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1 | INTRODUCTION

Defects could be present in welded joints, and their shape
and size acceptability levels have to be checked in docu-
ments such as ISO 6520 Classification of imperfections in
metallic fusion welds," 1SO 5817,” and ISO 10042.° In gen-
eral, the shape of the defects is evaluated in a basic man-
ner, and some general limitations are given on the size
and position of the flaw. From a schematic point of view,
the defects can be classified as imperfect shapes (linear
misalignment and angular distortions), undercuts, volu-
metric discontinuities (gas pore and cavities of any
shape), and planar discontinuities (lack of fusion or lack
of penetration) as is the case, for instance, by
Hobbacher.* Schork et al.” suggested the use of the FAT
class in conjunction with the ISO quality system. For
instance, the Volvo Standard STD 181-0004° proposes
eight parameters to assess the reduction in fatigue perfor-
mance of defected joints. When classifying defects, the
definition of the defect reference shape and its critical
dimensions is a challenging task; for instance, concerning
undercuts, the depth compared to the plate thickness is
considered in the above-mentioned document, but there
is no definition or consideration concerning its actual

This paper considers the effects of the actual weld profile on the fatigue behav-
ior of welded joints by means of the implicit gradient approach. Different types
of geometrical approximation are considered in the analysis. In order to define
the fatigue strength reduction factor of the actual weld profile, FE analyses
have been considered based on a three-dimensional scan of the welded joints.
Furthermore, the fatigue behavior of butt-welded joints with a discontinuous
undercut is considered, and a comparison has been made with experimental
data taken from the literature.

defects, fatigue, implicit gradient, welded joints

overall shape. In the literature, an ideal V-rounded notch
or semi-circular notch are commonly considered as the
reference theoretical shape for both analytical or numeri-
cal studies.”” Alternatively, by considering the develop-
ment of weld quality criteria based on fatigue
performance, Jonsson et al. provide a weld quality guide-
line which quantitatively relates weld acceptance criteria
to the expected structural performance.®

Conversely, it is possible by means of 3D scanners to
easily digitize any object, by addressing its actual shape,
without any assumption or conjecture on the reference or
theoretical defect shape. 3D scanners allow the
researcher to easily acquire even complex geometries and
offer the absolute rendering of particular textures. Super-
ficial defects at the weld toe can be reproduced exactly in
a virtual model without introducing simplifications, mod-
ifications, or assumptions. Generally, from a three-
dimensional scan, it is possible to obtain an accurate
graphical representation of the weld toe radius, weld toe
flank angle, undercut depth, weld reinforcement size, pri-
mary and secondary notch depth, and so on.”

Obviously, these specific geometrical parameters are
taken from one or several samples, and usually, the weld-
ing process has a considerable variability, so that the
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average values, scatters, variance, or other statistical
property are considered.

As far as a specific joint geometry is known or
assumed, the implicit gradient approach proposed in
Livieri and Tovo’ could also be useful for a numerical
analysis of the fatigue performance of welded joints with
defects such as undercuts, pores, misalignments, and so
on because it considers the actual geometry of the weld
profile without simplifying or adding a crack. Actually, the
problem of the fatigue strength assessment of underflush-
ing by excessive grinding on the weld throat has been
addressed through the implicit gradient approach and has
been verified by a set of experimental tests.'” The implicit
gradient approach is particularly suitable for analyzing
welded joints as three-dimensional structures without
introducing geometrical simplification since the Cauchy
stress field singularity is transformed into a continuous
equivalent stress field. Furthermore, if a three-dimensional
laser scanning of the weld is available, an accurate 3D
model could be considered and the numerical analysis
could give the exact point of the fatigue crack initiation.
Alternatively, by means of linear fracture mechanics, the
defects can be considered as an elliptical or semi elliptical
crack,"? and then, the propagation of the flaw can be
considered according to the linear elastic fracture.'*™*

This paper examines the problem of three-
dimensional defects in welded joints by means of the
implicit gradient approach. In particular, the undercuts
problem is considered an example of the systematic anal-
ysis of the weld toe in complex structures. Then, in order
to provide the capability of the implicit gradient approach
in considering the effect of the undercut at the weld toe,
the fatigue behavior of the steel butt-welded joint has
been evaluated. Finally, an FE analysis of a butt-welded
joint based on an accurate three-dimension scan of the
joint is proposed. This paper, and the related methodol-
ogy, only tackle the effect of the overall geometry on
fatigue strength, assuming that other conditions at the
weldment can be considered substantially constant, as
well as the metallurgical features, residual stress, or other
defects that have not been explicitly considered. This
assumption has been commented in Livieri and Tovo'®
where it has been substantially proved that this is suit-
able for fatigue assessment of defected welded joints.

