and elastic T stress are uniquely linked in finite geometries
under small-scale yielding [5,6]. Under large-scale yielding conditions, because of the interaction of
the plastic zone with the specimen boundaries, the one to one relationship loses. The J-Q theory can be
written as:

σi j = σHRR
ij + Qσ0

(
r

J/σ0

)q
∧
σi j(θ, n) (3)

where σij
HRR is the J-controlled Hutchinson Rice Rosengren (HRR) stress field, σ0 is yield stress, θ and

r represent the polar coordinates centered at the crack tip, n is the hardening exponent. In the range of
1 < r/(J/σ0) < 5, they found that |q| <<1 and for |θ| < π/2, σ̂ij(r,θ) ≈ constant for i = j and σ̂ij(r,θ) ≈ 0 for
i , j.

2.2.2. Material Mismatch-Induced Constraint J-Q-M Formulation

There is often a mismatch between the base metal and the weld metal for the nature of materials.
For such a mismatched weldment, the crack tip stress field is influenced by the geometric constraint and
the strength mismatch that is induced by the inhomogeneous material properties [14,15]. Zhang et al.
defined a constraint parameter M [14] to describe the effect of material mismatch on the crack tip
stress field. They also found that geometric constraint shifts the near-tip stress level up and down
with negligibly affecting the material mismatch constraint parameter M, which indicates that Q has
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little connection with M. Afterwards, on the base of these findings, a so-called J-Q-M formulation was
presented:

σi j ≈ σ
M=0,T=0
i j + Qσ0δi j + Mσ0 fi j(θ+ 12β, n) (4)

where the Q parameter is used to rank the effect of geometry constraint on the crack-tip constraint.
Additionally, the M value describes the material mismatch. In the former formula, n and σ0 are the
hardening exponent and yield stress of the reference material, fij represents the angular function, which
only depends on the reference material, β = 1 for under-match and β = 0 for over match and even
match [14]. Equation (4) applies to the mismatch and reference materials, and it is much fitter for
the later.

In this study, the CTOD was used as the fracture parameter. Shih [37] has shown that the J and
CTOD, for a given elastic-plastic material, are uniquely linked. Nevertheless, it is advantageous to
calculate the crack driving force. The crack tip stress field with and without strength mismatch can be
written in terms of CTOD:

σ
My=1.0
i j = σ

Re f
i j + Qσ0δi j

σ
My,1.0
i j = σ

My=1.0
i j + ∆σM

ij

(5)

where ∆σij
M denotes the difference between stress fields that are caused by the strength mismatch. The

reference solution σij
Ref can be obtained from the HRR solution or a modified boundary layer (MBL)

model under small-scale yielding. In the current work, the MBL with T = 0 was used. Mismatch ratio
My was defined as My = σys

WM/σys
BM, where σys

WM and σys
BM represent the yield stress of the weld

metal and base metal.
The following definition of Q and M has been obtained because of the use of CTOD as crack

driving force [5,6,14], according to the former formulas:

Q =
σi j−σi j

Re f

σ0
= σ22−σ22

Re f

σ0

M =
∆σM

ij
σ0

=
σ

My,1.0
22 −σ

My=1.0
22

σ0

, θ = 0, 1 ≤
r
δ
≤ 5 (6)

where σij is the opening stress component of interest, σij
Ref is the reference stress component that was

obtained by MBL model solution with T = 0, r is the distance from the crack tip along the crack plane.
Additionally, in present work, the focus is placed on the stress field (σ22) perpendicular to the direction
of crack growth at the crack front (θ = 0, r/δ = 3).

2.3. Material

For the base metal studied in this study, the uniaxial stress-strain curve follows the power-law
hardening rule:

σ f = σ0(1 +
εp

ε0
)

n
(7)

where σf is the flow stress, the yield stress σ0 is 733 MPa, εp is the equivalent plastic strain, ε0 = σ0/E
is the yield strain, Young’s modulus E is 200 GPa, the Poisson’s ratio ν is 0.3, and n = 0.05 is the
plastic strain hardening exponent. The yield stress value for this material considered herein represents
typically high strength pipeline steels, such as API X100 grade steels.

