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ARTICLE INFO ABSTRACT

Keywords: Welding is a joining process that is associated with heating cycles which leads to considerable
Welding change in local material microstructure and the formation of high welding Residual stresses (RS)
Residual stresses shapes in the welded joint. Residual stresses can have a detrimental effect on the fatigue strength of

Probability density function
Compressive residual stresses
Tensile residual stresses

welded joints. In this paper, previously published data from measurements of residual stresses in
various types of welded joints are compiled. In total, more than 100 test results are studied
covering steels with yield strengths between 307 MPa and 1050 MPa in different welded details
(butt joints, longitudinal and transverse attachments, cruciform joints, as well as K-joints) with
varying thicknesses.

The collected data is used to study the distribution of welding residual stresses (regardless of
the welding parameters) at weld toe and through the thickness of the welded plate. Probabilistic
analysis is then used to arrive at a model that represents the value and distribution of residual
stresses in welded joints. This model is used to predict and explain the scatter in fatigue test data
from recent fatigue testing of welded samples.

1. Introduction

Welding of metals was introduced in the late 1930s and the early 1940s with the purpose of replacing riveted and bolted joints.
Since then, new welding technologies have been developed such as metal inert gas (MIG), metal active gas (MAG) welding [2] and
lately laser welding [1]. Welding is a heat-intensive process that changes local material properties (microstructure, hardness, yield
strength, etc.) and introduces weld defects, stress concentration and Residual Stresses (RS), which are detrimental for the fatigue
performance of welded structures.

Nasir et al. [3] showed that weld effects (changes in the material properties and microstructures as well as residual stresses) are
highly dependent on the method of welding and welding parameters, such as current and voltage, wire size and wire feeding speed,
welding speed as well as the choice of shielding gas and gas flow rate [2]. The chemical composition of the steel and matching of weld
and base metal properties [4-7] are also important parameters in controlling weld quality and welding residual stresses as well as the
resultant weld geometry, e.g. weld angle and weld toe radius. In their study, Naser et al. [3] are limited to study the welded
parameters without investigating how these parameters will affect the magnitude and the depth of the residual stresses.

To answer the challenge which is “determination of welding RS distribution”, many models [8,9,10,11] have been developed
based on finite element analysis using different welding parameters. However, numerical simulation of welding processes is a
complex and time-consuming task that requires extensive and accurate input to provide reliable results. As a deduction from [8-11],
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Nomenclature D depth of the RSy
oy ultimate strength
RS residual stresses X no value
RSA magnitude of residual stresses at the surface, (at RV random variable
point A) Na number of cycles to introduce damage = 1 at point
RSa- magnitude of residual stresses at the sub-surface A
with the same sign as point A, (at point A’) Np number of cycles to introduce damage = 1 at point
RS magnitude residual stresses at the sub-surface, (at B
point B) Oa,ext external stress range
5 yield strength of the material Opm,ext external mean stress
a Constant Rfﬁ k¢ stress concentration factor
R ke effective notch factor
B Constant fy Ores x residual stresses in the x-direction
y Constant £ Ores,y residual stresses in the y-direction
Dy depth of the RS, % stress amplitude

it is impossible to have sufficient details of all the welding processes to do such a simulation with satisfying accuracy in results.
Furthermore, these models are very sensitive to the provided welding parameters, a small change in one value of these parameters
changes the welding residual stresses distribution significantly.

Therefore, in the design phase, it is often assumed that RS from welding (regardless of the welding parameters) is in the order of
magnitude of the material yield strength and that these stresses are tensile in fatigue critical locations (weld toe, for example). The
method used in engineering is an empirical method overestimating the residual stresses distribution affecting the designed fatigue life
of structures.

None of these sources [3,8,9,10,11] present a clear and straight forward method predicting a reliable welding residual stresses
distribution through the thickness without being costly with respect to resources and time. Even for the work that measured RS
distribution in the thickness direction, they are limited to present the measured results without any interpretation of the measured
data. In real civil or mechanical structures, it is possible to measure the surface residual stresses, but it is very challenging to measure
the residual stresses distribution through the thickness.