1.1 | The implicit gradient approach

In previous papers,'®'” the authors proposed the use of
the implicit gradient approach as an engineering tool for
the definition of effective stress obtained directly from FE
analysis. This approach considers the effective stress o4,
which is calculated numerically by means of two

' | : 3437
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consecutive FE analysis, as critical for the material. The
first is the usual FE analysis for the assessments of the
Cauchy stress by considering the material as linear elastic
or elasto-plastic.'® The second analysis is performed with
the scope of solving the Helmholtz differential equation
in volume V of the component by imposing the Neu-
mann boundary conditions"®:

oeff—czvz Off =0eq In V (1)

In Equation 1, the known term is the equivalent stress
0.q Obtained from previous FE analysis (for welded joints
under proportional loading o, agrees with the maximum
principal stress ¢;). V2 is the Laplace operator, and Neu-
man boundary conditions are assumed: Vo -n=0
(where Vo is the gradient of the effective stress and
n the outward normal vector). The characteristic length
of the material, which characterizes all local
approaches,?® occurs in the ¢ parameter. For welded
joints made of steel, a value of 0.2 mm appears to be a
reasonable value that is able to resume the fatigue
strength of many different types of welded joints sub-
jected to tensile or bending loading'® whereas c is equal
to 0.15 for aluminum-welded joints.'” In all FE analyses
reported in this paper, ¢ was always considered equal to
0.2 mm as well as E =207 GPa and v = 0.3. The evalua-
tion of the effective stress o4 gives us the position of the
initiation fatigue crack and the capability of evaluating
the fatigue life by means of a master fatigue curve that
does not depend on the load, shape, and size of the weld
but only on the material.

From a physical point of view, Equation (1) is an alter-
native form to evaluate the average of o.4 inside volume
V of the component according to the non-local theory as
proposed by G. Pijaudier-Cabot and Z. P. Bazant*"**:

/T(P’ Q) Geq(Q) av

|4

oa(P) =
/‘P(P, Q)dv

|4

where w(P,Q) denotes a homogeneous isotropic weight
function, such as the Gaussian function, of the distance
|P— Q|| between the actual point P and the generic point
Q of volume V. In this scenario, the effective stress oy
given by Equation 1 is an efficient tool to evaluate in each
point P of volume V the average stress o, and if a
Gaussian weight function yw (x,y) is assumed, it is
possible to show that c is related to the mean root of
the weight function.”*** The use of the weight function
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FIGURE 1 Effective stress oeff in

G /O dimensionless form for a butt-welded joint
eff’ “nom

12

under axial loading 6,,,,, (dimension in

millimeters; ¢ = 0.2 mm; weld toe radius equal
to zero) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 2  Effective stress in dimensionless
form along the longitudinal symmetry plane for
the butt-welded joint in Figure 1. x is zero at the
transversal symmetry plane. [Colour figure can
be viewed at wileyonlinelibrary.com|

: longitudinal symmetry
plate
O-/Gm)m 1
15} |
i
1r +
WELD TOE

I
I

05 ‘ ! | I ‘ I |

3 35 4.5 6 7 9

gives more relevance, in the average process, to points
around P.

In this paper, Equation 1 was numerically solved by
means of COMSOL Multiphysics software with quadratic
elements. In general, in the critical zone, the mesh must
have a minimum size around ¢,*® and a free mesh genera-
tor with tetrahedral elements can be used.

With regard to the fatigue assessment, the ratio
between the maximum effective stress G.pmqax and the
nominal stress can be directly defined as the fatigue
strength reduction factor K¢

__ Oeff,max

Ky = (3)

Onom

Figures 1 and 2 show the effective stress in a butt-welded
joint. The main plate thickness of the butt weld is equal
to 6 mm, the tensile loading is applied at the remote

FIGURE 3 Typical undercut shape reported in the ISO
documents [Colour figure can be viewed at wileyonlinelibrary.com]

nominal section, and the weld toe radius is set equal to
zero. The dimensions of the joints are reported in
Figure 1 as well as the effective stress with a color scale.
In this example, the maximum effective stress at the weld
toe is on the longitudinal symmetry plane. Despite the
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first principal stress o; becoming singular at the weld toe,
the effective stress o+ assumes a finite value, and this
allows us to directly use the effective stress as a fatigue
parameter.

