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Abstract. Fracture of welded joints has been an important research and in-
dustrial topic for a long time, having in mind the key role of welded joints in
ensuring the safe operation and integrity of welded structures. This work con-
tains an overview of application of micromechanical models to ductile fracture
of welded joints. The main benefit of these models, in comparison with the
classical fracture mechanics approach, is consideration of the local quantities
(stress and strain) in prediction of damage development. The damage is quan-
tified through the value of the damage parameter, which is typically related
to the void nucleation, growth and coalescence for ductile fracture of metallic
materials, i.e. the description of the material can be related to the actual
material behaviour during fracture. Most of the presented studies, including
those published by the present authors, are performed on steel as the base
material, and the rest deal with aluminium alloys.

1. Introduction

1.1. Fracture of welded joints. Welding is one of the most common tech-
niques for joining metallic materials. There are numerous books, publications and
journals dealing with different aspects of production, exploitation and integrity
assessment of welded structures, e.g. [1,2]. Steel and aluminium alloys have been
dominant construction materials for welded structures in many industries for a long
time. However, other materials have also found an increasing application more re-
cently, some of which are also often joined by welding (e.g. magnesium, copper or
titanium alloys), [3,4]. In addition, welding is used as a joining method in the field
of polymer materials and polymer composites, [5,6].

The process of welding typically causes different types of inhomogeneities in
the region of the welded joint. Some of the causes are the heat input during
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welding, cooling regime and differences in mechanical/microstructural properties
of the base metal and filler material. Inhomogeneities at the micro level, such as
micro-cracks, inclusions or pores, can develop to a macro-defect and pose a threat to
the safe service of the welded structure. Additionally, macroscopic inhomogeneity
(difference in tensile and other properties of the joint zones) influences further
development of the crack through the joint. Depending on the material properties,
loading conditions, but also exploitation conditions, failure mechanisms of welded
structures can be different: brittle or ductile fracture, fatigue, plastic collapse or
their combination. In this work, we focus on ductile fracture.

In metals and alloys, the ductile fracture mechanism occurs through void nu-
cleation, growth and coalescence. Voids typically nucleate around some inhomo-
geneities in the material, such as inclusions. Depending on the properties of the
particle and the material (typically, the term matrix material is used), a void can
be created by particle fracture or debonding of the particle from the matrix. Once
nucleated, the void represents the stress and strain concentration region, and it will
grow when some external loading is present. It is important to emphasize the local
nature of this phenomenon, i.e. local damage development, which does not depend
on the geometry of the structure.

At some point, multiple voids in the material have grown significantly under
external loading and the ligament between them becomes thinner. This ends in
the coalescence (joining) of the neighbouring voids, through localization of plastic
deformation in the ligaments between them. This process can be seen in micropho-
tographs of fracture surfaces of components or specimens failed by the ductile frac-
ture mechanism, where some of the dimples contain inclusions around which the
voids have been nucleated. Authors of the review article [7] gave a comprehensive
overview of both ductile and brittle fracture of metallic materials.

1.2. Constraint and mismatch effects. The constraint effect has an im-
portant role even in macroscopically homogeneous materials; the factors which in-
fluence the constraint are considered by many authors, e.g. [8,9]. In welded joints,
the influence of material heterogeneity or mismatch is additionally present.

Regarding the strength of welded joints, they are typically categorised into
undermatched, overmatched or evenmatched (UM, OM and EM). This basic cate-
gorisation takes into account only the yield strength of the base metal and the weld
metal, without taking deformation hardening into consideration, and it is quan-
tified through the mismatch ratio 𝑀 . A rather simplified view on the influence
of material heterogeneity on welded joints with cracks can be given through the
plastic zone shape, Figure 1. However, a detailed analysis should also include dif-
ferent hardening properties of the weld metal zones; this is taken into account in
micromechanical analysis, because the modelling is based on the true stress–true
strain curves.

A very good collection of studies dealing with mismatch effects on fracture
of welded joints and interfaces is found in the conference proceedings [11], edited
by Schwalbe and Kocak in 1997. Many aspects are covered: experimental deter-
mination of fracture mechanics parameters and fracture toughness, analytical and
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Figure 1. Influence of undermatching and overmatching on the
plastic zone shape in welded joints, based on [10].

numerical analysis of stress state in the crack tip region, determining the yield loads,
fracture of dissimilar joints, etc. In this publication, one of the chapters, [12], deals
with the influence of mismatch (mismatch correction) on determination of fracture
mechanics parameters and structural integrity assessment of welded structures.
Nearly simultaneously with this publication, Schwalbe et al. developed and pub-
lished the procedure EFAM ETM-MM [13], for the assessment of the significance
of crack-like defects in mismatched joints.

Application of fracture mechanics parameters (often referred to as the global
approach to fracture) is typically related to the problem of parameter transferabil-
ity. This is a problem which is not related only to heterogeneous materials, such as
joints, but also exists in macroscopically homogeneous ones. The authors of [12]
describe this issue related to the crack tip constraint in this way: one fracture me-
chanics parameter is not sufficient for linking the fracture behaviour between the
specimens and engineering components/structures. Contrary to this, the ductile
fracture mechanism itself does not depend on the geometry of the structure, as
previously mentioned.

In the literature, there are different attempts to overcome this problem through
introducing additional parameter(s) to improve the prediction of fracture resistance
by using the fracture mechanics methodology. This resulted in proposals of several
methods which are often referred to as two-parameter fracture mechanics. An
additional parameter is typically related to the level of constraint, and some of
the proposed methods are: 𝐽–ℎ, 𝐽–𝑇 , 𝐽–𝑄, 𝐽–𝐴2. The main aim is to quantify
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the dependence of fracture behaviour on the geometry of both the structure and
the crack. We mention three studies here [14–16] which contain the application of
this concept to welded joints, by introducing both the second and third parameter
related to constraint and mismatch effect, respectively.

As mentioned previously, two-parameter fracture mechanics and similar meth-
ods introduce some additional parameter(s) (such as triaxiality, or 𝑇 -stress) in
order to quantify the constraint effect. On the other hand, if the local approach
is applied in fracture analysis, the constraint is a natural outcome of the damage
development in the material, obtained through the use of micromechanical models.

