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Abstract 

Fracture toughness property is of significant importance when evaluating structural safety. The current research of 
fracture toughness mainly focused on crack in homogeneous material and experimental results. When the crack is 
located in a welded joint with high-gradient microstructure and mechanical property distribution, it becomes difficult 
to evaluate the fracture toughness behavior since the stress distribution may be affected by various factors. In recent 
years, numerical method has become an ideal approach to reveal the essence and mechanism of fracture toughness 
behavior. This study focuses on the crack initiation behavior and driving force at different interfaces in dissimilar steel 
welded joints. The stress and strain fields around the crack tip lying at the interfaces of ductile-ductile, ductile-brittle 
and brittle-brittle materials are analyzed by the numerical simulation. For the interface of ductile-ductile materials, 
the strain concentration on the softer material side is responsible for ductile fracture initiation. For the ductile-brittle 
interface, the shielding effect of the ductile material plays an important role in decreasing the fracture driving force 
on the brittle material side. In the case of brittle-brittle interface, a careful matching is required, because the strength 
mismatch decreases the fracture driving force in one side, whereas the driving force in another side is increased. The 
results are deemed to offer support for the safety assessment of welded structures.
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1 Introduction
The fracture toughness is one of the most important 
mechanical properties for welded joints where inhomo-
geneous microstructure is a potential cause of the inci-
dence of structure failure [1–4]. It is important to probe 
into the fracture behavior of weldments to ensure the 
running safety. The fracture behavior of homogeneous 
materials is a subject of wide interest [5, 6]. Specific areas 
in welded joints such as weld center and heat affected 
zone are carefully examined according to the interna-
tional standards [7]. Gradient microstructure has been 
reported near the fusion interface of welded joint, which 

may lead to stress concentration and crack formation [8, 
9]. In particular, a crack adjacent to the interface between 
different zones poses a potential threat to the reliability of 
welded equipment [10]. Thus, it is of great significance to 
investigate the fracture resistance of interface in welded 
components.

Interface cracks generally show uncontrollable fracture 
behavior due to strength mismatch and microstructure 
discrepancy [11, 12]. Nevertheless, dissimilar metals are 
often joined together to meet a specific requirement in 
the service environment in order to make the best use 
of materials and to save cost [13, 14]. Microstructure 
in dissimilar steel welded joints are much complicated. 
Hence, those require considerable attention to interfaces 
between different metals [15]. Samal et al. [16] found that 
the crack growth path transited from one material to the 
other when both base metals joined are ductile. Similar 
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finding was reported in the research work of Ogawa et al. 
[17]. Yang et al. discussed the fracture properties of the 
interface crack by the numerical calculation of the plastic 
strain ahead of the crack tip with the J-resistance curve 
[18, 19]. The matching capability of filler wires for dis-
similar steels will determine the fracture toughness of 
weld metal. The GTN model is popularly applied for the 
study of the crack growth for ductile materials [20–23]. 
However, little information is available on the interface 
fracture between brittle and ductile microstructures in 
dissimilar steel welded joints.

This study mainly aims at the driving force of fracture 
initiation at interfaces in dissimilar steel welded joints. 
A numerical simulation is performed to investigate the 
stress and strain distributions around the crack tip at the 
interfaces for ductile-to-ductile, ductile-to-brittle and 
brittle-to-brittle microstructures. The strength mismatch 
effect of filler wire on dissimilar steels is discussed. A 
critical strength mismatching for a ductile-brittle inter-
face crack and a critical Weibull stress for a brittle-brittle 
interface crack are put forward for guiding welding meth-
ods and parameters optimization.

2  FE Modeling
A dissimilar steel welded joint contains five regions: 
BM1, HAZ1, WM, HAZ2 and BM2. The mechanical 
property and microstructure vary a lot in WM and HAZs 
where the microstructure is completely inhomogeneous. 
For convenience, the welded joint in this paper was sim-
plified as an idealized five-material layered structure with 
rectangular shape, as shown in Figure 1. Additionally, the 
mechanical properties of each zone were assumed to be 
homogeneous for the sake of simplicity. The effect of such 
assumptions and simplifications on the results would be 
discussed later. In this paper, fracture initiation behav-
iors at three interfaces were studied. In the actual welded 
joints of concern, the microstructure on BM1 side and 
HAZ1 side are bainite and tempered bainite, respectively. 
These regions hold good fracture toughness, as reported 
by researchers [24].