2 | NUMERICAL ANALYSIS OF
UNDERCUTS

Undercuts are frequent imperfections causing a decrease
in durability of the welded joint. They are located close to
or at weld toes and can have different shapes and dimen-
sions. The technical documents in the literature often
describe the shape of the undercuts approximately. In the
reference figure given in the ISO documents, the under-
cuts appear as rounded V-notches at the weld toe.
Figure 3 shows an example of a typical shape. Hobbacher*
gives some simple geometrical rules for defining the

TABLE 1  Acceptance levels for weld toe undercuts in steel*

Allowable undercut (h/t)

Fatigue class Butt welds Fillet welds
100 0.025 Not applicable
90 0.05 Not applicable
80 0.075 0.05

71 0.10 0.075

63 0.10 0.10

56 and lower 0.10 0.10

#Undercut deeper than 1 mm shall be assessed as a crack-like imperfection.
The table is only applicable for plate thicknesses from 10 to 20 mm.

cylindrical undercut

CSeff,max/ Gnom

a4 -

FIGURE 4 Effective stress
in dimensionless form for the
full penetration cruciform joint 2
(t=20mm; H = 10 mm,
W =20 mm, L = 220 mm,
B =40 mm, D = 40 mm,

FEEMS E= vyl J Vi

maximum depth of the undercut with reference to the
main plate thickness. Table 1 reports the ratio of the
allowable h/t for the undercut.

In order to underline that the actual undercut shape
plays an important role in the definition of the effective
Ky, in this section, some undercuts, either theoretically
assumed or real, will be taken into account in the follow-
ing, with modifications compared to the simple geometri-
cal shape. The reference welded joints are full
penetration cruciform joints. The considered undercuts
will be set at the weld toe, similar to Figure 3. The first
set of considered geometries are theoretically defined,
similarly to that of Figure 3, but with a shape generally
classifiable as cylindrical or spherical.

Figure 4 gives the considered spherical and cylindri-
cal undercuts with different diameter values. The cylin-
drical undercut has a given radius of the cylinder and a
variable depth. These theoretical geometrical features can
be referred or turning out from as erroneous mark grind-
ing or from an incorrect general welding technique and
gas porosity.

The cylindrical undercut appears more critical than
the spherical one in terms of maximum effective stress
Oeff.max- 1hiS criticality is mainly related to the sharpness
of the edges; regardless of the theoretically infinite linear
elastic stress concentration factor, the investigation pro-
vides a finite effective stress assessment. The presence of
undercut increases the K and this means a reduction in
fatigue strength. The advantage of the implicit gradient
approach is that the effective stress is directly correlated
to the fatigue strength of the joints without any further
post-processing elaboration (see next section) that can be
time consuming.

,—s
| R

\
\ / ‘ plate surface
N # h

\

spherical undercut

11

Maximum value at the toe

without the undercut f' -
———————————————— /7 1 \
plate surface [ ! 1
1
1
undercut ~ - -z
¢ 1

nom

R = 50 mm with fillet radius !

equal to R/300, b = 1 mm). The

undercut is located at the weld

toe and on the longitudinal 0 }
symmetry axis. [Colour figure 0 0.5

can be viewed at
wileyonlinelibrary.com]

1 15 2 25
¢ (diameter) for spherical undercut [mm]
h (depth) for cylindrical undercut  [mm]
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FIGURE 5 Effective stress in

undercut axis dimensionless form for the full
penetration cruciform joint with a
continuous undercut (t = 20 mm;

H =10 mm, W = 20 mm, L = 220 mm,

B = 40 mm, D = 40 mm, see Figure 4).

' The axis of the undercut is located at the
weld toe. [Colour figure can be viewed at
wileyonlinelibrary.com]
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u

35 4 45
ndercut radius r [mm]

g//

T

FIGURE 6
joint under axial loading Gnom-+ (dimension in

Geometry of the butt-welded

millimeters; « = 30°) [Colour figure can be

viewed at wileyonlinelibrary.com]

For a general comparison, Figure 5 shows the effec-
tive stress when the undercut is continuous with a
rounded U-shape. The undercut is kept at a constant
depth equal to one or half a millimeter. The presence of
the undercut increases the value of the effective stress in
the weld provided that the notch radius is less than
2.5 mm for a depth of 0.5 and 3.7 mm for a depth
of 1 mm. This means that the toe grinding technique can
give an advantage if the radius of the burr is large
enough. In fact, for an undercut with a depth of about
0.8 mm, a burr of 10 mm in diameter was used.?’

More generally, the comparison of the figures gives
an example of the influence of the initially assumed
shape on the assessment of the influence each parameter
has on strength in defected joints.