Recent review articles [17–19] summarise the application of different fracture
mechanics methods to welded joints. These reviews cover many topics, from exper-
imental examination of the joints to analytical determination of the crack driving
forces in welded components. Due to different loading conditions which act on the
welded structures and components, different fracture mechanisms are covered, the
main ones being fracture and fatigue. Fatigue of weldments, which is often the
dominant failure cause of dynamically loaded structures, is considered in [20].

In this work, quasi-static loading and ductile fracture mechanism of welded
joints are covered. Micromechanical models of the local approach to fracture have
been applied in the analysis of fracture of welded joints in many studies. Some of
the main aspects are summarised and commented on in this work.

2. Micromechanical models of the local approach to fracture

The local approach to fracture is a rather wide area, comprising models and
methods for the assessment of ductile fracture, cleavage, combined mechanism, etc.
An often mentioned advantage of the local approach and micromechanical mod-
elling, in comparison with the global or classical approach of fracture mechanics, is
the ability to describe the fracture mechanism in accordance with the material be-
haviour at the local level. The main aim is to achieve transferability of the model
parameters to different geometries, by using a combined numerical-experimental
procedure which typically includes material characterisation, fracture mechanics
testing, microstructural and numerical analysis.

Micromechanical models for the analysis of ductile fracture can be categorised
into two main groups: uncoupled and coupled. The difference is based on the
treatment of voids. In the first group, the growth of a single void is analysed,
and the damage parameter is not included in the constitutive relation. The second
group, which is much more used nowadays, treats the material as a continuum
which is ‘weakened’ by the voids. Only a few basic equations for the selected
micromechanical models are given here, while a detailed overview can be found in
the review works which deal with this topic, e.g. [21,22]. In these review articles,
the authors (Besson [21] and Benzerga et al. [22]) covered many different aspects of
development and application of the models, including anisotropy, void coalescence,
void nucleation, etc. In another review article [23], Pineau gave a general overview
of the development of the local approach to fracture up to 2006, considering both
ductile and brittle fracture mechanisms.
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2.1. Uncoupled approach. The models which belong to this approach are
sometimes referred to as void growth models. From this group, the Rice and Tracey
model [24] has been used rather often. Actually, one of its modifications is prob-
ably most often used – this modification was proposed by the Beremin research
group [25]:
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The damage parameter here is the void growth ratio 𝑅/𝑅0, and it represents
the ratio of the mean void radius (at a particular time/loading), while 𝑅0 is the
initial radius. In this expression, two very important quantities, which are present
in almost all micromechanical models, can be seen: stress triaxiality 𝜎𝑚/𝜎𝑒𝑞 (ratio
of the mean and equivalent stress) and equivalent plastic strain 𝜀𝑝𝑒𝑞. Since this
model deals with the growth of the voids, and the coalescence is not included,
a criterion which defines the coalescence (as the third and final stage of ductile
damage development) must be introduced. In [25], the critical value of the void
growth ratio is formulated:
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For application of this criterion, it is necessary to determine 𝜎𝑓 – strain at fracture.
In [26], Hancock and Mackenzie proposed a simplified version, called the stress

modified critical strain or SMCS model. According to their proposal, the criterion
for initiation of ductile fracture is based on reaching the critical value of the plastic
strain, which depends on the stress state:
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The authors of [26] propose determining the material-dependent parameter 𝛼 based
on the testing of the notched tensile specimens. The SMCS model is used in several
studies of ductile fracture of welded specimens and structures presented in the
following two sections.

Huang [27] defined different damage development for different triaxiality values
and proposed the following expressions:
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Dung proposed an uncoupled model which takes into account the ellipsoidal
shape of the voids [28]:
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In this equation, 𝑛 is the hardening exponent, 𝑅1 is the void semi-axis in straining
direction, while 𝑅2 and 𝑅3 would be semi-axes perpendicular to this direction (the
same meaning of indices is used for stress values 𝜎1, 𝜎2, 𝜎3), [28].

The work by Chaouadi et al. [29] contains a different damage parameter instead
of the void growth ratio – the damage work. Another model which is formulated
based on energy is proposed by Wang in [30] – based on damage accumulation.

An interesting proposal is given in [31] by Dutta and Kushwaha; they inte-
grated the Rice–Tracey expression across the process zone around the crack tip.
In this way, they present the prediction of the fracture mechanics parameter (𝐽
integral) at crack growth initiation which is almost independent of the finite ele-
ment size.

Some of the studies of ductile fracture mentioned in the next section belong
to the group of uncoupled models, which proves that they can be successfully used
despite the fact that more research efforts have recently been devoted to the models
of coupled approach.

2.2. Coupled approach. As mentioned previously, coupled models incorpo-
rate the damage parameter into the constitutive equation, i.e. occurrence and
development of the damage in the material influence yielding. The variable which
is most often used as the damage parameter is void volume fraction or porosity 𝑓 .
This group of models has been developed and modified for several previous decades,
and most of such studies (i.e. developed/modified models) are based on the works
by Rousselier [32] or Gurson [33].

The model proposed by Rousselier [32] has the following form:
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𝜎 is the current flow stress of the material matrix, 𝜎𝑚 is the mean stress, 𝜎𝑒𝑞 is the
von Mises equivalent stress, 𝐷 is the material-independent constant, while 𝜎𝐾 is
the material-dependent constant. The Rousselier model is used in several studies
dealing with welded joint fracture which are mentioned in the next sections.

The Gurson model, published in [33], has been the basis for a lot of subsequent
modifications, and probably the most often used one is proposed by Tvergaard and
Needleman [34, 35]. In the literature, this model is known as GTN or Gurson–
Tvergaard–Needleman model:
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𝑆𝑖𝑗 is the stress deviator, 𝑞1 and 𝑞2 constitutive parameters, and 𝑓* is the damage
function, or modified void volume fraction:
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𝐾 is the parameter that represents the loss of load-carrying capacity of the material
due to the ductile fracture development. The value of the damage function at the
moment of fracture is denoted as 𝑓*

𝑢 = 1/𝑞1, while the void volume fraction at
final fracture is denoted as 𝑓𝐹 . A crucial parameter is the critical void volume
fraction at void coalescence, denoted as 𝑓𝑐. After this value is reached, the damage
development accelerates, in accordance with Equation (2.2).

