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ABSTRACT

Weld fatigue strength is currently the bottleneck to designing high performance and lightweight welded struc-
tures using advanced materials. In addition to loading conditions, environmental aspects, geometrical features and
defects, it has been proven that studying the influence of residual stresses on fatigue performance is indispensible.
The extent of the influence is, however, a matter of discussion. In this work, residual stress behaviour in welded
S355J2G3 and S1100QL steel specimens under quasi-static and cyclic loading were studied and the correlation
between the relaxation of residual stress field and mechanical properties was studied. Residual stress measurements
were performed using the X-ray diffraction technique. The relaxation behaviour in S355J2G3 at weld metal, weld toe
and in the base metal could be described by Von Mises criteria. This was not the case for S1100QL. In the case of
relaxation, it was observed that if the Von Mises stress, as a function of residual, load and mean stresses, exceeds
the monotonic yield strength of the base metal, relaxation takes place. Otherwise, the internal elastic stresses remain
stable regardless of the number of loading cycles and could contribute to fatigue damage.

IIW-Thesaurus keywords: Fatigue strength; Mechanical properties; Reference lists; Residual stresses; Stress;

Welded joints.

INTRODUCTION

Residual stresses and fatigue of welds

The extent of the influence of residual stresses on the
fatigue strength of welded structures is a matter of
discussion. Some researchers overlook this influence in
the case of high quality welds [1, 2]. Others recognize
the significance of the effects of residual stresses on
fatigue strength [3]. The uncertainty of residual stress
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effects on fatigue is based on the lack of insight into
their behaviour under loading. Residual stresses are
blamed for causing failures whenever an acceptable
explanation for the failure cannot be given. These stres-
ses are sometimes neglected due to relaxation under
repeated loading, but so far little information is available
about the redistribution of the welding residual stress
field under different types of loading (e.g. thermal, sta-
tic, cyclic and impact). There is also few literature avai-
lable concerning the influence of this redistribution on
fatigue crack growth rate and propagation. In spite of
the lack of knowledge about welding residual stress
behaviour under loads, there is a tremendous amount
of research concerning post-weld improvement tech-
niques. These techniques induce compressive residual
stresses at the most common sites for service fatigue
failure in order to increase the fatigue performance of
the joints [4]. This is done either mechanically (e.g. shot
peening, hammer peening, needle peening, ultrasonic
peening, autofretage, hole expansion, laser shock pee-
ning, low plasticity burnishing) or by influencing the
phase transformation during solidification of the weld

Welding in the World, Vol. 54, n® 1/2, 2010 — Peer-reviewed Section



R50 RESIDUAL STRESS RELAXATION OF QUASI-STATICALLY AND CYCLICALLY-LOADED STEEL WELDS

pool (e.g. using Low Temperature Transformation (LTT)
electrodes and introducing compressive residual stres-
ses to the weld toe) [5, 6].

In this work, the relaxation behaviour of welded
S355J2G3 and S1100QL steel specimens in three dif-
ferent welding zones, namely, weld metal, toe and base
metal, is studied. The mechanical properties in all of
the investigated welding zones are assumed to be simi-
lar to that of the base material. The influences of stress
concentration at the weld toe and stress reduction in
the weld metal are considered in the calculations.

Residual stress relaxation in welds

Residual stresses can be relaxed by supplying suf-
ficiently high amounts of thermal and/or mechanical
energy, which transforms the residual elastic strains to
micro-plastic strains [7]. The transformation mecha-
nism could be a combination of dislocation slip, dislo-
cation creep, grain boundary slip and diffusion creep
[8]. Despite considerable research, the technical chal-
lenge of understanding and accurately quantifying resi-
dual stress relaxation and redistribution under cyclic,
mechanical and thermal loads, persists [9]. Cyclic resi-
dual stress relaxation has been observed many years
ago by Mattson and Coleman [10]. Some of the first
works on prediction of residual stress, based on mean
stress relaxation, were carried out by Morrow and Sin-
clair [11] in axial fatigue tests. Jhansale and Topper [12]
suggested a logarithm linear relationship between mean
stress relaxation and axial, strain-controlled cycles.

