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1 | INTRODUCTION
As welding residual stresses are superimposed to fatigue
loads, they affect the stress ratio. In the case of tensile
residual stresses, the actual stress ratio is shifted towards
tension. Depending on the level of the residual stresses
and the applied stress range, the actual stress ratio will be
the same independently of the applied load ratio.! Thus,
the influence of the applied stress ratio on the fatigue
strength is diminished in presence of residual stresses.
Although this qualitative principle is long known, a
quantitative assessment of the residual stress influence
on fatigue is still challenging. One difficulty is the deter-
mination of the residual stresses. Measurements and

Fatigue tests on welded small-scale specimens often do not show a distinct
residual stress influence. An exception is longitudinal stiffeners, which are
therefore frequently used to study the influence of welding residual stresses on
fatigue. The results are not directly transferable to other weld geometries
because the residual stress distribution depends on the weld geometries. In the
presented investigation, fatigue tests on multilayer K-butt weld and longitudinal
stiffener specimens were performed. The tests were carried out in the as-welded
and stress-relieved conditions at different load ratios. Initiation of macroscopic
cracks was detected using digital image correlation. This allowed determining
the influence of welding residual stresses on the initiation of macroscopic cracks,
crack propagation and total fatigue life for both investigated weld geometries.
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stiffener, multilayer K-butt weld, stress ratio

simulation procedures are relatively complex, yet results
are often not unambiguous. Another difficulty regards
experimental investigations. Welded small-scale speci-
mens often do not show a distinct residual stress influ-
ence on fatigue.

This applies in particular to specimens with welds
transversal to the loading direction. According to
Nitschke-Pagel,> on transversal welds, the highest
(transversal) residual stresses occur in the middle of the
weld, not at the weld toe critical for fatigue cracks. They
will have a noticeable influence on fatigue strength only
in particular cases, for example, high strength steels.
These results are based on small-scale specimens. Differ-
ent mean stress sensitivities for small-scale and structure-
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like specimens on butt welds and transversal stiffeners
due to lower residual stresses in small specimens were
found in Buxbaum.?

An exception is formed by longitudinal stiffeners
on which the weld is constrained by the specimen
itself. Therefore, this specimen type is often used to
investigate the influence of welding residual stresses
on fatigue. However, also for this weld, geometry
results are not always concordant. In Varfolomeev
et al* and Siegele et al,’ numerical and experimental
investigations showed a reduced residual stress influ-
ence on longitudinal stiffeners. This was explained by
the decrease of transversal residual stresses in proxim-
ity of the weld and residual stress relaxation after the
first load cycles. In Hensel et al,® tests on straightened
specimens showed an influence also for longitudinal
stiffeners, leading to the conclusion that welding dis-
tortion may have covered residual stress effects in
some previous studies.

The residual stress influence on fatigue will also
depend on the applied load. When relatively high stresses
occur, for example, due to high tensile loads in the low-
cycle regime, plastic strains may lead to a reduction of
tensile residual stresses and thus of their influence on
fatigue.” High stresses affecting residual stresses and their
influence on fatigue may occur also due to the stress
concentration at a notch.® The influence of tensile
residual stresses will therefore be more evident for load
cases with compressive or low tensile loads and vanish
for high tensile loads.

Residual stress distributions vary between weld geom-
etries but also over the cross section of the specimen.
Over the plate thickness residual stresses may vary
between tensile and compressive values.” Apart from
the residual stress level at the surface, which will affect
crack initiation, crack propagation will be influenced
by the residual stress state at the tip of the crack. There-
fore, also the residual stress distribution over the thick-
ness will affect their influence on fatigue strength. In
Chattopadhyay et al,'® numerical investigations on the
crack initiation and crack propagation considering resid-
ual stresses at a tubular joint with the weld geometry
similar to a longitudinal stiffener have been performed.
In presence of residual stresses, the part of crack initia-
tion in total fatigue life was approximately doubled. In
Rorup,'’ the influence under compressive pulsating
stresses has been investigated for longitudinal stiffeners.
Crack initiation under compressive loading has been
explained by tensile residual stresses at the weld. Com-
pressive residual stresses have been shown to slow down
crack propagation in Tateishi et al.'> Recently, crack
propagation under the influence of residual stresses
has been studied in numerical and experimental