The increase in the void volume fraction has two components: the first one
coming from the growth of the existing voids, and the second one which represents
the nucleation of the new (often called secondary) ones during the increase in
loading:

𝑓 = 𝑓nucleation + 𝑓growth(2.3)

𝑓nucleation = 𝐴�̇�𝑝𝑒𝑞

𝑓growth = (1− 𝑓)�̇�𝑝𝑖𝑖

where 𝐴 is the void nucleation rate, �̇�𝑝𝑒𝑞 is the equivalent plastic strain rate and �̇�𝑝𝑖𝑖
is the plastic part of the strain rate tensor. One of the rather often used ways to
formulate the void nucleation rate is given by Chu and Needleman [36]:
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In this expression, 𝑓𝑁 is the volume fraction of void nucleating particles, 𝜀𝑁 is the
mean strain for void nucleation and 𝑆𝑁 is the standard deviation. Equation (2.4)
is not the only way to describe the nucleation of voids. Two other methods are
applied in [37, 38], where it is either assumed that all the voids are nucleated
simultaneously, or they are nucleated at a constant rate during the increase in
loading.

Another modification of the Gurson model is proposed by Zhang et al. – the
Complete Gurson model, [37,39]. The main change introduced is the consideration
of the criterion of the onset of void coalescence. This criterion, Equation (2.5), takes
into account the plastic limit load model proposed by Thomason [40], adding it to
the initial expressions for the GTN model. The main idea of this, and some other
models which deal with the coalescence of voids, is change of the deformation mode
– homogeneous to localised (in the intervoid ligaments).

(2.5)
𝜎1

𝜎
>

(︂
𝛼
(︁1
𝑟
− 1

)︁
+

𝛽√
𝑟

)︂
(1− 𝜋𝑟2) where 𝑟 =

3

√︂
3𝑓

4𝜋
𝑒𝜀1+𝜀2+𝜀3

⧸︃(︂√
𝑒𝜀2+𝜀3

2

)︂
In Equation (2.5), 𝜎1 is the maximum principal stress, r is the void space

ratio, 𝜀1, 𝜀2 and 𝜀3 are principal strains, while 𝛼 and 𝛽 are constants fitted by
Thomason [40] to the values 0.1 and 1.2, respectively. A slightly different approach
is applied in CGM; Zhang et al. [37] introduced a linear dependence of 𝛼 on 𝑛
(hardening exponent).

There are also some published works which deal dominantly with the coales-
cence stage of ductile fracture, like Pardoen and Hutchinson [41] and Zhang [42].
Other aspects included in the modifications of the GTN model by different authors
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include the anisotropy of plastic properties of the material, [43], or non-spherical
shape of the voids [44,45].

Some of the relatively recent works include the effect of shear loading on ductile
damage development, such as [46, 47]. Application of these models in fracture
analysis of welded joints is mentioned in the following text.

More details about different models of the coupled approach can be found in
the original works, and also in the previously mentioned review papers [21,22].

Micromechanical models of the local approach to fracture have been successfully
applied for several decades in fracture analysis of a wide range of materials and
structures. As mentioned previously, transferability of parameters between different
geometries is one of their main advantages over the global or classical fracture
mechanics approach. On the other hand, a drawback is dependence of the results
on the finite element mesh, i.e. existence of the characteristic distance for the
considered material. In many studies, it is said that a relation exists between the
appropriate finite element size and material microstructure, expressed through the
mean free path between the particles (inclusions, etc.) 𝜆. Therefore, the mesh-
dependence problem is typically solved by treatment of the FE size as one of the
material parameters; once determined, it can be transferred to the other geometries
produced from the same material. The non-local models represent another possible
solution. However, in addition to their increased complexity, it is still necessary to
determine the characteristic distance (it is used as an internal parameter instead
of defining the element size).

3. Application of micromechanical models in fracture
analysis of welded standard specimens

In the paper [48], published in 1989, critical void growth ratios (𝑅/𝑅0)𝑐 for
two steel weld metals are analysed by considering spherical inclusions with different
size distributions. The determination of the critical void growth ratio is performed
experimentally – based on the analysis of the fracture surfaces by scanning elec-
tron microscopy. Dimples are considered as voids at the moment of fracture, while
measures of inclusions at their bottoms are used for the initial void size. It should
be mentioned that direct measurement of the critical void growth ratio on fracture
surfaces is not often applied in the literature, which is one of the reasons for men-
tioning this particular paper here. Low dependence of the critical void growth ratio
on stress triaxiality is obtained for the considered weld metals. This should not be
generalised because interdependence of these quantities (more or less pronounced)
has been reported in the literature for different materials. The authors of [48] also
state that the critical void growth ratios determined by the Rice–Tracey model are
lower in comparison with the values obtained by direct measurement, mentioning a
possibility to treat the constant in the Rice–Tracey model as a material-dependent
parameter instead of the constant value 0.283 given by Equation (2.1).

In another early study, from the point of view of the local approach application
to welded joints, Al Rasis et al. [49] applied the Rice–Tracey model in the analy-
sis of stainless steel joints. The fracture of compact tension (CT) specimens was
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considered, and three zones were modelled: weld metal, base metal and heat
affected zone. The specimens’ configurations were: BM only, BM + WM and
BM + WM + HAZ. In addition to the prediction of fracture initiation in these
geometries, the authors simulated the crack growth, but not in the welded joint
(this part of the study was not performed on the entire joint). For this purpose,
the node release technique was applied; the authors showed that the slope of the
crack growth resistance curve (𝑑𝐽/𝑑𝑎) was predicted well, but the values of 𝐽 inte-
gral were lower than in the experiment.

