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Abstract 

This study probes the brittle fracture mechanisms of an S32205 duplex stainless steel tee pipe (DN300×10 mm) subjected to 

mixed-mode I/III loading under internal pressures spanning 10 to 30 MPa, leveraging advanced finite element analysis to 

address reliability concerns in high-pressure oil and gas transport systems. Drawing on recent fracture mechanics insights, an 

energy-driven three-dimensional framework was formulated to forecast crack propagation, emphasizing metallurgical flaws 

such as micro-cracks and σ-phase precipitates across varied pressure conditions. By partitioning the crack tip into discrete 

zones, the model calculates energy release rates and stress intensity factors (KI, KIII, Keff) for crack morphologies, including 

trifurcation, symmetric branching, and lateral bifurcation. Findings reveal that Mode I stresses maximize at the crack’s deepest 

point (90°), with KI and Keff exhibiting nonlinear escalation as pressure, crack depth-to-length ratio (a/c), and crack half-length 

(c) increase, portending elevated risks of unstable crack advancement. Mode III stresses, peaking at 60° and 120°, induce 

localized tearing, with KIII displaying marked sensitivity to pressure fluctuations. Pressure-amplified stress concentrations at 

the branch neck and main pipe abdomen corroborate chevron fracture patterns observed in duplex stainless steel tests, 

affirming the model’s fidelity. The results elucidate the synergistic degradation of fracture toughness by micro-cracks, σ-phase, 

and pressure-induced stresses, precipitating brittle failure. Heat treatment at 1030°C with water quenching to mitigate σ-phase 

and periodic ultrasonic inspections are advocated to bolster tee pipe durability in rigorous oilfield settings. 
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1. Introduction 

Tee pipe fittings fulfill an essential function in connecting 

and diverting flows within subsea oil and gas pipelines, 

long-distance transmission systems, and gathering networks 

[1, 2]. However, geometric complexities at the branch-main 

pipe junction render tee fittings prone to brittle fracture un-

der harsh operating environments [3, 4]. With the increasing 

adoption of high-pressure and large-diameter pipelines, tee 

failure has emerged as a critical challenge, necessitating a 
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thorough exploration of its underlying mechanisms. 

A notable case involved an S32205 duplex stainless steel 

tee pipe that experienced catastrophic failure during a 22 

MPa hydraulic test, exhibiting brittle fracture characteristics 

[5]. Analysis revealed compromised mechanical properties, 

including reduced elongation, excessive hardness, and mini-

mal Charpy impact toughness, reflecting pronounced brittle-

ness. Fractures, initiating at high-stress regions in the branch 

neck and main pipe belly, were driven by metallurgical de-

fects, such as microcracks and σ phase precipitation. 

To address such complex fractures, a three-dimensional 

energy-based model under mixed Mode I/III loading em-

ploys a novel partitioning of the crack tip into four subre-

gions, effectively capturing diverse fracture configurations, 

including trifurcation, symmetrical branching, and lateral 

bifurcation [6]. Unlike traditional fracture criteria limited to 

single crack initiation, this model quantifies energy release 

rates ( maxG ) and effective fracture toughness ( eff CK  ), of-

fering deeper insights into multiple crack propagation [6]. 

This study advances the application of this model through 

finite element simulations of tee pipe crack propagation, 

quantifying the role of metallurgical defects in brittle fracture, 

and offering critical insights for the safe design of oil and gas 

transportation infrastructure. 

2. Theoretical Framework 

Accurate prediction of crack propagation under 

mixed-mode loading hinges on robust fracture criteria [7]. 

However, established fracture models, such as criteria based 

on maximum tangential stress and strain energy density, are 

primarily effective for initial crack propagation under sin-

gle-mode loading [8-10]. These models are ill-equipped to 

address complex fracture configurations, such as branching or 

kinking, particularly in mixed-mode scenarios critical to tee 

pipe failures [11-17]. 

The energy-based model by Wang et al. (2023) is 

well-suited to analyzing mixed Mode I/III loading, aptly 

suited to the intricate fracture patterns inherent in tee pipe 

junctions driven by geometric discontinuities [6]. By seg-

menting the crack tip into distinct zones ( 1A to 4A ), the 

model precisely computes iJ -integrals to predict complex 

fracture modes, such as trifurcation, precisely determining 

crack growth trajectories. Unlike conventional Mode I mod-

els focused on opening-mode cracks, this model accounts for 

the interaction between shear and tensile stresses, markedly 

improving predictive reliability in brittle regions affected by 

metallurgical defects, as observed in tee pipe failures [5]. 