investigations on brazed pipe specimens' and friction
stir welded specimens.**

Thus, the residual stress influence on fatigue is
expected to depend on the weld geometry and to vary
for crack initiation and propagation depending on the
residual stress distribution over the cross-section.
Therefore, in this paper, experimental investigations on
two weld geometries are presented including the detec-
tion of the initiation of macroscopic cracks. Fatigue
tests are performed on specimens with a multilayer
K-butt weld and longitudinal stiffeners to compare the
results for specimens with a transversal weld and a
longitudinal stiffener. The tests are performed at differ-
ent load ratios in the as-welded and stress-relieved
condition to determine the influence of welding resid-
ual stresses. The initiation of macroscopic cracks is
detected using digital image correlation (DIC), in order
to compare the influence on crack initiation, propaga-
tion and total fatigue life.

2 | TESTSPECIMENS
2.1 | Specimen preparation

Two sets of test specimens are prepared with two dif-
ferent weld geometries, a multilayer K-butt weld and a
longitudinal stiffener (Figure 1). All specimens have a
cross-section of 55 X 10 mm and a length of 500 mm.
The K-butt weld specimens are made of S355J2C + N
steel with a yield strength of R,; = 394 MPa deter-
mined in tensile tests at room temperature and the
longitudinal stiffener specimens of S355J2 + N with
Rpo> = 370 MPa. The K-butt weld specimens are cut
from the welded plates after cooling to room tempera-
ture using a band saw. With the welding sequence
shown in (Figure 1A), tensile residual stresses at the
weld toe of the K-butt weld are obtained. The longitu-
dinal stiffeners are welded with a single layer fillet
weld. Welding is performed by hand using metal active
gas for both specimen types. During welding, the
plates are tack welded to steel profiles to reduce
welding distortion. The profiles are removed after the
specimens have cooled to room temperature. Two-
thirds of the specimens are thermally stress-relieved so
that their fatigue behaviour is not influenced by resid-
ual stresses. In the following fatigue tests, half of these
specimens is used as comparison to evidence the resid-
ual stress influence in the as-welded specimens. The
rest of the stress-relieved specimens is used in another
test series, which is not part of this paper. Additional
information on the specimen preparation can be found
in Friedrich and Ehlers.'>'®
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FIGURE 1 A, K-butt weld specimen

(A)

AA i 2717
FFEMS B vy § SVl
40 o

preparation and welding sequence. B, yadd
longitudinal stiffener specimen and welding |
sequence indicated by @ and @ [Colour figure (@) "O
can be viewed at wileyonlinelibrary.com] (\J“ | I I\
X 2
| ® o |
I 3
1 ol [ 1
LO;
. ol
detail X 2 Ly
o O
@ 3 T
O
LO;
O
LO|
|

250 250

removed before
welding on
specimens for
150 hole drilling
measurements

40

—

~ — 73\

500 \&

2.1.1 | Specimen distortion

When clamping a distorted specimen in the testing
machine, the distortion will result in a bending moment
and thus bending stresses. These will be added to the
applied load stress and therefore affect the effective stress
ratio. As also the residual stresses affect the effective
stress ratio with excessive clamping stresses, the effect of
residual stresses will not be recognisable. Furthermore,
welding distortions and residual stresses are closely
related. Processes that change residual stresses can also
result in changes of distortions. Half of the specimens
used in the fatigue tests is thermally stress-relieved. In
this process, the specimens are heated, and residual
stresses are relieved as they exceed the reduced yield

limit at elevated temperatures.'” This will cause plastic
strains in the material as a new equilibrium between
residual stresses at the lowered yield limit is established.
The heat treatment may cause additional distortions in
the specimens. To determine the residual stress influ-
ence, it is important that distortions are similar for the
as-welded and the stress-relieved specimens.

The distortion of the K-butt weld specimens is deter-
mined by measuring the height difference between four
points, two on each side of the weld, compare with.'®

The calculated mean values of misalignment and distor-
tion on the K-butt weld specimens are given in Table 1.
The differences lie within the measurement accuracy. Some
specimens are measured before and after stress-relieve
treatment. No change of the measured distortion is found.
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Also on the longitudinal stiffeners, the distortion is
determined by measuring the height difference between
four points on the specimen. For the longitudinal stiff-
ener, the results are only qualitative. The specimens have
an angular distortion at both ends of the stiffener.
Because of minor differences in the specimens' lengths, it
is difficult to position the centre of the stiffener accu-
rately between the measuring points.