The majority of recent research work dealing with resi-
dual stress relaxation has focused on shot-peened
samples. Many of these works, according to [7], deal
with the thermal relaxation of residual stresses [13-22],
as well as quasi-static relaxation [23-27] and cyclic
relaxation [28-39] at room temperature. Residual stress
relaxation modelling has been investigated in some of
these studies. In his work, Kodama [29] observed a
considerable decrease in the compressive residual
stresses induced by shot peening on annealed carbon
steel. He divided the relaxation during fatigue loading
into two stages: the surface yielding in the first cycle
and gradual changes in the following cycles. The expe-
rimental data support the linear logarithmic decrease
relationship between residual stress and load cycles,
only after the first cycles. The stress ratio was not con-
sidered in this model. Holzapfel et al. [7] studied the
relaxation of residual stress in shot-peened AISI 4140
steel under quasi-static and cyclic loading at high tem-
peratures. In this work, the relaxation is divided into
three stages: firstly, the relaxation in the first half-cycle,
which could be discussed on the basis of the effects
due to quasi-static loading. Secondly, the relaxation
which takes place between the first cycle (N = 1) and
the number of cycles to crack initiation N. The rela-
tion between the residual stress and the logarithm of
N in this phase is linear. Thirdly and finally, for N > N,
the residual stress reduction with the logarithm of N is
stronger than linear. There are also some studies done
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by analytically modelling the relaxation by means of
finite element analysis [39].

So far, the residual stress behaviour of welded joints
and components under loads has attracted insuffici-
ent attention. In contrast to the shot peening process,
in which the residual stress has a uniform distribution
field, the welding-induced residual stress field has
non-uniform characteristics with maxima and minima.
Secondly, the material experiences local metallurgical
changes in the weld and its vicinity. These two factors
make the investigation of welding residual stress rela-
xation and behaviour more complicated.

EXPERIMENTAL WORK

Experimental assessment of residual stresses

Investigating the whole weld residual stress field and
its relaxation during mechanical loading would provide
a deeper insight into material behaviour at the cost of
time and technical complexity. In this work, the surface
and sub-surface residual stresses were studied, since
the onset of fatigue damage almost always occurs at
the surface and studying the residual stress behaviour
at crack initiation sites would give some hints about
the influence of residual stress behaviour on the fatigue
performance of welds.

Based on the X-ray diffraction technique, residual stress
measurements were taken by a middle point free 8-axis
diffractometer. By the X-ray diffraction technique, the
residual stress can be measured in the surface layer at
a depth of 20 um and by analysing the X-ray intensity
peaks, the degree of cold work and cyclic softening
can be studied. Thus, X-ray diffractometry offers a
means of studying the inter-dependent processes of
residual stress relaxation and cyclic deformation, as
well as the characteristics of material hardening and
softening. By using Cr-Ka. radiation (35 kV, 30 mA), the
interference line from {211} ferrite lattice plane under
seven ¥ angle (0°, 9°, 18°, 27°, 33°, 39° and 45°) for
260 between 149 and 163 were registered by a position-
sensitive detector (PSD), which allows the registration
of complete interference lines at a glance. The diameter
of the measurement spot was 2 mm. The measurement
spots were chosen on a line perpendicular to the wel-
ding direction (Figure 1). On this line, residual stress
measurement was performed in transverse and longitu-
dinal directions. For the stress evaluation, the sin?¥ [40]
method was used. The method used to determine the
peak position of the interference lines was the centre of
gravity. Residual stress analysis using X-ray has been
explicitly described in [41].