2.1. Overview of the Energy-Based Model 

Multiple crack initiation within the K-dominant region is 

critical for fracture prediction. This process may be modeled 

as crack fronts reorienting in diverse directions. In crack 

front reorientation under mixed-mode fracture, the fracture 

driving force is expressed as detailed in [18-23]. 

0
lim i i
A

A

G we n d


  ,             (1) 

where cosi ie   and i  is the angle between shifting 

direction of the boundary and ix -axis; in  is the unit normal 

vector of the boundary [23, 24]. 

For a mixed Mode-I/III crack, there are five basic potential 

fracture configurations, i.e., the crack tri-branching as shown 

in Figure 1, side-branching as shown in Figure 2, symmetrical 

branching as shown in Figure 3, kinking as shown in Figure 4 

and extension as shown in as shown in Figure 5. The con-

cerned energy release rate of each potential fracture configu-

ration can be given by 
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where   , a normalized energy-driven parameter, gov-

erns the propagation of various fracture configurations. 

where  , denotes the mode mixity angle，a normalized pa-

rameter, represents the proportional influence of stress inten-

sity factors IK  and IIIK  in mixed-mode loading can be 

given by 
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                                       (a) Form 1                     (b) Form 2 

Figure 1. Geometrical Sketch of crack tri-branching Initiation from a Mixed-Mode I/III Crack Tip. 
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                                   (a) Form 1                           (b) Form 2 

 
(c) Form 3 

Figure 2. Geometrical Sketch of crack side-branching Initiation from a Mixed-Mode I/III Crack Tip. 

 
Figure 3. Geometrical Sketch of crack symmetrical branching Ini-

tiation from a Mixed-Mode I/III Crack Tip. 

 
Figure 4. Geometrical Sketch of crack kinking Initiation from a 

Mixed-Mode I/III Crack Tip. 

 
Figure 5. Geometrical Sketch of crack extension Initiation from a 

Mixed-Mode I/III Crack Tip. 

In brittle materials under mixed-mode loading, the Griffith 

criterion [25, 26]. posits that crack propagation commences 

once the fracture driving energy maxG  attains its critical 

threshold CG , i.e., 

max CG G .              (4) 

For Mode I fracture behavior in tee pipe structures, when 

the energy release threshold max CG G , this implies 

 2 21 IC

C

K
G

E


                (5) 

Where   denotes Poisson’s ratio, ICK  the Mode I 

fracture toughness, and E  the modulus of elasticity. 

The effective stress intensity factor is characterized as 

2 2 / (1 )eff I IIIK K K            (6) 

for tee pipe junctions under mixed-mode loading. Addition-

ally, the K-based criterion for mixed-mode I/III fractures 

across diverse fracture patterns is established as 

eff eff C ICK K K            (7) 

where eff CK   represents critical effective stress intensity 

factor, 𝜂 is a dimensionless factor, termed the configura-

tion-dependent fracture toughness amplification factor, 

which is influenced by the crack geometry, such as 

tri-branching, side-branching, symmetrical-branching, 

kinking, extension, and the mode mixity angle 𝜑, with values 

of 𝜂 for diverse crack Configurations prese0nted in Table 1. 
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Table 1. Fracture Toughness Amplification Factor   for Mixed-Mode I/III Cracks across Various Configurations. 

Fracture configuration   

crack tri-branching (Figure 1) 
Form 1. 

   
1 4

2 4

2

1 4 / sin 2  
  

 

Form 2. 2 

crack side-branching (Figure 2) 

Form 1. 2 

Form 2. 
   

1 4
2 4

2

1 4 / sin 2  
  

 

Form 3. 
   