Bainite steel (BM1) and martensite steel (BM2) were 
employed as base metals, and different filler wire was 
considered according to the design requirement for 
a steam turbine rotor. Table  1 shows the mechanical 

properties of these regions in the dissimilar steel joint for 
modeling. Yield strengths for different zones in the joint 
were measured with micro-flat-tensile (MFT) specimens 
[24]. Those for BM1, BM2, HAZ1, HAZ2 and that of WM 
were 510 MPa, 650 MPa, 610 MPa, 850 MPa and 635 
MPa, respectively. The numerical analysis in this paper 
employs a simple power-hardening model [25] to charac-
terize the uniaxial true stress-true strain in the form:

where σys and εys denote the yield strength and strain, and 
n is the strain hardening exponent. It is seen in Table 1 
that fixed values of yield strength were used for the BMs 
and HAZs, while different values were adopted for the 
WM to study the effect of strength mismatch (M) on the 
fracture initiation behavior at the HAZ/WM interfaces. 
The fracture toughness of WM with the yield strength of 
635 MPa was informed by the experimental results [24].

Single-edge notched bend (SENB) specimens were 
used to investigate the fracture toughness of different 
zones in the welded joint [24]. The SENB specimen had 
a length of 140 mm, a width W of 30 mm and a thickness 
of 15 mm. The initial crack depth ratio of a0/W was 0.5 
and the loading span S was 120 mm. The crack locations 
are shown in Figure 2. The fracture toughness of HAZ1 
and HAZ2 was measured with specimens having a notch 
in HAZ1 and HAZ2 with side groove. The JIc-values for 
BM1, HAZ1 and WM were 321.7  kJ/m2, 266.1  kJ/m2 
and 176.2  kJ/m2, respectively. The KQ-values for HAZ2 
and BM2 were 80 MPa·m0.5 and 100  MPa·m0.5, which 
were evaluated according to ISO 15653. The widths of 
HAZs (HAZ1 and HAZ2) and WM were set as 2 mm 
and 20  mm, respectively, in the light of experimental 
measurement.

(1)
ε

εys
=

σ

σys
, ε ≤ εys;

ε

εys
=

(

σ

σys

)n

, ε > εys,

Figure 1 Interfaces in dissimilar steel welded joint

Table 1 Mechanical properties of  BMs, WM and  HAZs 
in dissimilar steel joint used for FE-analysis

Regions Yield strength 
Rp0.2 (MPa)

Strain hardening 
exponent n

Yield 
strength 
mismatch M

BM1 510 6.6 –

HAZ1/WM 610/435 9.6/10.7 1.40

610/500 9.6/10.7 1.20

610/635 9.6/10.7 0.96

610/735 9.6/10.7 0.80

HAZ2/WM 850/567 10.5/10.7 1.50

850/600 10.5/10.7 1.40

850/635 10.5/10.7 1.30

850/735 10.5/10.7 1.20

HAZ2/BM2 850/650 10.5/8.9 1.30
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In order to warrant simulation accuracy and maximize 
calculation efficiency simultaneously, a local mesh refine-
ment was implemented in the FE model, as shown in Fig-
ure  3. A fine mesh (mesh size: 0.1  mm × 0.05  mm) was 
applied near the crack tip [26], while a relatively larger 
mesh (mesh size: 2 mm × 1 mm) was utilized in the area 
far away from the crack to improve the calculation effi-
ciency. In the FE model, the 4-node bilinear plane strain 
quadrilateral elements with reduced integration (CPE4R) 
and 3-node linear plane strain triangle were selected. 
The whole FE model contains 94748 elements. The initial 
crack will be set on the different interfaces.

The stress and strain fields evolution during fracture 
initiation were calculated by the commercial FE code 

ABAQUS/Explicit method. As shown in Figure 3, a sur-
face to surface contact condition was defined between 
the analytic rigid body and the SENB specimen, the 
fraction coefficient was set as 0.3. Consistent with 
the experimental process, the supporting rolls were 
fixed, and the specimen was loaded by the loading roll 
through displacement control.