Welding process and welding parameters

Welding residual stresses in welded specimens in the
initial state and after quasi-static and cyclic loading
were measured and the behaviour of the residual
stresses under loading was investigated. Steel plates
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Figure 1 - X-ray diffraction measurement points
on a line perpendicular to the welding direction

(400 x 200 x 6 mm) were prepared from S355J2G3 and
S1100QL. For producing the S355J2G3 specimens, the
TIG welding process with filler wire was used to weld
every two of the steel plates, applying four single pass
vee-groove welds. The heat input of each welding pass
was adjusted to between 6.5 and 7.7 kdJ/cm and no
preheating of the plates was done (Table 1).

For S1100QL samples, the TIG process without filler
wire was used to melt the plate and produce bead-on-
plate welds. After melting and solidification, the plates
were then sliced into smaller plates and final speci-
mens were produced by machining [Figure 2 a)].

It is noteworthy to mention that during the slicing and
machining of the plates to their final dimension, the
residual stresses relax partly. Depending on the cutting
location on the plates, specimens with slightly diffe-
rent residual stress fields are produced. Therefore, the
specimens have been treated individually and the initial
residual stress has been measured in every specimen
before applying the load.

Quasi-static and cyclic loading of the welded
specimens

In order to study the influence of quasi-static tension
and compression, as well as cyclic loading on the
alteration of initial residual stresses, a servo-hydraulic
testing machine (Walter & Baiag: 250 kN) was used.
For quasi-static loading, after each tensile or compres-
sion loading step, the residual stresses were measu-
red by means of X-ray diffractometry. The loadings and
measurements were performed until no considerable
variation in the residual stress field was observed, or
the nominal stress in the specimen reached the ulti-
mate tensile strength of the base metal.

In cyclic loading, after the first half-cycle, the loading
was stopped, followed by measurement of the residual
stress, after which the loading was stopped after 1, 10,

Table 1 — Welding parameters used in this study for welding S355J2G3 plates

Parameter Weld passes
Pass 1 Pass 2 Root pass Cover pass
Voltage [V] 12 12 12 14
Start current [A] 20 20 20 20
Background current [A] 150 150 150 190
Pulsed current [A] 150 210 210 270
Transition current [A] 140 140 140 230
End current [A] 100 100 100 10
Background time [ms] 25 4 4 4.5
Pulse duration [ms] 25 4 4 4.5
Ramp duration [ms] 0.2 1 1 1
Welding speed [cm/min] 14 18 18 18
Wire feed speed [cm/min] 30 70 30 90
Heat input [kd/cm] 7.7 7.2 7.2 6.5
Gas flow rate (Ar) [I/min] 10 10 10 10
N 250 e
| — 0
2 3
13
[ - o 1
|0
S

a) Schematic representation
of the welded specimens

b) Cross-section
of §355J2G3

c) Cross-section
of S1100QL

Figure 2
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102, 103, 10* number of cycles and the X-ray measure-
ment was performed.

OBSERVATION

Residual stress distribution after welding
in $355J2G3 and S1100QL

The fatigue crack initiation sites in welds are notches
at the weld toe and root, even if higher tensile residual
stresses are found mostly in the weld seam. In order
to understand the relaxation mechanisms, the residual
stress distribution and its relaxation under loads in
the weld metal, the heat-affected zone and the base
material were investigated. The representative distribu-
tion of transverse and longitudinal residual stresses on
the sub-surface of the S355J2G3 and S1100QL steel
specimens are illustrated in Figures 3 and 4. The full-
line curves present the average of the residual stress
values of 15 specimens, measured along the measure
line (Figure 1) in transverse and longitudinal directions.
The dashed lines and the area in-between illustrate the
scatter band of the measured residual stresses.