The calculated mean values of the angular distor-
tion and the deflection at the centre of the specimen
with respect to its ends are given in Table 1. The dis-
tortion increases slightly after stress-relieving. This is
in line with findings in Fricke and Tchuindjang,
where the deflections were between 0 and 1 mm in
the as-welded condition and up to 8 mm after stress-
relieving on longitudinal stiffener specimens of
600 mm length. In Hensel et al,’ angular distortions of
more than 1.0° were corrected mechanically to
between 0.09° and 0.15°.

Although the performed measurements are not
accurate, they allow a qualitative assessment of the
welding distortions. Compared with distortion values
found in literature, the measured values appear to be
on the lower side. For the K-butt weld, no difference
between as-welded and stress-relieved specimens was
found. For the longitudinal stiffeners, the distortion
increased slightly after stress-relieve treatment. In the
following fatigue test, levelling plates will be used to
compensate the distortions. Thus, it will not be possi-
ble to calculate the clamping stresses or secondary
bending stresses analytically, and the measurements
are used only for verification purposes. The distortion
measurements are therefore not repeated by more ade-
quate means (e.g., laser scanner).

TABLE 1 Mean values of distortion

K-butt weld

As-welded Stress-relieved
Angular distortion 0.33° 0.35°
Standard deviation 0.16° 0.12°
Linear misalignment 0.33 mm 0.47 mm
Standard deviation 0.45 mm 0.29 mm
Longitudinal stiffener

As-welded Stress-relieved
Angular distortion 0.38° 0.47°
Standard deviation 0.21° 0.25°
Deflection 0.58 mm 0.72 mm
Standard deviation 0.27 mm 0.28 mm

2.2 | Residual stress measurements

Residual stresses are measured using two different mea-
suring techniques: X-ray diffraction and hole-drilling. On
the K-butt weld specimens, the measurements are per-
formed on the 10-mm-thick plate. On the longitudinal
stiffener specimens, residual stresses are measured in
front of the boxing weld at the right end of the stiffener,
referred to Figure 1B. The resulting residual stresses
transversal to the weld, this corresponds to the loading
direction of the specimens, are plotted in Figure 2 for
both specimen geometries. Numerical simulations pres-
ented in Friedrich and Ehlers'® show that after cutting
the K-butt weld plates, the resulting specimens present a
similar residual stress distribution as the original plates
with compressive transversal residual stresses at the
edges and tensile values in the centre. The residual
stresses are caused mainly by the shrinkage of the weld
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FIGURE 2 Transversal residual stress measured by hole

drilling and X-ray diffraction on (A) K-butt weld specimens
(referenced by the plate number XX and the position of the
specimen 1-5 according to Figure 1) and (B) longitudinal stiffener
specimens [Colour figure can be viewed at wileyonlinelibrary.com]
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as it cools to room temperature resulting in a weld that is
‘too short’ compared with the surrounding material.
Because this applies to the entire length of the weld,
residual stresses will be present also in the specimens
after cutting.

The residual stress measurements show tensile resid-
ual stresses transversal to the weld for both specimen
geometries. In general, the hole drilling measurements
resulted in higher values than the X-ray diffraction mea-
surements. However, values from both measuring
methods are not directly comparable, because residual
stresses are measured at different depths. Using X-ray dif-
fraction, the measurement depth is approximately 5 pm.
The hole-drilling measurements are evaluated according
to ASTM E837-13*° assuming uniform stresses up 1-mm
depth. Residual stresses were also measured on stress-
relieved specimens of both types. The results, not
included in the paper, show a clear reduction of the resid-
ual stresses and values close to zero at the weld toe.

Additional information on the residual stress mea-
surements can be found in Friedrich and Ehlers.'>'®

3 | FATIGUE TESTS

Fatigue tests are performed on both specimen geometries.
The tests will reveal the residual stress influence on
fatigue and show possible differences between the two
weld geometries. Furthermore, in the tests, the residual
stress influence on the initiation of macroscopic cracks
and crack propagation will be studied, as there may be
differences due to the non-uniform residual stress distri-
bution over the thickness and different crack initiation to
propagation ratios.

K-butt weld and longitudinal stiffener specimens are
tested in as-welded and stress-relieved conditions. The
residual stress influence depends on the applied load
ratio. Tensile residual stresses will be more effective at
low load ratios than at higher load ratios where the mean
stress is already tensile. Therefore, four different load
ratios R are applied in the tests. In all tests, the number
of load cycles until initiation of a macroscopic crack is
determined using DIC. For each test series, approxi-
mately 10 specimens are tested at different load ranges to
establish the S-N curves.