For the welded components, serious fatigue problems were reported right from the beginning of the service life. Radaj [12]
reviewed the state of the art of fatigue properties of welded joints produced by a different welding process. The author concluded that
residual stresses, stress concentration at weld toe and weld defects are the governing parameters responsible for higher or lower
fatigue life in comparison to the base metal. Therefore, the effect of residual stresses should be introduced in the calculation of crack
initiation and the weldment fatigue life.

The present investigation aims to predict, regardless of the welding parameters, a reliable shape of the welding residual stresses
distribution at the weld toe through the plate thickness. In addition to that, within this paper, the contribution of welding RS to the
crack initiation and the fatigue life prediction was performed.

The present paper starts with Section 2 where the fundamental aspect of residual stresses was presented. In Section 3, a prob-
abilistic analysis of the collected published data of welding RS distribution is performed. A method to determine the shape welding
residual stresses at the weld toe through the thickness direction is developed. In Section 4, an experimental study is carried-out first,
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Fig. 1. Schematic distribution of residual stresses [13].
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to evaluate the proposed method and second, to investigate the effects of welding residual stresses on the fatigue life through a
redraw of the S-N curve condescending RS of welded steel transversal joint S355.

2. Residual stresses

By definition, residual stresses refer to a self-balancing state of stress which can be present in structures without any external load
[13], see Fig. 1. The equilibrium of the self-balanced stress can be translated to:
Equilibrium in x-direction gives

t/2 dy =
'/:tlz Oresxdy = 0 )

The absence of external moment translated to the following equation

t/2
2 yares,xdy =0 ®)

where ‘t’ is the plate thickness and, oy is the residual stresses in the x-direction.

Residual stresses present results of such process as manufacturing, welding, surface treatment, assembling, Heat treatment, etc. As
these processes are uncertain, they lead to introduce uncontrolled RS.

Residual stresses from welding can be measured by means of several methods. X-ray and neutron diffraction are two non-de-
structive methods that can give a view of the surface and the shallow sub-surface residual stresses. The former can also be used to
measure the distribution of RS below the surface (i.e. through the thickness) by successively removing surface layers in small in-
crements, for example by means of chemical etching. The method of hole-drilling is an old and well-established destructive technique
for measuring sub-surface residual stresses distribution. Detailed information about X-Ray, Neutron diffraction and hole drilling can
be found in [14].

In this paper, a focus is put on welding residual stresses distribution along the thickness direction at the weld toe.

3. Method

In this wide literature study measurements, data of residual stresses are collected. However, most of them are limited to giving
only the magnitude of the measured surface residual stresses. Only 29 measurements provided information about the distribution of
RS through plate thickness. As the objective of the current work is to study the distribution of residual stresses through the thickness
of welded joints, only measurements that provided such information are used in the evaluation.

Based on Section 2, providing only the magnitude of surface RS (magnitude of residual stresses at the surface) an infinite number
of solutions satisfy Egs. (1) and (2). In light of this, additional variables are required to identify a unique solution that represents the
physical distribution of the residual stresses through the thickness direction. Hence, for a welded detail constructed with any material
and plate thickness, knowing the magnitude and the depth of the maximum sub-surface RS (see Fig. 2) in addition to the magnitude of
the surface RS is sufficient to find the unique solution for the distribution of residual stresses through plate thickness. In that, it is, of
course, assumed that a linear distribution of residual stresses is a sufficiently good approximation or idealization with respect to the
aim of this study.

A review of the collected measurement data shows that in most cases measured residual stresses on the surface were tensile,

0
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surface RS

RV: value of surface RS

<l

RV: maximum value of sub-surface RS

Thickness

Fig. 2. RS distributions (shape) along the thickness direction.
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balanced by compressive stresses below the surface. This is what is usually assumed in welded connections. There are however still a
considerable amount of measurements [30-36] that confirmed an opposite distribution, i.e. compressive stresses at the surface
balanced by tensile sub-surface stresses. Therefore, in analyzing uncertainties in the distribution of welding residual stresses, both
cases have to be considered.

As the measuring of residual stresses along thickness direction is difficult to be applied in real structures and according to the
method used by the designer, there is no efficient estimation of residual stresses distribution. The challenge is estimating the RS
distribution in welds in thickness direction knowing only the magnitude of surface RS.