1 4
2 4

2

1 4 / sin 2  
  

 

crack symmetrical branching 

(Figure 3) 
 

   
1 4

2 4

2

1 4 / sin 2  
  

 

crack kinking (Figure 4)  
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crack extension (Figure 5) 

Form 1. (A=A1 A2 A3 A4) 1 

Form 2. (A=A1) 2 

Form 3. (A=A1 A4 or A=A1 A2) 2  

Form 4. (A=A1  A3 A4) 
2
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2.2. Triggering for Crack Multiple-branching in 

Tee Pipe Structures 

In tee pipe structures under mixed-mode I/III loading, 

various patterns emerge among possible fracture configura-

tions. Evidently, the actual fracture configuration may align 

with one of these, initiated under specific loading and geo-

metric conditions. Multiple factors influence the crack prop-

agation behavior, such as the crack tip geometry [27], loading 

mode [28-30], and the influence of a minor Mode II loading 

component [20]. 

3. Case Study Description 

In an oilfield hydraulic test [5], an S32205 duplex stainless 

steel tee pipe (DN300×10 mm, wall thickness 10 mm, design 

pressure 16 MPa) burst at 22 MPa, below the target 24 MPa. 

Fractures initiated at the branch neck and main pipe abdomen, 

showing chevron patterns without plastic deformation, indic-

ative of brittle fracture, as shown in Figure 6. Tests revealed 

excessive hardness (25.7-37.5 HRC, average 32.9 HRC), with 

-40°C impact energy at 1 J and room temperature at 1-2 J, far 

below the standard (54 J). Metallography showed significant 

σ-phase at ferrite-austenite boundaries, reducing toughness. 

SEM identified 1 mm-long microcracks and oxide inclusions 

from cold forming defects. Finite element analysis confirmed 

stress concentration at the branch neck and main pipe abdo-

men. Post-verification heat treatment (1030°C, water cooling) 

increased impact energy to 258 J and reduced hardness to 200 

HV, indicating improper original air cooling. Microcracks and 

σ-phase synergistically triggered brittle fracture in high-stress 

zones, well below the theoretical capacity of 43 MPa. 
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Figure 6. Failed tee pipe junction showing crack branching and 

initiation site. 

4. Numerical Analysis of Tee Pipe Failure 

Under Mixed-Mode I/III Loading 

4.1. Model Building and Meshing 

As shown in Figure 7, the S32205 duplex stainless steel 

equal-diameter tee pipe is taken as the research object, and the 

length of the main pipe is 900 mm and the length of the branch 

pipe is 450 mm. The inner diameter of the tee pipe is 280mm, 

the outer diameter is 300mm, and the wall thickness is 10mm. 

 
Figure 7. Schematic diagram of the pipeline. 

During the modeling process, the main pipes and branches 

are generated by stretching operations and thin-walled treat-

ments are applied to more realistically reflect the actual 

structure. In order to improve the mesh quality and calcula-

tion accuracy of the tee connection area, the fixed-radius 

mixing operation is used to model the transition of the inter-

section, so as to facilitate the subsequent mesh refinement 

and simulation analysis. 

An internal pressure of 22 MPa is applied to the inside of 

the pipe to simulate the pressure load on the pipe under the 

working condition. As shown in Figure 8(a). In order to avoid 

the interference of the rigid body displacement on the simu-

lation results, the two ends of the branch pipe and the main 

pipe are set with fixed support boundary conditions to ensure 

the stable force of the structure during the simulation process. 

As shown in Figure 8(b). 

  
(a) Internal pressure load         (b) Fixed support 

Figure 8. Pipeline internal pressure load and fixed support. 

As shown in Figure 9, the quality of the mesh is very im-

portant for finite element analysis, and this simulation is to 

encrypt the connection of the tee tube locally to control the 

size of the element and reduce the calculation error caused by 

the size of the mesh. For other parts of the pipeline, a loose 

mesh is used to divide the calculation efficiency. 

  

Figure 9. Pipeline meshing. 

4.2. Stress Analysis and Defect Introduction 

The numerical simulation results show that the dangerous 

positions in the tee tube appear on the inner surface of the 

neck and the outer surface of the abdomen under the action 

of internal pressure, and the maximum equivalent stress po-

sition is on the inner surface of the neck, so the subsequent 

cracks will be analyzed on the inner surface of the neck. 

  
Figure 10. Pipe equivalent stress contour. 