To bring to light the influence of residual stresses,
other influencing factors have to be minimised. In partic-
ular, the specimen distortion is critical. When the speci-
mens are clamped, the secondary bending moments will
generate stresses in the specimen that act as mean
stresses. This would cover up the effect of the residual
stresses. During specimen production, action was
taken to minimise welding distortions. In the fatigue
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tests, levelling plates will be used when clamping the
specimens to avoid the mean stress alteration due to
clamping stresses.

3.1 | Testsetup

The tests are performed on a 200-kN resonance testing
machine. The specimen is clamped using hydraulic
grips. For the DIC measurements, an ARAMIS 5M
system is used with two cameras installed over the
specimen. The DIC system serves two main purposes in
the tests: first, to detect the initiation of macroscopic
cracks and monitor crack propagation. Second, to measure
strains caused by the clamping in order to reduce them
using levelling plates.

3.2 | Clamping with levelling plates

When clamping the specimens in the testing machine,
the angular distortion of the specimens causes a bending
moment in the specimen. The resulting bending stresses
act already before the actual load is applied and lead to a
shift of the effective mean stress. In order to reduce these
clamping stresses, shimming is applied by inserting level-
ling plates on top or underneath the specimen in the
hydraulic grip at one end of the specimen. The plates
have thicknesses between 0.2 and 5.6 mm. The required
thickness is determined iteratively by measuring the
strain at the weld using DIC. First, the specimen is
clamped without any levelling plate, and strains are mea-
sured. On a distorted specimen, the strain will be either
positive or negative depending on the direction of the dis-
tortion. The grip at one end of the specimen is reopened,
and an appropriate levelling plate is put under or on top
of the specimen's end, depending on the direction of the
distortion. The grip is closed again, and strains are mea-
sured. This procedure is repeated until the measured
strain is close zero.

To verify the effectiveness of the procedure, a K-butt
weld specimen is equipped with strain gauges on the top
and bottom side. The strain gauges are placed on the cen-
tre line of the specimen about 20 mm from the weld toe
on the 10 mm plate. The specimen is clamped, and the
DIC measurements are used to select the levelling plate.
Clamping without levelling plate causes bending strains
of about 0.011%, measured by both strain gauges and DIC.
After inserting a levelling plate of 1.2 mm, the DIC results
are close to zero. Strains measured by the strain gauges
are 0.001%, corresponding to a bending stress of 2 MPa.
This is acceptable small compared with the applied test
loads and the accuracy of the involved equipment.
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With the applied shimming procedure, clamping
stresses are reduced. These would change the effective
stress ratio at the weld and thus cover the influence of
the residual stresses. The specimen distortion will induce
bending stresses. But these are proportional to the
applied load and will not change the stress ratio.

3.3 | Stopping criterion for R = —©

The tests are run until complete rupture of the specimen.
Under compressive loading (R = —), although the crack
has divided the specimen, it will not break because the
applied load presses the parts together. In some cases, the
specimen is already completely divided, but the test will
continue running. Thus, a different failure criterion has
to be adopted.

On resonance testing machines, as the crack expands,
it reduces the stiffness of the specimen and thus also the
resonance frequency of the system. Usually, the moment
when the specimen breaks is signed by a sudden decrease
of the frequency (blue curve R = 0 in Figure 3). For
R = —o0, the loading frequency decreases slowly as the
crack propagates and then stabilises at a certain fre-
quency (red curve in Figure 3). At this point, the crack
has almost reached the whole specimen cross-section and
grows only very slowly. The value at which the frequency
stabilises depends on the applied load and is therefore

different for each test. These tests with R = —oco are
i K-butt Yveld

a o
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FIGURE 3 Development of the loading frequency during tests
with tensile (R = 0) and compressive (R = —o0) loading on K-butt weld
specimens [Colour figure can be viewed at wileyonlinelibrary.com]

stopped manually after the loading frequency has
dropped and stabilised. The number of load cycles until
failure is then determined at the point where the
frequency has reached its final value (e.g., N = 2.6-10°
in Figure 3).