The transverse residual stress distribution in Figure 3 a)
shows a maximum value of 200 MPa at the weld cen-
tre line. From this point to the weld toe, the tensile,
transverse, residual stress profile increases until it rea-
ches its maximum value in the vicinity of the weld toe,
after which it decreases with a relatively high gradient
through the heat-affected zone and reaches a value
of —100 MPa. Thereafter, it rises a little in value in the
base material, with a distance 8 to 12 mm from the
weld centre line and then it decreases to its minimum
of —=150 MPa in the base material. The longitudinal,
residual stress distribution, on the other hand, shows
low tensile, residual stresses of 35 MPa on the weld
centre line. From this point to the weld toe, the longi-
tudinal, residual stress reaches a maximum value of
60 MPa shortly before the weld toe. This profile experi-
ences a minimum shortly after the weld toe in the heat-
affected zone and reaches the same level of tensile
residual stress as in the weld centre line. In contrast
to the steep decrease of transverse residual stress in
the heat-affected zone, the longitudinal residual stress
shows no significant changes. From the heat-affected
zone to the base material, the residual stress profile
experiences its maximum value at a distance of 10 mm
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Figure 3 - Residual stress distribution in S355J2G3 specimens
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Figure 4 - Residual stress distribution in S1100QL specimens
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from the weld centre line, whereafter it decreases again
to a value of —-100 MPa.

In Figure 4, the transverse and longitudinal, residual
stress profiles in the S1100QL specimens show rela-
tively larger values, compared to those of the S355J2G3
specimens. The transverse residual stress at the weld
centre line has a value of 400 MPa. After a small
increase and having reached its maximum value of
450 MPa, the stress profile decreases moving toward
the base metal. At the weld toe it reaches 120 MPa,
after which it drops to its minimum of —-200 MPa. The
steep slope of the transverse, residual stress curve
in the heat-affected zone was also observed in the
S355J2G3 specimens. The stress curve subsequently
rises to a value of 50 MPa and then remains without
considerable changes throughout the base metal. The
longitudinal, residual stress curve starts with 340 MPa
at the weld centre line and after a small rise, decreases
to a minimum at the weld toe with 40 MPa. It then
increases to a maximum of 350 MPa through the heat-
affected zone, whereafter it decreases with a high gra-
dient to its minimum of -200 MPa and remains con-
stant throughout the base metal.

Residual stress relaxation and behaviour
under static tension loading

To study the relaxation in S355J2G3 and S1100QL wel-
ded specimens under tensile loading, specimens with
already-measured residual stress were chosen. The
specimens were then loaded, unloaded and investiga-
ted by means of an X-ray diffractometer. The loading
was stopped when no considerable changes in the
residual stress profile could be observed.

After the first loading with a nominal stress of 100 MPa,
it can be seen in the S355J2G3 welded specimen
[Figure 5 a)] that the transverse residual stress pro-
file is relaxed along the measure line from the weld
centre line to the weld toe. At the weld toe, the initial,
tensile residual stress after loading changes signs and
amounts to =50 MPa. In the heat-affected zone, the
compressive residual stress increases in the negative

direction and the maximum peak of -200 MPa rea-
ches =350 MPa. In the base material, at the distance
of 10 mm from the weld centre line, tensile residual
stress of 100 MPa is almost relaxed to zero value. By
further loading the specimen, the transverse residual
stress relaxes in the tension and compression fields.
At the weld centre line, it diminishes to 90 MPa and at
the minimum in the heat-affected zone, it increases to
—-280 MPa. At the weld toe it ends up at -100 MPa.

For S1100QL, the behaviour of the transverse residual
stress is almost the same. In the weld and base material,
the sub-surface, initial residual stress is tensile and in
the heat-affected zone, it is compressive. After loading
the specimen up to a nominal stress of 1 000 MPa, the
residual stress in the tension and compression fields
relaxes. At the weld centre line, it relaxes from the initial
value of 700 MPa to 190 MPa. At the weld toe, the
residual stress takes its initial value of 100 MPa after
a small alteration during loadings. In the heat-affected
zone and base metal, the compressive residual stress
changes signs and becomes positive.