Studying and analyzing the collected data from literature [15-36] welding RS are categorized according to the sign and the
magnitude of surface RS. It has been observed that the magnitude of residual stresses dependent on the welding process (welding
order, the welding parameters) and the stiffness of the structures (material of the structure). The uncertainty of the welding process
leads to uncertainty of the magnitude of surface RS, and the depth and the maximum magnitude of sub-surface RS. This uncertainty in
the weld (parameters and weld order) is controlled by a specific probability law distribution. Hence, independent of the welding
parameters a mean shape of welding residual stresses could be defined.

Analyzing the reviewed collected data, it was found that for a specific case of RS distribution (i.e. compressive or tensile at the
surface) two shapes can be defined. The first shape (distribution) of residual stresses is mastered by the stress at two critical points,
point A (at the surface) and point B (at the sub-surface) which have opposite signs. The second shape is defined by three critical points
one at the surface (point A) and two sub-surface points A’ and B. The collected data suggest that the stress at the point A’ has always
the same sign as that at A, while the RS at point B it has an opposite sign (see Table 1). Shape 1 can be defined with two zones while
shape 2 is defined by three zones. Table 1 shows the two shapes with a relation between the magnitude of surface RS and the
maximum magnitude of sub-surface RS based on the analysis of the collected data. The zones of each shape are also shown.

It has been observed that the magnitude of welding residual stresses depends on the material of the welded plates. In this paper, a
selection of the elastic limit of material (f,) to study the magnitude of residual stresses is made. The magnitude of residual is

normalized by the elastic limit of the material f,.
It should be noted that the constants a = %, g = %, andy = %, can be higher than 1 where the magnitude of residual stresses
p Yy y
exceeds the elastic limit of the material which is the case in [17]. With this definition of these three constants and without putting any

Table 1
Shapes of welding residual stresses distribution along the thickness direction at the weld toe.
Shapes of RS distribution at the weld toe through the Shapel Shape 2
thickness
0 A
0 A
2
B
B
v
Thicknes VL
S Thickness
reference points A and B A, A’and B
RS magnitude at A (compressive or tensile cases) RSy = afy with a is a constant parameter RSy = afy with a is a constant parameter
RS magnitude at B (compressive or tensile cases) RSp =B =f, with B is constant parameter RSp=p= [, with B is constant parameter
RS magnitude at A’ (compressive or tensile cases) X RSy = y=f, with y is constant parameter

RSa: The magnitude of residual stresses at the surface, (point A).
RSa~ The magnitude of residual stresses at the sub-surface with the same sign as point A, (point A”).
RSp: The magnitude residual stresses at the sub-surface, (point B).
f,: The Yield strength of the material.

RSp

fy

RSB

fy °
RSy

fy
x: No value.

o: constant
B: constant

Y. constant
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Fig. 3. RS distribution along the normalized thickness at the weld toe in the case of tensile RS at the surface, (a) both shapes, (b) shape 1 and (c)
shape 2.
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condition on them (if they exceed 1 or no), the method is valid even in the case where the magnitude of residual stresses exceeds the
elastic limit of the material.

Ultimate stress (o;,) could be also used to normalize the magnitude of residual stresses which will generate other values of the
constants a = %, B = }%B, and y = %". The developed method still applicable with an update of the values of «, § and y.

3.1. Tensile welding residual stresses at the surface

The analysis of the collected data shows that in most cases welding introduces tensile RS at the surface. Most of them are limited
to measure the surface residual stresses to show it is tensile without giving any indication of the shape through the thickness
direction. Only 18 of the collected data sets showed the measured RS through the plate thickness in the case of tensile residual stresses
at the surface.

Table 2 presents the distribution of RS along the depth at the weld toe for different plate thicknesses, materials, and welded joints.

. . . SWL . D'
To determine RS shapes independent of these parameters, a normalized RS (%) and a normalized depth (m) are used to
y

plot the RS distribution for all collected data (see Fig. 3).
A probabilistic analysis of the collected data was performed, and the results are summarized presented in Table 3. Analyzing the
collected data in Table 2, regardless of the welding parameters, the following interpretations can be made:

— In the case of tensile RS at the surface, the two shapes of RS distribution presented in Table 1 are found with almost equal
9

probability (shape 1 with probability = % = 0.5and shape 2 with probability = = = 0.5).