3.4 | Crack monitoring using DIC

To detect the initiation of macroscopic cracks, a proce-
dure using DIC is adopted. It consists in measuring
strains at the weld during the fatigue tests. Cracks will
become visible as elevated strains in the loading direc-
tion of the specimen. To define the threshold value of
strain indicating a crack, the DIC measurements are
compared with beach marks introduced in fatigue tests
with both specimen geometries. A value of 1% strain
measured by DIC showed good agreement with the
surface lengths of the beach marks. This value is in
accordance with literature values in Kovarik et al.*!
For the tests, the initiation of a macroscopic crack is
defined when the strains exceed a value of 1% over a
length of 2 mm. This length could reliably be detected
in the performed fatigue tests. Moreover, crack lengths
of this magnitude can also be detected by more con-
ventional means, for example, dye penetration testing
and visual inspection, and may therefore be assumed
as the initiation of macroscopic cracks from an engi-
neer point of view. The initiation of a macroscopic
crack on a K-butt weld specimen is exemplarily shown
in Figure 4. The cameras for the DIC are triggered
automatically by the load signal from the testing
machine when the maximum load is applied and with-
out interrupting the test. Images are acquired with an
interval of load cycles to obtain about 100 or more
images over the duration of the test. Detailed informa-
tion on the applied DIC procedure can be found in
Friedrich and Ehlers.*?

4 | FATIGUE TEST RESULTS

Fatigue tests have been conducted on the K-butt
weld and longitudinal stiffener specimens, in as-welded
andstress-relieved conditions. The initiation of macro-
scopic cracks was detected by DIC. Hence, for each
load ratio R, three S-N curves were established:
for total fatigue life, for initiation of macroscopic
cracks and for crack propagation. The S-N curves refer
to the nominal stress range calculated by dividing
the applied force range by the cross-section of the
specimen.
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K-butt weld specimen [Colour figure can be viewed at wileyonlinelibrary.com]

4.1 | K-butt weld
The resulting S-N curves for total fatigue life until complete
rupture of the specimens are shown in Figure 5. The S-N
curves are fit to the test results by linear regression. In the
as-welded condition, the curves for R = 0 and R = —1 are
close together. The results for R = —3 lie about 30% higher.
All three curves have a slope exponent of approximately
3, which is the usual value for welded details. The curve
for R = —oo is considerably steeper and differs from the
others. In contrast, for the stress-relieved specimens, the
curves for the different load ratios lie far away from each
other. The curve for R = 0 is similar to the as-welded condi-
tion with a slightly shallower slope. For R = -1 and
R = -3, the curves run much higher and have a slope expo-
nent k > 5. For R = —oc0, only a run-out was produced,
although the applied load was relatively high (309 MPa).
The S-N curve for FAT 71, which would apply for this
type of weld according to the ITW recommendations,* is
plotted as reference.

4.1.1 | Crack initiation

The initiation of macroscopic cracks was assessed by
DIC. Crack initiation was determined when strains of
1% over a length of 2 mm could be detected. The resulting
S-N curves for crack initiation are shown in Figure 6. The
number of plotted results is smaller than in Figure 5
because it was not possible to determine crack initiation
for all tested specimens. In some tests, the DIC system
failed. In others, mostly with low load ratios (R = -3 or
R = —o0) cracks initiated on the bottom side of the speci-
men not covered by DIC. The distribution of the results
is similar to the S-N diagrams for total fatigue life in
Figure 5. In as-welded conditions, the curves for R = 0
and R = -1 are close together with a slope of

approximately 3. The results for R = —3 lie slightly higher.
For R = —o0, the slope is again steeper. For the stress-
relieved specimens, the distance between the S-N curves is
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larger, and the slopes are shallower. For R = 0, at high
load ranges, the results are similar to the as-welded condi-
tion. For low load ranges, the stress-relieved specimens
show longer crack initiation periods, and the S-N curve
has a shallower slope than in the as-welded condition. For
R = -3, the results lie too close together to determine a
representative S-N curve by linear regression.

4.1.2 | Crack propagation
The crack propagation phase is determined by sub-
tracting the crack initiation from the total number of load
cycles until rupture:

Npropagation = Ntotal _Ninitiation~ (1)

The resulting S-N curves are plotted in Figure 7. In the
as-welded condition, the curves are in the same range of

(top) and stress-relieved (bottom) K-butt weld specimens [Colour
figure can be viewed at wileyonlinelibrary.com]

the crack initiation curves, indicating a similar propor-
tion of crack initiation and propagation on the total
fatigue life. For the stress-relieved specimens, the crack
propagation periods are shorter than the crack initia-
tion, and the difference between the load ratios is less
pronounced. In fact, the stress-relieved results lie close
to the as-welded curves for the corresponding load
ratio. For R = —3, in stress-relieved conditions, cracks
did occur only for relatively high loads. The results lie
too close together to determine a representative S-N
curve by linear regression. The smaller numbers of
load cycles (Npropagation = 2:10°) are close to the
as-welded results.

