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Abstract

Many factors are involved in determining the fatigue strength of welded joints. It is, however, very difficult to consider their relative
importance. The aim of this paper is to isolate the effect of residual stress from other factors, establishing a relation between the amount
of residual stress and fatigue life. A geometrical notch due to the weld bead is removed by milling the upper surface of the welded plates.
Moreover, specimens are subjected to four-point bend loading. Before conducting the fatigue test, the magnitude of residual stress for
each specimen is experimentally evaluated, and then linked to the number of cycles to failure. This relation is analyzed for three different
plate thicknesses and for different stress amplitude levels in the high cycle regime. The results clearly show the significant influence of
residual stress on fatigue behaviours when the load level is near the fatigue limit.
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1. Introduction

Fatigue failure originates from a local phenomenon on the
more stressed zones of a component. The presence of geomet-
rical and material heterogeneities increases the probability of
crack initiation and produces lower fatigue strength in compo-
nents. The fatigue phenomenon is well-known and has been
studied extensively [1, 2], but experimental results are often
inconsistent. In practice, there is no consensus about a meth-
odology to forecast with a sufficient reliability the number of
cycles leading to the failure of a component. It is more con-
venient to evaluate a probabilistic fatigue life and consider an
appropriate safety factor for the component design. In this
manner, designers neglect to consider all the local phenomena,
which will determine the real fatigue life of materials, and the
vague factors are interpreted as the source of the statistical
variability of fatigue tests.

A deeper understanding of the fatigue phenomenon requires
the identification of all the local factors affecting fatigue be-
haviour. An important factor to be considered is the presence
of residual stress. From a qualitative point of view, the effect
of residual stress has been acknowledged and analyzed theo-
retically [3-8]. Tensile residual stress encourages local plasti-
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cization and subsequent crack initiation and propagation,
while compressive residual stresses are often beneficial. In
fact, mechanical superficial treatments (e.g., shoot-peening
and other cold working processes), which introduce compres-
sive residual stresses to the supetficial layers of components,
are used to improve fatigue strength.

The qualitative effects of residual stress are well docu-
mented, although it is very difficult to derive a quantitative
relationship between the amount of residual stress and the
number of cycles to failure. This negative outcome is due to
the presence of confounding factors. In the case of welded
joints, the factors influencing the fatigue life have been clearly
identified and are qualitatively understood [9-12]. The defini-
tion of global and local joint geometries of welded material
behaviour, however, is often arbitrary. In fact, the shape of the
weld seam is very far from being a regular and geometrical
one, resulting in a difficult definition and evaluation of the
associated stress concentration factor.

Moreover, heating, fusion, and the subsequent cooling of
welded material strongly change its mechanical and metallur-
gical properties and structure, aside from introducing a resid-
ual stress field and distortions. Pores, inclusions, undercut, and
cracks also often affect welded joints. Nevertheless, it is very
difficult to consider the relative importance of each factor in
determining the fatigue life of a weld. These factors are pre-
sent all at the same time and it is often impossible to tell them
apart. In particular, the effects of a residual stress induced by
welding are accumulated and mixed with all other aspects.
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This paper analyzes the effects of residual stress on the fa-
tigue life of welded joints. In particular, butt-welded joints
subjected to bending load in the direction orthogonal to the
weld line are considered. The aim is to give an interpretation
of the fatigue behaviour of particular welded specimens, try-
ing to isolate the effect of the residual stress from the others.
The leading objective is to interpret, at least partially, the large
variation in the data on welded joint fatigue by considering the
presence of different levels of residual stress fields. As explic-
itly reported in the literature [13], the influence of residual
stress on the fatigue life of welded joints is inconsistent; spe-
cifically, some studies show the existence of an alteration of
the fatigue behaviour of welded parts, while other studies
show no effect [14-16]. Furthermore, other works by the au-
thors [17-21] do not allow a reliable clarification of the prob-
lem. It is, in general, true that, qualitatively, the effects depend
on the relationship between residual and applied stress. If the
applied stress is relatively high, the residual stresses are ex-
pected to be quickly relaxed and relatively unimportant, while
an applied stress near the fatigue limit will exacerbate the
effects of the residual stress.

A detailed account of the choice of specimens and testing
method considered in this research is provided below. The
effect of residual stress on the fatigue strength of a welded
joint is simply evaluated by comparing the Wdhler curves of
as-welded and thermally relaxed joints. This methodology,
however, is problematic in that it changes the metallurgical
properties of the stress-relieved welded joints. Hence, fatigue
tests remain influenced by weld bead geometry, distortion,
and changes in metallurgical structure. In particular, the ef-

fects of weld bead geometry and distortions are not eliminated.