Residual stress relaxation and behaviour
under cyclic loading

Cyclic loading of the specimens was done with and wit-
hout the application of mean stresses. It was observed
that in the case of a relaxation, the first half-cycle plays
a significant role. In Figure 6, the relaxation of trans-
verse residual stress of a S355J2G3 specimen under
cyclic loading, with amplitude of 300 MPa and without
mean stress, is observed. The initial residual stress in
black, with a maximum value of around 350 MPa at the
weld centre, decreases moving toward the weld toe,
followed by a steep reduction through the heat-affected
zone, whereafter it increases again in the base metal.
After the first half-loading, i.e. increasing the load to
300 MPa and re-loading the specimen, the transverse
residual stress profile experiences a large relaxation.
In the weld centre line, it relaxes to 250 MPa and at
the weld toe, it reduces from 100 MPa to zero. In the
heat-affected zone and the base metal, with compres-
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Figure 5 - Transverse residual stress relaxation under quasi-static loading

Welding in the World, Vol. 54, n® 1/2, 2010 — Peer-reviewed Section



R54 RESIDUAL STRESS RELAXATION OF QUASI-STATICALLY AND CYCLICALLY-LOADED STEEL WELDS

= | s3I
~— » =380UPs
‘- 200 41— - 11._\ — — — T ok
- , 1
ug wofb—Ff |
—
g 100 — l -
. e\ ]
[} B T
| N,
§ .1004 | "1-\
s ,.‘——
e = 4
g -200
B
= 400 -
=00 T T T
8 8 10

Distance from centre line [mm]

m ' S—
800 F—a_ sireonL |—=—N=0
] ~ o s00MPa | N=10
o 50 = e et — eeie
i m. ,‘jw = = N=500
m.f." \;‘ —t i 1= N=1000
g SN (= N=10000
2 20 A
B 100 \ |
i N
g 10 AN
£ a0 S—”
8 300
=
400
-500 T T T T
0 2 4 (i 8 10
Distance from centre line [mm]

a) with S355J2G3

b) with S100QL

Figure 6 — Residual stress relaxation under cyclic loading

sive residual stresses, little changes are observed. By
further loading the specimen up to 1 000 cycles, slight
changes of the stress profile could be observed.

For the S1100QL welded specimen, the behaviour is
the same as for the S355J2G3. In the first cycles, the
transverse residual stress in the weld centre line and
its vicinity reduces considerably, whereafter no chan-
ges are observed, in spite of cyclically loading the
specimen 10 000 times with 500 MPa load amplitude.
In the weld centre line, the transverse residual stress
before loading amounts to 640 MPa. Within the first
10 cycles, it reduces to 390 MPa. At the weld toe, no
changes of the stress value before and after loading
is observed. In addition, in the heat-affected zone and
base metal, the residual stress profile stays constantly
in compression.

MECHANICAL AND METALLURGICAL
CHARACTERIZATION

In order to investigate the behaviour and mechanisms
of the welding residual stress relaxation under static
and cyclic loadings in different welding zones, mecha-

nical and metallurgical characteristics of the materials
used in this work were determined. The analysis is
based on the assumption that the yield strengths in
different welding zones are similar to the yield strength
of the base metal.

Base material characterization

The static and cyclic mechanical properties of S355J2G3
and the static properties of S1100QL were evaluated
using tensile and multiple step tests, respectively. For
the static mechanical properties, the specimens and the
procedures were chosen according to the ASTM stan-
dard 8E - test methods for tension testing of metallic
materials. For the cyclic behaviour and determination
of stress-strain properties with reversal load, however,
there is no procedural standard. Since the cyclic stress
strain tests are accomplished in a similar manner to
low cycle fatigue endurance tests, the ASTM - 606-92,
which is standard practice for strain-controlled fatigue
testing, was used as the base code of practice.

Figures 7 a) and b) show the monotonic, stress-strain
curve of the base metals used in this investigation.
Table 2 summarizes the results of the mechanical testing

Stress-Strain Diagram S355J2G3 Stress-Strain Diagram S1100QL
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Figure 7 — Monotonic stress-strain curve
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Table 2 - Mechanical properties of the investigated base materials

Yield stress Ultimate tensile strength Cyclic yield strength Vickers hardness
[MPa] [MPa] [MPa]
S355J2G3 400 550 305 229.2 HV1
S1100QL 1220 1 400 404.4 HV1
G2Si1 360 440

of the base metals and also includes the mechanical
properties of the filler wire (G2Si1) used for welding the
S355J2G3 specimens.