4.1.3 | Discussion

The presented fatigue test results are influenced by
welding residual stresses. In the as-welded condition, the
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FIGURE 8 S-N curves for total fatigue life for as-welded and

stress-relieved K-butt weld specimens ( p» symbol for run-out)
[Colour figure can be viewed at wileyonlinelibrary.com]

S-N curves lie relatively close together because the ten-
sile residual stresses reduce the influence of the load
ratio. In the stress-relieved condition, the influence of
the load ratio is more pronounced. By plotting all

as-welded
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results in one S-N diagram, it becomes visible that the
residual stress influence is more evident for lower load
ratios (Figure 8). For tensile loading (R = 0), the
results in as-welded and stress-relieved conditions are
similar. With increasing compressive loads (R = -1
and R = -3), also the difference between as-welded
and stress-relieved increases.

By plotting all results together, it becomes also visible
that the S-N curves have different slopes. The slope can
be interpreted as the increase of the damaging effect with
an increase of the stress range. If by increasing the stress
range the damaging effect increases rapidly, the endur-
able number of load cycles decreases faster, and the slope
of the S-N curve is shallower. If with increasing stress
range the damage increases slowly, the reduction of
endurable load cycles is slow, and the S-N curve steep.

The S-N curves for total fatigue life (Figure 5) and
for crack initiation (Figure 6) show a clear difference
between as-welded and stress-relieved specimens. Crack
propagation seems to be less affected by residual stresses
(Figure 7). For each load ratio, the results from both
residual stress conditions lie relatively close together.
This indicates that residual stresses have little effect on
the duration of crack propagation.

stress-relieved

propagation

=120000

[mm] 25 k20 - N 1

propagation = 160 000

25 l20

l I

I I |

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

1.00

strain in loading direction [%]

FIGURE 9 Crack propagation determined by DIC on an as-welded and a stress-relieved K-butt weld specimen (R = —3, nominal stress
range = 309 MPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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Although the duration of crack propagation is simi-
lar on the as-welded and stress-relieved specimens, the
development of cracks is different. On as-welded speci-
mens, typically, a single crack was observed, whereas
on stress-relieved specimens, often multiple cracks
formed. Crack propagation detected by DIC for the
same load range on an as-welded and a stress-relieved
specimen is compared in Figure 9. On the as-welded
specimen, a single crack forms close to the centre of
the specimen and expands to both sides. On the stress-
relieved specimen, several cracks form over the length
of the weld. The cracks unify, and in the end, the
resulting duration of crack propagation is similar to
the as-welded specimen. This observation might be
coincidental for this particular specimen geometry and
residual stress distribution. Further investigations
including crack propagation analysis would be neces-
sary to determine why the crack propagation phases

are similar for specimens with single and multiple
cracks.

4.2 | Longitudinal stiffener

The S-N curves for total fatigue life until complete rup-
ture of the longitudinal stiffener specimens are plotted in
Figure 10. The design curve for this weld geometry is
again FAT 71 according to the ITW recommendations,*’
and it is plotted as reference. In the as-welded condition,
the curves for R = 0 and R = —1 lie close together and
have the same slope. For R = -3, the curve is close to the
first two curves up to 200 MPa. For higher load ranges,
the number of endurable load cycles stays constant, and
the S-N curve rises vertically. For compressive loads
(R = —), failures are observed only between 160 and
195 MPa. For lower and higher load ranges, only

350 ~
F N 3
300 N 350
T 250 | > 300 ¢ ]
g '© 250 ]
% 200 | > N 250
= > 200 | 1
S 150 | S L
a3 © 150 ]
o) 0
@ 4
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10 10° 10° 10’ 50 : : :
load cycles N,_ 10% 10° 108 107
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FIGURE 10 S-N curves for total fatigue life of as-welded
(top) and stress-relieved (bottom) longitudinal stiffener specimens FIGURE 11 S-N curves for crack initiation for as-welded

( p» symbol for run-out) [Colour figure can be viewed at
wileyonlinelibrary.com]

(top) and stress-relieved (bottom) longitudinal stiffener specimens
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 S-N curves for crack propagation for as-welded (top)

and stress-relieved (bottom) longitudinal stiffener specimens [result for
R = -3 (stress-relieved) at Nypagation = 1.7-10° not included in linear
regression] [Colour figure can be viewed at wileyonlinelibrary.com]
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run-outs were obtained. The stress-relieved curves clearly
show the influence of the different load ratios. Except for
tensile loads (R = 0), the curves run higher than the as-
welded curves and have a shallower slope. For compres-
sive loads (R = —0), only a run-out was produced.