This is a serious problem because it does not permit a correct
comparison of fatigue curves in order to identify the effect of
residual stress on fatigue.

In order to overcome these limitations, we implement the
fatigue tests on specific specimens with the following charac-
teristics:

- Absence of geometrical discontinuities in the weld seam

These discontinuities are eliminated by means of milling
that removes a 2-mm thick layer on the weld plate. Hence,
fatigue tests will not be influenced by the notch on the weld
seam. It is also important to note that the resulting residual
stress field is altered after machining with respect to as-welded
joints [22-29]. This is numerically shown in the literature [20].
This fact does not influence the aim of the experimental work,
which is completely devoted to the evaluation of residual
stress effects on fatigue. In other words, welding is utilised as
a means of introducing a residual stress field in a plate.

- Implementation of the tests with four-point bending

Distortions and misalignments are always present in welded
joints, and the application of a uniform tensile stress is often
associated with spurious bending stress. Four-point bending
changes the specimen curvature independently of the initial
specimen configuration, thus assuring the correct application
of the desired nominal stress amplitude.

e
" Weld seam

Fig. 1. Geometry of welded plates and transversal joints.

Another problem is identified by the evaluation of the re-
sidual stress field. In general, measurement methodologies
allow only discrete and limited knowledge (in few points) of
residual stress. This problem is empirically approached in two
ways, namely, the hole drilling method and X-ray diffraction.
In this paper, the hole-drilling method is preferred because it
supplies a macro-stress at different depths. A single measure-
ment point is used and is considered representative of the
amount of residual stress in the critical region. As far as the
choice of this region is concerned, the correct zone from a
theoretical point of view would be one that corresponds to the
weld toe, where experimental fatigue cracks nucleate. Unfor-
tunately, this choice is very difficult to apply on a milled sur-
face, where it is not so easy to localize the weld toe exactly.
Moreover, the introduction of the notch constituted by a blind
hole in the weld toe zone could provoke a remarkable altera-
tion in fatigue behaviour. For these reasons, the measurement
point is chosen in the geometrical centre of the weld line. This
assumption would seem arbitrary, but it allows the compari-
son of quantitatively and effectively different welded joints
and establishes the residual stress severity affecting each joint.

From a practical point of view, we carry out analysis for
three different plate thicknesses (i.e., 8, 12, and 20 mm) and
for different stress amplitude levels in a high cycle regime.

The experimental plan described above is, in our opinion,
best suited to isolate the residual stress from other effects.
However, a certain number of factors, which are intrinsic to
the welded joints, cannot be eliminated, such as the presence
of defects and heterogeneities in the weld material, changes in
the metallurgical structure, and, in general, all the transforma-
tions induced by thermal cycle of a weld process. This means
that the results can be imputed to the residual stress field only
as long as these other factors can be considered negligible.

2. Geometry and methods

The study is performed on low-carbon steel Fe430 transver-
sal welded joints obtained from plates of three different thick-
nesses (i.e., 8, 12, and 20 mm) as represented in Fig. 1. Me-
chanical properties of the Fe430 are reported in Table 1. The
Fe430 is a hot-rolled structural steel of the Italian Standard
CNR-UNI 10011 simply identified by its Ultimate Tensile
Strength and widely used in mechanical structures. The orien-
tation of the welding cord with respect to the rolling direction
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Table 1. Mechanical properties of Fe430.

Yield Stress Ultimate Tensile Strength Elongation at break
[N/mm?] [N/mm?] [%]
275 430 >21

was not specified. A gas tungsten-arc welding having a maxi-
mum power of 15 kVA and a welding speed of v = 0.01275
m/s is used. For the 8 and 12 mm thick plates, single-pass
welding is used, whereas for the 20 mm thick plate, two-pass
welding is applied without a cooling interval.

After welding, each plate goes through a milling process to
remove a 2-mm thick layer in order to eliminate discontinuity
and stress concentration effects caused by the weld seam.

Mechanical tooling alters the previous stress distribution. A
numerical model for the prediction of the modifications pro-
duced in the residual stress field is discussed extensively in
literature [20]. In this paper, the authors show that peak values
of longitudinal residual stress are reduced by about 50%, and
that they are localized in the Heat Affected Zone. Stress redis-
tribution due to milling has a relevant effect on the weld cord,
which is now subjected to compressive stress. Finally, each
plate is cut to obtain ten transversal welded joints that are 80
mm wide. This width is sufficiently high to neglect significant
changes in transversal residual stress distribution. It was nu-
merically shown in literature [20] that cutting the transversal
joints, starting from the whole plate, does not alter stress dis-
tribution, but further reduces peak values.