The weld material flow properties in finite element analyses covered the following strength
mismatch levels: 10%, 20% under match [My = 0.8, 0.9], even match [My = 1.0] and 10%, 30% over
match [My = 1.1, 1.3]. The welding structure is modeled as a bi-material system (the HAZ is not taken
into account), with yield stress and hardening properties of the base metal adopted as fixed in all of the
analyses. Figure 1 shows the true stress-strain curves for materials with various strength mismatch
ratios My.
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2.4. The Finite Element Models

2.4.1. The SENB and SENT Specimens

The SENB and SENT have been selected as fracture mechanics specimens herein to study the
ductile fracture behavior of pipeline steels. Figure 2 shows the configurations of the edge-cracked
specimens, where W (W = 12.7 mm) is the specimen width, a is the crack depth, and 2H is the weld
width. The span (S) of the SENB is molded as four times of specimen width (S/W = 4) and 2L/W = 10
for SENT. The weld fracture specimen is modeled as a bi-material (weld metal and base metal), and
the weld zone remains unchanged (2H ×W= 6 mm × 12.7 mm) in all of the numerical analyses. Only a
half specimen is modeled due to symmetry. Finite element calculations are performed while using
two-dimensional (2D) plane strain models with four-node elements (ABAQUS: CPE4). Figure 2c shows
the global mesh arrangement for all models. The region, 3.0 mm above the symmetrical interface, was
uniformly meshed (0.1 mm × 0.1 mm) and it was used for the simulation of the ductile fracture process.
Regarding to the ductile fracture on the basis of complete Gurson model, the element is assumed to
damage fail by a specific judgement that the void volume fraction reaches a certain value fF according
to the relation fF = 0.2 + 2f0 by UMAT in ABAQUS. The deformed elements appear along the damage
layer in front of the crack tip. More details regarding the ductile fracture simulation model were
presented in [38].Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 
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2.4.2. Pipe

Figure 3a shows the geometry of only part of a pipe with an internal circumferential crack.
Figure 3b displays the sketch of the axisymmetric pipe, in which 2L is the pipe length, t is the pipe
wall thickness, a is the crack depth, D is outer diameter, and H = 3 mm is the half width of the weld.
The same finite element mesh as 2D plane strain models is built in the axisymmetric model. In all the
analyses, the pipe wall thickness is fixed to t = W = 12.7 mm, D/W = 32, and L/t = 5. Still only half of
pipe was modeled according to the symmetry. 2D axisymmetric models employ four-node elements
(ABAQUS: CAX4) are used for the numerical study.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 

  
(a)              (b)         (c) 

Figure 2. Schematic plots of the specimens, (a) single edge notched bending (SENB); (b) single edge 

notched tension (SENT); and, (c) finite element mesh. 

2.4.2. Pipe 

Figure 3a shows the geometry of only part of a pipe with an internal circumferential crack. Figure 

3b displays the sketch of the axisymmetric pipe, in which 2L is the pipe length, t is the pipe wall 

thickness, a is the crack depth, D is outer diameter, and H = 3 mm is the half width of the weld. The 

same finite element mesh as 2D plane strain models is built in the axisymmetric model. In all the 

analyses, the pipe wall thickness is fixed to t = W = 12.7 mm, D/W = 32, and L/t = 5. Still only half of 

pipe was modeled according to the symmetry. 2D axisymmetric models employ four-node elements 

(ABAQUS: CAX4) are used for the numerical study. 

   

Inner 

crack

A
x
is

 o
f 

ro
ta

ti
o
n
al

 s
y
m

m
et

ry

 

D/2

t

BM

WM

L=5W

a

 

H

 

(a) (b) 

Figure 3. Schematic plots of pipe, (a) inner-cracked pipe; (b) schematic illustration of axisymmetric 

model. 

3. Results and Discussion 

WM

BM

a

2H

S=4W

WBM

2L=10W

W

a

BM

BM

WM
2H

S = 4W 

2L = 10W 

2L = 10W 

Figure 3. Schematic plots of pipe, (a) inner-cracked pipe; (b) schematic illustration of axisymmetric model.

3. Results and Discussion

This section provides the numerical results that were obtained from SENB, SENT, and cracked
pipes in detail. The CTOD, extracted from the displacement of node in front of the initial crack tip, is
chosen as the fracture parameter to describe the crack growth resistance and the crack driving force in
all of the analyses.