- Independent of the shape of stress distribution (1 or 2) a linear regression line connecting the value of surface RS (RS,) and the
maximum value of the sub-surface RS (RSp) is investigated in Fig. 4. This linear relation is found regardless of material properties,
thickness and type of weld details. Again, for any of these shapes (1 or 2) the mean of the depth of the point B, Dg, is 35% of the
plate thickness with a standard deviation of 27% (see Table 3).

— Regarding shape 2, the intermediary point A’ has almost the same mean magnitude of RS as point A (which can be translated to
% =~ 1) (see table 3 mean of RS, = 0.35 and mean of RS, = 0.39) and is found at around 2.2% of the normalized thickness.
Hence, zone 3 (see Table 1) has a rectangular shape, see Fig. 5, with very shallow depth compared to the plate thickness.

— Knowing the magnitude of RS at the surface doesn’t give any indication concerning the shape either 1 or 2 especially that the
probability of occurrence for shape 1 and shape 2 are almost equal. In line with the study in and Table 1, especially for the shape 2
that zone 3 is very shallow (around 2.2% of the normalized depth) leads to simplifying shape 2 to shape 1 by neglecting the point

A’ in the estimated RS shape, see Fig. 6 green shaded area. Hence, Shape 1 is a good approximation for all cases.

Adapting the simplifications mentioned and discussed above (i.e. a linear relationship between RS, and RSy and the use of Shape
1 (Fig. 7) as a valid representation for all residual stresses distributions), the value and distribution of residual stresses can be
obtained with any specific (or requested) reliability. Fig. 7, “R®” is the square of the linear regression factor.

3.2. Compressive welding residual stresses at the surface

It has been a common view that welding introduces high tensile residual stresses on the surface at weld toes. Analysis of the
collected data shows however that a relatively large number of measurements revealed compressive residual stresses at the surface.
Table 4 summarizes the parameters describing the shape of residual stresses distribution for the cases with compressive surface
stresses. In the study of the published data, it was found that welding rarely introduces a compressive RS at the surface compared to
the case of the surface tensile RS. Fig. 8 summarizes the shapes of welding RS in the case of compressive RS at the surface.

Analyzing the collected data in Table 4 and Fig. 8 (regardless of the welding parameters), the following observations can be made:

— Irrespective of the shape (1 or 2), ? has a mean value of 0.59 and a standard deviation of 0.39. Concerning the location of this

point, it has a mean value of 10% of the normalized thickness varying with a standard deviation of 7%, see Table5.

Table 3
Probability density function of the random variables defining the RS shape.
Random variable Probability law Mean Standard deviation o
RSp Lognormal 0.35 0.27
fy
RSy Lognoraml 0.39 0.47
fy
RSp Lognormal 0.2 0.25
fy
Dp Normal 35 24
plate thickness*loo
Dy 00 Normal 2.2 6.5

plate thickness
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Fig. 4. Value of RS at the surface (RS,) as a function of the value of residual stresses at A’ (RSx/).
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Fig. 5. Schematic representation of zone 3 in case of tensile RS at the surface, shape 2.

Thickness

Fig. 6. Simplification of the shape 2 to shape 1 in the case of tensile RS at the surface.

— When the distribution of residual stresses follow shape 1, equilibrium is defined by points A and B. Rfﬁ has a mean value of 0.57
y

independent of the plate thickness, material proprieties and welded detail.
— When the distribution of residual stresses follows shape 2, three critical points are identified. Rfﬁ has a mean value of 0.18 and a
Yy

standard deviation of 0.19. While %A' has a mean value of 0.57 found at 0.3% of the normalized depth with a standard deviation
y

of 0.4%. % is almost constant and equal to 0.3 which leads to a linear relation between RS, and RS,.. Hence, zone 3 has a shallow
o

width compared to the plate thickness and lower magnitude of surface residual stresses which leads to a small area of zone 3
compared to zone 1 and 2. See Fig. 9.

— Irrespective of the shape (1 or 2), a linear relation connecting max (RS, RSa-) and RS has been found in Fig. 10.

— RS4 in case of shape 2 has the same value as RS, in the case of shape 1, which mean in the case of shape 2, zone 3 is too little in
term of the area compared to zone 1 and 2 (see Table 1). This leads to simplifying shape 2 to shape 1 (see the shaded area in
Fig. 11). This leads to the shape of the RS being described by the maximum of RS, and RS, together with RSg in the case of
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Fig. 7. Value of RS at the surface RS, (tensile) as a function of the maximum value of sub-surface residual stresses RSy (compressive).

compressive surface RS.