The authors of [50] applied both the uncoupled and coupled approach, i.e.
micromechanical models of Rice and Tracey and Rousselier in fracture analysis of
C–Mn steel welded joints. The compact tension specimens consisted of three mate-
rials, and the initial crack was positioned in HAZ; the experiments were conducted
at elevated temperature, 300 °C, because the material is used for components of
a pressurised water reactor. The main concern was the influence of the microme-
chanical parameters on the crack growth resistance curves. Also, the influence of
the FE size was examined. Due to the different definition of the damage parameter
in the applied models, different techniques were used for crack growth modelling
– node release for the Rice–Tracey model and damage tracking in the elements
for the Rousselier model; two-dimensional plane strain conditions were applied. In
the analysed models with three materials, the authors conclude that the second
approach gave better results, because significant crack path deviation is observed,
Figure 2. In addition, an estimate of the crack path deviation is given based on
the value of (𝑅/𝑅0) in different directions in front of the crack tip; this approach
is also mentioned in [49].

Figure 2. Crack path in the heat affected zone, Rousselier model, [50].

Another model of the uncoupled approach, obtained as a modification of the
Rice–Tracey model, is applied in a recent work [51] to structural steel welded joints.
The authors refer to the developed model as the “three-stage and two-parameter
ductile fracture model”. Flat specimens are examined, and also those with a notch-
type stress concentrator with U and V shape (the radius of the U-shaped notch was
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(a) (b)

Figure 3. Cylindrical notched tensile specimens NT2 (a) and NT
0.5 (b) – damage parameter 𝑅/𝑅0 at the specimen centre and at
the notch tip.

2mm). For the notches positioned in HAZ, the position is varied, so the notch tip
was positioned either in the middle of HAZ or near the boundaries HAZ/WM and
HAZ/BM. Also, the mesh sensitivity analysis is performed, based on the influence
of the finite element size on the load-displacement curve. Significant influence of
mesh on the fracture behaviour is obtained for the V-notched specimens (which
makes sense, due to the higher stress gradients), and in the case of pre-cracked
geometries it is expected to be even more pronounced. On the other hand, the
results obtained on U-notches do not show a significant influence of the FE size.
The topic of mesh sensitivity for non-crack stress concentrators will be mentioned
once more in this work, in the next section.

However, there is another aspect to be considered in the notched specimens
(here, it will be shown on the example of a different material – pressure vessel
steel): the influence of the notch radius on the predicted fracture initiation position.
The Rice–Tracey model is applied, and the damage parameter 𝑅/𝑅0 is tracked at
the notch tip and at the centre of the cylindrical notched specimens with notch
radii 2mm and 0.5mm (NT2 and NT0.5). Of course, both specimens exhibit stress
and strain concentration due to the notch existence, but more pronounced damage
development is predicted at the notch tip only for smaller radius, Figure 3; for the
notch radius 2mm, the damage develops more rapidly in the specimen centre, like
in the smooth cylindrical specimen.

Some other examples of the application of uncoupled models will also be given
in the next section.

The Rousselier micromechanical model [32] is applied by Burstow and Howard
[14] to simulate the crack growth in steel welded joints with different levels of mis-
matching. In this work, the authors applied the two-parameter fracture mechanics
approach in combination with the micromechanical model, in order to determine
the combined influence of constraint due to the heterogeneity and 𝑇 -stress. The
same model is also applied in [52] in fracture analysis of Al6061 alloy laser welded
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joints. The fracture behaviour of the base metal and fusion zone is assessed by test-
ing the CT specimens. The micromechanical parameters are determined through a
combination of metallographic examinations and notched tensile specimens testing
(fitting procedure). This work is characteristic because the fusion zone of the weld
is rather narrow – around 1.5mm, which means that the fusion lines are very close
to the crack tip. The authors reported a good prediction of fracture behaviour for
different crack positions in the considered welds. Another study, by almost the
same group of authors, dealing with very narrow joints, is [53], where fracture of
S355NL steel electron beam welded joints is examined. In comparison with the
previous work, another position for the initial crack is added, on the interface be-
tween the fusion zone and the heat affected zone. The initial porosity (applied in
the Rousselier model) is determined from metallographic examination, i.e. it is set
equal to the volume fraction of inclusions. The mean free path is also measured
this way and initially used as the characteristic distance, but additional calibration
is also performed based on the testing of the notched specimens. It should be men-
tioned that the authors observed a high level of heterogeneity within HAZ, so it is
divided into three sub-zones. The fusion zone exhibited brittle behaviour, so it was
not included in the micromechanical fracture analysis; as mentioned previously, the
Rousselier model is for ductile fracture.

In order to capture and predict the mismatch effect, Lin et al. analysed the
ductile fracture of an undermatched interleaf exposed to tensile loading in [54].
An undermatched joint is selected due to the fact that the plastic deformations
(Figure 1) and triaxiality can become rather high and confined to a small volume of
material in such configurations. The authors assumed that no voids were initially
present in the material in the unloaded state (𝑓0 = 0); in the micromechanical
analysis by using the GTN model, all the voids were nucleated during the loading
increase, in accordance with Equation (2.4). Stress and strain state, as well as
damage parameter fields were analysed in detail in 2D plane strain conditions, on a
middle-cracked tensile plate. Special consideration was devoted to the mean stress
and plastic strain, as key quantities for ductile fracture process, Section 2. For
the considered material properties, the authors concluded that the thickness of the
undermatched material did not influence the prediction of crack initiation, while
the crack growth resistance was affected and decreased for smaller thickness.

Li et al [55] applied the same model in analysis of fracture of steel welded joints.
Two different steels were used as base metals in this study. Unlike most of the
other studies dealing with fracture behaviour of welded joints, specimens without
an initial crack or stress concentrator were considered (micro tensile specimens with
rectangular cross section), i.e. the initiation of ductile fracture in low-triaxiality
conditions was the main concern. The authors of [55] introduced a new term
into the expression for void volume fraction rate determination, thus obtaining a
different measure of damage – 𝑓 becomes “the void volume fraction of inactive
material”. Based on the results of the micromechanical analysis, they propose the
use of wider joints in case of UM, while more narrow joints have better fracture
resistance for OM joints.
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In [56], Rakin et al. presented an analysis of the pre-cracked high strength
steel welded joints (the base metal was NIOMOL 490). The analysis included
overmatched and undermatched welded joints with different width 2𝐻 (6, 12 and
18mm), Figure 4. The development of damage in front of the pre-crack and initia-
tion of ductile fracture were the main concern of this work, along with determining
the influence of the joint width on the crack growth onset. In the framework of the
GTN model, the critical value of the damage parameter (𝑓𝑐) is transferred from
the round tensile specimens cut from the base metal and the weld metals to welded
single edge notch bending (SENB) specimens. All the cracks were within the weld
metal, so the properties of the heat affected zone were not taken into account.
It is concluded that the GTN model enabled the crack initiation prediction, and
also that the constraint effect originating from different joint width is successfully
assessed. The difference in the predicted value of the fracture mechanics param-
eter, 𝐽 integral, during blunting and at the beginning of the stable crack growth
is shown in Figure 5, for the overmatched and undermatched weld metal with the
same joint width.