Metallography and hardness measurement

For metallographic purposes, the welded specimens
were sliced, polished and etched by Nital 4 % solu-
tion. Figure 8 a) shows the cross-section of the weld
passes which made the joint and also the difference
in the microstructures of the weld zones of the inve-
stigated samples. In Figures 8 b)-e), different metall-

urgical zones in the S355J2G3 welded specimens are
focused on more closely. In the base material, a ferri-
tic- pearlitic microstructure is observed, which is also
partly observed in the fine grain, heat-affected zone.
In the coarse grain, heat-affected zone, a martensite
and bainite microstructure is dominant and in the weld
metal, a bainite microstructure with martensite needles.
In Figure 9 a), a cross-section of a welded S1100QL
sample is shown. Figure 9 b) shows the base metal with
a bainite and martensite microstructure. In Figure 9 c)
and 9 d), the fine grain and coarse grain regions in
the heat-affected zone show a microstructure contai-
ning ferrite, bainite and martensite. In Figure 9 d), the

a) Micrograph of the cross-section of a S355J2G3 weld specimen.

Microstructure of different zones of the weld in the b) base material, c) fine grain, heat-affected zone,
d) coarse grain, heat-affected zone and e) weld metal

Figure 8

a) Micrograph of the cross-section of a S1100QL weld specimen

Microstructure of different zones of the weld in the b) base material, c) fine grain, heat-affected zone,
d) coarse grain, heat-affected zone and e) weld metal

Figure 9
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Figure 10 - Hardness profile of welded specimens

weld metal with the same microstructure as the heat-
affected zone, i.e. ferrite, bainite and martensite, could
be observed.

The hardness test was performed with a Zwick 3212 in
Vickers scale HV1, according to DIN EN ISO 6507-1.The
indented points were placed 1 mm under the surface
and at a distance of 1 mm from each other. Figures 10 a)
and 10 b) graph the hardness from the weld centre line
to the base metal of the welded specimens.

Stress concentration factor calculation
and measurement at the weld toe

For studying the stress relaxation in different weld
zones, the applied stress in the areas of interest,
e.g. weld bead centre line, weld toe and base metal,
should be determined. This was done using weld pro-
file measurement, followed by an assessment of the
stress concentration factor at the weld toe.

The measurement of the geometry was performed with
the help of an indicating calliper with an accuracy of
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0.01 mm, moving over the weld bead in 0.1 mm steps
and capturing the coordinates of the points on the sur-
face orthogonal to the welding direction [Figure 11 a)].
The scanned geometry was then imported into a finite
element program and stress concentration factor at the
weld toe was calculated for the position of highest local
stress [Figure 11 b)]. The calculated values of stress
concentration factors using this method were then
compared with stress concentration factors, measu-
red by 3 mm strain gauges (Figure 12). In this experi-
ment, one strain gauge was mounted at the weld toe
of the specimen, the weld profile of which had been
measured by the calliper and the other strain gauge
was installed on the base material 20 mm away from
the weld toe. The specimen was loaded with 10 and
20 kN and the strain was measured at the weld and
base metal. The strain concentration factor could then
be evaluated by dividing the strain measured at the toe,
by the strain value at the base material. As the table in
Figure 11 shows, the calculated and measured stress
concentration factors correlate and a stress concentra-
tion factor of 1.3 is determined.

b)

Figure 11 — Weld surface measurement and stress concentration calculation
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Figure 12 - Position of the strain gauges for evaluation of strain concentration factors