3.1. SENB

Figure 4a shows the crack growth resistance curves for the standard SENB specimen (a/W = 0.5)
with different strength mismatch levels. A strong effect of weld strength mismatch on the initial fracture
toughness and dynamic fracture toughness can be clearly seen. The resistance curves significantly
increase with the increase of strength mismatch levels (from My = 0.8 to My = 1.3). A similar result
was also found in Ref. [39]. The related experimental data (Blue points) from [40] have been used to
compare the Finite Element Method (FEM) results for the case of evenmatched (My = 1) a/W = 0.5 SENB
specimens. It is observed that the comparison exhibits, good agreement in the range of ∆a = 0.75, while
it exerts a slight deviation above this value. It can be attributed to the discrepancy of material property.
These results further validate the effectiveness of the FEM model. Figure 4b shows the normalized
crack growth resistance (CTODMy , 1.0/CTODMy = 1.0), e.g., the resistance curves for My , 1.0 were
normalized by the resistance curves for My = 1.0. The dash line without marker indicates the case for
My = 1.0. It is obvious to see that the effect of the strength mismatch on resistance curve tends to be
less relevant to the amount of crack extension.
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Figure 4. Effect of strength mismatch on crack growth resistance, (a) ductile resistance curves; (b)
normalized crack growth resistance curves.

The opening stress distributions in front of the crack tip for all the mismatched specimens at
∆a = 0.1 mm are charted in Figure 5 to better understand the effect of strength mismatch on the ductile
tearing resistance curves for SENB specimens. It shows that the opening stress for different mismatched
cases expressed a gradually lower peak value with the increases of My at the same crack growth,
therefore yields the increasingly higher resistance curve, as shown above in Figure 4a. It can also be
seen that, with the increase of distance from crack tip, the crack opening stress rapidly declines, and
then transforms into compressive stress, which could be influenced by the remote field [40,41].
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3.2. SENT 

In this study, the SENT specimens with shallow (a/W = 0.2) and deep (a/W = 0.5) cracks are 
considered for comparison. Figure 7 shows the crack growth resistance curves for variously 
mismatched SENT specimens. It can be observed that the resistance curves significantly increase with 
the increase of strength mismatch levels for both shallow and deep-cracked SENT specimens, which 
is consistent with that of the SENB specimens. The normalized crack growth resistance curves 
(CTODMy ≠ 1.0/CTODMy = 1.0) were also studied, and similar results as that of SENB have been observed. 

Figure 5. The distribution of crack tip opening stress ahead of the crack tip at ∆a = 0.5 mm for different
mismatched SENB specimens.

The equivalent plastic strain (εp) ahead of the current crack tip for all the mismatched SENB
specimens at ∆a = 0.1, 0.5 and 1.5 mm are also presented in Figure 6, respectively, for further
understanding the effect of strength mismatch on resistance curves with crack growth. At crack
initiation, ∆a = 0.1 mm, a comparatively small influence of My on the equivalent plastic strain can be
observed. But still, a higher εp for the mismatched SENB specimen can be expected for the case with a
larger My (see Figure 6a). With further crack growth, e.g., ∆a = 0.5 mm and 1.5 mm, a much more
evident effect of mismatch ratio on the equivalent plastic strain can be seen for all of the mismatched
SENB specimens. Moreover, the equivalent plastic strain significantly increases with the increase of
strength mismatch ratios, which again well explains the increasing resistance curves with increasing
mismatch ratios, as observed in Figure 4a.



Appl. Sci. 2020, 10, 1374 8 of 13

Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 14 

0 2 4 6 8 10
-1

0

1

2

3

4

5

 

 

 SENB

r/CTOD

σ 22
 / 

σ 0W
M

 My = 0.8   
 My = 0.9    
 My = 1.0
 My = 1.1
 My = 1.3

My increases

Δa= 0.1 mm

 

Figure 5. The distribution of crack tip opening stress ahead of the crack tip at ∆a = 0.5 mm for different 
mismatched SENB specimens. 

The equivalent plastic strain (εp) ahead of the current crack tip for all the mismatched SENB 
specimens at Δa = 0.1, 0.5 and 1.5 mm are also presented in Figure 6, respectively, for further 
understanding the effect of strength mismatch on resistance curves with crack growth. At crack 
initiation, Δa = 0.1 mm, a comparatively small influence of My on the equivalent plastic strain can be 
observed. But still, a higher pε  for the mismatched SENB specimen can be expected for the case with 
a larger My (see Figure 6a). With further crack growth, e.g., Δa = 0.5 mm and 1.5 mm, a much more 
evident effect of mismatch ratio on the equivalent plastic strain can be seen for all of the mismatched 
SENB specimens. Moreover, the equivalent plastic strain significantly increases with the increase of 
strength mismatch ratios, which again well explains the increasing resistance curves with increasing 
mismatch ratios, as observed in Figure 4a. 