3 | FATIGUE LIFE IN WELDED
JOINTS WITH UNDERCUTS

The relevance of the undercut in fatigue life performance
has been underlined in many papers.***°

In a previous work, the experimental fatigue strength
of welded joints with pores was considered® in terms of
the implicit gradient approach by correlating the fatigue
life to the maximum effective stress Geffmax. Also, in the
case of undercuts, the implicit gradient approach can be
used without modifying the previous proposed
procedure.'®

The undercut, as well as the shape of the welded
joints, can be measured with high accuracy by means of
the optical 3D surface measurement device.”*>* In
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FIGURE 7
form for butt-welded joint with an undercut

Effective stress in dimensionless

under axial loading 6,0, (1 displacement,
dimension in millimeters) [Colour figure can be
viewed at wileyonlinelibrary.com]

0eff/ cnom
Geff/ cnom
1.55f A
I 1.5
1.5
1.45} 1.4
1.4 : 1.3
1.35- | \ 1.2
1.3 -
PRS- ead e 11
1250 /
12/ | 1
1.15-
40 30 20 10 0
4—'— Z
FIGURE 8 Effective stress in dimensionless form of the butt-

welded joint of Figure 7 under axial loading 6o, [Colour figure
can be viewed at wileyonlinelibrary.com|

particular, Ottersbock et al.>* measured the weld with a
minimum measurable radius of 20 pm. Furthermore, the
paper included useful graphs and pictures to rebuild the
typical undercut shape in the butt-welded joints made of
ultra-high strength steel S1100 with a thickness of 6 mm.
In order to produce small individual undercuts, the weld-
ing process parameters knowingly deviate from the opti-
mum process settings.>*

Figure 6 reports the geometry analyzed in Ottersbock
et al.** where it was assumed that the reinforcement angle
a was equal to 30° (the average reinforcement angle is
about 25 to 30°, and the undercut exhibits a significantly
steeper angle of nearly 40°). The length of the specimen
was assumed according to Ottersbock et al.,*> and the

FEEMS E= vy  J Vil

Geﬁ/ 0-nom

10000 T

g
&om @ without undercut
O with undercut
© ] 2
% 3.0
l_'>< 1000 [~ » Cnom
g v . 0
% ~Qep
© Tees o
< / \\“\\\ ©o0 o!
fatigue scatter band T~ 2515
for steel joints [16] T~
113
100
10000 100000 1000000 10000000
Cycles to failure N
FIGURE 9 Range of maximum effective stress for a butt-

welded joint of Figure 6 with and without an undercut under
remote uniform tensile loading 6,,,, (nominal load ratio equal to
0.1, scatter bands related to mean values plus/minus 2 standard
deviations) [Colour figure can be viewed at wileyonlinelibrary.com]

boundary conditions used in the present FE analysis are
reported in Figure 6. Figure 7 proposes a rebuilding of the
typical undercut analyzed in Ottersbock et al.>* The length
is about 6 mm with a maximum depth of about 0.4 mm.
The effective stress is show in Figure 8 along the transver-
sal cross section of the weld at the toe. The increasing
effective stress is clear. The maximum is inside the under-
cut, and Oeftmax/Onom reaches the value of about 1.6 in
contrast to 1.3 obtained without the undercut.

Finally, Figure 9 reports the fatigue data in terms of
maximum effective stress Gegmax Dy assuming specimens
with undercut as in Figure 7. In Figure 9, the fatigue scatter
band is related to mean values plus/minus 2 standard devi-
ations. The agreement is satisfactory. Note that despite the
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weld toe irregularity
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superficial pores
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FIGURE 10 Three-dimensional model of a
butt-welded joint obtained with a scanner
resolution of about 0.1 mm (size of specimen
168 x 30 x 3 mm; d ~ 1 mm) [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 11 Maximum effective stress in
dimensionless form for a plate with a spherical
defect in the middle (size of specimen: length
400 mm; width 40 mm, thickness 5 mm;

¢ = 0.2 mm) [Colour figure can be viewed at

wileyonlinelibrary.com]

high static performance of the steel,* the fatigue behavior
after the weld process is similar to other types of construc-
tion steel.'**°