DISCUSSION

The residual stresses are subjected to the same laws
of equilibrium which apply to ordinary stresses produ-
ced by external loads. In this study, the residual stress
state is considered to be plane stress and the bi-axial
residual stress relaxation under axial loading is investi-
gated. The Von Mises failure criterion is used to deter-
mine the material limit after which the residual stress
relaxes due to plastic deformation. The Von Mises
stress, which is a function of transverse and longitu-
dinal residual stresses, load and mean stresses, was
calculated for each measured point. In this calculation,
the stress concentration factor at the weld toe and the
reduction of load stress at the weld beam centre line,
due to an increase in weld cross-section, are taken
into consideration. The Von Mises stresses at the weld
centre line, the weld toe and in the base material under
loading until 10 cycles were graphed inside the Von
Mises yield envelope. Figures 13 a) and 13 b) illustrate
the residual stress relaxation in the S355J2G3 speci-
mens for two loading conditions. The graph is divided
into three zones:

(I) inside the cyclic yield surface,
(Il) between the cyclic and monotonic yield surfaces,
(1) outside the monotonic yield surface.

During the first loading cycle, the Von Mises stress
exceeds the monotonic yield strength of the base
material at the weld centre line and weld toe. This
leads to residual stress relaxation at these two points.
The amounts of relaxation at these points are diffe-
rent, depending on the initial residual stress value and
actual load stress. In the base material, no relaxation
is observed, since the Von Mises stress does not even
exceed the cyclic yield strength and stays within the (I)
region. For the second loading cycle at the weld cen-
treline and the weld toe, the Von Mises stress exceeds
the cyclic yield strength but not the monotonic yield
strength. As it is seen, the residual stress does not
show any noticeable relaxation and the small circles
representing residual stress status are concentrated in
one area. This reveals the fact that here the monoto-
nic yield strength is the material resistance against the
relaxation. At the weld toe and in the base material, the
Von Mises stress does not exceed yield strength. And,
as expected, this leads to no residual stress changes.
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Figure 13 — Residual stress relaxation under cyclic loading, based on Von Mises yield criteria
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Figure 14 - Residual stress relaxation under cyclic loading, based on Von Mises yield criteria

For S1100QL, the residual stress relaxation after the
first loading in the weld centre line could not be descri-
bed by the model. The transverse residual stress in the
bead centre line for both loading conditions relaxes
around 100 MPa (Figure 14), although the monoto-
nic yield strength of the material during loading is not
exceeded. The reason could be the relatively incorrect
assumption of yield strength similarity throughout the
all welding zones. As observed in Figure 10 b), the
hardness of the weld centre line (365 HV1) is lower
than that of the base material (404 HV1). This could
be an indication of relatively lower yield strength of the
weld at this point, compared to the base metal, and
can explain the unexpected residual stress relaxation at
this point. A more systematic material characterization
in the welding zones is needed to answer this question.

For the weld toe and base material, it can be seen that
no relaxation takes place and the circles representing
the residual stress status after loading stay reasonably
close to each other in the same area.

CONCLUSION

Residual stress relaxation occurred when the Von Mises
stress exceeded the monotonic yield strength in both
quasi-static and cyclic loading conditions. In the cyclic
loading condition, despite exceeding the cyclic yield
strength, no significant residual stress relaxation was
observed. In Figure 15, the residual stress relaxation
curves in the weld centre line of the S355J2G3 speci-
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Figure 15 — Residual stress relaxation at weld bead centre line for different cyclic loading conditions
of S355J2G3
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mens for different load amplitudes and mean stresses
are graphed. The two horizontal lines represent the
monotonic yield strength R, and cyclic yield strength
R of the base metal.

e,cyclic

As it could be seen after the relaxation during the first
cycle, the relaxation continues as long as the Von
Mises stress exceeds the monotonic yield strength.
That is the case for load amplitude 300 MPa and no
mean stress. When the Von Mises stress is below the
monotonic yield strength, the residual stresses remain
stable and no relaxation occurs. This condition does
not depend on the number of load cycles.

In this work, the surface, residual stress relaxation has
been studied and in-depth measurement and determi-
nation of the residual stress fields are not included. For
a comprehensive investigation of the residual stress
behaviour, in-depth measurement of the specimens
could be of interest.
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