Figure 4. Scheme of the welded joint, [56].

A detailed description of different zones in a dissimilar welded joint is applied
by Yang [57]. In this work, an additional heterogeneity of the welded joint exists
as a result of different base metals – ferritic steel is joined with austenitic stainless
one; this procedure includes the application of ‘buttering’ alloy on the ferritic side.
Two different crack positions were considered, in the very narrow fusion zone and
in the heat affected zone. Both of them are on the ferritic side of the joint and are
very close to the interfaces between the weld zones. The authors have applied the
GTN model, including the procedure proposed by Dutta et al. [58], where the value
of the constitutive parameter 𝑞2 is taken as variable along the crack path. Also, the
part of the joint around the fusion zone is split into several regions with different
mechanical properties. A good description of fracture behaviour is obtained for
both positions of the initial crack tip.

In [59], the GTN model is applied in the analysis of interface regions in dissim-
ilar (ferrite-austenite) steel welded joints, like in [57]. One of the main concerns
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Figure 5. Dependence of J integral on CMOD (pre-crack blunt-
ing and beginning of stable growth) – OM and UM joints, width
12mm, [56].

was determination of the influence of the local constraint in the vicinity of the crack
tip on the fracture resistance. The cracks were positioned on both the ferrite and
austenite side of the joint, and the distance between the interfaces and the crack is
varied. Four materials were considered (ferrite and austenite BM, weld metal and
buttering between the ferrite BM and weld metal), without further subdivision of
the joint zones; similar procedure is also applied in an earlier study [60]. Authors
of [59] continued their work on fracture analysis of dissimilar joints by application
of the GTN model in [61]. A very detailed subdivision of the joint is performed in
the numerical model in this work, with 10 subzones; seven of them represent the
heat affected zone. Also, many different crack positions are considered, 25 in total.
Some of the cracks had significant path deviations, depending on the position and
the neighbouring material regions. The authors concluded that the local hetero-
geneity can cause significant variations in fracture resistance of the joint zones. For
existing joints, they propose taking the local heterogeneity into account in fracture
mechanics examinations. As for the design of the new joints, the reduction of het-
erogeneity (obtained by control of the welding process and post-welding treatment)
may be beneficial to the fracture toughness of the joint, [61].

Negre et al. [62] applied the GTN model in the analysis of ductile fracture of
laser welded joints (the base metal was Al 6000 alloy). The applied micromechanical
model was GTN, and the initial crack was positioned at the interface between the
fusion zone and HAZ in CT specimen (for simplicity, base metal was used instead
of HAZ in the models, [62]). The initial porosity was set equal to the volume
fraction of inclusions. Besides the micromechanical model, the authors also applied
the cohesive zone modelling technique. The crack growth process was modelled
successfully, including the deviation of the crack path obtained by using the GTN
model, Figure 6. Cohesive zone modelling was performed on 2D models, while
micromechanical modelling was applied on 3D models, which enabled a detailed
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insight into stress fields and crack front spatial shape (difference between the surface
and interior of the specimen). The same authors also considered two other positions
of the cracks in laser welded Al alloy joints in another paper [63] – in the base metal
and in the fusion zone.

Figure 6. Crack path deviation, [62].

The work [64] presents another example of analysis of damage development in
welded aluminium alloys – friction stir welded joints of 2024 alloy are considered.
Both 2D and 3D models of the tensile specimen without a pre-crack are applied,
and the GTN model is used for damage development prediction. It is shown that
variation of the yield stress profile along the joint zone can change the position of the
final fracture. Another interesting aspect is considered – distribution of the second-
phase void nucleating particles (in the GTN model, their void volume fraction is
denoted as 𝑓𝑁 , Equation (2.4)). A further advance in modelling is presented in [65]
(Nielsen et al.) on the example of aluminium alloy 6005, where modification of the
GTN model is applied in order to take into account the change of the shape of the
voids during the fracture process.

One of the most recent studies dealing with ductile fracture modelling of welded
joints is presented by Qiang and Wang [66]. The authors used the GTN model
in fracture analysis of X80 steel, and the parameters were obtained by analysis
of chemical composition and calibration on tensile smooth specimens. The ini-
tial crack was positioned in either weld metal, base metal or coarse-grained/fine-
grained/intercritical heat affected zone. Having in mind the application of the
analysed material (a pipeline steel), single edge notch tension (SENT) specimens
were tested in addition to single edge notch bending (SENB). It was previously
shown in the literature, e.g. [67], that this geometry is better suited than SENB
for pipelines with circumferential cracks exposed to axial loading. In addition to
analysis of ductile crack growth, the authors of [66] also considered the influence
of the 𝑇 -stress for different welded joint regions.

Penuelas et al. [68] analysed ductile fracture of steel welded joints using the
complete Gurson model (CGM) [37]. An interesting approach was applied – in-
stead of using one base metal and different weld metals, specimens with the same
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(fixed) weld metal properties and different base metals were considered. In ad-
dition to variation of the mismatch ratio, the crack length and joint width were
also varied. Through experimental and numerical analysis, the authors quantified
the constraint effects through the total constraint parameter, which takes into ac-
count both the influence of geometry and material mismatching. In addition to
ductile fracture, cleavage fracture is considered by Betegon et al. [69], at differ-
ent temperatures (note: this is the same research group which published the paper
[68]). The prediction of both mechanisms was performed by micromechanical mod-
elling; it turned out that the cleavage resistance depends on both temperature and
joint configuration, while the resistance to ductile fracture is almost temperature
independent.