In order to simulate the interface crack propagation, 
this paper employs the GTN model [20]. Suitable GTN 
damage parameters are needed for different regions in 
the welded joint. The GTN model contains nine param-
eters in general: the constitutive parameters q1, q2 and 
q3, the initial void volume fraction f0, the void nuclea-
tion parameters fN, εN and SN (fN: volume fraction of 
void-forming particles, εN : mean void nucleation strain, 
and SN: corresponding standard deviation), the critical 
void volume fraction fc and the final failure parameter 
fF. When the void volume fraction reaches the critical 
void volume fraction fc, the void interaction starts, and 
while the void volume fraction reaches the failure void 
volume fraction fF, fracture occurs. It is indicated [27] 
that GTN constitutive parameters like q1 = 1.5, q2 = 1, 
q3 = q1

2 = 2.25 are reasonable to investigate the crack 
propagation for medium-strength steels. For low alloy 
steels, nucleation parameters, such as εN = 0.3, SN = 0.1, 
are commonly adopted in most studies [28, 29]. The 
determination of the initial void volume fraction f0 and 
void nucleation parameter fN is generally based on the 
metallographic and fracture morphology analyses. The 
parameters fc and fF are verified by fitting the numerical 
results of resistance curves with experimental results.

Table  2 shows a set of GTN parameters employed 
in various regions, all of which have been validated by 
toughness tests and tensile tests, confirming their feasi-
bility and reliability in the previous study [24].

In this study, the Weibull stress ( σW ) was employed 
as the driving force for brittle fracture. The Weibull 
stress is given by integrating a near-tip stress ( σeff  ) over 
the fracture process zone ( Vf ) in the form [30, 31]:

Figure 2 Crack locations in SENB specimens in experiments

Figure 3 Geometry of SENB specimens and mesh division

Table 2 GTN parameters of BM, HAZ and WM regions in dissimilarly welded joint

Region q1 q2 q3 εN SN

BM1 1.5 1.0 2.25 0.3 0.1

HAZ1 1.5 1.0 2.25 0.3 0.1

WM 1.5 1.0 2.25 0.3 0.1

Region fN fc fF f0

BM1 0.060 0.030 0.450 0.001

HAZ1 0.055 0.035 0.465 0.001

WM 0.082 0.018 0.263 0.001
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where Vf is the volume of the near-tip fracture process 
zone (FPZ) which is most often defined as the region 
where σ1≥�σys ( σ1 : maximum principal stress, σys : yield 
strength and �≥1). In this work, σeff = σ1 and � = 1 were 
adopted. For the interface crack, the process zone was 
confined in the material on one side of the crack, and the 
Weibull stress was calculated on each side of the crack. 
The reference volume V0 has no effect on the shape 
parameter m and is assigned as a unit value (V0 = 1  mm3) 
in the computation for convenience. The Weibull param-
eter of m = 20 was selected.

3  Numerical Results
3.1  Fracture Initiation Behavior at Interface of Ductile 

Materials
The FE-analysis was carried out on the stress/strain dis-
tribution and crack initiation for the crack lying at the 
HAZ1/WM interface. The yield strength mismatch (M) 
between HAZ1 and WM was ranged as 1.4, 1.2, 0.96 and 
0.8. The mismatch of the weld in an actual turbine rotor 
was about 0.96 with the yield strengths of HAZ1 and 
WM of 610 MPa and 635 MPa, respectively [24].

Figure 4 presents the distributions of strain and stress 
around crack tip at the interface between HAZ1/WM. 
It is found that the stress-strain fields near the crack tip 
for M < 1 and those for M ≥ 1.2 are totally different. Fig-
ure  4a, c, e and g indicate that equivalent plastic strain 
concentrates dominantly on the side with lower yield 
strength. For ductile-ductile interfaces, the initiation of 
crack always occurs on the lower strength material side, 
as shown in Figure 4b, d, f, and h.

Figure 5 shows the strain distributions for SENB with 
HAZ1 of 2 mm width and 20 mm width under the mis-
match condition of M = 0.96. Although nearly match 
condition, asymmetric plastic deformation occurs, 
which is due to the adjacent BM1 with much lower yield 
strength. Namely global mismatch controls the asymmet-
ric plastic deformation near the interface. On the other 
hand, in the cases of M = 1.4 and 1.2 (Figure  4a and c), 
the local mismatch between HAZ1 and WM1 is respon-
sible for the asymmetric strain distribution.