Using the collected experimental data, lognormal distribution laws for the value of surface RS and the maximum value sub-surface
RS and normal law distribution for the depth of sub-surface RS are constructed. Table 5 summarizes the probability density functions
for these random variables.

3.3. The effect of the residual stresses in the damage distribution and crack initiation

The residual stresses are permanently present in structures, which leads to affecting the mean stress without changing in the stress
amplitude. For structures have residual stresses and submitted to external cyclic loading (0 ext, Om.ext), two cases could be presented.
The first case, if the local residual stresses are positive (tensile), it increases the mean stress o,, which is an unfavorable situation for
fatigue. The second case, if the local residual stresses are negative it leads to a reduction in the mean stress o,, which is a favorable
situation for fatigue.

Residual stresses in welded joints can be relatively high. On the first hand, if local residual stresses are compressive, the applied
stress range after mean stress correction is very low. In this case, micro-cracks can hardly grow. As the residual stresses do not affect
the stress range, cyclic slip in the material can however still occur. On the other hand, if local residual stresses are tensile, the stress
range after mean stress correction is very high which leads to accelerated crack initiation and propagation. Hence, in general, there is
a high probability that fatigue damage will occur first at points where there is high tensile RS.

The residual stresses can be beneficial or harmful as long as they are stable. However, the relaxation of such stresses due to
mechanical loading is a well-known phenomenon recognized under cyclic loading [38-42]. It has been shown that the main re-
laxation of the residual stresses normally takes place in the first cycle, followed by a further gradual relaxation during fatigue life
[39-40]. However, this is not a universal rule and depends on many factors: the initial residual stresses, the actual material, and
microstructure (damage), as well as the loading condition. It has been found that the amount of residual stresses relaxation is very
low when the applied load cycles do not cause macro-plasticity [40-42] while the higher amount of residual stresses relaxation noted
with high-stress ranges (causes macro-plasticity). It is very important to include residual stresses relaxation phenomena for an
accurate estimation of fatigue life. However, it is very challenging to combine welding residual stresses relaxation with the developed
probabilistic model. For this reason, in this paper, the residual stresses relaxation was not taking into account until the crack in-
itiation phase. This assumption predicts more accurate fatigue life compared to the case where no residual stresses are considered but
it underestimates the fatigue life compared to the situation where residual stresses relaxation are considered.

For a given welded detail, linear-elastic finite element simulation can be used to determine the stress concentration factor k, and
the effective notch stress to derive the stress notch factor k¢. By knowing the external stress range and mean stress (Gg,ext, Om,ext)> Ors» Ke
and k¢ and using Morrow law for the mean stress correction an equivalent, fully reversed stress amplitude with zero mean stress can
be determined.

For example in the case of shape 1 (see Table 1), the determination of the point where the damage reaches 1 first requires
computing the number of cycles to failure at the two critical points (N4;Np) using the S-N curve of the material and the stress
amplitudes g,(where the residual stresses are introduced in the mean stress correction). The point which has a minimum value of the
number of cycles (min (Ny; Np)) presents the critical point where the damage reaches 1 first (for example point A). At this number of
cycle (N,) the damage at the other point (B) is equal to:

Na

Dp = Ny (5)

where Dy is damage at point B when the damage at point A reaches 1, N, is the number of cycles to introduce damage = 1 at A and
Np is the number of cycles to introduce damage = 1 at
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Fig. 8. RS distribution through-thickness direction in the case of compressive RS at the surface: (a) both shapes 1 and 2, (b) shape 1 and (c) shape 2.
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Table 5
Probability density function of the random variables defining the RS distribution for cases with compressive residual stresses at the
surface.
Random variable Probability law Mean Standard deviation
RSz Lognormal 0.18 0.19
fy
RSA' Lognormal 0.57 0.12
fy
RSB Lognormal 0.59 0.39
fy
Dp 0 Normal 10 7
plate thickness
DA_‘ +100 Normal 0.3 0.4
plate thickness
RSx=-0.18 f,,

RSx=-0.57 f,,

Zone 3

Zone 2

RS
0.3% * thickness

Fig. 9. Schematic representation of zone 3 in case of compressive RS at the surface, shape 2.
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Fig. 10. Correlation between RS, and RS in the case of surface compressive RS.