4.2.1 | Crack initiation

The S-N curves for the initiation of macroscopic cracks
are shown in Figure 11. The results for the as-welded
specimens are qualitatively similar to the previous curves
for total fatigue life. The curves for R = 0 and R = —1 lie
close together. For R = —3, the curve runs vertical above
200 MPa. For R = —oo, cracks were detected only
between 160 and 195 MPa. For the stress-relieved
specimens, the influence of the different load ratios is
clearly visible. The curves run higher and with a
shallower slope than in the as-welded condition.

4.2.2 | Crack propagation

The number of load cycles for crack propagation is calcu-
lated by subtracting the number of load cycles until initi-
ation of a macroscopic crack from the total number of
load cycles. The resulting S-N curves are shown in
Figure 12. For the as-welded specimens, the curves for
load ratios from R = 0 to R = —3 overlap. Thus, no influ-
ence of the load ratio is apparent. For compressive loads
(R = —o0), the results lie close together and higher than
for the other three load ratios. The stress-relieved speci-
mens show clear differences for the different load ratios.
For tensile loads (R = 0), the crack propagation phase is
slightly shorter than in the as-welded condition. For

c)-nominal =0 MPa (N = 1)

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
strain in loading direction [%]

FIGURE 13 Strain measured by digital image correlation (DIC) at the end of the longitudinal stiffener before, during and after
applying a compressive load [Colour figure can be viewed at wileyonlinelibrary.com]
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R = -1 and R = -3, the curves lie considerably higher
than for the as-welded specimens.

4.2.3 | Discussion

Also the fatigue test, results for the longitudinal stiffeners
show a clear influence by residual stresses. Remarkable
are the tests in as-welded condition for low load ratios,
R = —o0 and R = -3, which resulted in non-linear S-N

R = - R

N

propagation =0

= " o
]
-

Xt

Npropagation = 10 000

=

- 0 s
| o . -

0o O— 7
. ]
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v
1 U

.
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Npropagation = 20000 | é”n(':i”: [\i

Npropagation = 300000

== gy

Npropagation = 30000 .

s

- 848000

end: N

propagation

propagation

curves (Figure 10). Strains measured by DIC before, dur-
ing and after applying a compressive load are plotted in
Figure 13. Under load, the highest compressive strains
occur at the weld toe and to the sides of the stiffener.
After unloading, compressive strains persist on the sides
of the stiffener. Also at the weld toe, strains remain com-
pressive. From the DIC measurements, it cannot be
determined whether these are plastic strains or elastic
strains caused by the surrounding compressive field.
Elastic compressive strains would reduce the tensile

-3 R=0

ed:Npopagation = 00

0.50 055 060 0.65 0.70 0.75 0.80 0.85 0.90 0.95

1.00

strain in loading direction [%]

FIGURE 14 Crack propagation determined by digital image correlation (DIC) on as-welded specimens tested with different load ratios
R (nominal stress range = 182 MPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 15 Crack propagation determined by digital image correlation (DIC) on an as-welded and a stress-relieved specimen under
tensile loading R = 0 (nominal stress range = 145 MPa) [Colour figure can be viewed at wileyonlinelibrary.com]
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residual stresses at the weld toe. Plastic compressive
strains could cause tensile residual stresses themselves.
These results indicate that fatigue test results under
compressive loads are influenced by a redistribution of
residual stresses due to plastic strains in the cross-section
of the specimen.