Semi-elliptical cracks are one of the common crack mor-

phologies, and due to the possible displacement of both ends 

of the crack when loaded, it poses a potential threat to safety 

during pipeline operation. 
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Figure 11. Schematic Diagram of Semi-elliptical Crack 

As shown in the Figure 12, the semi-elliptical crack is in-

serted into the inner surface of the neck where the stress is 

maximum, and the crack direction is along the wall thick-

ness. 

 
Figure 12. Crack Insertion Location. 

In order to ensure the accuracy of the calculation, fine 

meshing is adopted in the crack tip area to improve the 

computational stability and reduce the error caused by mesh 

distortion or element quality problems. 

 
Figure 13. Crack tip meshing. 

  
Figure 14. Schematic Diagram of Semi-elliptical Crack. 

The crack setting is shown in the Figure 14, in order to 

more accurately simulate the damage mechanism of the 

pipeline under the action of internal pressure, the initial size 

parameters of the semi-elliptical crack are set to the total 

length of the crack 2c=1mm and the crack length-to-depth 

ratio of 0.5 at the maximum stress intensity of the pipeline, 

and then the crack size is analyzed by changing different 

crack sizes. The crack direction is set to hoop. 

4.3. Grid-independent Discussions 

Meshing has an important impact on the calculation accu-

racy of crack stress intensity factor, especially at the deepest 

point of crack leading edge, the degree of mesh refinement 

directly determines the accuracy of stress intensity factor. In 

order to ensure the rationality of the numerical simulation, 

four grid element sizes (1mm, 2mm, 3mm, 4mm, 5mm) were 

adjusted to evaluate the influence of the grid size on the sim-

ulation results. For four different sizes, the effects of differ-

ent meshing on the type 1 crack stress intensity factor and 

the type 3 stress intensity factor were observed. 

As shown in the Figure 15, the maximum value of the sum 

of the stress intensity factor does not differ significantly with 

the change of the grid size under different internal pressure 

conditions, that is, the stress intensity factor remains stable 

after the grid size adjustment. Therefore, in order to ensure 

the computational efficiency, a larger mesh size is used for 

the calculation in the subsequent simulations. 
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Figure 15. Mesh independence. 

4.4. Analysis of Simulation Results 

4.4.1. Under Different Internal Pressure Loads 

  

  
Figure 16. Stress Intensity Factors Under Different Internal pressures. 

As shown in the Figure 16, under varying internal pres-

sures with a crack length of 1 mm and an aspect ratio (a/c) of 

0.5, the stress intensity factor KI reaches its peak at the crack 

front angle of 90° (the deepest point of the crack) and 

gradually decreases as the angle deviates from 90°, indi-

cating that the deepest part of the crack is dominated by 

opening-mode (Mode I) stress and is the core region of stress 

concentration. As internal pressure increases (from 18 MPa 

to 22 MPa), the KI values at all angles increase significantly, 

with the most notable increase occurring at 90° (e.g., at 22 

MPa, the KI peak increases by approximately 20% compared 

to 18 MPa). This indicates that internal pressure directly in-

1 2 3 4 5
0

10

20

30

40

50

K
Ⅰ

（
M

P
a.

m
1
/2
）

(a) Grid size (mm)

 Internal pressure 18MPa

 Internal pressure 20MPa

 Internal pressure 22MPa

1 2 3 4 5
0

10

20

30

40

K
Ⅲ

（
P

a.
m

1
/2

. 1
0

4
）

(b) Grid size (mm)

 Internal pressure 18MPa

 Internal pressure 20MPa

 Internal pressure 22MPa

0 60 120 180
12

15

18

21

24

27

(a) Crack leading edge angle（°）

 Internal pressure 18MPa

 Internal pressure 20MPa

 Internal pressure 22MPa

K
Ⅰ

（
M

P
a.

m
1

/2
）

0 60 120 180

-12

-8

-4

0

4

8

12

(b) Crack leading edge angle（°）

 Internal pressure 18MPa

 Internal pressure 20MPa

 Internal pressure 22MPa

K
Ⅲ

（
P

a.
m

1
/2

. 1
0

4
）

0 60 120 180
12

15

18

21

24

27

(c) Crack leading edge angle（°）

 Internal pressure 18MPa

 Internal pressure 20MPa

 Internal pressure 22MPa

K
e
ff
（

M
P

a.
m

1
/2
）

15

20

25

30

35

40

45

50

K
e

ff
（

M
P

a.
m

1
/2
）

 18MPa  

 Keff peaks at varying internal pressures

 20MPa   22MPa  

Keff-c=2KⅠC

Keff-c=1.84KⅠC

Keff-c=1.41KⅠC

Keff-c=1.15KⅠC

Keff-c=KⅠC

(d) Different internal pressures

http://www.sciencepg.com/journal/ajee


American Journal of Energy Engineering http://www.sciencepg.com/journal/ajee 

 

61 

tensifies the opening-mode stress at the crack tip. 