In [70], fracture analysis of welded joints with one or two weld metals by
application of the CGM is presented by the authors of the current work. The joints
were undermatched, overmatched, or fabricated with both weld metals, and the
base metal was high-strength steel (NIOMOL 490). When stable crack growth is
considered, the influence of the overmatched joint width can be seen in Figure 7
(part of the mesh around the crack tip in the SENB specimen is shown). The
increase in width decreases the fracture resistance, which is in agreement with the
results shown in Figure 9 for crack initiation. The opposite trend, increase in
fracture resistance with the increase in joint width, is observed in UM joints, which
can be seen in Figure 8. The behaviour of UM and OM joints with respect to their
width corresponds to that obtained by Rakin et al. [56] by application of the GTN
model to these joints, as well as in [55].

The influence of the finite element size on crack growth initiation prediction is
shown in Figure 9a, for three OM joint widths. Crack tip opening displacement
at crack growth initiation (CTOD𝑖) is used as fracture parameter, determined by
using 𝜎5 concept [71]. The increase in the element size results in prediction of
higher resistance to fracture initiation. However, the quantity which influences
the prediction of fracture initiation is not the element size itself, but the distance
between the integration points within an element. This is also in accordance with
the conclusions obtained on macroscopically homogeneous materials in [72,73]. In
Figure 9b, the finite elements with dimensions 0.3× 0.3mm and 3× 3 integration
give very similar prediction as those with dimensions 0.15 × 0.15mm and 2 × 2
integration. The distance between the integration points in these two elements is
rather similar.

Unfortunately, this is no exception and the application of the local approach to
fracture is typically related to mesh-dependence, as mentioned in Section 2. How-
ever, much more important is the transferability of the FE size – once determined,
it is used on other geometries. In this way, the size of the element becomes one
of micromechanical parameters, which is transferred to other configurations along
with the other parameters (such as 𝑓0, etc.).

In [70], the authors also gave the example with two different weld metals and
a crack which grows through both of them. One of the weld metals is overmatched,
while the other one is undermatched, which represents additional heterogeneity
within the weld itself. The micromechanical parameters were transferred from the
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(a) (b) (c)

(d)

Figure 7. Crack growth for OM joint with width: 6mm (a),
12mm (b) and 18mm (c) [70] and scheme of the welded specimen;
symmetry is applied in modelling (d).

(a) (b) (c)

Figure 8. Crack growth for UM joint with width: 6mm (a),
12mm (b) and 18mm (c) [70].

configurations with a single weld metal, and more significant crack growth in the
overmatched weld metal is predicted successfully, Figure 10.

In the study [74], two different configurations of the cracks in steel weldments
are considered by using the CGM: a surface crack in a tensile panel (TP) and an
edge crack in a standard SENB specimen exposed to bending. Two positions of the
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(a) (b)

Figure 9. Influence of the size and integration order on resistance
to fracture initiation [70].

Figure 10. Crack growth in the joint with two weld metals and
a crack through both of them – fracture surface of SENB speci-
men [70].

cracks were analysed in each geometry: in the weld metal and in the heat affected
zone. The models of the specimens with a pre-crack in HAZ are shown in Figure 11.

In Figure 12, the 𝐽 integral values at the moment of crack initiation, 𝐽𝑖, de-
termined experimentally and predicted through application of the micromechanical
model, are shown. The same values of micromechanical parameters are applied in
both geometries (transferred), and the effects of heterogeneity of the joint and dif-
ferent constraint conditions (caused by the pre-crack shape and loading mode) are
captured successfully by micromechanical modelling. An interesting aspect of this
study is the method for characterisation of the joint zones: WM, BM, coarse grain
HAZ and fine grain HAZ – their properties were determined by a single-specimen
procedure, Younise et al. [75]. This procedure includes application of digital im-
age correlation (measurement of tensile strains using the Gom Aramis stereometric
system) and numerical analysis of tensile testing of a welded plate specimen.

Song at al. [76] considered another aspect which may influence the ductile
fracture behaviour of welded joints: the pre-strain history, introduced through the
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(a) (b)

Figure 11. FE meshes – SENB specimen (a) and tensile panel
TP (b) – initial cracks in HAZ [74].

Figure 12. 𝐽 integral at crack initiation for SENB and tensile
panel TP – initial cracks in WM or HAZ [74].

pre-strain cycles. The pre-strain cycles were either symmetrical or non-symmetrical,
and the relation between these cycles and mismatch effect (the joints were over-
matched) was analysed by application of the CGM on welded SENT specimens.
The authors concluded that the pre-straining influenced the fracture resistance of
the analysed joints. Also, it turned out that the initial crack length did not affect
their fracture resistance significantly.

Nielsen and Tvergaard [77] have dealt with the influence of the shear failure –
a failure mode which cannot be simulated by the Gurson model, GTN or CGM in
their original forms. Therefore, some studies have been devoted to extending the
GTN model to such loading and failure development mode, e.g. by Nahshon and
Hutchinson [46], or Xue [47], as mentioned in Section 2.2. The former is applied,
and also modified, in the analysis of spot-welded joints in [77], Figure 13. It should
be noted that the damage parameter, void volume fraction, in Equation (2.3) has
one more component to take shearing into account, denoted by the authors as
𝑓modification. It is concluded that the benefit from application of the shear modifi-
cation of the model is pronounced for small diameters of the spot weld. Also, the
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influence of the shearing mode is found in the welds with a larger diameter, where it
especially affected the prediction of fracture initiation. Nielsen [78] compared dif-
ferent modifications of three micromechanical models: GTN, shear-modified GTN
by Nahshon and Hutchinson and the model of Gologanu, Leblond and Devaux (the
second and the third one take into account the effects of shear loading in ductile
fracture analysis). All of them are applied to spot welded joints exposed to either
tensile or shear loading.

Figure 13. Scheme of the specimen with spot weld.