3.2  Fracture Initiation Behavior at Interface of Ductile 
and Brittle Materials

For SENB with a crack at the interface between WM 
and HAZ2, the strength mismatch exerts a great influ-
ence on the stress/strain distribution around the crack 
tip. The strength mismatch between HAZ2 and WM was 
ranged from M = 1.2‒1.5. Figure  6 shows the distribu-
tion of strain and stress at the crack tip when the peak 

(2)σW =

[

1

V0

∫

Vf

(σeff)
m
dVf

]1/m

,

value of the maximum principle stress is reached during 
the load. As indicated in Figures 6a, c and e, the plastic 
strain at the crack tip concentrates on the weld metal side 
when the mismatch is higher than 1.3. Figure 6b, d and 
f prove that the maximum principal stress at the crack 
tip was lower than the critical failure stress of 2300 MPa 
for HAZ2, which indicates no brittle fracture in HAZ2. 

Figure 4 Distributions of strain and stress around crack tip at the 
interface between HAZ1/WM: a, c, e, g Equivalent plastic strain 
(PEEQ); (b)(d)(f )(h) Maximum principal stress (S, max). (Unit in b, d, f, 
h is MPa)

Figure 5 Distributions of strain and stress around crack tip for SENB 
with different HAZ widths: a, b HAZ1 width = 2 mm; c, d HAZ1 
width = 20 mm (Unit in b, d is MPa)



Page 5 of 8Zhao et al. Chin. J. Mech. Eng.           (2020) 33:27  

However, under the mismatch condition of M = 1.2, 
the strain field near the crack tip develops on both weld 
metal and HAZ2 sides, as shown in Figure 6g. The maxi-
mum principal stress at the crack tip reaches the critical 
failure stress of HAZ2 as shown in Figure 6h.

The Weibull stress and cavity volume fraction were 
applied as the critical parameters for crack initiation of 
HAZ2 (brittle side) and WM (ductile side) in this paper. 
Figure 7 describes the relationship between the Weibull 
stress and stress intensity factor for HAZ2 (SENB speci-
men with crack in HAZ2 and side groove). The KQ-
value for HAZ2 measured was 80 MPa·m0.5. The critical 
Weibull stress for HAZ2 at KQ = 80  MPa·m0.5 is about 
2300 MPa, as shown in Figure 7.

Figure  8 displays the development of the Weibull 
stress in HAZ2 region and the cavity volume fraction 
in WM region with stress intensity factor (K). It can be 
seen that for mismatch of M = 1.3, 1.4, 1.5, the Weibull 
stress in HAZ2 cannot exceed 2300 MPa as exhibited in 
Figure 8a. Therefore, the brittle crack does not initiate in 
HAZ2 under the mismatch ratio M = 1.3, 1.4, 1.5. At the 
mismatch of M = 1.2, the Weibull stress easily reaches 
the critical value of 2300 MPa before the cavity volume 
fraction in WM increases dramatically, as shown in 

Figure 6 Distributions of strain and stress around crack tip at the 
interface between HAZ2/WM: a, c, e, g Equivalent plastic strain 
(PEEQ); b, d, f, h Maximum principal stress (S, max) (Unit in b, d, f, h 
is MPa)

Figure 7 Relationship between Weibull stress and stress intensity 
factor of HAZ2

Figure 8 Development of Weibull stress in HAZ2 and cavity volume 
fraction (f) in WM for crack at WM/HAZ2 interface: a Weibull stress in 
HAZ2; b Cavity volume fraction in WM



Page 6 of 8Zhao et al. Chin. J. Mech. Eng.           (2020) 33:27 

Figure 8b, leading to the brittle crack initiation in HAZ2. 
Hence, a conclusion can be drawn that a shielding effect 
provided by the ductile WM is expected for the interface 
crack when M > 1.2. The mismatch condition of M ≤ 1.2 
will result in the occurrence of brittle failure in HAZ2.

Figure 9 shows the effect of HAZ2 width on the Weibull 
stress in HAZ2 for the crack at WM/HAZ2 interface 
under the mismatch of M = 1.2. The Weibull stress in 
HAZ2 decreases with decreasing the HAZ2 width. This 
is partly due to the volume effect of HAZ2. Another rea-
son is found for the change of the stress intensity with the 
HAZ2 width. The crack opening stress at the crack tip in 
x axis direction and y axis direction is reduced as shown 
in Figure  10. The Weibull stress for HAZ2 is decreased 
with decreasing the width of HAZ2. In order to avoid the 
failure in the brittle HAZ2, the HAZ2 width should be as 
narrow as possible.