In order to evaluate the influence of a residual stress field on
fatigue resistance, it is necessary to determine the magnitude
of the residual stresses. For this purpose, the residual stress
field was experimentally determined by means of the hole-
drilling method. This methodology is implemented according
to ASTM E 837-01 standards. The diameter and depth of the
hole are 1.6 mm and 2 mm, respectively, and subdivided in 40
steps. A vertical motion of 0.05 mm/min and a HBM strain
gauge rosette named 1.5/120RY61S are used. Such incre-
mental hole drilling allows the measurement of non-uniform
residual stresses in the respective thickness, that is, the resid-
ual stress dependence against depth is calculated using the
power series method [30-31]. The correction of the residual
stresses that exceed one half of the yield stress was carried out
based on literature [32].

The measurement point is localized in the centre of the weld
and coincides with the geometrical centre of each joint ob-
tained by cutting the milled plate.

The experimental work can be summarized as follows:

Step 1. Measurement of the residual stress field in the geo-
metrical centre of each specimen;

Step 2. Selection of the fatigue load to be applied to each
specimen (two or three different stress amplitudes) repeated at
least for 3 times; and

Step 3. Fatigue test from four-point bending up to rupture
(about 10 cycles for run-out specimens).
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Fig. 2. Residual stress distribution on the weld axis for milled plates.

3. Results and discussions

Before cutting the specimens, we implemented a series of
preliminary residual stress measurements over all milled
plates in the geometrical centre of Specimen 5. The longitudi-
nal stress is referred to as a direction parallel to the weld axis,
while transversal stress indicates a stress in the direction nor-
mal to the welding axis. Fig. 2 reports the residual stress dis-
tribution versus depth in milled plates. It can be observed that
the longitudinal residual stress on the specimen surface is
compressive for all the three plates. This behaviour is very
different from that originating from the welding process,
where a high tensile residual stress is always present near the
weld seam, as well-known in literature [9-11]. Fig. 2 shows an
evident alteration due to the milling process; the longitudinal
residual stress near the weld bead was highly compressive on
the surface and decreased up to 1 mm in depth when it
reached a constant positive value. This behaviour was com-
mon to the three thicknesses. The transversal residual stress
field was quite low for the 8 and 12 mm thick plates, while it
was tensile and relevant for the 20 mm thick plate.

In Figs. 3-5, for each thickness, the comparison between the
longitudinal and transversal residual stress distribution for the
milled plates and for transversally cut joints is shown. The
longitudinal residual stress field was qualitatively similar for
all cases, specifically, it was fully compressive in the thickness,
but it was different for each case from a quantitative point of
view. In particular, the longitudinal stress field varied in the
range between -20 and -260 N/mm”, depending on the thick-
ness. Only Specimen 9, having a 12 mm thickness, showed an
irregular and different behaviour. The transversal residual
stress field was quite consistent in all cases and was character-
ized by a relatively low magnitude, both in traction and in
compression. This field reached absolute values of about 50
N/mm’. Plate thickness influenced the mean value of transver-
sal residual stress, that is, curves representing transversal
stress distribution against depth were close to zero stress for
the 8 mm and 12 mm joints and were in the tensile zone for
the 20 mm thick joints. This is compatible with the well-
known observation that thin welded joints are preferably af-
fected by distortions and misalignments, while thicker joints
are affected by higher residual stress field [9]. The transversal
residual stress also changed considerably between adjacent
specimens, suggesting that differences observed were due to
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Fig. 3. Residual stress distribution on the weld axis for milled plates
and transversal joints 8§ mm thick.
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Fig. 4. Residual stress distribution on the weld axis for milled plates
and transversal joints 12 mm thick.
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Fig. 5. Residual stress distribution on the weld axis for milled plates
and transversal joints 20 mm thick.

high variability inherent to the residual stress phenomenon. In
the case of the 20 mm thick plate, the transversal residual
stress field was always tensile, and in some cases, it showed a
higher magnitude with respect to the lower thickness.

In order to relate fatigue life with residual stress acting on a
specific specimen, we needed to summarize the detailed re-
sidual stress distribution presented before into a simple and
reliable indicator of the residual stress severity. Since the ap-
plied stress due to bending is distributed linearly in the thick-
ness, the maximum stress is localized in the tensile surface of
the specimen, and fatigue crack nucleation interests this sur-
face, the residual stress field that must be considered is on the
specimen surface. More exactly, considered layer is referred to
0.2 mm depth that is the minimum depth compatible with
reliable residual stress evaluation.