The KIII values reach local extrema near 60° and 120°. 

At 18 MPa, KIII remains positive (indicating outward tearing 

stress), while at 20 MPa and 22 MPa, negative values appear 

at certain angles (indicating inward tearing stress), suggest-

ing that internal pressure variations may alter the direction of 

shear stress at the crack front. As internal pressure increases, 

the absolute values of KIII also increase, though the distribu-

tion range of positive and negative values changes only 

slightly. This indicates that internal pressure mainly affects 

the magnitude of the tearing-mode stress rather than its di-

rection. The stress concentration at 60° and 120° shows 

that the crack surface edges are primarily subjected to shear 

forces. 

Keff reaches its maximum value at 90°, consistent with 

the dominant effect of Mode I stress intensity. However, the 

Keff values are higher than the corresponding KI values, re-

flecting the coupling effect between Mode I and Mode III 

stresses (e.g., at 22 MPa, the Keff peak is approximately 10% 

higher than KI under the same conditions). 

Keff increases linearly with internal pressure. At 22 MPa, 

the Keff peak approaches the material's fracture toughness, 

indicating that under high internal pressure, the crack is al-

ready in a critical state of unstable propagation. 

In summary, internal pressure is a key factor affecting 

stress intensity factors. It intensifies stress concentration at 

the crack tip by increasing both opening-mode (Mode I) and 

tearing-mode (Mode III) stresses, with the most significant 

impact observed at the deepest point of the crack (90°). 

The growth rate of the equivalent stress intensity factor 

(Keff) is greater than that of Mode I alone, suggesting that 

crack propagation under internal pressure is governed by 

multi-mode stress coupling. Therefore, three-dimensional 

fracture criteria such as the Richard criterion should be used 

for accurate safety assessment. 

According to Figure 16(d) 1/220MPa meff CK    , the 

following observations can be made: 

When the internal pressure is 20 MPa, eff C CK K  Ⅰ  

crack extension Form 1 (A = A1 + A2 + A3 + A4), as listed 

in Table 1, may be triggered. 

When the internal pressure increases to 22 MPa,

2

3
eff C CK K  Ⅰ  both crack extension Form 1 (A = A1 + 

A2 + A3 + A4) and Form 4 (A = A1 + A3 + A4) may be 

triggered. 

4.4.2. Different Half-length-to-depth Ratios 

  

  
Figure 17. Stress Intensity Factors Under Varying Crack Aspect Ratios (a/c). 
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As shown in the Figure 17, the internal pressure is 22MPa, 

and the crack length is 1mm, the KI curves for different as-

pect ratios a/c (0.25, 0.30, 0.50) all reach their peak values at 

the 90° position, and these peak values increase significantly 

with increasing a/c (approximately 24 for a/c = 0.50 com-

pared to about 15 for a/c = 0.25). This indicates that Mode I 

stress is the primary factor governing crack propagation, 

with Mode I cracks driven by tensile stress predominating in 

the central region of the pipe. The curves demonstrate 

stronger symmetry, with KI values approaching zero at 0° 

and 180°, suggesting that the crack surface ends are mainly 

subjected to shear and tearing stresses rather than tensile 

opening stress. 

The peak of KIII appears at 60° and 120°, instead of 90°, 

indicating that the central region of the crack front is primar-

ily affected by tearing (Mode III) stress. The region with the 

maximum shear stress corresponds to the concentration of 

Mode III stress around 60°. As the a/c ratio increases, the 

absolute value of KIII also rises (e.g., about 40 for a/c = 0.50 

compared to approximately 20 for a/c = 0.25), indicating that 

a higher aspect ratio intensifies the concentration of tearing 

stress. However, the overall magnitude remains lower than 

that of Mode I stress, confirming that Mode I is dominant 

and the influence of Mode III is relatively limited. The 

curves are symmetric about 90°, with values at 60° and 120° 

having equal magnitudes and opposite signs, reflecting that 

the tearing stresses on both sides of the crack front act in 

opposite directions—consistent with stress distribution under 

torsional loading in mechanics of materials. 