0 1 2 3
0.0

0.3

0.6

0.9

1.2

0.0 0.3 0.6
0.0

0.4

0.8

 

My increases

ε p

r/mm

Δa = 0.1 mm

(a)

0 1 2 3

 

 My = 0.8
 My = 0.9
 My = 1.0
 My = 1.1
 My = 1.3

(b)

Δa = 0.5 mm SENB

r/mm 0 1 2 3

ε p

r/mm

Δa = 1.5 mm

(c)
0.0

0.3

0.6

0.9

1.2

 
Figure 6. Equivalent plastic strain distributions ahead of the current crack tip for all the mismatched 
SENB specimens, (a) ∆a = 0.1 mm; (b) ∆a = 0.5 mm; and, (c) ∆a = 1.5 mm. 

3.2. SENT 

In this study, the SENT specimens with shallow (a/W = 0.2) and deep (a/W = 0.5) cracks are 
considered for comparison. Figure 7 shows the crack growth resistance curves for variously 
mismatched SENT specimens. It can be observed that the resistance curves significantly increase with 
the increase of strength mismatch levels for both shallow and deep-cracked SENT specimens, which 
is consistent with that of the SENB specimens. The normalized crack growth resistance curves 
(CTODMy ≠ 1.0/CTODMy = 1.0) were also studied, and similar results as that of SENB have been observed. 

Figure 6. Equivalent plastic strain distributions ahead of the current crack tip for all the mismatched
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3.2. SENT

In this study, the SENT specimens with shallow (a/W = 0.2) and deep (a/W = 0.5) cracks
are considered for comparison. Figure 7 shows the crack growth resistance curves for variously
mismatched SENT specimens. It can be observed that the resistance curves significantly increase
with the increase of strength mismatch levels for both shallow and deep-cracked SENT specimens,
which is consistent with that of the SENB specimens. The normalized crack growth resistance curves
(CTODMy , 1.0/CTODMy = 1.0) were also studied, and similar results as that of SENB have been observed.Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 14 
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In this subsection, finite element analyses for circumferentially cracked pipes with full internal 
cracks having two different a/t ratios (a/t = 0.2 and 0.5) are conducted. Figure 9 displays the ductile 
fracture resistance curves for pipes with different mismatch ratios. It can be seen that, throughout the 
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resistance curves for both the shallow and the deep cracked cases, which is still consistent with that 
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Figure 7. CTOD–∆a curves for shallow- and deep-cracked SENT specimens with different mismatch
ratios, (a) a/W = 0.2; (b) a/W = 0.5.

Figure 8 presents the opening stress distributions in front of the current crack tip for the
deep-cracked SENT (a/W = 0.5) specimens at ∆a = 0.1 mm, 0.5 mm, and 1.0 mm in order to further
understand the effect of strength mismatch on resistance curves with crack growth. It can be seen that,
at certain crack growth (∆a = 0.1 mm, 0.5 mm, and 1.0 mm), the peak stress obviously increases with
the decrease of strength mismatch level My, which could therefore well explain the increased resistance
curves with the increase of My, as depicted in Figure 7b. Additionally, similar observations have also
been obtained for the shallow-cracked SENT specimens (a/W = 0.2) with different mismatch ratios and,
for the sake of simplicity, the results are not included here.
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Figure 8. Crack tip opening stress distributions ahead of current crack tip, a/W = 0.5, (a) ∆a = 0.1 mm;
(b) ∆a = 0.5 mm; (c) ∆a = 1.0 mm.

3.3. Pipe

In this subsection, finite element analyses for circumferentially cracked pipes with full internal
cracks having two different a/t ratios (a/t = 0.2 and 0.5) are conducted. Figure 9 displays the ductile
fracture resistance curves for pipes with different mismatch ratios. It can be seen that, throughout the
crack growth process considered in this study, pipes with higher My yield remarkably higher resistance
curves for both the shallow and the deep cracked cases, which is still consistent with that of the SENB
and SENT specimens.
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3.4. Comparisons of Different Models 

It has been shown that, in the elastic-plastic regime, the use of standard deeply notched SENB 
with crack depth of a/W = 0.5 specimens provide a conservative assessment of fracture toughness for 
both weld metal and because of the high constraint that is associated with this specimen geometry. 
Use of specimen geometries and loading modes associated with lower constraint (e.g., SENT 
specimens), allow for improved estimates of fracture toughness to be made that are appropriate for 
the assessment of circumferential flaws in pipe girth welds. The resistance curves of all the models 
mentioned above are plotted together in Figure 11. Three different mismatched cases from under-
match to even-match and over-match are considered herein for comparison. A minor influence of 
geometric models on the crack initiation toughness can be found for all these three mismatched cases. 
With the increase of My (e.g., My = 1.0 and 1.3), the difference in resistance curves for pipes (a/t = 0.2, 

Figure 9. CTOD–∆a curves for pipes with different mismatch ratios, (a) a/t = 0.2; and, (b) a/t = 0.5.