4 | FE ANALYSIS FROM A THREE-
DIMENSIONAL SCAN

The ISO 5817:2014 takes into account the quality levels
of imperfections in fusion-welded joints and classifies

the flaw in different categories. However, the reference
figures are from a two-dimensional reference system,
and the shape of the reference imperfections therefore
needs to be given in a simplified form. A limit for imper-
fections is given for the three categories: B, C, and
D. For the sake of simplicity, in the scientific literature,
defects are wusually considered in two-dimensional
models where the average value of the characteristic
geometry is used after an extensive experimental investi-
gation.34’35’37_39
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FIGURE 12 FE three-dimensional model
used in the implicit gradient approach under a
tensile nominal stress (mesh with minimum size
of around 0.2 mm) [Colour figure can be viewed

at wileyonlinelibrary.com]|

FIGURE 13  Effective stress
obtained with the FE model of
Figure 12. The maximum of effective
stress is on side B where there is weld
toe irregularity. [Colour figure can be
viewed at wileyonlinelibrary.com]|
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As suggested by ISO 5817, the schematic defects may
be used in conjunction with a catalogue of realistic illus-
trations showing the size of the permissible imperfections
for the various quality levels, by means of photographs
showing the face and root side and/or reproductions of
radiographs and photomacrographs showing the cross-
section of the weld. According to this standard, an FE
analysis based on a three-dimensional scan of the joints
could be useful for capturing the effects of the actual
weld shape'®*>*" and also for considering superficial
defects that are not classified in ISO 5817. In particular,
the advantage given by the implicit gradient approach
with a three-dimensional model is in its use of the same
method given for welded structures analyzed without
defects. Furthermore, the position of the maximum effec-
tive stress suggests the position of the crack growth initia-
tion without any further post-processing operations.'®
Figure 10 reports a detailed three-dimensional model of a
butt-welded joints obtained with a scanner Romer model
7320SI (by Hexagon Metrology, North Kingstown, USA).
It has an accuracy of around 0.06 mm, and according to
such value, the reliable three-dimensional surface shows
many irregularities. In order to reproduce a correct three-
dimensional model, it is sufficient that the scan resolu-
tion value is less than the material parameter c because
the process zone, via the weight function introduced in
Equation 2, is of the same order of magnitude of c. In
general, if the scanner resolution is small in comparison
to ¢, the local geometrical raiser does not substantially
influence the effective stress as shown in Figure 11.
When the diameter of the sphere is small in comparison
to ¢, the maximum effective stress around the stress raiser
tends to the tensile nominal stress so that the increment
in effective stress can be negligible.

By using a scan resolution about 0.1 mm, the three-
dimensional model of Figure 12 was obtained. On side B of
the specimen, there are some superficial pores and weld
toe irregularity. The butt-welded joint has been obtained
from a tube so that the external surfaces in the central
zone of the specimen are cylindrical. On the contrary, in
the enlarged zone, the final shape appears flat after the
specimen was clamped on the fatigue machine. By means
of the virtual model of Figure 12, many types of defects
can be take into account at the same time, such as an
undercut, angular distortions, misalignments, and other
types of defects® Figure 13 reports the FE three-
dimensional model used in the implicit approach under a
tensile nominal stress with boundary conditions that pre-
vent the rotation of the nominal section. Finally, the finite
element analysis shows that the maximum effective stress
is on side B where there is weld toe irregularity (see
Figure 13). On the contrary, where superficial pores are
detected, the stress concentration appears not to be critical.

5 | CONCLUSIONS

The implicit gradient approach gives us a practical tool
for a parametric FE analysis of welded joints in a two-
dimensional space as well as with three-dimensional
models. The fatigue life is obtained without any other
post-processing analysis.

By means of the implicit gradient approach, the
actual geometry obtained by a three-dimensional scan of
the welded joint can be directly used in the FE model
without introducing any modifications. A 3D-scanned
geometry can reproduce many types of defects at the
same time, and then, by means of proper boundary con-
ditions, the three-dimensional model can be examined in
terms of effective stress. In order to avoid time consum-
ing in numerical processes in reproducing the model, it is
sufficient to have scanner accuracy comparable with the
characteristic length of the material as well as the mini-
mum size of the mesh in the FE model. The mesh can be
generated with a free mesh generator with tetrahedral
elements.

In the light of new technology, the implicit gradient
approach is able to analyze each fillet weld for the evalu-
ation of critical defects for a fatigue loading. In general,
the presence of an undercut at the weld toe increases the
stress concentration in terms of equivalent stress while
decreasing the fatigue strength. However, in the case of
an extensive radius of curvature with respect to the
undercut depth, the fatigue stress reduction factor could
increase.
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NOMENCLATURE

size of defects

width of the plate
characteristic length

length of secondary plate
elastic modulus

diameter of spherical undercut
undercut size

weld leg size

£ fatigue strength reduction factor
length of the plate

outward normal vector

fatigue life; cycles to failure
Poisson's ratio

notch radius

fillet radius

first principal stress

Gnom nominal stress
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Geff effective stress

Ceftmax Maximum effective stress
Oeq equivalent stress

t thickness

u displacement

w thickness of secondary plate
b d weight function

A range

V2 Laplace operator

\Y gradient
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