4. Experimental investigation of the proposed method

Within the project “LifeExt”, an extension of fatigue life of existing welded prefatigued structures has been studied. The specimens
in this project consist of a transversal attachment of the fillet weld joint with the dimension showed in Fig. 12. These tests (as welded)
that have been recently conducted showed a high fatigue strength and high slope of the S-N curve compared to the fatigue strength

and the slope of the S-N curve of the standard as-welded structures [37].
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Fig. 11. The simplification of the shape 2 to shape 1 in the case of compressive residual stresses at the surface.
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Fig. 12. Dimensions of the studied specimen [mm].
Table 6
A statistical study of the geometrical parameter for the specimens in the as-welded state.
Toe radius [mm] Undercuts [mm] Throat thickness [mm] Weld angle [degree] Stress concatenation [-]
Mean 0.67 0.0035 4.86 67 1.27
Standards deviation 0.31 0.0306 0.401 1.8 0.26

4.1. Test specimens and testing procedure

The test specimens selected to be studied in this paper consist of a load-carrying plate with a transversal attachment with a steel-
based plate (S355). The plate geometry is shown in Fig. 12. The specimens are tested to tensile fatigue tests with stress ratio R = 0.29.
See specimens are tested in a resonance pulsator at a testing frequency of approximately 31 Hz and they have been instrumented with

one strain gauge (on each side).

The statistic study of the weld geometry presented in Table 6 is determined using a 3D laser geometry scanner. Fig. 13 shows a

schematic representation of these parameters.
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Fig. 13. Geometrical investigated parameters in laser weld scanning.
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Fig. 14. Measured residual stresses through thickness direction at the weld toe in two different specimens (a) 250 MPa compression at the surface,
(b) 100 MPa compression at the surface.

Table 7
Welding parameters.
Run Diameter of the electrode Weld current [A] Welding voltage [V] Welding speed [mm/ Wire feed speed [mm/ Heat input [KJ/
[mm] sec] min] mm]
1 1.2 240 28.3 140 9.2 0.9
1.2 230-240 28.3 130-140 9.2 0.9-1

4.2. Measurements and estimation of residual stresses shapes

Measurement of the welding residual stresses on two randomly selected specimens using X-ray diffraction (to measure the RS at
the surface) and hole drilling technique (to measure RS at the surface and through the thickness direction down 2 mm and at 1 mm

14
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from the weld toe) has been investigated and showed in Fig. 14. The welding parameters are listed in Table 7. Both specimens showed
compressive surface RS at the weld toe with a magnitude of —250 MPa for the first selected specimen and — 100 MPa for the second
selected specimen.

The probabilistic study developed in Section 3 is verified with these experimental fatigue test data which show the case of
compressive residual stresses at the surface.

In agreement with the probabilistic study described in Section 3, an RS shape has been constructed knowing only the magnitude
of RS at the surface. According to the relationship that has been extracted in Fig. 10 connecting RS, and RSg, a prediction of the
magnitude RS at B can be estimated to 254 MPa at a depth of 0.85 mm (correspond to 50% of probability of occurrence) for the
specimen with 250MPA compression at the surface. A measurement of RS through-thickness direction for the same specimen (with
250 MPa compression at the surface) corresponds to tensile with the value 227 MPa (= 0.63f,) noted in depth of 0.825 mm from the
surface (Fig. 14b).

Another RS measurement by hole drilling for another specimen with 100 MPa compressive at the surface corresponds to 202 MPa
(=0.56 f) tensile at 0.875 mm depth (Fig. 14a) while the estimation shape at this specimen is presented in Table 8.

This wide difference between the estimated and the measured shape of the residual stresses could be explained by the reason that
the estimated value is based on a probabilistic study were the standard deviation is important (see Table 5) which reflects the
dispersion of the data which might be causative for errors.

4.3. Measurement and estimation of crack initiation and fatigue life in the presence of compressive residual stresses at the surface

The measured shape of the residual stresses distribution affects fatigue life which is presented in the experimental found fatigue
life. To study the effect of the estimated shape on fatigue life, a use of the estimated residual stresses shape with a cumulative fatigue
damage model and fracture mechanics presented in Section 3.3 has been conducted to plot the estimated fatigue life and then S-N
curve. According to Section 3.3, that crack initiation is expected to be sub-surface, i.e. at point B.