A four-point bend loading mode was used to carry out the
fatigue tests (Fig. 6). About 15-20 specimens per thickness
were available. Some specimens were used exclusively to
determine fatigue curves in order to select the correct load
amplitude for the subsequent test.

Fig. 6. Fatigue test set-up.

Residual stress measurements were carried out on the re-
maining specimens before the fatigue tests, which continued
until failure occurred. The fatigue curves reported in Figs. 7-9
for each main plate thickness reflect all the fatigue data. The
presence of the drilled holes and their associated notches did
not alter the specimen failure, since all the fatigue data were
consistent. In effect, only three specimens showed a fatigue
failure starting from the hole, but this did not produce loss of
test significance. In the other cases, failure started in a section
generally close to and between internal bearings. Since fatigue
cracks generally nucleate in the Heat Affected Zone rather
than in correspondence with the blind hole, it is reasonable to
consider that the fatigue behaviour is not influenced by stress
concentrations due to the hole used for residual stress meas-
urements. Only the fatigue behaviour of plates 20 mm thick
seemed to be slightly different from the others, showing a
slight reduction of fatigue limit. Two load levels were selected
for the plates of 8 mm thickness. The first one corresponded to
a fatigue life of about 0.5 x 10° cycles and the second one
corresponded approximately to the reference value of 2 x 10°
cycles, close to the fatigue limit. Because of the fatigue limit
reduction when plate thickness increases, an additional load
level was considered for the plate of 12 mm thickness. In the
case of the plates of 20 mm thickness, only the two lower load
levels were considered. The tests were carried out on a reso-
nant testing machine RUMUL Testronic 50 kN =+ 20 kN, and
the load ratio was R = O;/Omax = 0.1. For each load level,
three specimens were tested. The transversal loading mode
was chosen because it represented the typical and more critical
working conditions of butt-welded joints. The specimens were
chosen in such a manner that they were affected by different
transversal residual stress levels. This was necessary in order
to evaluate their effects on fatigue life. The transversal resid-
ual stress was considered as the most relevant because it was
in the same direction as the applied load. Unfortunately, the
magnitude of the transversal residual stress was quite low,
while measurement errors in residual stress were generally
large (about + 20 N/mm’ for residual stress equal to 100
N/mm’ according to the standard experimental practice [33-
34]). Consequently, in the interpretation of the experimental
data, one needs to be cautious given the data roughness, as it
often happens in residual stress measurements.
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Moreover, a stress-relieved specimen was tested at the low-
est load level for each thickness.

Stress-relieved specimens were obtained by thermal treat-
ment, which consisted of slow heating to 650° C, maintenance
of heat for 5 h, and then air-cooling. Since residual stress an-
nealing is a well-established practice which has been experi-
mentally verified in previous works, it was considered unnec-
essary to carry out further residual stress measurements.

The number of cycles to failure and the measured residual
stresses, expressed as longitudinal and transversal, Von Mises,
and principal stresses, for each specimen are reported in Table
2. It was assumed that a zero residual stress field characterized
stress-relieved specimens. Among all these indicators of re-
sidual stress severity, it was reasonable to consider transversal
residual stress as the most relevant. Applied stress due to
bending produces stress that acts in the same direction as the
transversal residual stress. Therefore, as a first approximation,
the actual uniaxial stress acting on the specimen was obtained
by the superposition of external bending stress distribution and
transversal residual stress. The relevance of transversal resid-
ual stress in determining fatigue behaviour could be derived
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by other indirect considerations. By calculating the number of
cycles corresponding to the applied stress amplitude on the
basis of the Wohler line reported in Figs. 7-9, it is possible to
determine the ratio of the predicted and actual number of cy-
cles to failure, which is also reported in Table 2. This parame-
ter was plotted versus transversal residual stress (Fig. 10) and
stress amplitude (Fig. 11). Although the data scatter was quite
sparse, a general qualitative tendency could be recognised, as
represented by the interpolation lines shown in the graphs. The
first diagram (Fig. 10) shows that the prediction error is higher
when transversal residual stress increases. Moreover, the cases
for which the prediction of fatigue life were very far from the
experimental data occurred when a non-negative transversal
residual stress was present. The second diagram (Fig. 11)
shows that not only is the prediction error magnified, but the
fatigue life scatter is also higher when the amplitude load is
close to the fatigue limit. In other words, the prediction of
fatigue life on the basis of an experimental Wdhler curve be-
comes less precise at stress amplitudes close to fatigue limit.
This scatter increase can be explained by supposing that resid-
ual stress plays a fundamental role in determining fatigue life
at low stress amplitudes.