The quantity of 3σm/2σe (where σm and σe are the mean stress and effective stress, respectively)
defines a convenient measure of triaxiality linked to the growth rate of micro-scale voids consistent
with the subsequently introduced damage measures [42]. In the following, Figure 10 presents the
stress triaxiality distributions along the ligament ahead of the current crack tip for shallow-cracked
pipes (a/t = 0.2) at different crack growth (∆a = 0.1 mm, 0.5 mm, and 1.0 mm). What is interesting
to observe is that the reduction of the stress triaxiality with the increase of My applies to the whole
range of interest, 0 < r < 8CTOD. At ∆a = 0.1 mm (see Figure 10a), the pipe with the highest mismatch
ratio My exhibits the lowest stress triaxiality value, therefore producing the highest resistance curve,
which corresponds to our above findings (see Figure 9a). For a propagating crack, the similar results
can also be obtained, as shown in Figure 9b,c. Similar observations have also been obtained for the
deep-cracked pipe (a/W = 0.5) with different mismatch ratios, while the results are not included here in
order to avoid repetition.
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Figure 10. Stress triaxiality distributions ahead of the current crack tip for pipes at different crack
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3.4. Comparisons of Different Models

It has been shown that, in the elastic-plastic regime, the use of standard deeply notched SENB
with crack depth of a/W = 0.5 specimens provide a conservative assessment of fracture toughness for
both weld metal and because of the high constraint that is associated with this specimen geometry. Use
of specimen geometries and loading modes associated with lower constraint (e.g., SENT specimens),
allow for improved estimates of fracture toughness to be made that are appropriate for the assessment
of circumferential flaws in pipe girth welds. The resistance curves of all the models mentioned above
are plotted together in Figure 11. Three different mismatched cases from under-match to even-match
and over-match are considered herein for comparison. A minor influence of geometric models on the
crack initiation toughness can be found for all these three mismatched cases. With the increase of My

(e.g., My = 1.0 and 1.3), the difference in resistance curves for pipes (a/t = 0.2, 0.5) and the corresponding
SENT specimens (same crack depth, e.g., a/W = 0.2, 0.5) tends to be distinct. It can also be seen that
the results from SENB specimen is obviously more conservative than that from SENT with respect
to the pipes for all three mismatched cases considered in this study, which therefore can validate
that the SENT specimen is a good representation of circumferentially cracked pipes for the fracture
mechanics testing in engineering critical assessment and an alternative to the conventional standard
SENB specimen, similar findings have also been discussed for circumferentially cracked pipes, as can
be seen in reference [17].
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4. Conclusions 

Figure 11. Comparisons of resistance curves for SENB, SENT and pipe, (a) My = 0.8; (b) My = 1.0; and,
(c) My = 1.3.

3.5. Strength Mismatch Constraint Ahead of a Growing Crack

In this subsection, a so-called CTOD-Q-M formulation was proposed to describe the near-tip stress
field in the presence of both geometry and mismatch constraints, in which the Q parameter describes
the geometry constraint and the M value is used to rank the mismatch effect on the crack tip constraint.

The finite element analysis results have shown that the strength mismatch applied to models
after a crack will induce an additional crack tip constraint. The mismatch constraint parameter M
of SENT and pipe versus CTOD is calculated by Equation (6) and respectively plotted in Figure 12.
The mismatch constraint M transforms from positive to negative with the increase of mismatch ratio
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for the mismatched specimens with the same crack growth, unlike the geometry-induced crack tip
constraint Q-parameter that is usually negative and decreases with the plastic deformation, which
can further explain the effect of strength mismatch on ductile fracture behavior. Additionally, with
crack growth, the value of M varies in a similar range, which indicates the effect of the strength
mismatch on resistance curves is not quite associated with the amount of crack extension. At the same
mismatched ratios (e.g., under-match and over-match), the mismatch constraint parameter M for pipes
are comparatively lower than that of the corresponding SENT specimen.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 14 

0.5) and the corresponding SENT specimens (same crack depth, e.g., a/W = 0.2, 0.5) tends to be 
distinct. It can also be seen that the results from SENB specimen is obviously more conservative than 
that from SENT with respect to the pipes for all three mismatched cases considered in this study, 
which therefore can validate that the SENT specimen is a good representation of circumferentially 
cracked pipes for the fracture mechanics testing in engineering critical assessment and an alternative 
to the conventional standard SENB specimen, similar findings have also been discussed for 
circumferentially cracked pipes, as can be seen in reference [17]. 