4. Application of micromechanical models in
fracture analysis of welded structures

This section presents some studies and results obtained on welded structures
or non-standard welded specimens. Having in mind the need for determination of
tensile properties and micromechanical parameters of the materials (joint zones),
most of them also include the testing of standard specimens for mechanical char-
acterisation and/or standard fracture mechanics specimens, such as CT or SENB.

The GTN micromechanical model is applied in [79] to predict ductile fracture
resistance of laser-hybrid steel joints. The micromechanical parameters are obtained
by a combination of metallographic analysis, fitting procedure and unit cell analysis.
A special attention is given to the deviation of the crack path obtained for the cracks
located in the vicinity of the fusion line on welded CT specimens. After a detailed
micromechanical analysis of welded specimens, the same set of parameters is applied
on a beam-column connection with a semi-eliptical pre-crack in the welded joint.
It is obtained that fracture initiation resistance is higher for the structure with the
surface crack than in the standard specimen; this is in agreement with the results
from [74], Figure 12, and can be attributed to different constraint conditions caused
by the crack shape.
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Chhibber et al. [80] applied the GTN model in a similar examination proce-
dure, where the results were first obtained on the welded and base metal (SA333
Gr.6 Carbon Steel) specimens. They performed a parametric study, aimed at deter-
mination of the micromechanical parameters without metallographic analysis. Five
parameters were varied (𝑓0, 𝑓𝑐, 𝑓𝑓 , 𝜀𝑁 , 𝑓𝑁 ), while the remaining ones were kept
constant. Finally, the values of the parameters were applied in the fracture analysis
of a pre-cracked pipe produced from the mentioned material; the prediction was
successful, based on the comparison of force-load line displacement curve and crack
growth resistance curve. Also, the authors commented on the inter-dependence of
the parameters, which points out the fact that multiple parameter sets can give
good fracture description (non-uniqueness). A similar conclusion can also be found
in some previous studies on macroscopically homogeneous materials.

Two recent articles present the application of the local approach to fracture
to welded components – [81] (pipe with a weld defect) and [82] (connection be-
tween a column and flange). The examination in [81] includes the standard tensile
specimens, notched specimens and single-edge tensile specimens for determining
the properties of the joint zones. The GTN model parameters are transferred to a
welded pipeline segment produced from X65 steel (length of the segment was 6m).
The combined effect of the internal pressure and bending load is analysed, as well
as significance of the boundary conditions. The authors conclude that the applied
local approach-based methodology “can be useful for a fine analysis of tests but is
clearly not mature enough to be used as a routine failure assessment procedure”.

In the study [82], a different geometry is analysed in comparison with [80]
and [81] – a welded connection between the load-carrying members, Figure 14.
The uncoupled approach to fracture is applied, based on the modified Rice–Tracey
model – Stress Modified Critical Strain (SMCS), Section 2. The model is applied
through a user subroutine in Abaqus, which enables not only tracking the fracture
initiation, but also crack growth through the welded joint. The authors conclude
that the applied fracture criteria can predict ductile fracture behaviour of the anal-
ysed welded connections. However, the model predicts lower displacement values
until final failure. When comparing the stage of significant crack growth, the Rice-
Tracey model gave better results than SMCS; an example is shown in Figure 14 –
the Rice–Tracey model is referred to as VGM or void growth model.

The Stress Modified Critical Strain model is also applied by Kanvinde et al.
in [83], along with the classical approach of elastic-plastic fracture mechanics based
on 𝐽 integral. The authors mention that the study is one of the first applications
of this model to structural fillet welds. Fracture behaviour of cruciform welded
joints with sharp root notches, produced from the base material A572 steel (Grade
345), is analysed. The length of the root notch, filler material and the dimensions
of the joint are varied; 24 combinations in total. Fracture surface examination
revealed that all the tested welds finally failed by brittle fracture, but ductile crack
growth was present in the initial stage. The authors report that the “SMCS model
can predict fracture in the structural fillet welds with good accuracy, while the 𝐽
integral based methods result in somewhat conservative and inaccurate predictions
of fracture”, [83]. Such a conclusion is mainly based on the ability of the two
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(a) (b)

Figure 14. Scheme of the joint analysed in [82] (a) and load-
displacement curves, [82] (b).

approaches to predict the weld deformation at fracture. Regarding the SMCS
model, acceptable transferability of parameters between different welded geometries
has been achieved, even though some aspects, such as local property variations, were
not taken into account.

In a recent paper [84], the authors applied the SMCS model and the Rice–
Tracey model, in the analysis of welded steel hollow spherical joints (a characteristic
geometry, typically applied to space grid structures). Behaviour of the spherical
joints was analysed under axial tensile loading, and also under compressive loading.
Fracture was dominant failure mechanism under tension, while loss of stability of
the sphere was critical under compressive loading. Finally, the authors proposed a
simplified SMCS or S-SMCS model, stating that it is more convenient for practical
application to the examined joints. This is done by setting the triaxiality ratio to
a constant value, thus obtaining the failure criterion which depends only on the
plastic strain.

An interesting analysis is shown in [85], where both static and dynamic loading
of the welded connections are considered. Namely, the authors applied a modifi-
cation of the GTN model which takes into account both isotropic and kinematic
hardening. Therefore, micromechanical analysis was successfully applied in assess-
ment of ductile fracture under static, but also dynamic loading conditions (ultra
low cycle fatigue).

Ma et al. [86] proposed a modification of the Xue model [87] based on damage
plasticity, which takes into account shear loading, and applied it to the tubular
connections, Figure 15. The authors propose a simplified calibration procedure for
the model, aimed at more convenient engineering usage. It is worth mentioning
that this simplification is motivated by the Rice-Tracey approach [24], which once
again proves its importance and applicability almost 50 years after publication.
The authors state that they successfully predicted the sequence of failure, which is
observed in the welded connection during the experiments, [86].
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Figure 15. Schematic view of non-rigid and rigid joints analysed
in [86].