The Keff distribution is similar to that of KI. For all aspect 

ratios a/c (0.25, 0.30, 0.50), the curves reach their peak at 

90°, indicating that the equivalent stress concentration is 

most severe at the deepest point of the crack. As a/c increas-

es, the peak value of Keff also rises markedly (approximately 

24 for a/c = 0.50, significantly higher than 15 for a/c = 0.25), 

suggesting that the greater the aspect ratio, the higher the 

overall stress intensity at the crack tip, making unstable crack 

propagation more likely. The curves are generally symmetric 

(with similar values at 0° and 180°), indicating that the stress 

states at the crack surface ends are similar. Nevertheless, the 

stress concentration peaks in the depth direction, implying 

that crack propagation predominantly occurs through the 

thickness. 

Compared with Figure 17(a), the peak trend of Keff closely 

follows that of KI, further confirming that Mode I stress 

makes the largest contribution to the comprehensive fracture 

criterion. However, accurate crack behavior assessment still 

requires incorporating the effects of both Mode II and Mode 

III stresses. 

Overall, all three stress intensity factors (KI, KIII, and Keff) 

increase with increasing a/c, indicating that deeper cracks 

(relative to their half-length) lead to more pronounced stress 

concentration at the crack tip and are more susceptible to 

unstable propagation. The peak values of Keff and KI occur at 

the deepest point of the crack (90°), marking it as the critical 

region for fracture. In contrast, the peak of KIII appears at 

60°/120°, reflecting the localized nature of tearing stress 

concentration. 

Under the condition that the internal pressure is 22MPa 

and the crack length-to-depth ratio is 0.5, the crack length is 

changed. The stress intensity factor KI reaches its maximum 

at the crack front angle of 90° (the deepest point of the crack) 

and gradually decreases as the angle deviates from 90°, indi-

cating that the deepest point of the crack is dominated by 

opening-mode (Mode I) stress. This suggests that the depth 

direction of the crack is the core region of Mode I stress 

concentration. As the half-length of the crack, c, increases 

(from 0.5 mm to 2.0 mm), the values of KI at all angles in-

crease significantly, with the most pronounced increase at 90° 

(e.g., when c = 2.0 mm, the KI peak increases by approxi-

mately 50% compared to c = 0.5 mm). This reflects the di-

rect influence of crack size on the opening-mode stress in-

tensity factor: the deeper the crack, the more pronounced the 

tip stress concentration. An increasing a/c ratio leads to a 

higher stress intensity factor. 

According to Figure 17(d) 1/220MPa meff CK    , the 

following observations can be made: 

When the aspect ratio a/c is 0.3, eff C CK K  Ⅰ crack ex-

tension Form 1 (A = A1 + A2 + A3 + A4), as listed in Table 

1, may be triggered. 

When the aspect ratio increases to 0.5,
2

3
eff C CK K  Ⅰ  

both crack extension Form 1 (A = A1 + A2 + A3 + A4) and 

Form 4 (A = A1 + A3 + A4) may be triggered. 
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4.4.3. Different Crack Half-length 

  

  
Figure 18. Stress Intensity Factors Under Varying Crack Half-Lengths (c). 

As shown in the Figure 18, Under the condition that the 

internal pressure is 22MPa and the crack length-to-depth 

ratio is 0.5, the crack length is changed. The stress intensity 

factor KI reaches its maximum at the crack front angle of 90° 

(the deepest point of the crack) and gradually decreases as 

the angle deviates from 90°, indicating that the deepest 

point of the crack is dominated by opening-mode (Mode I) 

stress. This suggests that the depth direction of the crack is 

the core region of Mode I stress concentration. As the 

half-length of the crack, c, increases (from 0.5 mm to 2.0 

mm), the values of KI at all angles increase significantly, 

with the most pronounced increase at 90° (e.g., when c = 

2.0 mm, the KI peak increases by approximately 50% com-

pared to c = 0.5 mm). This reflects the direct influence of 

crack size on the opening-mode stress intensity factor: the 

deeper the crack, the more pronounced the tip stress concen-

tration. An increasing a/c ratio leads to a higher stress inten-

sity factor. 