The number of cycles to failure is plotted against the lon-
gitudinal and transversal residual stress in Fig. 12. Each dia-
gram refers to a plate thickness and the data are grouped
with respect to the applied stress amplitude. The first clear-
cut result is that at higher loads, the fatigue life is not influ-
enced by the longitudinal and transversal residual stresses,
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Table 2. Residual stress and fatigue data.

. . Longitudinal Transversal Von Mises Principal Number of
Thickness Stress amplitude . . . . . .
[mm] N /mmz] Specimen | residual stzress residual stzress residual stzress residual stzress cycles to failure | Nyea/N
[N/mm"] [N/mm™] [N/mm"] [N/mm"] [mln]

4 -182.1 =227 176.1 -19.7 0.6605 0.718

180 1 -58.0 -5.1 59.6 2.4 0.3151 1.504

3 -176.9 21.8 199.3 28.5 0.5387 0.880

8 6 -109.8 -41.7 98.2 -39.7 3.5190 0.387
150 2 -208.5 -25.6 200.4 -23.1 1.3978 0.974

5 -30.6 43 334 -0.98 1.3300 1.023

10 Stress-relieved 0.7212 1.887

4 -104.4 -22.4 111.9 -10.2 0.3779 0.890

180 3 -220.1 2.1 2229 33 0.4547 0.740

2 -122.1 422 164.0 51.9 0.3766 0.893

6 -203.8 -55.4 193.1 -46.9 0.6606 2.207

12 150 5 -130.9 -11.0 126.3 -10.6 0.5609 2.599
1 -21.8 8.1 313 10.8 0.6126 2.380

7 -24.7 -19.9 23.1 -18.9 10.5668* 0.240*

140 9 61.8 11.8 104.5 93.3 0.9411 2.699

8 -12.3 24.5 33.6 25.2 2.0107 1.263

10 Stress-relieved 0.5112 4.968

5 -134.8 -14.8 129.9 -14.16 0.3630 0.546

180 3 -217.3 55 223.6 7.8 0.2910 0.681

1 -146.0 8.7 158.3 11.2 0.2077 0.954

20 2 -212.3 1.4 2133 1.6 3.8606 0.886
140 4 -140.1 20.0 176.9 28.4 0.5934 5.767

6 -205.8 56.1 240.7 573 0.5661 6.045

10 Stress-relieved 9.3071 0.368

* The specimen in bold is a run out specimen.
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both compressive and tensile. This is because the cyclic exter-
nal load, overimposed to the pre-existing stress, is sufficiently
high to yield the material and to partially relax the residual
stress, as confirmed by several authors [35-40].

The behaviour is more interesting when the load level is
near the fatigue limit; specifically, in this case and for all three
considered thicknesses, the number of cycles to failure was
highly variable between specimens and depended on the recip-
rocal value of transversal residual stress. The results from the
stress-relieved specimens are consistent with the assumption
that the residual stress field is completely relaxed by heat
treatment.

The amplitude stress level was reduced to 140 N/mm® for
the plate of 12 mm thickness, since the stress amplitude of 150
N/mm’ was too far from the fatigue limit. The consequence
was that the residual stress field, which does not influence the
fatigue limit at higher stress amplitudes, now had a remarkable
effect, that is, a small reduction of 10 N/mm? in the external
stress amplitude was discriminating in producing the appear-
ance of the residual stress effect on fatigue.

Correlations between longitudinal residual stress and fatigue
life can be found, confirming the importance of transversal
residual stress with respect to other residual stress indicators.
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4. Conclusions

The aim of this paper was to clarify how the residual stress
field influences the fatigue strength of welded joints by pre-
senting the results of an extended experimental plan. A par-
ticular geometry and loading mode were chosen for specimens
to isolate the effect of the residual stress from the remaining
factors affecting the fatigue life of welded joints. By milling
the plate surface, we removed the stress concentration at the
weld toe, while the use of a four-point bend loading mode
allowed us to overcome the problems due to distortions in
welded joints. The relative low number of tests and the low
level of measured transversal residual stress suggest that the
following considerations are not exhaustive of the phenome-
non. Our results can be regarded as useful quantitative indica-
tions of the residual stress-fatigue interaction.

Our experimental results suggest that fatigue life scatter,
expressed as the ratio of predicted and actual number of cycles
to failure, increases when the fatigue load is close to the limit.
Starting from this observation, an interesting dependence be-
tween the number of cycles to failure and the transversal re-
sidual stress level, in the same direction of the applied load,
was found for all thicknesses, but only when the external load
amplitude was close to the fatigue limit. In all remaining cases,
the residual stress does not seem to affect fatigue life.
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