This could be verified experimentally by studying the evolution of local strains close to the weld toe in specimens, which is
obtained and reported in the curve in Fig. 16 connecting the number of cycles as a function of the average strain drop for the first
specimen. To study the crack location of crack initiation with strain drop the certain number of specimens have been instrumented
with strain gauges (five to seven on each side) with a lateral spacing of 1 cm along the weld and a distance of 3 mm from the weld toe
to the middle of the gauge (Fig. 15). When crack initiates below the surface, the surface stresses registered by the strain gauge closest
to the crack will first increase followed by a sharp drop in strain, when the crack propagates to reach the surface (Fig. 16a). When
crack initiates at the surface, a drop in the strain gauge closest to the point of crack initiation is expected (and registered) due to crack
initiation and propagation through the thickness (Fig. 16b). More detail on the method could be found in [43].

In Fig. 17, the damage distribution along the thickness direction is computed for three cases for the specimen with —250 MPa
residual stresses at the surface. The curves correspond to the damage distribution along the thickness direction for the case of the
estimated shape of welding residual stresses under cyclic loading with stress range 150 MPa and mean stress 55 MPa. The first curve
with triangle points leads to the conclusion that the crack initiation (Damage = 1) is reached first at the sub-surface. This is verified
by the strain measurement that has been measured close to the weld toe (see Fig. 16a) which showed strain increase represents the
outcome of sub-surface cracks in some location at the weld toe.

The second curve represented as well the damage distribution through the thickness under the same loading level as the first test
but at this test, the residual stresses at the point B are estimated to 5% probability of occurrence according to the law determined in
Section 3, which showed that the damage reached 1 first at the surface through the orange curve with ‘x’ points. While the third curve
(blue curve with square points) represents the damage distribution for the same case (250 MPa compression at the surface) with
estimated residual stresses at the point B to 95% probability of occurrence based in the probabilistic analysis in Section 3. In this case,
conducted to introduce sub-surface crack (damage reached 1 first at the sub-surface point B).

For these three cases (which are different only in the value of the sub-surface welding residual stresses) a plot of the S-N curve
including the welding residual stresses in the calculation of fatigue life is presented in Fig. 18. The black diamond-points represents
the experimental results. The blue upper curve with the triangle points represents the estimated S-N curve which corresponds to
(250 MPa compression of RS at the surface, 95% RS sub-surface, 50% of depth). The red lower curve with ‘x’ points represents the
estimated S-N curve which corresponds to (250 MPa compression of RS at the surface, 5% RS sub-surface, 50% of depth). The yellow
mean curve with circle points represents the estimated S-N curve which corresponds to (250 MPa compression of RS at the surface,
50% RS sub-surface at 50% depth).

Hence, the fatigue life in the case of compressive residual stresses at the surface for steel S355 for this transversal attachment

Table 8
Comparison between the measured and the estimated shape of RS.

Characteristic of the shape First test (250 MPa in compression at the surface) Second test (100 MPa in compression at the surface)

Estimated values Experiment measurement Error % Estimated measurement Experiment measurement Error %

RS, [MPa] —250 —250 - —100 —100
RSg [MPa] 254 227 10 50 202 75
Dg [ mm] 0.85 0.825 3 0.85 0.875 3
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Fig. 15. Position of the strain gauges to detect crack initiation.
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Fig. 16. The local strain evolution at the weld toe during the test, (a) case of initial sub-surface, (b) case of initial surface crack.
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Fig. 17. Damage distribution along the depth for the save and the non-save case.
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Fig. 18. Experimental and estimated fatigue life versus the stress ranges for 5%, 50% and 95% of probability of occurrence of RSy for the case of
250 MPa compression at the surface.

(Fig. 12) is between these two bounds (the upper and the lower estimated S-N curve, see Fig. 18). The scatter of the experimental data
is likely to be related to the parameters of the welding process or the material itself. This manifests also in the measured residual
stresses, RS, where two specimens showed a difference of 60% in the measured residual stresses (250 MPa and 100 MPa compres-

sion).

As the standard deviation is high due to dispersion of the collected data and to lack of data, the estimated value to define residual
stresses shape can be updated by the two measured residual stresses shapes that have been presented in Fig. 14.