The KIII values reach local extrema near 60° and 120°. 

When c = 0.5 mm, KIII remains positive (indicating out-

ward-directed tearing stress), while at c ≥ 1.0 mm, nega-

tive values appear at certain angles (indicating in-

ward-directed tearing stress), demonstrating that crack 

half-length influences the direction of shear stress. As c in-

creases, the absolute values of KIII increase overall particu-

larly at 60° and 120°indicating that tearing-mode stresses 

at the crack edges intensify with crack growth. The appear-

ance of negative KIII values suggests that larger cracks may 

induce reverse shear stress, exacerbating torsional defor-

mation along the crack surface. 

The equivalent stress intensity factor Keff reaches its max-

imum at 90° and increases significantly with larger c val-

ues (e.g., when c = 2.0 mm, the Keff peak increases by ap-

proximately 40% compared to c = 0.5 mm), reflecting the 

combined influence of Mode I and Mode III stresses. The Keff 

values exceed those of KI alone, indicating that mixed-mode 

fracture criteria must account for the coupling of different 

crack modes. When c = 2.0 mm, Keff near 90° approaches 

or surpasses the material's fracture toughness, suggesting that 

deep cracks are more likely to satisfy the conditions for un-

stable propagation under sliding loads. In contrast, relying 

solely on KI may underestimate the risk (e.g., KI may remain 
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below the critical value while Keff exceeds it). 

In summary, increasing the crack half-length c significantly 

elevates the Mode I, Mode III, and equivalent stress intensity 

factors. Among them, the concentration of Mode I stress at the 

crack's deepest point (90°) is most pronounced, making it the 

primary driving force for crack propagation in the thickness 

direction. 

According to Figure 18(d) 1/220MPa meff CK    When 

the crack half-length is 0.5mm, 
2

3
eff C CK K  Ⅰ crack 

extension Form 1 (A = A1   A2   A3   A4) and Form 4 (A = 

A1   A3   A4), as listed in Table 1, may be triggered. 

When the crack half-length is 1 mm, 2eff C CK K  Ⅰ  

crack extension Forms 1 (A = A1 + A2 + A3 + A4), 4 (A = 

A1 + A3 + A4), and 3 (A = A1 + A4 or A = A1 + A2) may 

be triggered. 

When the crack half-length is 2 mm, 2eff C CK K  Ⅰ  all 

possible crack extension configurations listed in Table 1 may 

be triggered. 

5. Discussion 

The finite element analysis of the S32205 duplex stainless 

steel tee pipe under mixed-mode I/III loading provides critical 

insights into crack propagation behavior and fracture mecha-

nisms. The results from Figures 16-18 indicate that crack 

extension configurations, as outlined in Table 1, are highly 

sensitive to internal pressure, crack geometry, and crack size. 

At an internal pressure of 20 MPa, the crack extension Form 1 

(A=A1+A2+A3+A4) is likely to initiate, while at 22 MPa, 

both Form 1 and Form 4 (A=A1+A3+A4) may be triggered. 

Similarly, with a crack depth-to-length ratio (a/c) of 0.3, Form 

1 is predominant, but at a/c = 0.5, both Form 1 and Form 4 

become viable. For crack half-lengths (c), a value of 0.5 mm 

activates Form 1 and Form 4, whereas c = 1 mm additionally 

triggers Form 3 (A=A1+A4 or A=A1+A2). At c = 2 mm, all 

fracture propagation modes in Table 1, including 

tri-branching and side-branching, are potentially activated, 

reflecting the heightened instability of deeper cracks. This 

trend aligns with the observed increase in the effective stress 

intensity factor eff CK  , which peaks at the crack’s deepest 

point (90°) and escalates with larger a/c and c values, indi-

cating a greater propensity for unstable crack growth. 