3.3  Fracture Initiation Behavior at the Interface of Brittle 
Materials

Fracture initiation behaviors of the dissimilar joint with a 
crack at brittle materials are investigated with FE-models 
shown in Figure  11. Three crack locations are consid-
ered: Crack in HAZ2, crack in the homogeneous BM2 
and crack at the interface of BM2 and HAZ2 (in this case, 
M = 1.3). The cracks in HAZ2 and in BM2 simulated 
the actual specimens used in the experiments. Figure 12 
describes the relationship between the Weibull stress 
and stress intensity factor for these models. The fracture 
process zones are exhibited in Figure  11, for the inter-
face crack the fracture process zones on HAZ2 side and 
BM2 side were distinguished as shown in Figure 11c. The 
KQ-values measured with the SENB specimens were 100 
MPa·m0.5 and 80 MPa·m0.5 for BM2 and HAZ2, respec-
tively, which resulted in the critical Weibull stresses of 

Figure 9 Effect of HAZ2 width on Weibull stress in HAZ2 under 
mismatch of M = 1.2

Figure 10 Effect of HAZ2 width on crack opening stress ahead of 
crack tip under M = 1.2 at K = 120 MPa·m0.5: a Stress distribution in 
x-axis direction; b Stress distribution in y-axis direction

Figure 11 Crack location in SENB specimen: a Crack in HAZ2; b 
Crack in BM2; c Crack at BM2/HAZ2 interface
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1930 MPa and 2300 MPa for BM2 and HAZ2, as exhib-
ited by points A and B. It can be seen that Weibull stress 
on HAZ2 side at the interface does not attain to the criti-
cal value of 2300 MPa for pure HAZ2. In contrast, the 
Weibull stress on BM2 side at interface reaches 1930 
MPa (critical value for BM2) at the point C as labeled in 
Figure 11. These results indicate the importance of a rea-
sonable matching of BM and HAZ for the integrity of dis-
similar welded joints.

4  Discussion
The fracture toughness as well as strength matching in 
dissimilar steel welded joints plays a significant role in 
determining the service life of welded components. In the 
actual dissimilar steel welded joint, the interface between 
WM and HAZ is often a ductile-brittle interface. Embrit-
tlement in HAZ is due to the existence of the coarse grain 
zone near the fusion line. Choosing different wires as 
filling metal could control the fracture sensitivity of the 
brittle HAZ. The numerical results in Section  3.2 dem-
onstrate that the brittle fracture initiation in HAZ can be 
escaped by the selection of low strength WM (mismatch 
ratio M > 1.2), which leads to the ductile crack initiates on 
the ductile WM side.

In the case of the brittle-brittle interface, a careful 
matching is required. The strength mismatch decreases 
the fracture driving force in one side (constraint loss), 
whereas the driving force in another side is increased 
(constraint elevation), as demonstrated by Figure 12.

In the real joint, the fusion lines are always tortuous, 
which is complicated for modeling. Previously in Fig-
ure 1, the WM and HAZ were simplified as rectangular 
boundary to obtain quadrilateral meshes. Generally, the 
different shape of the interface would inevitably affect 

the stress and strain fields distribution near the crack. 
However, the effect tendency of different materials on 
the crack initiation behavior was deemed to little influ-
enced. Additionally, such simplification would enhance 
the numerical convergence and make the results more 
conservative and safer.

5  Conclusions
In this paper, the numerical simulation has investigated 
the fracture initiation behavior at interfaces in dissimilar 
steel welded joints. The main conclusions are drawn as 
follows:

(1) For the interface crack between ductile materials, 
the ductile fracture originates from a softer mate-
rial owing to the strain concentration. The local 
mismatching at the interface mostly controls the 
asymmetric plastic deformation at the crack tip. 
However, the global mismatching also takes part in 
the asymmetric plastic deformation when the local 
condition at the interface is nearly even.

(2) For ductile-brittle interface, the Weibull stress can 
be employed as the fracture driving force on the 
brittle material side. The fracture initiation in brit-
tle HAZ can be escaped by the selection of low 
strength WM, which leads to the ductile crack initi-
ates on the ductile WM side. This is attributed to 
a shielding effect of the ductile WM. The shield-
ing effect is promoted by the decrease in the HAZ 
width.

(3) In the case of brittle-brittle interface, a care-
ful matching is required. The strength mismatch 
decreases the fracture driving force in one side, 
whereas the driving force in another side is 
increased.
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