Stresses at the weld toe will influence crack initiation.
But the residual stress influence is also visible in the S-N
diagram for crack propagation (Figure 12). For the stress-
relieved specimens, the influence of the load ratio is
clearly visible. In the as-welded condition, crack propaga-
tion seems to be independent of the applied load ratio,
with exception of compressive loads (R = —o0). Crack
lengths measured on as-welded specimens tested with
load ratios of R = 0, R = —3 and R = —co at the same
nominal stress range are compared in Figure 14. For
R = 0 and R = -3, the development of the crack is
similar. For compressive loads (R = —0), the crack length
visible on the surface is initially comparable, as long as the
crack grows in front of the weld (Npropagation < 150 000).
As it extends into the girder, crack propagation is slower
than for the other two load ratios.

Despite the fact that crack growth is accelerated by
tensile residual stresses, from the S-N diagram
(Figure 12), it appears that the fastest crack growth is
achieved on stress-relieved specimens with tensile load-
ing (R = 0). This S-N curve runs even lower than in the
as-welded condition. A reason could be the slightly
higher distortions of the stress-relieved specimens, but
the distortion would affect also crack initiation. From the
DIC measurements, it appears that the crack develop-
ment is different for the as-welded and the stress-relieved
specimens. Exemplarily, the crack development for a
nominal stress range of 145 MPa at R = 0 is shown in
Figure 15. On the as-welded specimen, the crack grows
quickly to a length of about 18 mm at which it covers the
entire front of the weld. Then, the crack length increases
only slowly, and the crack tip stays at the weld toe, before
leaving the weld and advancing into the girder
(Npropagation > 300 000). On the stress-relieved specimen,
initially, the crack grows slower, but it proceeds steadily
from the weld into the girder. In the end the crack propa-
gation phase is shorter than on the as-welded specimen.
A similar development of the crack length was observed
also on other specimens tested at different stress ranges
and a load ratio of R = 0.

5 | CONCLUSIONS

The influence of welding residual stresses on fatigue was
investigated in experimental tests on multilayer K-butt
weld and longitudinal stiffener specimens. Residual

stresses were determined by X-ray diffraction and hole
drilling. Fatigue tests at different load ratios were con-
ducted on specimens in as-welded and stress-relieved
conditions. Besides the total fatigue life, the initiation of
macroscopic cracks and the following crack propagation
was detected using DIC.

On both specimen geometries, tensile residual stresses
were determined at and in front of the weld. On the
K-butt weld, this was achieved by applying a specific
welding sequence.

On both specimen geometries, fatigue test results for
total fatigue life were influenced by the residual stresses.
In the as-welded condition, the influence of the load ratio
R was small compared with the stress-relieved specimens.
The latter resulted in higher numbers of load cycles
N and S-N curves with shallower slopes. These differ-
ences increased for lower load ratio, that is, more com-
pressive loads. For purely compressive loads (R = —),
failures were observed only in the as-welded condition.

A similar residual stress influence was observed in
the number of load cycles until initiation of a macro-
scopic crack. In as-welded conditions, the influence of
the load ratio was reduced compared with the stress-
relieved condition for both specimen geometries.

The duration of crack propagation was affected differ-
ently on both specimen types. On the K-butt weld, the
observed duration of crack propagation was similar for
as-welded and for stress-relieved specimens. However,
the form of the cracks was different. In the as-welded
specimens, typically, a single crack initiated at the centre
of the specimen and propagated to both sides. In the
stress-relieved specimens, often multiple cracks formed
over the length of the weld and eventually unified. Fur-
ther investigations are necessary to clarify if the similar
duration of the crack propagation phase for specimens
with single and multiple cracks is coincidental for this
particular specimen geometry.

On the longitudinal stiffeners, also crack propagation
was influenced by the residual stresses. This influence
showed in the duration of crack propagation and in dif-
ferent crack development in vicinity of the weld and in
the girder.

Overall, the residual stress influence on total fatigue
life was predominantly determined by the initiation of
macroscopic cracks. However, the latter was determined
at a length of 2 mm, which is relatively long.
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NOMENCLATURE

ASTM American Society for Testing and
Materials

CL Centre Line

DIC Digital Image Correlation

Iw International Institute of Welding

k slope exponent according to the

Basquin equation: N = Ny (AA—;;) ¢

N endurable number of load cycles

Niotaty  Ninitiations €ndurable number of load cycles for

Npropagation total fatigue life, crack initiation and
propagation

Ni reference number of load cycles =
2-10°

R load ratio Gnominal,min/dnominal,max

Ry upper yield strength

Rpo2 yield strength at 0.2% plastic strain

Af deviation from loading frequency at
the start of the test

Ao stress range

Aoy reference stress range at Ng = 2 - 10°
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