W *— RS [MPa]

0 0.35f
0.35 * Thickness
-0.2fv —]
v
Thickness [mm]
a

-0.57f,

0

]

A 4

v

Thickness [mm]
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> RS [MPa]

0.1 * Thickness

0.59f
y

Fig. 19. The estimated mean shapes of welding residual stresses at the weld toe through the thickness direction (a) case of tensile residual stresses at
the surface, (b) case of compressive residual stresses at the surface.
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5. Summary and conclusion

In the design phase, it is assumed that welding RS is in the order of magnitude of the material yield strength regardless of welding
parameters. Also, it is assumed that these stresses are tensile in the critical locations (weld toe, for example). The method used in
engineering is an empirical method overestimating the residual stresses distribution affecting the designed fatigue life of structures.
Therefore, in this paper, a probabilistic study of welding residual stresses regardless of the welding parameters was carried
out. The collected measured data from the literature of welding residual stresses distribution along the thickness direction at the weld
toe for welded joints has been studied. Further evaluations of these residual stresses, RS data distribution for longitudinal attach-
ments, transverse attachments, butt joints, K joints, and cruciform joints have been performed in order to estimate the shape of
welding RS distribution by knowing the surface RS. The yield strength(f,) of the tested base materials varied from 307 to 1050 MPa
and specimen thickness has varied from 5 to 100 mm. Based on this literature study two cases of welding RS can be generalized with
the following main findings:

— In the case of tensile welding RS at the surface and regardless of the welding parameters

The two shapes 1 and 2 presented in Table 1 can occur with equal probability.

Independent of the shape, the depth of the RSy has a normal distribution with a mean value of 35% of the normalized depth with
an absolute magnitude with a mean value of 0.12f, and a standard deviation of 0.25f;.

In the case of shape 2, the value of the residual stresses at point A and A’ can be equal

Irrespective of the shape of residual stresses (1 or 2), a linear relation connects the value of Rfﬁand the value of Rf—SB is assumed (see

Fig. 7). ’ '

® Regardless of the welding parameters, the estimated mean shape is shown in Fig. 19a.

— In the case of compressive welding RS at the surface and regardless of the welding parameters

o The two shapes 1 and 2 presented in Table 1 can occur with equal probability in analogy to what is found for the case of tensile
stress at the surface.

o Independent of the shape, the depth of the RSy has a normal distribution with a mean value of 10% of the normalized depth and a

magnitude with a mean value of 0.59f, and a standard deviation of 0.12f;.

In the case of shape 2, the surface RS5 is —0.18 fy The RSa- has an absolute mean reach 0.57 fy

The random variable RS, in the case of shape 1 has the same distribution as RS, in the case of shape 2

Irrespective of the shapes, a linear relationship between the surface max (RSa,, RSa) and the sub-surface RS (RSg) stress can be

assumed.

® Regardless of the welding parameters, the estimated mean shape is shown in Fig. 19a for the case of tensile residual stresses is
introduced at the surface and Fig. 19b for the case of compressive residual stresses is introduced at the surface.

— Independent of the surface residual stresses whether compressive or tensile

e Based on the evaluation of existing RS measurements from the literature, both tensile and compressive surface stresses can be
introduced in welded joints. The probability of occurrence of tensile residual stresses at the surface is % while the probability of

occurrence of compressive residual stresses at the surface is lower and it reaches %

A simplification of shape 2 to shape 1 can be made (with green shaded area see Figs. 9 and 11).

By only knowing the surface residual stresses (from X-ray diffraction, e.g.) and based on the developed model, RS distribution

through the thickness of a welded joint can be predicted.

The model has been verified with a measured RS distribution through the thickness in two welded specimens with steel S355.

— In the fatigue life

o With this model, an estimation of the fatigue damage with an upper and lower bound can be made taking into account the value
and distribution of RS. Fatigue test results on specimens with measured residual stresses have been used to demonstrate the
capabilities of the developed model.

o The fatigue life of welded joints is strongly affected by residual stresses at the weld toe (See Fig. 18).

e The inclusion of residual stresses in fatigue analysis permits a prediction of fatigue life of weldments more accurately (Fig. 18).

® Due to a lack of RS data distribution through the depth in the case of compressive RS at the surface, the estimated probability
density function can be changed according to other additional data.
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