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

2.5

CT
O

D
/m

m

Δa/mm

My = 0.8

(a)
.0 0.5 1.0 1.5

Δa/mm

 a/W = 0.5 SENB
 a/W = 0.2 SENT
 a/W = 0.5 SENT
 a/t = 0.2    PIPE
 a/t = 0.5    PIPE

My = 1.0

(b)

 
.0 0.5 1.0 1.5

 Δa/mm

My = 1.3

(c)
0.0

0.5

1.0

1.5

2.0

2.5

CT
O

D
/m

m
 

 

 

Figure 11. Comparisons of resistance curves for SENB, SENT and pipe, (a) My = 0.8; (b) My = 1.0; and, 
(c) My = 1.3. 

3.5. Strength Mismatch Constraint Ahead of a Growing Crack 

In this subsection, a so-called CTOD-Q-M formulation was proposed to describe the near-tip 
stress field in the presence of both geometry and mismatch constraints, in which the Q parameter 
describes the geometry constraint and the M value is used to rank the mismatch effect on the crack 
tip constraint. 

The finite element analysis results have shown that the strength mismatch applied to models 
after a crack will induce an additional crack tip constraint. The mismatch constraint parameter M of 
SENT and pipe versus CTOD is calculated by Equation (6) and respectively plotted in Figure 12. The 
mismatch constraint M transforms from positive to negative with the increase of mismatch ratio for 
the mismatched specimens with the same crack growth, unlike the geometry-induced crack tip 
constraint Q-parameter that is usually negative and decreases with the plastic deformation, which 
can further explain the effect of strength mismatch on ductile fracture behavior. Additionally, with 
crack growth, the value of M varies in a similar range, which indicates the effect of the strength 
mismatch on resistance curves is not quite associated with the amount of crack extension. At the same 
mismatched ratios (e.g., under-match and over-match), the mismatch constraint parameter M for 
pipes are comparatively lower than that of the corresponding SENT specimen. 

0.0 0.5 1.0 1.5

-0.2

0.0

0.2

0.4

1.3

1.1

1.0

0.9

(a)

M

CTOD/mm

 Δa = 0.1 mm
 Δa = 0.5 mm
 Δa = 1.0 mm

a/W = 0.5   SENT

0.8

0.0 0.5 1.0 1.5

-0.2

0.0

0.2

0.4

1.3

1.1

1.0

0.9
a/W = 0.5     Pipe

 

 CTOD/mm
M

 Δa = 0.1 mm
 Δa = 0.5 mm
 Δa = 1.0 mm

(b)

0.8

 
Figure 12. M versus CTOD for the mismatched specimens (a) SENT; (b) pipe. 

4. Conclusions 

Figure 12. M versus CTOD for the mismatched specimens (a) SENT; (b) pipe.

4. Conclusions

In accordance with the results presented, the following conclusions may be drawn:

(1) Weld strength mismatch ratio shows a strong effect on the fracture toughness and ductile crack
growth resistance curves for welding pipes. With the increase of mismatch ratio, the ductile
fracture resistances significantly increase for the standard SENB and the shallow and deep-cracked
pipes, as well as the corresponding SENT specimens.

(2) For all of different mismatched cases considered in this study, the ductile tearing resistance from
SENB specimen is obviously conservative than that from SENT with respect to the pipes, which can
therefore validate that the SENT specimen is a good representation of pipes with circumferential
cracks and an alternative to the conventional standard SENB specimen for the fracture mechanics
testing in engineering critical assessment of strength-mismatched welding pipes.

(3) The mismatch constraint M decreases from positive to negative with the increase of mismatch
ratio (My = 0.8 ~ 1.3) as for pipes and the corresponding SENT specimens. In addition, the
mismatch constraint parameter M for pipes is comparatively lower than that of the corresponding
SENT specimen at the same mismatched ratios.
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