In a recent article, Liu et al. [88] considered the fracture of tubular welded
joints (similar configuration as the one shown in Figure 15, left-hand side) using
a modification of the GTN model which takes into account void shearing. This
modification is performed through addition of another scalar variable: shear stress-
related damage. In this way, the evolution of porosity is tracked by the GTN model,
while the shearing is taken into account through the mentioned additional damage
variable. The modified model gave better results in the case of shear-dominated
stress fields. To be more precise, the fracture initiation is successfully predicted
by the GTN model, but the advantage of the modified model is primarily in the
simulation of the crack growth process, where shear stress state is much more
pronounced in the analysed geometry.

Prediction of fracture initiation on the structures without an initial crack is
presented by Medjo et al. in [89], on the example of structures with a blunt
stress concentrator–machined notch. The models of casing seam pipes (produced
from steel API J55) with notches are considered. The shape of the notch is either
circular, or elongated in axial direction, Figure 16a. The influence of the weld
is not analysed, since the volumetric defects are considered. It is obtained that
the prediction of fracture initiation in this case does not depend on the mesh size;
CGM is applied. In [89], it is also shown that the integration order does not have an
influence on the crack initiation in these geometries. A similar conclusion related to
the mesh dependence on blunt stress concentrators is obtained in [51], mentioned
in the previous section – flat welded tensile specimens with U-notches are reported
to exhibit very slight mesh dependence. The U-notches analysed in [51] had radius
2mm, so they were more pronounced stress concentrators in comparison with the
pipes from Figure 16.
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(a) (b)

Figure 16. Pipe with blunt defect (a) and pressure corresponding
to fracture initiation – influence of defect length and FE size; based
on [89] (b).

Now, we will show a comparison of the stress conditions in one of the pipe
geometries from Figure 16a with the conditions in cylindrical specimens. A circular
notch on the pipe, with depth equal to 75% of the wall thickness, is considered.
Such depth indicates that the pipe is significantly weakened by this machined defect.
Round tensile (RT) and two notched tensile specimens are used for comparison;
notch radius is either 10mm (NT10) or 2mm (NT2), Figure 17a. The positions for

(a) (b)

Figure 17. Finite element meshes – cylindrical specimens and a
notched pipe (a) and dependence of stress triaxiality on strain (b).

tracking the stress triaxiality values are marked by the arrows. Triaxiality at the
bottom of the pipe notch is generally in the range between NT10 and RT specimen,
hence it can be said that the stress concentration is weakly pronounced, Figure 17b.

Application of the CGM on the example of a welded structure – thin-walled
seam pipe, is shown in [90] by the authors of this paper. Actually, fracture as-
sessment is performed on the non-standard pipe ring notched specimens, proposed
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(a) (b)

Figure 18. Cutting scheme of the ring specimens and testing
setup (a) and fracture resistance curves – seam and BM; based
on [90] (b).

as testing geometry for characterisation of the pipeline materials, [91–93]. The
scheme which shows the preparation of the specimens is shown in Figure 18a; the
pipe is fabricated by welding, i.e. it is a seam pipe. One of the aims was to deter-
mine the difference in fracture behaviour of the base metal and the seam, therefore
the stress concentrators were fabricated in both the base metal and the seam. The
fracture resistance of the weld metal turned out to be lower in comparison with
the base metal, Figure 18b. Seamless pipes were also considered in [90], and they
generally showed better fracture resistance in comparison with the seam ones for
the considered material (pressure vessel steel) and dimensions.

5. Concluding remarks

Problems of fracture of welded joints are an important topic in integrity as-
sessment of welded structures in different industries. In this work, application of
micromechanical models in fracture analysis of welded joints is given from a group
of studies, including a number of papers published by the authors of this work. A
brief overview of the models is presented at the beginning.

From the studies listed in this work, it can be concluded that the microme-
chanical models of the local approach to ductile fracture can be used to predict the
fracture behaviour of both homogeneous and inhomogeneous materials, provided
that proper determination of material properties and model parameters has been
performed. Many recent studies which use some of these models and corresponding
failure criteria can be regarded as a proof of this conclusion. A very wide range of
problems has been successfully treated by application of the local approach, from
detailed analyses of phenomena in the material during fracture to macroscopic be-
haviour of structures with cracks. In this work, only the studies which deal with
welded joints are presented, while many articles which deal with macroscopically
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homogeneous materials can also be found in the literature. It is worth mentioning
that some of the presented studies also contain proposals for modifications of the
existing micromechanical models. This represents their contribution to the develop-
ment of the local approach in general, motivated by the complexity of the problems
of welded joints fracture.

Generally, one of the most important advantages of the local approach to frac-
ture, in comparison with the so-called global approach of fracture mechanics, is
the transferability of the model parameters between different geometries. Also, the
ability of micromechanical models to successfully ‘capture’ the heterogeneity of the
material properties and its effect on fracture is especially beneficial for the analysis
of welded joints. Unlike global fracture mechanics, the local approach can be ap-
plied to structures without initial cracks. However, a significant drawback of the
micromechanical models for ductile fracture analysis is mesh dependence (except
for fracture initiation on blunt stress concentrators), which is typically resolved by
treatment of the finite element size as a material parameter in the model.
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ПРЕГЛЕД ПРИМЕНЕ МИКРОМЕХАНИЧКИХ МОДЕЛА
У АНАЛИЗИ ЖИЛАВОГ ЛОМА ЗАВАРЕНИХ СПОJЕВА

Резиме. Лом заварених споjева jе дуго био и jош увек jе важна тема
у истраживачком раду и индустриjскоj пракси, имаjући у виду кључну уло-
гу заварених споjева у обезбеђивању безбедног рада и интегритета заварених
конструкциjа. Оваj рад садржи преглед примене микромеханичких модела у
анализи жилавог лома заварених споjева. Главна предност ових модела, у по-
ређењу са класичним приступом механике лома, jе примена локалних величина
(напона и деформациjе) у предвиђању развоjа оштећења. Оштећење се кванти-
фикуjе кроз вредност параметра оштећења, коjи се код жилавог лома металних
материjала наjчешће доводи у везу са настанком, растом и спаjањем шупљина,
тj. опис материjала се може довести у везу са реалним понашањем материjала
током лома. Већина приказаних истраживања, укључуjући она коjа су обjави-
ли аутори овог рада, су урађена на челику као основном материjалу, док се
остала односе на легуре алуминиjума.
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