Several factors further exacerbate this behavior. Improper 

heat treatment, corrosion, loading mode, and the influence of 

a minor Mode II loading component jointly reduce the frac-

ture toughness of the tee pipe. The precipitation of σ-phase 

from improper air-cooling induces material embrittlement, 

while corrosion-driven imperfections amplify crack nuclea-

tion. Mixed-mode I/III loading elevates eff CK  , and a minor 

Mode II contribution further alters crack propagation trajec-

tories, fostering brittle fracture in vulnerable zones such as the 

branch neck. This interplay introduces uncertainty in trig-

gering various fracture propagation modes, as evidenced by 

the diverse configurations activated under different condi-

tions. 

The simulated high-stress regions at the branch neck and main 

pipe abdomen corroborate experimental observations of chevron 

patterns, validating the energy-based model’s predictive reliabil-

ity. However, discrepancies may arise due to unmodeled factors 

like notch geometry or dynamic loading effects. Future studies 

should explore these aspects to enhance the model’s applicability, 

particularly under cyclic or impulse loading conditions prevalent 

in oilfield operations, and investigate strategies to mitigate ma-

terial defects through advanced manufacturing techniques. 

6. Conclusions 

This study successfully demonstrates the efficacy of an 

energy-based model in elucidating the brittle fracture char-

acteristics of an S32205 duplex stainless steel tee pipe under 

mixed-mode I/III loading. The analysis reveals that Mode I 

stresses predominantly govern crack propagation at the 

deepest crack front, while Mode III contributions induce 

localized tearing, with the effective stress intensity factor 

eff CK   escalating with increasing crack depth and length. 

High-stress zones, notably the branch neck and main pipe 

abdomen, are identified as critical sites for crack initiation, 

aligning with experimental observations of chevron patterns. 

The study underscores the pivotal role of metallurgical im-

perfections, including σ-phase precipitation from improper 

heat treatment and corrosion-induced defects, in reducing 

fracture toughness and accelerating brittle failure. These 

findings affirm the model’s predictive accuracy in capturing 

complex fracture behaviors. To enhance structural reliability 

in oilfield applications, the adoption of optimized heat treat-

ment protocols, such as water cooling at 1030°C, and the 

implementation of ultrasonic testing to detect micro-cracks 

are recommended. These measures offer practical pathways 

to mitigate tee pipe vulnerabilities, ensuring safer operation 

of high-pressure oil and gas pipelines. 

Future research should focus on extending the ener-

gy-based model to account for dynamic loading conditions, 

such as impulse or cyclic pressures, which are prevalent in 

oilfield operations and may alter crack propagation dynamics. 

Additionally, investigating the influence of notch geometry 

and surface imperfections on mixed-mode fracture behavior 

could further refine the model’s applicability to complex tee 

pipe configurations. From a practical perspective, imple-

menting advanced manufacturing protocols, such as con-

trolled heat treatment processes at 1030°C with water cool-

ing, is recommended to eliminate σ-phase formation and 

enhance material toughness. Routine ultrasonic testing 

should be integrated into quality control procedures to detect 

micro-cracks early, particularly in cold-formed components. 

These measures, combined with in-field metallographic and 
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hardness assessments, can significantly improve the reliabil-

ity of tee pipe junctions, reducing the likelihood of cata-

strophic failures in high-pressure oil and gas pipelines. 

Abbreviations 

i  
Angle Between the Shifting Direction of the 

Local Boundary and ix -axis and Its Critical 

Value 

in
 

The Unit Normal Vector of the Boundary 


 Configuration-dependent Fracture Toughness 

Amplification Factor 

c Crack Half-length 

a Crack Depth 


 

Normalized Mode Mixity Angle 


 Poisson’s Ratio 

ij  Stress Components 

, iA A
 

Boundary Surfaces or Integration Paths 

Around the Crack Tip 

E Young's Modulus 

G Energy Release Rate for Boundary Shifting 

𝛤(𝜑)  Normalized Energy-driven Parameter 

iJ
 

Conservation Integrals 

effK   The Effective Stress Intensity Factor 

eff CK    K-based Effective Fracture Toughness 

ICK
  

Fracture Toughness for Pure Mode-I Crack 

Extension 

IK
 IIIK

 
Stress Intensity Factors for the Mode-I or 

Mode-III Deformations 

or  
Polar Coordinate of the Boundary Surface 

Around Crack Tip 
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